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ABSTRACT

Teleoperation systems, characterized as bilateral and multilateral, allow an operator to
perform complex tasks remotely via a slave manipulator. Such systems can extend
human sensing, decision making and manipulation to a remote object and make the
control system more flexible than a fully automated system.

The performance of a teleoperation system is primarily assessed by two criteria,
stability and transparency. High transparency provides an operator with the genuine
feeling of the remote environment but may increase the closed-loop gain, thereby
causing instability. Stability is also undermined by time delay in a teleoperation system.
Achieving a trade-off between stability and transparency in the presence of time delay
is a major challenge in teleoperation systems. This challenge is also present in
multilateral teleoperation systems that use more than one user to remotely operate the
slave robot as well as systems with multiple slaves that collaborate to perform a
manipulation task.

In this thesis we explore how passivity-based methods can be deployed to achieve
simultaneous transparency and stability in bilateral and multilateral teleoperation
systems under variable time delay. This will be an improvement to the passivity-based
methods proposed in the literature that cannot produce high transparency in the
presence of time delay.

During the course of the thesis a number of novel passivity-based methods are
proposed and validated. A new architecture that can address two intrinsic problems,
wave reflection and position drift, is developed and applied to linear and nonlinear
bilateral teleoperation systems.

The reduced wave reflection architecture is further extended to a Single-Master-Multi-
Slave teleoperation system in order to allow one master robot to control multiple slave
robots and simultaneously derive improved force reflection.

A new approach that combines the wave variable method and Time Delay Passivity
Approach (TDPA) with novel wave-based passivity observers and controllers is also
proposed. Compared with other passivity-based methods, this approach can effectively
enhance the system transparency and simultaneously maintain stability in the presence

of time varying delays. The wave-based TDPA is then further extended with the
i



Prescribed Performance Control (PPC) method in order to achieve prescribed transient
tracking behaviour of position, velocity and external force signals in the presence of
time-varying delays.

Innovative methods applying sliding-mode control, neural networks and fuzzy logic
methods are also deployed to estimate and eliminate the dynamic uncertainties and
enhance the system synchronization performance in finite time.

The flexibility, stability and tracking accuracy of the multilateral teleoperation systems
are also studied in this thesis. A dual-master-dual-slave teleoperation system with
variable dominance factor is proposed to largely enhance the shared control training
system’s flexibility. The dual-user system is further extended to multi-user shared
control system that allows the mentor to simultaneously lead multiple trainees in
different places with different time-varying delays to collaboratively perform the
remote task. All of the proposed systems are validated through experimental work

using platforms consisting of 1-DOF and 3-DOF manipulators.
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1 INTRODUCTION

1.1 Background and Motivation

Teleoperation, in which a human operator interacts with the environment remotely,
extends human sensing, decision-making and operation beyond direct physical contact.
Since the 1940’s, teleoperation systems have been deployed in numerous domains
ranging from space exploration [1]-[2], underwater operation [3], mining [4], nuclear
reactor [5]-[6] where human operators are protected from dangerous situations, to
medical training [7], rehabilitation [8]-[10] and minimally invasive surgery [11]-[14]
where through key-hole surgery a patient suffers less trauma. [15]. A teleoperation
system consists of five elements of the human operator, the master, communication
channels, the slave and the environment. From the teleoperator’s point of view, a
teleoperation system can be bilateral or multilateral.

A bilateral teleoperation system, comprising single master and single slave, provides
the operator with a sense of presence in the remote environment (haptic sensation) by
feeding back the force signal from a slave robot to a master through a communication
network, such as Ethernet or Internet. The performance of bilateral teleoperation
system is evaluated in terms of three objectives: stability, feeling of presence, and
transparency. System stability of passivity is the basis of a system to normally function.
Feeling of presence is a subjective process, indicating the operator’s feeling of being
present in the remote environment. Ideally, the operator should not fee any difference
between present in a remote place and the real world. Compared to feeling of presence,
transparency in a teleoperation system is an objective element, indicating that the
technical medium between operator and environment is not felt, i.e. that the dynamics
of master and slave are canceled out.

Teleoperation controllers are designed to ensure stability of contact and to achieve a
desired performance. Incorporation of force feedback, is a double-edged sword as it
injects extra energy into the overall system and jeopardizes the system stability [16] in
addition to providing force information to the operator. With the network technologies

advancing at a staggering rate, teleoperation can be conducted by using commercially
12



available communication networks. When the local and remote platforms are
connected via commercial networks, the forward and feedback control signals between
the master and the slave will be inevitably associated with time delay. For the remote
control and manipulation, without proper control algorithms, even a small time delay
may destabilize and degrade the tracking performance of a teleoperation system. Due
to sensitivity of bilateral teleoperation systems to time delay, even a small time delay
can de-stabilize the system [17].

Numerous methods have been proposed [18]-[21] to minimize the effect of time delay.
A system designed by Lee and Spong uses direct position feedback to eliminate
position drift [22]. Nuno et al. use P-like, PD-like and scattering controllers to analyse
the stability of the nonlinear teleoperation system with the classic assumptions of
passivity [23]. In further development, they introduce a general Lyapunov-like
function to unify stability analysis on the passivity-based control for the nonlinear
teleoperation system [24]. An adaptive coordination control law based on the
scattering approach is introduced by Chopra et al. to ensure position synchronization
in the nonlinear teleoperation systems [25]. Yang et al. design a new fuzzy PD-like
controller to deal with the system dynamics uncertainties [26]. However, all of the P-
like and PD-like system require pre-set dampers with constant gains relating to the
value of the time delay to guarantee the system’s stability by reducing transparency.
Due to different types of time delay, these method may be over-conservative in some
situations.

The passivity-based approaches aim to robustly guarantee the system passivity under
time delay. The idea of passivity characterized by mechanical energy, which uses
force and velocity as efforts and flow variables, is an effective tool for establishing
stability of bilateral teleoperation interaction. However, all of the passivity-based
systems have a major challenge that is the largely reduced system transparency can
seriously influence the system’s performances especially in the presence of large time
delays. Therefore, enhancing transparency and meanwhile maintaining system
stability under random time delays is the primary goal for the passivity-based system

design.
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Several applications, including rehabilitation, surgical training and signal modification
require the teleoperation systems with more than one user to remotely operate the slave
robot [27]-[29]. These applications can be more effective with the collaboration of
multiple robots where a single robot does not have the required level of manipulation
dexterity, mechanical strength, robustness to single point failure, or safety (e.g.
distributed Kinetic energy). Therefore, an emerging research area is multilateral
cooperative telerobotics where multiple robots interact with each other to
cooperatively perform the remote task in different environments. The slave robots can
manipulate the environment through an intervening tool or directly. Depending on the
application, diverse configurations of master and slave robots are structured to build a
cooperative teleoperation system.

The Single-Master-Multiple-Slave (SMMS) teleoperation system is a major direction
of research in multilateral teleoperation. In SMMS teleoperation systems, a single
operator collectively controls multiple slave robots. The slave robots are provided with
local intelligence to avoid collision when performing a task. The applications of the
SMMS teleoperation system include multi-finger grasping [30], tele-manipulation in
remote or inaccessible environments [31], formation of a group of robotic agents [32],
flexible and dexterous micro-assembling [33], and haptic guidance in tele-
micromanipulation with increased human operability [34].

The multi-user teleoperation system is another major direction in the multilateral
teleoperation research. In a multi-user teleoperation system, multiple operators control
the slave robot by providing control information. Each operator can feel the mixed
dynamics of the environment and the other operators. Multi-user teleoperation systems
have found applications in surgical training simulators [35]-[37], control of a
kinematically redundant robot [38], and rehabilitation [39].

As an extension of bilateral teleoperation, multilateral teleoperation is another
approach with control challenges similar to bilateral teleoperation. Especially, dealing
with the trade-off between stability and transparency in the presence of random time
delays is a major objective in multilateral teleoperation systems. In the work conducted
in [40], it is demonstrated that the optimized controller gains can be set to maintain

stability by sacrificing system transparency. Sirouspour extend the bilateral nonlinear
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adaptive control architecture that proposed earlier for multilateral teleoperation
systems using a u-synthesis based robust control [41]-[42]. Khademian et al. propose
a four-channel controller for dual-master-single-slave teleoperation to achieve high
transparency [43]. However, in the above works, two most important elements, i.e.,
the nonlinearity in the robot dynamics and time delays in the communication channels
are ignored. Ghorbanian et al. explore the nonlinear trilateral teleoperation under time-
varying delays using proportion-differential plus damping (PD+d) control architecture
[44]. Li et al. propose an adaptive fuzzy control scheme to eliminate the nonlinearities
and dynamics uncertainties of the trilateral teleoperation system under random time
delays [45]. A framework for force-velocity control architecture is proposed in [46]
for the development of a stability-guaranteed network of multilateral teleoperation by
introducing the notion of absolute k-stability. The issue of balancing the trade-off
between transparency and stability in the presence of time delay is still the main

problem faced by the multilateral teleoperation systems.

1.2 Aims, Contributions and Publications of Thesis

In this Section, the primary aim of the thesis is initially introduced. Then the original
contributions of the work relative to the existing works are presented. Finally, the

major publications produced on the outcomes of the thesis will be described.

1.2.1 Aims

The primary aim of this thesis has been to investigate how concurrent transparency
and stability in the presence of time delay can be maintained in bilateral and
multilateral teleoperation systems using passivity-based approach. Towards realising
this aim, a number of objectives have been pursued. In particular, we have explored
wave variable transformation architecture to solve two intrinsic problems in the
conventional wave variable transformation, wave reflection and position drift. We
have succeeded to develop a new controller that could significantly reduce wave
reflections and eliminate position drift thereby enhancing the system transparency. As

mentioned before, variable time delay has been a challenge in traditional wave variable
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transformation. This issue has been studied in our research and novel techniques have
been proposed to enhance the wave-based system’s performance in the presence of
arbitrary time delay. Specifically, the methods developed in this thesis can improve
system tracking accuracy in the worst case scenario where a system experiences large
time delay at high rate. This approach can also enhance the system synchronization
performance under time varying delays in finite time. The work has been further
extended to guarantee the position, velocity and torque tracking of a bilateral system
through novel control algorithm that can rapidly converge a system with a pre-defined
boundary in the presence of random time delays. The uncertainties of the nonlinear
dynamics are estimated and eliminated by deploying different methods. We have also
studied multi-master multi-slave telerobotic systems. Multilateral systems can extend
the human operational ability to remotely control more than one slave robot or allow
multiple users to collaboratively drive the remote slave robot. In the thesis, the tracking
accuracy, flexibility, synchronization and stability of multilateral teleoperation system
in the presence of time varying delays are studied in order to further extend the
multilateral robotic system capability and practicability.

1.2.2 Contributions

The major contributions of this thesis are as follows:

1) We have developed a novel wave variable transformation for bilateral
teleoperation system that unlike the conventional wave variable transformation can
effectively reduce wave reflections as well as the related signal perturbations using
a proposed position, velocity and force encoding method. By adding direct position
signal transmission channels, position drift as another intrinsic problem of
conventional wave-based systems is addressed. The proposed wave
transformations can also robustly guarantee the passivity of the communication
channels under constant time delay.

2) An innovative wave-based system that can be effectively combined with the Time
Delay Passivity Approach (TDPA) is proposed. The developed system can
simultaneously enhance transparency while maintaining overall system stability in

the presence of large constant and time-varying delays. This method can robustly
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3)

4)

5)

6)

7)

guarantee the channel passivity under constant delays. Moreover, the combined
wave-based TDPA in this approach can address instability of wave-based system
under time-varying delays and simultaneously enhance transparency of the overall
system.

An extended Prescribed Performance Control (PPC) approach is proposed to
further extend the wave-based TDPA system and restrict the boundary of position,
velocity and torque tracking errors with a pre-set value. Therefore, the new system
can achieve highly accurate tracking performance in the presence of large time-
varying delays, compared with previous passivity-based systems.

A novel sliding-mode control method deploying Radial Basic Function (RBF)
neural networks and Fuzzy Logic (FL) control method is developed to estimate
and eliminate the system dynamic uncertainties.

A multilateral system applying the reduced wave-reflection architecture is
proposed to allow one master robot to remotely control multiple slave robots under
time-varying delays. Since the wave reflections are largely reduced, all of the slave
robots can accurately follow the motion of the master robot. Moreover, the
proposed algorithm provide the multilateral teleoperation system accurate torque
tracking, which allows a single human operator to genuinely feel the mixed
dynamics of the multiple slave robots.

A Dual-Master-Dual-Slave (DMDS) teleoperation system with a series of variable
dominance factors is designed to enhance the overall system’s flexibility in the
presence of time-varying delays. With the variable dominance factors, the
efficiency of the cooperation of the two users is enhanced. Moreover, as a flexible
training system, the proposed algorithm allows one mentor to guide and evaluate
the motion of a single trainee.

A novel multi-user shared control teleoperation system with extended wave-based
TDPA is proposed to allow one mentor to simultaneously lead multiple trainees in
different location at different time delays in order to collaboratively perform the
remote tasks. The proposed approach can robustly guarantee stability of multiple
robots. High flexibility and accurate motion synchronization of multiple robots can

also be achieved in this system.
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1.2.3

Publications

The research outcomes produced in this thesis have been published extensively in top

tier journal and conferences. Here is the list of publications:

a)

b)

d)

f)

9)

h)

Sun, D., Naghdy, F., & Du, H. (2014). Application of wave-variable control to
bilateral teleoperation systems: A survey. Annual Reviews in Control, Vol. 38,
No. 1, pp.12-31.

Sun, D., Naghdy, F., & Du, H. (2014). Transparent four-channel bilateral
control architecture using modified wave variable controllers under time delays.
Robotica.

Sun, D., Naghdy, F., & Du, H. (2015). Wave-variable-based Passivity Control
of Four-channel Nonlinear Bilateral Teleoperation System under Time Delays.
Mechatronics, IEEE Trans. on. Online-first.

Sun, D., Naghdy, F., & Du, H. (2015) Enhancing Flexibility of the Dual-
Master-Dual-Slave Multilateral Teleoperation System. IEEE Multi conference,
Sydney, accept.

Sun, D., Naghdy, F., & Du, H. (2015). Stability Control of Force-Reflected
Nonlinear Multilateral Teleoperation System under Time-Varying Delays.
Journal of Sensors, 501, 682736.

Sun, D., Naghdy, F., & Du, H. A Novel Approach for Stability and
Transparency Control of Nonlinear Bilateral Teleoperation System with Time
Delays. Control Engineering Practice, accept.

Sun, D., Naghdy, F., & Du, H. Neural Network based Passivity Control of
Teleoperation System under Time-Varying Delays. Cybernetics, IEEE Trans.
on, under review.

Sun, D., Naghdy, F., & Du, H. An Innovative Framework for Nonlinear Multi-
user Shared Control of Teleoperation System with Time-varying Delays.

Industrial Electronics, IEEE Trans. on, under review.
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i) Sun, D., Naghdy, F., & Du, H. Passivity Control for Nonlinear Networked
Bilateral Teleoperation System with Prescribed Performance under Arbitrary

Time Delays. Industrial Electronics, IEEE Trans. on, under review.

1.3 Thesis structure

This thesis is organized in 6 chapters as follows:

Chapter 2 provides a review of the studies conducted on the wave variable control
algorithms over the last 20 years. An analysis of the properties of the wave-variable
control method is conducted and various approaches proposed for its improvement are
evaluated.

Chapter 3 introduces the proposed reduced wave reflections bilateral architectures.
The proposed systems has a better performance in reducing wave reflection and
eliminating position drift than compared to the previous work.

In Chapter 4, the innovative wave-based TDPA systems are introduced. The proposed
systems can have high transparency and robust stability in the presence of random time
delays.

In Chapter 5, Single-Master-Multi-Slave teleoperation system applying deploying the
reduced wave reflections architecture, a flexible dual-user-dual-slave system, and a
multi-user teleoperation system applying deploying the wave-based TDPA are
introduced described and modelled and analysed.

Chapter 6 draws some conclusions and provides an outline for the future work.

The developed algorithms are validated in each chapter.
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2 BACKGROUND

2.1 Overview

As one of the major passivity-based methods, wave variable control is quite unique as
it provides a physical description of system passivity while it does not require the
knowledge of the remote robot. The concepts associated with standard wave variable
control were introduced around 20 years ago. Since then, various algorithms have been
proposed to enhance the performance of wave variable control in bilateral
teleoperation. In this chapter, a review of various applications of wave variable control
in telerobotics is conducted and an evaluation of different methods proposed to
compensate for intrinsic problems of the approach such as position drift, wave
reflection and sensitivity to time varying delay is carried out. A critical analysis and
evaluation of the advantages and disadvantages of the wave-variable control method
will be conducted and various and different methods proposed in the literature for its

improvement will be reviewed.

2.2 Theoretical Foundations of the Wave Variable Method

2.2.1 2-port Network

Representing the effective relationship between force and velocity with voltage and
current [47], a two-port network model of a teleoperation system can be represented
as cascaded feedback interconnection of the component shown in Figure 2.1, where
the models of the master, communication network and slave are represented by two

ports, and the operator and environment by a single port [48].
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Fh Fmd Fs Fe

Figure 2.1. 2-port network model of a teleoperation system [142]

The property of a 2-port system can be described by the relationship between effort
and flow. In terms of a linear time-invariant single port system, this relationship can
be defined by (2.1):

F(s) = Z(s)v(s) (2.1)

Where F(s) and v(s) are the Laplace transforms of effort F(t) and flow v(t),
respectively. Z(s) is an impedance matrix defining the relationship between force and
flow. For a linear time-invariant 2-port system, this relationship can be also presented
by the hybrid matrix H(s):

sl = wollie] =1 [re @)

Where the properties of the output effort F;, the input effort F,, the input flow v, and

the output flow v, are shown in Figure 2.2.

Uy U3
+ +
2
Fy F,

Figure 2.2. 2-Port model [143]
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In (2), Hybrid matrix H(s) is defined by [49], which can be interpreted as H(s) =

hi1(s) hlz(s)] _ [ Zin Force scalling
hy1(s)  hyy(s)]  |Velocity Scalling Z5h

are the input and the output impedances, respectively. The hybrid parameters h;;,1,j =

, in which Z;,, and Z,,;

1,2 are functions of the master and slave dynamics and the control parameters [49].
The main effect of H(s) is to present kinesthetic feedback between the human operator
and the environment, and to build a relationship between force and velocity.

According to the 2-port network model shown in Figure 2.1, the system’s hybrid

matrix model can be written as:

)=l el =mo e @3

Where F;, and F, are the force applied by the operator and the interaction force
between the slave and the environment, respectively. Since x represents position, x
the differential of x, is the velocity. Therefore, x,, and x, represent the velocities of
master and slave.

The 2-port network model provides a reference model for analysis of energy flow in
teleoperation systems. Hence, it has been deployed as the default model in the

subsequent application of passivity theory in teleoperation.
2.2.2 Passivity Theory

Passivity is a property presented in many physical systems (electronic systems,
electromechanical system etc.). It reveals the system stability property from the
input/output energy perspective, and has been developed as a general design approach
and theory in system stability control. According to [50] and [51], passivity is a
sufficient condition for the stability of a system. If a teleoperation system is passive, it
is guaranteed to be stable. However, if a system is stable, it is not necessarily a passive
system.

Remark 1 [52]: the inner product of system input vector x and output vector y is the

input power P;,, which is also equal to the sum of the variation of system storage
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energy Eg:ore (lower-bounded) and the system dissipative power Pg;ss. This can be

written as:

+ Pdiss (2-4)

The power defined in this relationship is not the actual physical quantity. Therefore,
this relationship is satisfactory when the dimensions of input/output vectors are
appropriate. For instance, the input power of the 2-port model shown in Figure 2.2 can
be defined as vTF.

Under the condition that the power is either stored or dissipated, the total energy
supplied by the system up to time t, which corresponds to a negative energy transfer
into the system, can be limited to the initial stored energy. That is, the energy transfer

is lower bounded by the negative initial energy.

t t t
j Py dt = f xTy At = Estore (t)—Espore (0) + j Pyiss AT = —Etor(0) (2.5)
o 0 o

Remark 2 [52]: A control system is passive at any time if (2.5) is true. If the dissipated
power P;;¢ IS positive when the system storage energy E;,,. does not reach its lower
bound, the system can be defined strictly passive. If the dissipated power Py remains
constantly zero, the system is lossless.

Treating the system storage power E; .. as a Lyapunov-like function, it can be shown
that in the absence of an external input, the passive system is stable and the strictly
passive system is asymptotically stable [52].

A passivity-based system illustrates that the output energy of a system will not exceed
the sum of the input energy and the initial stored energy of the system [27].

It should be noticed that one of the major challenges for passivity maintenance of the
teleoperation system is the largely unknown human and environment dynamics, both
of which are part of the global control loop in Figure 2.1. Therefore, in most

teleoperation control systems, the dynamics of the human operator and the

environment are assumed to be passive. That is Ej, = — fot xLF dt+ky, =0,E, =
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fot xIF,dt + kg = 0 (kys € R,) , where Ej, and E, denotes the energy of the human

and the environment. [24]
2.2.3 Scattering Approach

Remark 3 [50]: R, is a non-negative real number. R™ is the n-dimensional Euclidean
space. L (R,) is the Hilbert space composed of Lebesque square integrable function f:
R, — R™, whichis ||f]l, = (fooo|f(t)|2dt) 2>oo. If operator T: L3(R,) — Ly(R,) has

boundary (L%(R.) is the Hilbert space of Lebesque measurable functions R, — R™),

its norm can be defined as:

T
IT||= sup ™, (2.6)
i

where “sup” denotes supremum (the least upper bound).
Remark 4 [18]: For VF, v € L%(R.), scattering operator S: L%}(R,) — L%(R,) is defined

as:

F—v=S(F+v) (2.7)

From (2.7), the scattering operator S is deployed to map the sum of effort and flow
into the difference between effort and flow. For linear time-invariant systems,
scattering operator S can be represented by the scattering matrix S(s) in the frequency

domain:

F(s) —v(s) = S(s)[F(s) + v(s)] (2.8)

As to the two-port system, the scattering matrix can be derived from hybrid matrix
H(s):

ek et PN (s B | R PO [CTO RO o
(2.9)
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where | is the identity matrix. Likewise:

Fi(s) +vi(s)] _ [ Fi(s) v(S)] _ v1(s)
R0 o] = a6 = @ +D [0

Based on (2.8)-(2.10):

(2.10)

s =y 1] - DEHE + D7 = diag(,~D[[HE) ~ NHE +1]

(2.11)

Theory 1 [18]: the necessary and sufficient condition of passivity in teleoperation

system (3) is that the norm of the scattering matrix (11) must not exceed 1. That is,

S]] < 1. It is also illustrated as supxll/z [S*(w)S(jw)] <1, where A2 represents

the square root of the largest characteristic value. This theory is proved as follows [28]:

Proof: ||S|| < 1 & % <to|F+vl,=IF-vl, >0 [°(F+v)"(F +
2

V) —(F-v)T(F-v)dt= 02 [ W'F+Fv)dt >0 4 [ (FTv)dt>0
(2.12)

The relationship (10) can be also presented in a form similar to (3):
—sT
H(s):[ eo_sT eO ] where T is the communication time delay. Thus, after

substituting H(s) into (11), the scattering matrix of the system can be derived: S(s) =

[_5211;1122"? ::Sﬁgg] then 1S]|=e can be proved [18].
B L ptan(wT)  sec(wT) |[—jtan(wT)  sec(wT)
IS1} = sup,2 ([ sec(wT) jtan(wT)” sec(wT)  jtan(wT) )

_ o /1%( tan?(wT) + sec?(wT)  2jtan(wT) sec(wT) )
= S¥Pw —2jtan(wT) sec(wT) tan?(wT) + sec?(wT)
(2.13)
Thus:
IIS]| = sup, (|tan(wT) + sec(wT)|) = o (2.14)
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As the scattering matrix norm S for direct transmission force and velocity variables is

infinite, it is proved that the signal transmission model with time delay is not passive.
2.2.4 Wave Variable and Wave Controller

2.2.4.1 Wave Variables and Wave Transformation

Based on the passivity theory and scattering approach, the concept of the wave
variables approach as a notion of energy is introduced [52], which is a passive control
algorithm. Its effect is to modify and extend the passivity theory in order to alleviate
the negative effects of time delay in a control system. Scattering matrix maps the
relationship between the velocity and force signals to the system. As this approach is
mainly deployed in nonlinear systems manipulated in an unstructured environment, it
has high potential in practical applications.

The scattering operator is proved to be unbounded when there is time delay in a
transmission channel. This influences the passivity of a teleoperation system. The
wave variable method introduced by [52] compensates for this drawback to a great
extent.

If correction modules are added to the signal transmission module shown in Figure 2.1

btanh(sT) —sech(sT)

to render H(s) = [Se ch(sT) %tanh(ST)

l, its scattering operator will be S(s) =

0 e—ST
6 | 1281,

Therefore, [ISI| = sup2'/2[S*(jw)S(jw)] = Supfll/z( ‘ e(S)T] [eO e_ST]) =

eST —sT 0
sup/’ll/z ([(1) (1))=1. Accordingly, the transmission module satisfies the

passivity condition and becomes lossless after correction. For this purpose, the

following wave variables are introduced:

bx+F  bx—F
= VvV =
V2b V2b

(2.15)
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where b is defined as the characteristic impedance or wave impedance. This parameter
can be a positive constant or a symmetric positive definite matrix and is the only
adjustable parameter in the force and velocity model. Different values of b can prompt
the system to have different properties from damping to freedom. Parameter u is the
forward moving wave from master to slave, while v is the returning wave from slave
to master. These two parameters are symmetrical relative to each other, which
eliminates the difference between velocity and force.

In the transmission module illustrated in Figure 2.3(a) (2.15), transformation from
power variables to wave variables ((x,F)— (u,v)) is reversible. The inverse

transmission as illustrated in Figure 2.3(b) can be written as:

1 b
x=—wWw+v),F= [m=(u—v 2.16
\/ﬁ( ) ﬁ ) (2.16)
. oo TTTTTTT T T T 1 .
x i + :'1[1 .1':
: E T F\EE | .‘
3 -}
I 1
| B :
I 1
| i: !
- ; Vb [ :
Fl: - :'I.."-'l F:

[a) master

Figure 2.3. Wave variable transformation

Therefore, the power in any part of the teleoperation system (Figure 2.1) can be

re-defined by:

1 1
— TR —_ Ty _ _,,T
P=x"F SU U=V (17)

From (17), forward wave u provides power to the system, while backward wave

v dissipates power from the system.
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Substituting (17) into (5) results in fot%uTu dr — fot%vTv dt = —Etre(0). Thus,

the passivity condition (5) can also be re-written as:

t

tl T 1 T
f SV vdrt Sf Su udt+E;r.(0),Vt =2 0 (18)
0

0

Wave variables, unlike physical entities such as velocity and force, have no intuitive

physical significance and cannot be easily measured. The unit vwatt of wave

variables is also quite unusual [29].
2.2.4.2 Conventional wave transformation

The structure of the wave controller on the basis of the communication loop is shown

as Figure 2.4.
Xm Uy T Xs
S —>
— T -«
Fm I’?m I’?S F:E
Figure 2.4. Structure of wave controller [52]
Em X E U T A | ug Egg £,
- » > s — l__ »
1 Bz+ k| |_1L
M= - M=
+ - Vow, i v. [ | F. +" - F

Figure 2.5. Wave-based teleoperator [52]
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As an example, the transfer function diagram of a 1-DOF teleoperation system, in
which the slave side uses a PD-controller: F, = —B(%; — Xsq) — K(xg — Xx54), Where
B and K are damping parameter and stiffness gain, respectively, is shown as Figure
2.5.

Based on (16), the wave transformation of the wave controller [52] can be defined by:

_ bxm(t) + ch(t) _ bxsd (t) + Fsc(t)
_ bxm(t) - ch(t) _ bxsd (t) - Fsc(t)

Where X,,,, Xsq, Fne and F;. denote the master velocity, the desired slave velocity, the
master control force and the slave control force, respectively. When the
communication channel transmitting wave variables has a constant time delay T, the

following relationship holds:
us(t) = um(t - T): Um(t) = vs(t - T) (221)

Assuming a two-port device as shown in Figure 2.2, the power flow P can be defined
by P = xTF; — 1 F, [52]. Based on scattering theory, the total power flow [52] in the
communication link is:
) ) 1 1
P, = xLE, —xIF, = EuTTnum - EvSTvS - EuSTuS + Ev,flvm (2.22)
After substituting (2.19)-(2.21) into (2.22) and then integrating (2.22), the energy

casually stored during the wave transmission procedure is represented by:

' 1 T 1 T
Estore(t) = (Eumum + Evs vg)dt > 0 (2.23)
t-T
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2.3 Properties of Standard Wave-variable-based
Teleoperation System

2.3.1 Indices of Teleoperation System
2.3.1.1 Dissipativity and Finite Gain L,-Stability

Involving the model knowledge of human and environment closed-loop dynamics into
design of the teleoperation control system can enhance transparency but may degrade
system stability [55]. Therefore, applying the approximate knowledge of the damping
properties of the human operator, manipulators and environment can improve
transparency without jeopardizing system stability. [56]-[60] denote these subsystems
to be dissipative with a quadratic supply rate (QSR-dissipative).

Theory 2 [56]: a control system is called QSR-dissipative if there exists a storage

function V: R™ - R, which is positive-semidefinite, as follows:
LrarT ra
V(x(D) — V(x(0)) < fo | Ply)ee (2.24)

with the dissipativity matrix: P = SQT ;] (Q € RP*P,R € R9%1,S € RP*?) where X,

a, y are the state, input and output vectors of the control system, respectively. [61]
illustrates that input-feedforward-output feedback passive systems (IF-OFP), which is

a subclass of the QSR-dissipative system, are represented by: P =

) (6, € R) This system is lossless under the condition § = =10,
-1 —¢l
2

output-feedback strictly passive (OFP(&)) under the condition § =0, > 0, and
input-feedforward strictly passive (IFP(&)) under the condition § > 0,& = 0. Under
the condition that one or both of §, € are negative, the passivity of this system is not
satisfied.

Theory 3 [62]: a control system is called finite gain L,-Stable if there exists a positive-
semidefinite function V:R™ — R, and a scalar constant y > 0 such that for each

admissible aand eacht > 0
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V(x(1) — V(x(0)) < f y2aTa—yTydrt (2.25)
0

Iyelle, < v2ucll., + /V(x(O)) (2.26)

Where ||y.l,, denotes the L,-norm of the truncated signal y. That is, ||yll,, =

/foty(r)Ty(r). The smallest parameter y in (26) is said to be the L,-gain of the

control system. When y < 1, this system is called to own the small gain property.
2.3.1.2 Transparency

Transparency is an abstract concept because this index represents the property of a
teleoperation system from the concept of ‘human feelings’. A teleoperation system is
defined to be transparent if the human operator perceives the remote environment
accurately and performs the remote task with ease [63].

Specifically, transparency is also defined as the matching equality between operator-
perceived mechanical impedance Z, and the environment impedance Z, [64]-[65];
that is: Z, = Z,. According to (1), the impedance of the human operator or the
environment is the ratio between the effort (force, voltage) and the flow (velocity,
current) in the Laplace domain. Transparency can be analyzed by a 2-port network
model where the hybrid matrix is used to build the relationship between the forces and
velocities of the master and slave as shown in (3)

Also, from (1), the slave force can be derived using the environmental impedance Z,:
F, = Z,v, (2.27)

From (2.27) and (2.3), force F,, on the master side can be derived as:

hizh,
Fm = (#Zzlzeze + hll) Um (228)

P. and P,can be defined by [66]:
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;Po = h11 (229)

Therefore, (2.28) can be rewritten as:
E, = (P.Z, + P)v, (2.30)

Where P, and P, denote reproducibility and operationality, which are two sub-indices
of transparency. Reproducibility means the precision of the master side reproducing
the environment while operationality means the degree of smoothness at which the

human operator manipulates the master robot [146]. To achieve the ideal Transparency,

h12h21

reproducibility and operationality should satisfy |B.| = s
—h224e

=1andPo=h11=

0, respectively [66]. Therefore, the following conditions should be maintained:

h11 = h22 = O' h12h21 = 1 (231)
Accordingly, the hybrid matrix for the ideal transparency is H;geq;(s) = _01 é .

Considering the time delay, the best transparency is achievable when Z, = e~T5Z,,

therefore, the hybrid matrix for the best transparency can be written as [64]:

Hiaear) = 3269 1 200] = [ O &) 232)
Each element of the hybrid matrix H(s) also has its own physical meaning. h;4
denotes the input impedance in the free-motion condition while a non-zero value of
h,, means force feedback is still received on the master side even when the slave is in
free motion, which offers the human operator a sticky feeling for the free motion. h,,
and h,, represent the measure of force scaling and velocity scaling, respectively. h,,
denotes the output admittance of master locked in motion while non-zero values of
h,, means the slave robot keeps moving even when the master robot’s motion is

stopped.
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Trade-off between stability and transparency is an inherent problem in teleoperation
systems. This is due to the property of the bilateral teleoperation contending with the
system passivity as a result of the possible instabilities caused by force feedback [66],
[67]. Hence, guaranteeing the system stability usually implies the degradation of
transparency [50]. Since wave variable is a conservative approach to system stability
that excessively pursues the passivity of the teleoperation system, the transparency of
the standard wave-variable-based system is degraded. Additionally, this method has
two intrinsic problems: wave reflection and position drift. Therefore, increasing
transparency is a critical target for the design of wave-variable-based teleoperation

systems.
2.3.2 Intrinsic Problems of Wave-based System

2.3.2.1 Wave Reflection

Wave reflection occurs in the wave-based teleoperation systems when the junction
impedance is not perfectly matched [68]. This can be revealed by analyzing the
standard wave-based teleoperation architecture. According to a standard teleoperation
system with wave controller, there are three independent signal feedback channels as
shown in Figure 2.6: the straight feedback of the master (dashed line 1), the feedback
from the slave (dashed line 2) and wave reflections (dashed line 3).

In Channel 1, the signal returns in the form of the damping bx,, as (2.33) which is a

transformation of (2.15):
Fy, = by — V2bvy, (2.33)

For the human operator, this signal is like a signal damper, which is the only signal
without time-delay.

Channel 2 sends back the signal from slave to the local operator with the PD controller,
and also provides the expected information. Both the free motion and environment
contact will be described by the position and velocity of the slave, and presented in the

tracking error. The force of the slave encodes this information in order to provide the
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approximate representation of a practical contact force, and then feedback to the
operator, which is also the main aim of a bilateral teleoperator.
The phenomenon of wave reflection is shown as channel 3. Re-writing (2.19) and (2.20)

results in:

2
Uy = =V + V2b%y , Vs = ug — \/;FS (2.34)

As can be seen from (2.34), each input wave v, or ug will be reflected and returned,

then left as the output wave u,, and v;.

Xm
1
mys| 1
o
Fy < Fne
+ - <

Figure 2.6. Three feedback channels of the wave-based system [69]

In the 3-channel mode, the second channel contains important data which must be
protected. The first channel produces a certain amount of damping to enhance the
stability of the system at the expense of losing telepresence. However, the wave
reflection of the third channel will result in significant problems and adversely affect
the other two channels. Therefore, in practical applications of the wave variables
approach, the influence of wave reflection must be eliminated.

The other interpretation of wave reflection is on the basis of a standing wave
phenomenon in which wave reflections on boundaries can superimpose and interfere
in order to generate continual oscillations. The boundary conditions determine the
particular resonant frequency. In addition, the operator may be forced by the slow
decay of the wave reflections to wait for a long time before continuing manipulation
[70].
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In [71], wave reflection is analyzed in the frequency domain. Based on Figure 2.5, the
dynamic model standard wave-based teleoperation architecture in the frequency

domain can be written as [71]:

GriX,y = Ey — Epe (2.35)

G;'X, =F, — F,F, = C,(s)(sXsq — sX;) (2.36)

Where G,, = —1_and G = L_ are the transfer functions of the master and the slave.
My s2 Mgs?

M, and M, are the inertia masses of master and slave. F,,. and X, represent the

Bs+K .
IS

desired force of the master and the desired slave position, respectively. C,, = .

the slave velocity controller. B and K are the differential parameter and proportional
parameter, respectively. The operator s is the Laplace operator.

In addition, the reference signal in the frequency domain of this architecture can be
derived based on (2.15), (2.16) and (2.21) in the presence of time delay

Frne = F;e7 25 + b(sX,, — sXgqe ™ 125) (2.37)

1
sX;q = sXpe 1S + 5 (Fee™ ™5 — F) (2.38)

Where T; and T, are the time delays in the feed-forward and feedback path.
Substituting (2.37) and (2.38) into (2.35) and (2.36), the dynamics model of master

and slave can be re-written as:
Gl Xy = Fpy — Foe ™25 + b(X,qe7 ™5 — sX,) (2.39)

Cy(s)

G:1X, = C,(s)(sXe115) — sX, + 5

(che_Tls - st) - Fe (2-40)

Moreover, the dynamic model of master and slave can be expressed as:
Ene = Ep — GolX,, (2.41)

F, =F, + G;1X, (2.42)
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Gs'Xs +F,

ORI (2.43)

SXSd =

Substituting (2.41), (2.42) and (2.43) into (2.39) and (2.40):

-1
s

bG
GlX,, = (C O G;l+ bs) X.e 25 — bsX,, — F, — (1 -
v

b e
Cv(s))z«;e TS (2.44)

-1

G Gyt C,(s
G;1X, = C,(s) (s — Tm) Xme TS —C,(s) (s + Z )Xs — U[S )Fhe‘Tls

_ (Cf) " 1) K, (245)

After substituting (39) and (40) into (44) and (45), [71] finally results in:

G_1X B b e—(T1+T2)S — 1 3 F 3 ZGS—I.XSe—TZs 3 ZF'ee—Tzs
m m — e—(T1+T2)S + 1 S m h e—(T1+T2)S + 1 e—(T1+T2)S _I_ 1
= b(e~M*™)s — 1)sX,, — 2G5 X;e 25 — (e~ (+72)s 4+ 1)F,
—2F,e 25 — G,'X,, (2.46)
2C,(s)sX e~ s C,(s) (e~ T1+T2)s _ 1
-1 _ v m _ v _
G s = = mmrms g1 GO+ =\ e g ) e T Fe
= 2C,(5)sX e TS — (e=M*T2)s + 1)F, — (e~ T+72)5 + 1)C, (s)sX;
C,(s
— # (e~(M*72)s 4 1)F, — Gy X e~ (T +T2)s (2.47)

The relationships of (2.46) and (2.47) represent the delayed dynamics of the master
GlX,,e~(M*72)s and the slave G5 1X e~ (T1*72) in the master control and the slave
control, respectively. They illustrate that the wave reflection phenomenon is caused by
the oscillation in the response of the teleoperation system.

Wave reflection does not contain any useful information, and gradually disappears
after several loops. It can easily result in unpredictable disturbance and disorder, and

even destabilize the whole system. Therefore, developing effective methods to deal
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with wave reflection is one of the active research areas in wave-variable-based

teleoperation systems.
2.3.2.2 Position Drift

In the conventional wave-variable-based system, data transmitted from master/slave is
a combination of the wave signal and the implied information of velocity and force
rather than the direct position feedback. Therefore, a slow position drift may be
generated from the master/slave site due to discrete sampling rate, calculation error
(the position information derived by integrating the velocity) and temporary loss of
data, etc.

In [71], the reason for this position drift in the frequency domain is identified through
mathematical analysis. Re-considering (2.46), one can see that the position control of
the master is expressed by the term b(e~T1+%)s — 1)sX,,, — 2G5 *X e ™25, However,
the existence of the bias term —(e"(M*RS 4 1)F, — 2F,e7 TS —
Gyl X,,e~Ti*T2)s results in position drift.

Furthermore, [72]-[74] interpret the position drift in the velocity dimension in the time
domain. Considering the standard wave-variable-based architecture, the PD controller
employed at the slave side and the reference velocity at the slave side are expressed in
the time domain by (2.48) and (2.49) using (2.19)-(2.21) [72]-[74]:

Bs+ K
) (2.48)

Foe(®) = (ksa(0) — 1:(0)L (

R (8) = L1 (HL) ®y(t = T) — % [Fsc(t) _ (5%) ®F,.(t — T)] (2.49)

Where ® denotes the convolution operation. ﬁ is a low-pass filter where A denotes

the cut-off frequency. From (2.49), it can be seen that the desired velocity at the slave
side x4 (t) drifts away from the transmitted delayed master velocity x,,,(t — T). As to
the PD controller at the slave side shown in (2.48), x,(t) is expected to track the
desired velocity x,;(t).

By transforming (2.48), x,,(t) can be derived as:
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tsa(t) = L7 ( ) ®F s (£) + ,(£) (2.50)

Bs + K

The actual velocity x,(t) can be achieved by substituting (2.50) into (2.49):

N 1 1/ 2
£5(6) = L (55) @t = 1) = 3 Foe®) + 3 L7 (=) @Fe(t =)

_ 1t (Bsi =) ®F () (2.51)

It can be seen from (2.51) that the actual velocity x, drifts away from the master

L . . 1 A
velocity x,, by adding the bias term —%Fsc(t)+%L 1(E)®ch(t_T)_

L (BSiK) ®F,.(t). The bias term arithmetically expresses the reason for position

drift in a wave-based teleoperation system. Various analyses in frequency and time

domains indicate that position drift is caused by asymmetry in the position controller.
2.3.3 Influence on Communication Channels

2.3.3.1 Time Delay

Due to constraints such as signal transmission speed, and channel bandwidth, there is
always time delay between the master and slave in a teleoperation system. Time delays
of any duration may result in the instability of a system and disturb smooth bilateral
teleoperation [50] -[54]. Re-considering the passivity condition (2.5), system passivity
depends on the inner product of the system input and output variables. If the time delay
exists in the output variable, the inner product will be influenced to the extent that the
system passivity will be negatively affected. However, in condition (2.18), if the output
variables have time delay, the power generated by the delay will be casually saved in
the wave so that the system passivity will not be influenced.

For instance, assume v(t) =u(t—T), Egpre(t) = ftt_T%uTudT , which meets
condition (2.5). Then, the input power during the time delay is saved as energy.

Moreover, the dissipated power is 0 and the system is lossless. The communication

38



channel has become a temporary energy storage element by using the wave variable
approach. Hence, when using wave variables to transmit the signals, the teleoperation
system can maintain passivity and be stable for an arbitrary time delay [75]. It should
be noted that the above analysis is based on constant time delay. However in practice,
time delay in communication channels is asymmetric and time-varying. Therefore, the
performance of the standard wave-variable-based teleoperation system under the
condition of time-varying delay should be analyzed.

In [76], the passivity of a wave-variable-based teleoperation system under time delay
condition is investigated. It should be noted that (2.23), though true for a passive
communication channel with arbitrary constant delays, robust passivity is no longer

valid under the varying time delay condition T = T(t). Rewriting (2.22):

t 10 rt t t=Ty(t)
E= f Pdt == [f ul u,dt + f vIv.drt +f ul u,dt
0 2e-ry0) £=Ty(£) 0

=Ty () t
+ j vl vdt — f (ulu, + v,flvmdr)l (2.52)
0 0

Where T; (t) and T, (t) denote the time varying delay of forward path and backward
path.

Rewriting (2.21), considering the time-varying delay condition:

{us ) = U (t — Tl(t))

I (6) = v(t — T (D)) (2.53)

By substituting (2.53) and the following change of variable 6 =t — T;(t) = g;(7)
into (2.52) where:

dT,

Til (o) = E |‘L‘=g‘1(0)

(2.54)

Then, the total energy in the standard wave-variable-based teleoperation system can

be expressed as [77]:
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t 1 t
E= J. Pdt == f ul u,,dt
0 21J;

=Ty (t)
t t—T,(t) T (O')
+f vIv dr—f — 1 uTu . dr
t—T,(t) ° 0 1-T.(0) e
t=Tt) T (o)
2 T
— ———p; v dT 2.55
.[(-) 1 _ TZ(O_) S Vs l ( )

In (2.55), the last two integrals are passive if the value of the delay is increasing (T} >

0) and the energy in the communication channels is generated rather that dissipated

due to increased time delays. Accordingly, the passivity property of the wave-based
Ti(o)

system suffers degradation. From the term T in (2.55), it can be concluded that

the standard wave-based teleoperation system can only be guaranteed to be passive

during intervals of decreasing time delay.

2.3.3.2 Data Loss

Data loss is a condition generally occurring in Internet-based teleoperation systems. In
networked teleoperation systems, UDP (User Datagram Protocol) is the most popular
protocol. However, without acknowledgement, UDP protocol has the drawback of data
loss for different teleoperation architectures including wave-based teleoperation
systems [78]-[80]. In [81], the influence of data loss as well as time delay on different
criteria for the standard wave-based scheme is studied. The results are illustrated in
Table 2.1

Free motion Restricted motion
Steady-
Transient | Steady-state Mean
state Perceived
position position force
position stiffness
error error error
error
Data loss m m Data loss m u -
Delay m - Delay - u —

40



Time Time
varying m varying -
delay delay

Table 2.1 effect of data loss and delay on different criteria

In Table 2.1, the first column denotes different parameters such as data loss and delay.
The first row denotes the criteria to be assessed. The symbol “M” means that a specific
criterion increases proportional to a certain parameter while “ll” means the
opposite. The symbol " — " indicates that no conclusion could be drawn.

Therefore, it can be concluded that the increasing data loss as well as delays can
increase the position error in the wave-based systems since the standard wave
variable method neither provides the explicit position feedback (wave variables
contain velocity and force) nor compensates for data loss. In addition, the
increasing data loss and time delay also degrade the performance of perceived
stiffness. Accordingly, data loss and time varying delays are major barriers to

achieve system transparency.
2.3.3.3 Discrete Communication

The passivity of the time delayed communication in a discrete wave-based system is

studied in [82]. In the discrete wave-based system, during the transmission of the k"
samples, (2.22) can be re-written as E[k] = 2%/, P[i] = ZXk, (ud[i] - u2[i] +

v2[i] — v4[i]) , where i is the sample instant at which the power enters the
communication channel. T; is the sampling rate. For constant time delay (T = nTy),
where u?[i] = u2,[i — n] and v2[i] = v2[i — n], the energy in the communication

channel is given as:

AU R A Rt TR TR e SN A U )

>0 (2.56)
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Based on (2.56), the system is passive, independent of the constant time delay.
Considering data loss, a lost packet in a discrete system will result in an empty
sampling instance. [82] states that the passivity of the communication channel is
related to the strategy adopted by the controller to handle the event. Applying the
strategy assuming a null packet for an empty sampling instance on the slave side (ug =

0), the energy in the communication channel can be expressed as:

T2 Zl e n+1(um +vg[iD + = 5 Z (WililBimlil + v¢[i1BLsli]) = 0

(2.57)

Where B[], BLs[i] = 0, if the packet is not lost or 1, otherwise. Based on (57), the
controller adopting a null packet on an empty sampling instance can guarantee system
passivity in the presence of constant time delay. On the other hand, taking the strategy
that the controller reuse the previous packet’s value in this sample time, the energy is

expressed as:

=2y Rl D
T o
5 D Rl uhli — 1By li] + (2L
— v2[i = 1Dpysli] (2:58)

Since E[K] in (2.58) can be less than 0, the time delayed system passivity cannot be
guaranteed by applying this strategy.

Under time varying delays (T[k] = n[k]Ty), the empty sampling instances can be
caused by either data loss or the increasing time delay. Taking the strategy of adopting
a null packet, the packet finally arrives, but not at its prearranged sampling instance.

Accordingly, (2.57) can be rewritten as:

T,k . - T, N k—nlK] . . . .
IR RS DR W AU IO RS )

Ts k—-n[k]
~3 2. 1Bl + v2LBLD) (2.59)

42



Where Bamlil, Basli] = 1 when the assumed lost packet is delayed but not lost due to
the increasing delay or O otherwise. Note: %Zf;f[k](u%l[i]ﬁm[i] + v2[i]1BL[i]) =

2 X M 2, [11Bamli] + v2[i1Bas[i1), E[k] in (259) is not less than 0. Hence, the
system is guaranteed to be passive.

On the other hand, applying the strategy that the controller repeats the value of the
previous sample in the current empty instance, the energy flow in (2.60) can be
expressed as:

B =5y G+

2
+ %Z:[k](u%[i] — upli = 1DBumlil + (WE[i]
T, \k—nlk]
- Vsz[i — 1DBLs[i] = > - (u,zn[i]ﬁAm[i] — ui[i — 1]B4sliD

(2.60)

Since E[K] cannot be guaranteed to be less than 0 in (2.60), the passivity can no longer
be guaranteed in the discrete case. Therefore, based on the above analysis, the passivity
of the wave-based system in the presence of time varying delay and data loss is highly
dependent on the mechanism applied by the controller to handle the lost packets.
Discrete scattering can be used to implement passive packet switching transmission

line in the presence of time varying delays and data loss [83].

2.4  Applications of Wave Variable in Telerobotics
2.4.1 Trajectory Tracking

In wave-variable-based teleoperation systems, though steady-state tracking is ensured

[84], the trajectory tracking is distorted due to the presence of bias terms. Distortion

also increases in parallel with an increase in time delay. For many applications such as

tele-surgery, the slave trajectory must strictly and closely follow the master trajectory.

To enhance steady-state position tracking, [85] introduces a wave-based architecture

which applies new channels to directly transmit position signal. Unlike [85], the bias
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term compensation method is introduced in [74] which uses an extra term Au to

compensate for the second term in the right-hand side of (2.49) as shown in (2.61).

Au = F,, — ( i /1) QF,.(t — T)] (2.61)

7l

This added term is inserted into the feed-forward path at the slave side to achieve: ug =
Uy (t — T)QL™? ( ) + Au. Substituting (2.19) and (2.61) into the above equation

gives:

1 .
Us = — (bxsd + Fsc)

V2b

Q(km(t = T) + Fpe(t — T))

- \/;_bl'_1 (s -/11- /1)
' \/% [Fie — 174 (5) @Fet =)

= U, (t — T)®L™? ( A

" /1) + Au (2.62)

Therefore, the bias term of the velocity transmission is eliminated and the best
trajectory tracking is derived as x4 (t) = L™1 (ﬁ) Qx,, (t —T).

Hu et al [72] make further improvement to (2.62). The corrected velocity for tracking
the master in [74] is the reference velocity of slave x¢,; but not the actual velocity x..

The trajectory tracking is improved by adding a correction term for the actual slave

velocity. Re-considering the computation of the actual slave velocity x; (2.51), the

correction term is set as AU = \FFSC() \/Tb I mc(s)e‘ST+fﬂc( )BS+K

Therefore, (2.63) in the frequency domain representing the best tracking from actual

slave velocity to master velocity is derived by adding this correction term to (2.51):
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b . b A . ,1
j;Xs(S) = E +/1Xm(8)e T \/; SC( )B T K ﬁESC(s)
/ 1 2 b A .
+ bs T AFmC(s)e—ST + AU(s) = \/;m (s)e=sT (2.63)

Substituting (19) and (20) into the correction term AU, AU can be rewritten as:

1
+K 2

1 b
AU(s) = E(US(S) — V() +f&c( ) Un(s) —

(2.64)

In view of the added correction term, the passivity of the proposed system must be
reexamined. The transfer functions of V;(s)/Us(s) and V,,(s)/U.(s) are derived

from [73] as follows:

b bh—
Gou(s)] = || — Gra(5) + (5 + Gens () (0 ~ Gpa9)) <1 (265)
Us( |bGpa(s) + (15 + Geny(5)) (b + Gpa(s))
Vin(s)
|Um(5)

(Bs +K)
( +1- e-ZST) (Bs+K) + bs(/1 +1)

(/1+ 1) (Bs — bs + K) =—— Gse( )

(2.66)

Where G, (s) and G, (s) are the transfer functions of the slave PD controller and
the environment, respectively. According to (66), if the parameter of the forward low-
pass filter A is tuned properly, the transfer function V,,,(s)/U,,(s) can be smaller than

1. Therefore, the passivity of the system is guaranteed.
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In [86] and [87], it is shown that forward low-pass filter ﬁ has a unity gain at steady

state frequencies. Thus this filter is not able to guarantee system passivity at those
frequencies, especially for stiff contact. Hence, in [86] and [87], a positive amplifying
gain a is added to the force feedback channel of the structure proposed by Ye et al.
[74] to minimize the steady state force tracking errors and to ensure passivity.

The wave-based system with bias term compensation augmentation is a successful
improvement of the standard wave-based architecture which enforces the trajectory
tracking without affecting the system passivity. Hence, the trade-off between stability

and transparency of the wave-based teleoperation is enhanced.
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Figure 2.7. Proposed wave-based architecture for trajectory tracking [72]

2.4.2 Wave Integral

As mentioned before, wave variables encode force and velocity signals rather than
direct position information. Therefore, controller in the wave-based system does not
receive the position feedback, which will result in slow position drift. In order to add
position signal to wave variables, Niemeyer and Slotine propose the concept of wave
integral [88].

Wave integral, just as its name implies, is the integration of velocity and force
information present in the wave variable. After integral of (2.15), the integrated wave

variables are defined by (2.67):
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U(t)=fu(r) dr=b3;__bp,V(t) =fv(r) drz% (2.67)
0 0

Where x and p are position and momentum, respectively. It is obvious from (2.67) that
the wave integral method explicitly provides the teleoperator with direct position
feedback and enforce position convergence between master and slave.

Since time varying delays can cause wave distortion, the desired results cannot be
achieved and the stability and performance of the wave-based system is degraded.
Namely, either the wave integral which guarantees correct position tracking or the
wave energy which determines system passivity will not be preserved. To deal with
this problem, both the wave integral U;,, and the wave energy E;,, are designed to be
transmitted through the communication channel instead of only transmitting the wave

signal. That is:

t—T(t)
Usotay () = Uin(t = T(®)) = j in (1) dT
0

t=T(t)

(2.68)
Evotay(6) = Enn(t = T(®)) = f W2, (1) de
0

Where Ugeiqy and Eq. 4, denote the delayed wave integral and energy signals. To
achieve signal tracking, the output wave signal is designed to be reconstructed to track
the delayed wave signal. Furthermore, to derive passivity, the output energy is
designed to be less than the delayed energy. Therefore, a reconstruction filter is
deployed to obtain a stable performance by preserving the passivity of the
communication channel under time varying delays and data loss. This reconstruction

filter is designed as:

E(t) .
uout(t) = am (e =0)

0 (U(t) = 0)

(2.69)

Where « is a tunable parameter.
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In [81], the performance of a scheme based on wave integral with the reconstruction
filter is examined. The overall performance of wave-integral-based scheme is better
than the standard wave-based scheme under the condition of time delay and data loss
since the wave-integral-based scheme directly compensates for position tracking and
preserves system stability under the condition of time delay by employing a
reconstruction filter. However, in the presence of time-varying delay, steady-state
position error still exists in the wave-integral-based scheme even though it provides
explicit position compensation. Moreover, time varying delay also increases the mean
force error in this scheme as the integrated wave variables do not contain direct force
reflection.

Yokokohji and Yoshikawa improve the wave integral theory to deal with the problem
of time varying delay by designing compensators on the feed-forward and feedback

channels [89]-[91]. They analyze the position deviation by:

t t
Xm (1) — x5(t) = \/%_b<j Uy (t)dr — f vs(r)dr> (2.70)
t-Ty =T,

Based on (2.70), a compensator is designed to achieve the corrected waveform

ugorrect as:

t t
ugorreet () = i (t) + K (J us (1) — J U (T)d‘[) (2.71)
0 0

where i (t) and ui(t) are the distorted waveform and the ideal waveform,
respectively. K represents a positive-diagonal feedback gain matrix. It should be noted
that ug(t) is equal to u,,(t — T;). At the time when the wave variable of the master
side u,,, (t) is transmitted into the communication channel, the current time is stamped

on the waveform, which is used to calculate the integral of ug(t). Therefore:

Lt ()

ftu; (D)dr = Uy (t)dr (2.72)
0 0
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where t}45t(t) represents the last stamped time in the communication channel of the
master side. Moreover, an online energy observer is employed in [91] to monitor the
energy balance as well as to adopt correct actions based on the level of activity. Using
the energy monitor, the transmitting wave flow can be controlled to guarantee the

system passivity constantly.

Xm Uy, tn,(timestamp) ‘ ~

» Ty (1) +=\f+

Restoring

distorted wave

t !
f ve (T)dt ".‘ with time stamp
0 i
| ¢
| [
Restoring | J; ug (D)dt

distorted wave L
with time stamp fm

Figure 2.8. Wave-based architecture with wave integral compensator [90]

As mentioned by Yokokohji and Yoshikawa, the system (Figure 2.8) can be well
compensated for by tuning the positive-diagonal feedback gain matrix K. Accordingly,
Zhang and Li include an on-line time delay identification algorithm to tune the wave
integral gain K of the proposed compensator [92]. They find that the gain K must vary
with the time-varying delay to achieve minimum error. This implies that K must be
more negative when time delay becomes large and more positive when the time delay
becomes small. Using the proposed time delay identification algorithm, the value of K

is derived.

2.4.3 Wave Prediction

One of the limitations of wave variables is the degradation of their performance in the
presence of increased time delay [76]. Therefore, a classic approach called ‘wave
prediction’ is proposed to enhance the performance of wave-based teleoperation

systems.

49



The concept of wave prediction was initially introduced by Niemeyer and Slotine [52],
and then developed further by Munir and Book, with the aim of improving a wave-
based system under constant delay [93], where the predictor proposed in [93] is
deployed to drive the slave model. Similar idea was also introduced by [95]. Different
to [93], Arioui et al. propose a master-model based predictor to stabilize the bilateral
teleoperation system and improve performance under a large delay constant. Later,
Munir and Book extend the approach proposed in [93] to guarantee the system
passivity in the presence of time varying delay [94].
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Figure 2.9. wave-based architecture using wave prediction algorithm [93]

Wave prediction is based on the Smith predictor [96], with the key idea of installing
the predictor on the master side between the wave variable controllers. Since the role
of the Smith predictor is immediate feedback of the predicted response and the error
of prediction after measuring the real response [57], the Smith predictor estimates the
incoming wave variable without the entire time delay.

Figure 2.9 shows the wave prediction architecture proposed in [94]. In this study, a
Kalman filter is deployed to estimate the states of the entire right side G (s) combined
with the PD controller, the slave plant and wave transformation. The Kalman filter is

an important element in this design, improving the prediction performance by
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enhancing the accuracy of matching between the initial condition and the model of the
entire right- hand plant. The estimated states are applied as the initial conditions of the
predictor to predict the states after the entire transmission delay time T;. As the initial
conditions of the Smith predictor are delayed by T, the current state is predicted based
on the previous states. Moreover, the present states of the slave estimated by the
predictor are employed to compute a new current incoming wave variable which is
used to compare with that value on the basis of the initial condition of the predictor.

Accordingly, the predictor can be expressed as:
v, = (1= e )Gy (s)upy (2.73)

Where G, (s) is the transfer function of the right side. v, is merged with the actual
feedback v, to achieve v,,. Assuming that the model used by the predictor is
absolutely accurate to predict the present slave states, no transmission time delays can
be seen by the master.

Incorporating the correction v, derived by the Smith predictor into the feedback
variable v, is a challenge in the wave prediction algorithm. Although a simple
summation junction should theoretically suffice, the junction may generate energy and
degrade the passivity of the system. Hence, an energy-reservoir-based regulator

estimating vy, as the sum of v, and v,,, is proposed in [94]:

t

B(© = | W@ - @] e 2.74)
0

The aim of the proposed regulator is to diminish the “distance-to-go”, which means
integrating the difference between incoming and outgoing wave variable flow of the
regulator (2.75).

t

z@@=fmw+%m—%mwr 2.75)
0

In order to converge D, (t) to zero, [93] and [94] set a control law to derive v, on the
basis of the energy in the reservoir:
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U () = a1 — e PE®]D, (¢) (2.76)

Where a and 8 are constant tuning parameters. The system passivity is obtained by
[1 — e‘ﬁEV(t)] as the energy reservoir since if the energy reservoir is completely
drained, the regulator would shut down after driving the output wave variable v,, to 0.
Hence, if the value of 8 is large for a given value of E,,, v,,, will not be severely choked
by the regulator. On the other hand, the large value of a makes v,,, converge faster to

the sum of v, and v,,. Suppose the system has been running for a certain time, and the

energy reservoir is sufficiently large so that [1 — e‘f”Ev(t)] ~ 1. For the steady state

condition:
tlim v, (t) = gim vo(t) =0 (2.77)

The regulator control law can be simplified to a stable first-order differential equation

with v, as the variable (2.78).

%Dtg(t) = —vp(t) (2.78)
This will drive D, to zero. That is, the output wave variable v, will approach the
corrected wave variable by the predictor.

Nevertheless, keeping an upper limit on the energy reservoir is a prudent way to
guarantee system performance, as it takes a long time for a large amount of energy
accumulated in the reservoir to drain. This may violate the passivity of the regulator
in the short term and may result in an unstable system.

The wave prediction algorithm must be guaranteed by two prerequisites: constant time
delay and accurate slave model. If either of these two requisites is not reached, position
drift will occur in the wave-based architecture. In practice, an absolutely accurate
model is impossible to obtain in the physical system. A predictor with an inaccurate
model will produce an incorrect correction to the incoming wave variable which will

cause the steady-state error.
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To overcome the shortcoming of the wave prediction algorithm proposed by Munir
and Book [93] [94], Ching and Book propose adaptive predictors [98].Since the
predictor model introduced in [94] is determined beforehand and is a constant value,
its accuracy of prediction is doubtful when the environment is changed because it is
impossible for the single slave model G, (s) mentioned in (2.73) to reflect the changed
environment precisely. With an inaccurate predictor model, wrong prediction of the
returning wave will occur to the extent that the force feedback on the master side and
the velocity command on the slave side will be adversely affected. Considering the
above situation, [98] suggests a semi-adaptive predictor to provide more accurate force
feedback to the human operator. Moreover, a fully adaptive predictor is employed to
compensate for arbitrary environmental force. Using this approach, different types of
environments can be modeled with more accuracy. In addition, considering the
position drift, another wave compensation channel is proposed in [98] on the wave
prediction architecture given in [94] to directly compensate for the position drift
caused by time varying delay.

In conclusion, the wave prediction algorithm deploys the Smith predictor to estimate
the behavior of the slave and to compensate for the side-effects of time delays. In
addition, a position-correcting input and an energy regulator are employed to mitigate
the position error and limit the generated energy of the Smith predictor, respectively.
In [81], the performance of the wave prediction architecture is evaluated by conducting
several experiments. That is, the system stability employing this algorithm is robust as
the proposed regulator guarantees the system passivity. Even with an explicit position
compensation, time delay still affects the steady-state position error of the wave
prediction system. The data loss also adversely affects the performance of this system.
However, compared with standard wave-based architecture, the wave prediction
architecture provides considerably better response under data losses and high delays
at the expense of high computational complexity.
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2.4.4 Perceptual Feedback

The interaction between human and environment is extremely asymmetric. Although
the frequency of human motion is usually less than 10Hz, the high frequency power
from 10 Hz to 1 kHz is more important in the case of human’s perception of the
environment [99]. Accordingly, high frequency haptic feedback, which provides
information about macroscopic material properties and precise surface features, is
particularly useful for teleoperation systems. Without high frequency haptic feedback,
all remote objects manipulated by the human operator feels like soft, smooth foam.
Hence, the operator has to rely on visual or auditory cues to perceive material
properties [100].

The majority of the proposed delay-capable controllers guarantee system stability
under time delays by seriously restricting the system bandwidth [101]-[103]. The
largest disadvantage of bandwidth restriction is depriving the human operator of
significant high frequency feedback information. In both continuous and discrete time
domains, the wave variable transformation suffers from performance degradation due
to wave reflection and limited frequency content and the high frequency portions of
the wave reflections can be very disruptive as it distracts from real interaction signals
[104].

Considering that power flows are separated by the wave variable constructed into the
distinct forward and reverse paths, Tanner and Niemeyer propose that different
bandwidths can be set in the forward and reverse paths to allow high frequency
feedback signals from the slave to provide a useful feedback to operators and enhance
fidelity [105]. Therefore, feeding back the perceptual information, based on the
property of human perception, the interaction between the teleoperation system and
the environment is divided into two discrete bands: the manipulation band and the
perception band [84]. The manipulation band, which contains the motion of low
frequency and force signal, is bi-directional, while the perception band is unilateral
where vibrations can only be derived rather than controlled or commanded. Therefore,
when adding a unilateral channel of perspective feedback based on the traditional wave

controller, it can actually feed the high frequency contact force back to the operator to
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improve the telepresence of the remote environment and enhance the manipulation
performance of the system.

Inspired by the successful feedback of high frequency acceleration presented to the
operator through vibro-tactile displays [106], Tanner and Niemeyer further extended
their approach on perceptual feedback by feeding the high frequency acceleration
information rather that the high frequency contact force back to the master [107]. A
slave accelerometer is employed to measure the slave tip acceleration X, of any contact
and scale the feedback to vary the operator’s experience. Then this signal is

incorporated into the returning wave after passing through a scaling element M(s) set

as the mass of the slave m(s) and a high-pass filer H(s). Wave impedance 1/v2b is
used to scale the acceleration signal in order to match the signal against the units of
the wave variables. Figure 2.10 shows the wave-based architecture with the
augmentation of high frequency acceleration feedback.

In Figure 2.10, the high-pass filter H(s) processes the equivalent force F, to isolate
the perception band signals and avoid interference. However, high frequency energy
will be injected by the augmentation of the additional feedback into the system, and as
a result adversely affect the passivity of the integrated system. Since the extra energy
must remain uni-directional without creating closed-loop instability, a forward low-
pass filter L(s) is added in the feed-forward channel to dissipate the high frequency
energy. Therefore, by appropriately tuning the adversely affecting low-pass filter L(s),
high pass filter H(s) and the scaling element M(s), system stability can be obtained
with balanced energy amplification and dissipation. Moreover, to clearly separate the
manipulation band and the perception band, both the high-pass filter and the low -pass
filter are selected as second-order filters in which all poles are set at a non-dimensional

frequency.
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Figure 2.10. Wave-based architecture with high frequency acceleration feedback
[107]

2.4.5 Combination with 4-CH Architecture

Figure 2.11. 4-CH architecture applying wave transmission [108]

It is demonstrated that 4-CH architecture which possesses the extra “degrees of
freedom” (control parameters) is the best teleoperation system from a transparency
point of view under the condition of no time delay [50], [109]. Nevertheless, while
achieving high transparency, the 4-CH system suffers the penalty of stability
degradation in the presence of time delay. Considering that the largest advantage of
the wave variable method is to guarantee system passivity, Aziminejad et al extend the
wave transmission to the 4-CH architecture in order to improve the overall
performance of the teleoperation system [108]. Similar architecture is also proposed
in [110]. To combine the wave transmission with the 4-CH architecture, the
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communication channel part of the extended Lawrence 4-CH system illustrated in [65]
must be segregated as a two-port network, which is shown as Figure 2.11.

In Figure 2.11, the nonphysical input and output effort and flow of the communication
channel are expressed as:

V1 - C3Fh + lecm, VZ = Fe(l + Cs) + Q.CS(MSS + CS) (279)
I, = F,(1+Cy) — x,,,(M,;;s + C,,), I, = CoF, + Cy%s (2.80)
In this scheme, the wave variables can be written as:

bl +V bl -V
= ,V:
V2b V2b

(2.81)

By extending the wave-variable method into the 4-CH architecture, the trade-off
between stability and transparency of the bilateral teleoperation is enforced, compared
with the conventional 4-CH architecture.

The stability of the architecture shown in Figure 2.12 is guaranteed by the low-pass
filters in the communication channel which can limit the system bandwidth and restrict
high frequency information transmission. Yalcin and Ohnishi designed a 4-CH
architecture based on the wave variable method to enhance the overall performance of
the bilateral teleoperation in [111], [112]. Inspired by [107], Yalcin and Ohnishi also
employed the high frequency acceleration to provide perceptual feedback in their
proposed architecture. Moreover, they propose to employ direct rather than feedback
force and position information of the master and slave robots to create the ‘acceleration’
waves, which is different from the combination of conventional wave transmission
channels and the high frequency acceleration feedback proposed in [107]. Therefore,
the feedback in communication channels shown in Figure 2.3 is canceled. Katsura et
al state that the acceleration controller can provide satisfactory accuracy for position
and force tracking in bilateral control [113]. Therefore, instead of the conventional PD
controller used in the standard wave-based system, Yalcin and Ohnishi choose

acceleration controllers for the master and slave robots in the acceleration dimension.
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In [111] and [112], acceleration is presented in terms of position-dependent
acceleration ¥ and force-dependent acceleration x,’; Force control C; relies on a
force control gain K¢, while position control C, relies on acceleration K, velocity K,

and position K, (2.82).
Cp(s) = Kys* + Kys + Ky, Cr(s) = K¢ (2.82)

Disturbance observers (DOB) and reaction force observers (RFOB) are also applied in
[111] and [112]. DOB is widely used to attenuate the disturbance elements. A fast
DOB structure based on acceleration is very beneficial as it can estimate and feedback
the disturbance to the system in order to derive a more stable and robust structure [114].
RFOBs are applied in the proposed structure ([111], [112]) to replace force sensors as
they possess more transmission bandwidth than force sensors [115], which is
appropriate for this architecture with the privileged aim of improving user perception.
RFOB is mainly used to estimate reaction force. By combining DOB and RFOB, the
estimated master and slave forces E,, and E, are derived with little disturbance.
Considering that in the conventional wave-variable method, master and slave robots
are treated as the sources of either force or velocity, a 4-CH data transmission scheme
Is introduced as both robots are the sources of force and velocity. That is, the scheme
of velocity feed-forward and force feedback is superposed with that of force feed-
forward and velocity feedback by two asymmetric character impedances.

The scaling parameters o and 3 of the proposed architecture in Figure 2.12 are applied
to scale the accelerations in order to give the operator flexibility in control issues, e.g.
to deal with drift problems during environmental contact. The arrows with dotted lines
denote the cancelled feedback in the communication channels, which improve the
system transparency at the expense of passivity degradation. Accordingly, the
asymmetric dampers b, and b, are used to maintain the system stability. Hence, in the
acceleration dimension, the wave variables with different character impedances are

written as:

(2.83)



—b &P + & —b k0 — &
vy, = T g, - T Tm (2.84)
2b, 2b,
In the end, the authors obtain the master and slave robot acceleration references xf,ff
and x;ef with scaling in the presence of time delay as:
il = C,(xse™5T2 — Bay) — Cr(aFy + Fe™T2) (2.85)
i = C,(aBxme™ — axs) — Cr(BF, + afFyne ™) (2.86)

.ref .ref

Where the master and slave acceleration references %,,” and ¥, are the necessary

parameters for the DOB and RFOB to derive position and force signals.

At —T1) Acceleration controller

Acceleration controller  pcceleration wave transformation Acceleration wave transformation

Figure 2.12. Scaled 4-CH acceleration-wave transmission architecture [112]

This architecture, combined with acceleration wave transmission, considerably
enforces the trade-off between stability and transparency for the 4-CH architecture by
properly tuning the scaling parameters a and . As shown by the result of their
experiment, force and position tracking are achieved with high accuracy by applying
a combination of acceleration controllers, DOBs and RFOBs. Without using force
sensors, this architecture derives high system bandwidth and also provides the operator

with more authentic perceptions of the remote environment by using acceleration wave
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transmission to transmit high frequency information. Therefore, Yalcin and Ohnishi
conclude that the higher the acceleration feedback and the better the perception of the
environment, the higher transmission bandwidth and the more accurate high-frequency
acceleration matching the system can be achieved.

In conclusion, the combination of a wave variable approach with 4-CH architecture is
a promising development direction for the wave variable method. Since the most
notable property of 4-CH architecture is achieving high transparency and the wave-
variable method can provide systems robust passivity, the combination of these two

methods can compensate for their respective shortcomings.

2.4.6 Methods for Wave Reflection

The phenomenon of wave reflection was initially discovered by Niemeyer and Slotine
[68]. An approach proposed to match the impedance of the master with that of the
slave is to add damping elements R and D at both sides of the PD controller, as shown
in Figure 2.6 [68]-[69], [116]. The two damping elements and the PD controller

constitute an impedance controller whose parameters satisfy (2.87):
D = Am,B = Am,, K = A*>mg,,R =b — Am, (2.87)

Where A is the expected bandwidth of the slave PD controller. However, the
predetermined damping elements are not able to deal with the unanticipated impedance
changes of the operator and environment. In particular, when unknown changes appear
in the task environment, the wave reflections can be reinstated.

Niemeyer and Slotine introduce the method of wave filtering [88]. Then, the wave
filtering method, the essence of which is adding a low-pass filter in the communication
channels, is applied in numerous studies to process unknown impedance changes
through restricting the teleoperation systems’ bandwidth [72]-[74], [84], [107],
[108],[117]-[118].

The integration of wave filtering and impedance matching can considerably suppress
the wave reflections in which wave filtering and the impedance matching minimize

the wave reflections from the human operator/task environment and in free space,
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respectively. A notable drawback of wave filtering is that its property of teleoperator
bandwidth restriction can impede the transmission of high frequency information.
Furthermore, the predetermined wave filter needs the precise estimation of the
communication time delay.

Notably, when a teleoperation system is perfectly matched, the wave variable at the
master side u,,, only contains velocity information while that at the slave side v, only

possesses force information as follows:

bx F,

m S
w, = —1 o= S 2.88
™ V2b'°  \2b ( )

In the wave teleoperator with perfect wave matching, the outgoing wave signals
u,, and v; no longer comprise the incoming wave signals ug and v,,. Hence, the wave
reflection problem can be successfully prevented. Nevertheless, [52] and [98] state that
velocity tracking and force reflection will be corrupted by the additional impedance

matching terms as shown in (2.89) and (2.90):

Xm(t—T) F(t)
2 ~2b

2,(t) = (2.89)

K —-T) b
= %0 (2.90)

Fm(t) = 2 2

To circumvent these problems, Bate et al propose a new scheme that does not require
transcendental knowledge of the remote environment [132], which is later improved
in [133]. Through decoupling force and velocity at the slave side, the velocity tracking
and force reflection are derived as:

%) = % (t —T) + Fs(t - 27;) — Fy(t)

(2.91)

E,(t) = bx,,(t) + F,(t —T) (2.92)

Compared with conventional impedance matching teleoperation described by (2.89)

and (2.90), (2.91) and (2.92) clarify that the proposed architecture provides an
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improvement in velocity tracking and force feedback with little corruption under the
condition of hard contact. However, this method has an obvious drawback. That is, in
free motion and soft contact, the bias term bx,, in (2.92) will considerably influence
the force tracking performance of this method.

Furthermore, the main effect of this architecture is the circumvention of wave

reflection. The wave variables of this architecture are derived by:

U (£) = b"‘m(t)jz_f“ D o= 1;;_’2 (293)

Unlike the wave formulas in the standard wave variable method (2.19) and (2.20), in
(2.93), the velocity information is not possessed by the new wave variable v any
longer. This means that the wave variable u, is no longer reflected at the junction of
vs. Using this method, the wave reflections are avoided by decoupling force and

velocity at the slave side without the need for active modeling or impedance matching.

2.4.7 Force Reflection

Force reflection is a critical objective in teleoperation systems in which the human
operator can kinesthetically couple to the remote environment to considerably enhance
task performance. With the advantage of maintaining stability under arbitrary
communication delays, wave-variable-based controllers can support the stable
operation of force-reflecting operators. Nevertheless, transparency in the wave-based
teleoperator always has to be compromised in order to maintain stability.

Considering the standard teleoperator, the velocity feed-forward and force feedback

are given by:
Xsq(t) = X (t —T), Fpe = Foc(t —T) (2.94)

According to (2.94), the force transmission is ideal when the slave driving force is
replicated at the master side. However, this system suffers from non-passivity [66].
The communication channel of the wave-based teleoperator obtains passivity.

However, this conservative system achieves passivity at the expense of the biased
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force feedback shown by (2.38). Accordingly, the bias term must be minimized in
order to improve the force reflection of the wave-based system.

Kawashima et al introduce a velocity scaling method to enhance the force tracking
process. Normally the control parameters of the standard wave variable controllers E,,.
and x4 are given as (2.37) and (2.38). To achieve better force tracking, [119] modifies

the wave variable with velocity scaling:

Frne = Foe ™25 + Vb(Xp, — Xsqe™T2%) (2.95)
% % -T;s 1 -Tys
Xsqa = Xme™ " + b (Fmce™* — F) (2.96)

By using Vb to scale velocity, the bias term X,,, — X;ze~"2% in (2.95) that affects the
force tracking is diminished. As the characteristic impedance b is deployed to preserve
the passivity of the wave-based system, changing this element may influence the
system stability. Accordingly, the authors verify the passivity of the proposed system
and show that the system passivity cannot be satisfied when b is too large. However,
when the value of b is too small, the tracking error will be improved although the
passivity condition is satisfied. Therefore, selecting a correct value of b is critical to
ensure good force tracking and maintain passivity.

Ye and Liu [117] adopt another measure of bias term compensation to improve wave
reflection by adding an augmentation channel (Figure 2.13).

Considering that the bias term is % (F,,ce”Ts — E,), the compensation term is derived

as:
Jb/22 s

A'Um = m(xm — Xs€ ) (297)

Hence, by adding 5 Sj”, the bias term is partially eliminated, and the force reflection

equation can be written as:

Fnc(s) = Fe(s)e™™ + [ (5) — %sa(8)e™™] (2.98)

s
0.5s+ 4
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Figure 2.13. Cancelling force feedback bias term [117]

The augmentation of the additional path will inevitably inject energy to degrade the

N

system passivity. To guarantee passivity, the low-pass wave filter Steid

is adopted to

limit the energy inserted. As the bandwidth of the canceling effort 22 is twice that of
the wave variable in the feed-forward path, highly authentic force reflection is derived
within the bandwidth 2A. As to whether the augmentation will affect the system’s
stability, the stability analyzed under constant delay can be achieved by properly
tuning the parameter of the low-pass filter A.

These methods for force reflection are similar to high frequency feedback schemes
introduced by Tanner and Niemeyer [84], [92], but their purpose is totally different.
The method for improving force reflection is to minimize the inherent bias of the wave-
based system while [84] and [107] aim at enhancing the high frequency force feedback.
However, these two purposes can be unified to further enforce the haptic perception in

the wave-based system.

2.4.8 Generalized Wave Variable Transformation

Generalized wave variable transformation is applied to guarantee stability with
communication unreliability , especially the finite gain L,-stability for the small gain
operators, large time delays and data loss [120]-[122]. Like the notation in (2.19) and
(2.20), the left-hand side and right-hand side generalized wave variables u;, v;, u,, v,

are given as:
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U _ Xm Uy _ Xs

[vl] - SG [ch] g [v‘r] - SG [Fgc] (299)
where the matrix S;; represents the generalized wave variable transformation, which is
parameterized using a rotation matrix Ry and a scaling matrix B (det B # 0):

S = ReB = |

cosOl sinel] [bll 0] (2.100)

—sinBl cosBI1l 0 by,

Where 6 € [—%,g]. The parametersb, 4, b,, > 0 are free tuning.

Remark 5 [61]: For a teleoperation system consisting of the networked negative
feedback of an OFP(¢;) and an IFP(6,) system with g, 8, > 0, communication
channels and the input-output transformation (2.100), the finite gain L,-stability can
be guaranteed for any small gain operator in the network if and only if 6 € [6,, 8,.] for

each B, where 6,, 6,- are one of the solutions of

&g, — O0p.
cot26; = T,i € () (2.101)
B

which simultaneously satisfies:

a(6;) = 2np,sinb;cosb; — 5p,cos*6; — €p,sin*6; = 0 (2.102)

€p, and &g, are given by the matrix Pg,

0y 1,
—6p, I npl “Tp p-1 b2, 2by1by; | .
PBi_[nB-I EB-Il =B7TPB " =| ] 2 liedn @103)
L 1A I

I —_——
2b11b22 blzl

It should be noted that the standard wave variable transmission can be derived by

=
N
The generalized wave variable transformation is applied to guarantee the stability with

setting & = 45°, b;; = Vb and b,, =

communication unreliabilities especially the finite gain L,-stability for any small gain
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network operators, including the large time delays and the appropriately handled
packet loss [55].

2.4.9 Multi-DOF Wave-Variable-based System

To apply the wave variable method to a multi-DOF system, Niemeyer and Slotine [88]
substitute the characteristic impedance b with a symmetric positive—definite
impedance matrix. A geometric-based approach based on the geometric scattering
variables is used in [123]. As in [123], a generalization of wave variables is proposed
in [93], [94] to deal with the Multi-DOF case, which are re-written from (2.19) and
(2.20) as follows:

Uy = ApXm + By Fpe, Us = AyXsq + By Fse (2.104)
Um = CwXm = DyFne, Vs = CyXsq — Dy Fyc (2.105)

where A,,, B, C, and D, are defined as the n X n scaling matrices (n —DOF).
Substituting (2.104) and (2.105) into (2.22), the scaling matrices should hold the

following requirement in order to guarantee system passivity:
crec, = AvA,,DID,, = BTB, (2.106)
I=ALB, +CID, (2.107)

To satisfy (2.106), the scaling matrices should be nonsingular and C,, = A,,, D,, = B,,.
Therefore, (2.107) reduces to:

=248, (2.108)

A,, is defined in [93] to be symmetric but not necessarily positive-definite. Moreover,

the system stability is ensured by using the norm of the scattering matrix where B,, =
%Av‘f:%A;VT. (A;TF is the inverse transposition of A4,,.) By replacing b with a positive-

definite matrix B, the scaling matrices are expressed as:
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B 1
A, =C, = j;,BW =Dy = |3B (2.109)

[124] extends the family of the scaling matrices proposed in [93], [94] and summarizes
the necessary and sufficient conditions for A,,, B,,, C,, and D,, as follows:

1) The scaling matrix A4,, is nonsingular.

2)B, = %(1 + S,)A,T. (S, is any n X n skew-symmetric matrix.)

3) C,, = QA,. (Qisany n x n orthogonal matrix.)

4) Dy, =2 QU — SW)AG

Through defining the scaling matrices to satisfy the above four conditions, [85] has

proved that the defined scaling matrices can robustly guarantee the passivity of the
standard multi-DOF wave-based system.

2.4.10 Time Varying Delay

System performance under time varying delay is an inevitable criterion for a proposed
wave-based method. Reconstruction filter is added in the wave-integral-based system
proposed by Niemeyer et al to guarantee passivity and no drift under time varying
delays [75]. The wave integral compensator proposed by Yokokohji et al is to
minimize the performance degradation caused by variation of time delays [88]-[90].
Munir and Book extend their wave prediction approach to the Internet where time
delay is unpredictable and fluctuating [94]. However, when the delay time becomes
larger, the aforementioned methods may not guarantee system stability.

Some studies directed at the time varying delay propose new approaches based on the
wave-based method. As analyzing the system passivity is violated by the last two terms
of (2.55) under time varying delay, Boukhnifer et al [76] modify the controller
structure initially proposed by Niemeyer [75] by adding adaptive gains a in the
communication channels to preserve the passivity-performance trade-off. Therefore,

the reflected waves are written as:
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us () = ayunm(t = T1(D), v () = apvg(t — T (D)) (2.110)

Therefore, [76] derives the total energy as:

t 1 t
E= f Pdt == U ul uy,dt
0 2Jt-r0)

t t-Ti() ] _ T/ — o
+ f vIv.dr —f — Ll uydr
t—T,(t) 0 1- T1

01 T —a
- -z 2 yTydr 2111
S
0

From (2.111), the total energy can be always positive for all delays by tuning the

gains o to satisfy:
dT;
af <1-— d—t‘ (i=1,2) (2.112)

By properly tuning the gains, system stability can be achieved under time varying
delay. However, according to (2.110), velocity tracking and force tracking are
inevitably degraded, which is the biggest drawback of this approach.

Wave filtering is also a popular approach to handle time delay problems. Yang et al
[125] add a second order filter in the forward and feedback paths of the communication
link to derive a similar effect to the adaptive gains proposed in [76]. Apparently, such
an approach limits the transmission bandwidth of the whole system so that the system
transparency is violated.

Hashemzadeh et al introduce an innovative idea for time varying delay control, where
the time varying delay can be modeled as a constant time delay along with an additive

disturbance [126]. Considering the communication channels, where u,(t) = um(t —

T, (1)), v (t) = v5(t — To(1)). Ty (¢) and T, (t) are the actual time varying delays:

Us(t) = um (t = Tic) + D1(0), v (t) = v5(t = Tpo) + Dp(8)  (2.113)
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where Ty, and T, are the constant time delay. D;(£) £ up(t — T1()) — um(t —
Tyc) and Dy (t) 2 wy(t — To(t)) — up(t — Ty) are defined as the disturbances.
Then, a disturbance estimator is proposed in each of the feed-forward and feedback
paths to estimate the distance in order to compensate for the time-varying delay effects
in terms of force and velocity tracking performance. Since the disturbances are
estimated, the time varying delays in the proposed system can effectively act as the
constant delays. By using this method, the whole proposed system will have better

stability and transparency.
2.4.11 Data Loss

Data loss, as the main unreliability of the communication channels, can not only
destabilize the teleoperation system, but also distort the human haptic perception of
the environmental objects [61]. Different methods have been proposed to deal with
data loss. [82] introduces a buffering and interpolation scheme for packet switching in
the communication network to preserve system passivity with communication
unreliabilities. [83] proposes a strategy handling packet loss to allow power scaling
based on the discrete scattering. Moreover, since high packet rate which stresses the
underlying network resources can intensify data loss, decreasing data rate is one of the
popular methods to deal with the data loss problem.

The deadband approach, introduced in [127] and [128], is an effective method for
reduction of the data rate in a packet-switched communication network. As a lossy
perceptual coding approach, the deadband approach employs Weber’s Law of Just
Noticeable Differences (JND) [129], [130] to exploit human haptic perception limits,
the principle of which is to eliminate data considered to be unperceivable by human in
order to reduce data rate.

Using the deadband approach, data is sent only if the difference between the most
recent sample x(t") and the current sample x(t) is larger than a predetermined
threshold A, ;. That is:

[x(t") = x(O] > Ayery (2.114)
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By using the insights of Weber’s law, this threshold is set to grow proportionally with

the magnitude of the signal x:
Dyery= Klx(t)] >0 (2.115)

where 0 < K < 1 is a factor which affects the size of the deadband [55] Hirche, S., &
Buss, M. (2012). Human-oriented control for haptic teleoperation. Proceedings of the
IEEE, 100(3), 623-647..

When the deadband method is applied to the wave-based teleoperator, the added
coding scheme will not insert additional energy into the overall system to violate
passivity. In [131], a deadband passifier is proposed to guarantee the passivity of the
deadband coding scheme. By using the deadband approach, the packets rate is reduced

and the data loss in the network-based teleoperator can be effectively alleviated.

2.5 Discussion and Summary

In Chapter 2, different properties of the wave-variable-based system have been
reviewed. As a conservative method for passivity maintenance, the wave variable
method is able to robustly guarantee the stability of the teleoperation system. This is
useful for different practical industrial applications such as handling hazardous
material, tele-surgery, underwater vehicles, space robots, etc. [66] However, two of
the intrinsic problems of this method, i.e., wave reflection and position drift, are the
major barriers to reach high transparency, especially under large time delays.
Furthermore, time varying delay and data loss are also two main elements in the
communication that influences passivity and work performance of the wave-variable-
based system.

Among the studies reviewed in this chapter, some intend to enhance the performance
of the wave-based systems in terms of trajectory and force tracking by transmitting
high frequency information and minimizing wave reflection. Methods such as wave
prediction and compensation for wave integral are proposed to deal with the time delay
problem especially for variable time delay. Combining the wave variable method with

4-CH architecture is also an effective way to optimize the trade-off between stability
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and transparency. Based on the dissipativity theory, generalized wave variable
transformation is applied to guarantee small gain L, -stability in the presence of
communication unreliabilities such as time delays and data loss. The multi-DOF wave-
based system is also surveyed in this Chapter.

In spite of various methods proposed in the literature to enhance the performance the
wave-based systems, a significant amount of research is still required. As mentioned
earlier, wave reflection significantly influences the force feedback and limits
frequency content of the rendered force to the user. Although high frequency
information transmission has been explored by Niemeyer and Slotine applying wave
filtering in [84], [107], restriction of bandwidth and incorrect force feedback under
large time delays are the main drawbacks of this approach. Therefore, developing a
wave reflection reducing controller like [132] for accurate force feedback and high
frequency information transmission without using wave filtering is also a valuable
future study.

Secondly since most of the studies on the wave variable method are based on linear
teleoperator dynamics, which is not suitable for complex multi-DOF teleoperators, a
nonlinear wave-variable-based teleoperation system is a valuable direction for
exploration. Some studies have theoretically proved that the wave variable method can
guarantee the nonlinear teleoperation systems’ passivity [134], [135]. However,
without practical experiments on complex multi-DOF system, transparency and work
performance of the nonlinear multi-DOF systems using the wave variable method still
need investigation and exploration.

Thirdly, [108] demonstrates that a combination of the wave variable method and 4-CH
architecture can enhance system transparency since extra human and environmental
force sources are introduced into the system. However, [136] has pointed out that
wave-based system stability can be destroyed by the extra force sources. Accordingly,
the 4-CH wave-variable-based teleoperation system applying force observers [137] is
considered to simultaneously guarantee system stability and transparency, which can
also be used in nonlinear teleoperation systems. The force observer in [137] can derive
highly accurate force signals and the Kalman filter applied in the observer also

effectively suppress the measurement noises.
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Fourthly, the conventional wave variable method can only guarantee passivity in the
presence of time-varying delays. Most of the wave-based systems lack the capability
of dealing with the time-varying delay issues. Several wave-based methods were
proposed to guarantee passivity under time varying delays [25], [77]. However, these
methods over-dissipate energy to guarantee the passivity of the teleoperation system
by considering the worst-case scenario. Guaranteeing stability and simultaneously
enhancing the system transparency in the presence of time-varying delays in still a
challenging issue in the wave variable method.

Finally, several applications, including rehabilitation, surgical training and signal
modification require the teleoperation system with more than one user to remotely
operate the slave robot [138]-[140]. These applications can be more effective with the
collaboration of multiple robots where a single robot does not have the required level
of manipulation dexterity, mechanical strength, robustness to single point failure, or
safety (e.g. distributed kinetic energy) [141]. Therefore, Application of the wave
variable method to maintain stability of the multilateral teleoperation systems such as
the Single-Master-Multiple-Slave (SMMS) system and the multi-user system is also

valuable direction of work.
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3 REDUCED WAVE REFLECTION SYSTEMS

3.1 Overview

As mentioned in Chapter 2, decay of transparency is the main drawback of the
passivity based systems. For a wave-based system, wave reflections and position drift
are the two main issues that can seriously affect the system transparency. In this
chapter, reduced wave reflection architectures for the linear system with constant time
delay and for the nonlinear system with time-varying delays are proposed which can
reduce the wave reflection and address the position drift issue, and eventually largely
enhance the system transparency compared with previous wave-based systems.

The proposed reduced wave reflection architecture for the linear system is
implemented on a HILINK microcontroller board driving 4 one degree-of-freedom (1-
DOF) motors. The proposed reduced wave reflection architecture for the non-linear
system is implemented on a teleoperation platform consisting of two three Degree-Of-
Freedom (3-DOF) haptic devices. More information about the experimental setups will

be provided in this chapter.

3.2 Review of Reduced Wave Reflection Architectures

As reviewed in Chapter 2, a number of wave-based control systems are proposed in
the literature for reduced wave reflections. While these systems can reduce wave
reflections to some extent, they suffer from some deficiencies.

The phenomenon of wave reflection is due to the imperfectly matched junction
impedance. The standard wave-variable-based system shown in Figure 2.2 consists of
three independent channels: the master’s direct feedback (dotted line 1), the wave-
variable-based reflections (dotted line 2) and the slave’s force feedback to master
(dotted line 3). In channel 1, the master velocity signals directly return as the damping
bx,,,, which can be treated as a simple damper. A certain amount of damping produced
in channel 1 enhances the system stability via sacrificing transparency. Channel 3
feeds force information back to the operator from the remote slave side. The

phenomenon of wave-variable-based reflection occurs in the channel 2. According to
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(2.34), each incoming wave variable v,, and u, is reflected and returned as the
outgoing wave variable u,, and v;. Wave-variable-based reflection lasts several cycles
in the communication channels and then gradually disappears. This phenomenon can

easily generate unpredictable interferences and disturbances that can destabilise the

system.
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Figure 3.1. Wave-based reflection due to impedance junctions

The velocity and force tracking of the standard wave -based system in Figure 3.1 are
written as (2.37) and (2.38). The wave reflections in channel 2 adversely influence the

transmitted force and velocity signals so that F,.(s) and x,,(s) are not equal to
Fnc(s)e™T and x44(s)e T, respectively. Hence, the bias terms —%[Fsc(s) =
Enc(s)e™T] in (2.37) and b[x,(s) — %;4(s)e~5T] in (2.38) can degrade the large
delay based system’s transparency, especially during the transient state of the system.
Under the ideal condition when the teleoperation system impedance is perfectly
matched, the feed-forward wave variable u,, and the feedback wave variable v, only

contain velocity information and force information, respectively:

_ bx., (s) _ Fi(s)
Up(s) = NeT: Us(s) = NeT:

(3.1)

When the impedance is perfectly matched, u,, and v, will not be influenced by the

input wave variables ug and v,,,. Hence, the wave reflections can be avoided. The
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remaining problem is that the added impedance matching terms can significantly
degrade the velocity and force tracking performance. Based on Figure 3.3, x; and F,,

are expressed as:

by (s)e™" — F(s)
2b

Xsa(s) = (3.2)

bxm (S) - Fsc (S)e_ST
2

ch(s) = (3.3)

Based on (3.2) and (3.3), if F; decays to zero, x, will be equal to %’" On the other hand,
if the master manipulator moves slowly and finally the master velocity decays to zero,
E, will converge to — % In this situation, the velocity and the force tracking

performances will be largely degraded.

Slave impedance matching is a method to deal with the wave-variable-based
reflections by adding predetermined damping elements [147]. Nevertheless, the
predetermined damping elements are not able to address the unknown impedance
changes of the operator and the environment to the extent that the wave-variable-based
reflections are reinstated.

Another method to handle the unknown changes of the operator and the environment
impedances is wave filtering through adding a low-pass filter to the feed-forward path
[147]. Combined with impedance matching, either the wave-variable-based reflection
in free space or the wave reflection brought about by the operator or the remote
environment can be reduced to some extent. Nevertheless, this approach has the
obvious disadvantage that the located low-pass filters can significantly restrict the
bandwidth of the communication channel.

A new scheme for reduced wave reflections is proposed in [132]. The outgoing wave
variables of this scheme are expressed as (2.93).

Unlike the conventional wave transformation, with containing no velocity information,
the slave outgoing wave variable v, in (2.93) retains no information from the incoming
wave variable u,. Therefore, the wave-variable-based reflections can be circumvented.

Based on (2.93), the velocity and force tracking equations are written as:
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bisq(s) = bxm(s)e_ST + [F;C(S)B_ZST — F5c(s)] (3.4)
Fpe(s) = b (s) + Fyc(s)e™" (3.5)

According to (3.4), precise velocity tracking can be achieved under constant time delay
or delay with slowly time varying condition. Under the completely hard environment
contact condition (no movement of the master manipulator), (3.5) indicates that
accurate force reflection can also be achieved. However, if master manipulator still
has velocity during contact with the environment, this system will generate inaccurate
force tracking due to the bias term bx,,, (s) in (3.5). Furthermore, the inaccurate force
tracking can also adversely affect the position tracking when contacting to the
environment so that large position drift will occur in this architecture.

It is demonstrated that the 4-CH architecture with the extra “degrees of freedom”
(control parameters) is the best teleoperation system from a transparency point of view
when the communication channels have no time delay [50]. Nevertheless, the 4-CH
system suffers from stability degradation in the presence of time delays [27]. In order
to guarantee the delay-based channels’ stability, Aziminejad et al [108] extend the
wave transmission to the extended Lawrence 4-CH architecture in [65] as shown in
Figure 2.11.

In Figure 2.3, the nonphysical input and output effort and flow of the communication
channel are expressed as (2.79)-(2.80) and in this scheme, the wave variables can be
written as (2.81). By extending the wave-variable method into the 4-CH architecture,
the trade-off between stability and transparency of the bilateral teleoperation is
enforced, compared with the conventional wave-variable-based system. Since the
application of the extended Laurence architecture allows for the transmission of the
position signals, position drift problem of the wave-variable-based system can be
reduced to some extent. In order to overcome the oscillatory behavior caused by the
wave-variable-based reflection and guarantee the delay-based stability, [108] still

applies the wave-filtering approach where the cutoff frequency f,,; of the first-order

27 fout

low- filter =
ow-pass filters W(s) Giznfo)

located at the transmission paths should be set as a

small value. Therefore, the bandwidth of the communication channels is seriously
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restricted. Moreover, even applying extra control parameters of the 4-CH architecture,
the bias terms of the wave-variable-based system in (2.37) and (2.38) are still not
thoroughly compensated. Substituting (2.79) and (2.80) into (2.81), the signal

transmission in this system can be written as

(1+ Cs +bC,)F,
= (C3+b+DbCe)F, X e STW + [(Ms + Cg + bCy)x,
— (Cy — bMyys — bCyp) %y X e STW] (3.6)

(bM,,,;s + bC,, + C1) %,
= (Mss + Cs — bCy)xs X e 5TW
+ [(b + bC6 - C3)Fh X e_STW - (bCZ - 1 - Cs)F'e] (37)

Based on (19) and (20), both the velocity and force tracking performance of the system
in [108] are degraded by the bias terms [(Ms + Cs + bCy)xs — (C; — bM,,s —
bC,)xm X e STW] and [(b+ bCs — C3)F, X e STW — (bC, — 1 — Cs)F,] during
the signal transmission between the master and the slave. Therefore, even with extra
control parameters, it is impossible for the system in [108] to achieve ideal

transparency in the presence of large time delays.

3.3 Proposed Architecture for the Linear System under Constant Time Delays

3.3.1 Design

In this work, a new 4-CH linear system with modified wave variable transformation is
proposed in Figure 3.2. The goal of the developed architecture is to reduce the wave-
based reflection, enhance the system transparency and simultaneously guarantee the

system stability in the presence of constant time delays.
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Figure 3.2. Proposed 4-CH Architecture with Modified Wave Controllers

In Figure 3.2, two modified reduced wave reflection wave transformation schemes are
applied to guarantee the stability of the delay-based communication channels. The
wave controller with the characteristic impedance b, is used to encode the controlled
human operator’s force V,; and the controlled slave velocity I,,. The wave variables

in this wave controller are defined as:

—sT,
1yt (5) = b1VA1($)\‘/|'21_l;12(5)€ g (s) = b1VA2(S)2;' L2 (s) (3.8)
_ Igp(s)e™ La2(s)

v, = , V1 (8) = (3.9)
mil 2b1 s1 ,—zbl

Since v, in (3.9) no longer contains the force information so that the slave outgoing
wave variable vy, does not retain any information from the incoming wave variable
us;. Therefore the wave-variable-based reflections in the first two channels can be
circumvented.

The controlled environmental force Vg, and the controlled master velocity I, are
encoded by the wave controller with the characteristic impedance b,. The wave

variables in this wave controller are defined as:

by1g,(s) by, (s)e™" (3.10)

umZ(s) = \/ﬁ 'uSZ(s) = \/ﬁ
2 2
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by1p1(s) — Vg1 (s) v (s) = bylp1(5)e™" — Vg, (s) 3.11)

J2b, 2b,

As shown in (3.10), the feed-forward wave variables u,,, and u,, do not contain any

Um2 (s) =

force information to the extent that any information of the feedback wave variable v,,,,
are no longer included in the outgoing master wave variable u,,,. Therefore, since the
proposed wave transform controller at the master side decouples the velocity and force
information, circulating wave reflections in the last two channels can be prevented.
The wave transmissions between the master and slave side in this system are expressed
as (3.12).

|(um1 (s)e™" = uy(s)

Vm1(s) = vy (s)e™T

Um?2 (S)e_ST3 = Ugy (s)
Lvmz (s) = vgp(s)e™ T

Substituting (3.10)-(3.11) into (3.12), the controlled force and velocity transmission in

(3.12)

the proposed system can be expressed by:

1
Vaz(s) = Vyi(s)e™T + b_1 [IAz(S)e_S(T1+T2) - IAZ(S)] (3.13)
Ii1(S) = byVaq(s) + gz (s)e™ "2 (3.14)
Vp1(s) = Vpy(s)e™2 + b, [131(5) - 131(5)9_S(T1+T2)] (3.15)
1
Iz (s) = Ip1(s)e™T1 — —Vp,(s) (3.16)
b,

According to (3.13) and (3.15), since the effect of the wave-variable-based reflections

is cancelled in the feed-forward and feedback controlled velocity transmission

channels, the bias term bi[IAz(s)e‘s(TﬁTz)—IAz(s)] and  by[Ig,(s) —
1

IBl(s)e‘S(Tl““Tz)] is near zero. Under the constant time delay or time delay with slow

variation condition, (3.13) and (3.15) show a highly accurate force tracking

performance. This advantage allows the proposed teleoperator to handle different

kinds of unknown environment and provide the operator accurate perception of the
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remote environment. The major disadvantage of the two modified wave transform

controllers is shown in (3.14) and (3.16) that the bias terms b,V,,(s) and —biVBz(s)
2

can degrade the trajectory tracking performance especially during the environmental
contact with a large force values of V,; and Vg, (s). Therefore, position drift can occur

if only using either of the two wave transform controllers in a 2-CH channel

architecture. However, the bias terms b,V,;(s) and —biVBz(s) cannot be cancelled
2

since they are treated as the dampers to guarantee the delay-based system stability.
Accordingly, the controllers of the 4-CH architectures are applied to compensate for
the bias terms and enhance the overall system’s transparency.

1

On the master and slave side, G,, = ” and G, = ﬁ are the transfer functions of the

'mS
master and slave manipulators where M,,, and M, are the masses of the slave and
master, respectively. C,, Cs, Cs and C4 are the force control gains and C,, C,4, C, and
C,, are the velocity controllers. The dynamics of the slave and the master manipulators

can be expressed as:
(Gn' + C)%Xm(s) = (1 + Co)Fn(s) — 141 (s) — V1 (5) (3.17)
(G5t + Co)xs(s) = Ipa(8) + Vaa(s) — (1 + C5)F(s) (3.18)

Where Vy1(s) = C3Fp(s), Ig1(s) = Cixm(s), Ia2(s) = Cyxs(s), Vo (s) = CoFo(s).
Substituting (3.13)-(3.16) to (3.17) and (3.18), the dynamic equations of the overall
system can be expressed by (3.19) and (3.20):

[Gl + Cp + b,C1 (1 — e~5THT2)) [k, (s)
= —Che™2x,(s) + (1 4 Cs — b1 C3)Fy(s)
— Ce™ST2E,(s) (3.19)

C
(G5 + Cy 5 (1 — e )i (s)
1

C
= C,e 5Tix,,(s) + Cse ST F, (s) — (b—2 +1+4C)E(s) (320
2
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3.3.2 Transparency Analysis and Controller Parameters Setting

A teleoperation system is defined to be transparent if the human operator perceives the
remote environment by fidelity and can easily perform the remote tasks. The system
transparency can be illustrated by the hybrid matrix H(s) of a bilateral teleoperation
system given in (2.3). Based on (2.3), hybrid matrix H(s) is defined by [49], which can

_ Hi1(s) Hyp(s) _

be interpreted as: H(s) = Hyi(s) Hyy(s)| =
21 22

Zy Force scalling

Velocity Scalling zZ;t Lj=12 are

] . The hybrid parameters h;;,
functions of the master and slave dynamics and the control parameters. The main effect
of H(s) is to present kinesthetic feedback between human operator and environment,
and build a relationship between force and velocity. H,;(s) and H,,(s) denote the
operator impedance and environment admittance. In the ideal transparency condition,
the technical medium between the operator and the environment is not felt. That is, Z,
and Z; 1 equal to zero. H,, and H,, represent the measure of force scaling and velocity
scaling, respectively. In order to achieve the ideal transparency in a bilateral
teleoperation system in the presence of time delay, the delayed kinematic
correspondence and the delayed interaction force correspondence are expressed as
x5(8) = %, (s)e™T and F,(s) = E,(s)e™5T, respectively. Accordingly, the hybrid
matrix in the time-delay-based ideal transparency is expressed as:

Higeai(s) = ePTS egs] (3.21)
After transformation, the dynamic equations (3.19) and (3.20) of the overall system
can be expressed by (2.3) to demonstrate the transparency of the proposed system. The
parameters of the hybrid matrix H(s) are shown in (3.22)-(3.26) where Den denotes

the denominator of each term:

C
Hyy =[Gt + Cop + b,Ci (1 — eSTFR)|[G57 + C + b—“ (1 - e=sT*T)))
1
+ C4Cie s+ (3.22)
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C C
Hyp = —Cqie ™" (b—z +1+ CS) +Coe R[G5+ G+ (1 — e )] (3.23)
2 1
Hy; = —(1 4 Cg — b, C5)Cie™N

_ C3€_ST1 [anll + Cm + b2C1(1 _ e—S(T1+T2))] (324)

C
Hyp = =CoCae ™M) 4 (22414 65) (14 G = byC) (3.25)
2

C
Den = —C4Cze 5T 4 (14 C4 — b, C3)[G5* + Cs + b_4 (1 — e 51| (3.26)
1

According to (2.3), to achieve high transparency, the operator impedance and
environmental admittance should be close to zero. To achieve highly accurate force
and trajectory tracking at the presence of time delays, the force scaling and velocity
scaling should be e5T and e~ST, respectively. Under constant time delay or slow time
varying delay condition, the characteristic of the time delay element e~ in the
frequency domain is described as |e ST | = 1.

Accordingly, based on (3.22), [Hy| = |[(Gr! + C) (G5 + Cs) + C4Ce~STHT2) |,
Therefore, by setting the velocity controllers C, and C, as (3.27) and (3.28), the

operator impedance H,; is close to 0.
C, =Gt +Cp (3.27)

C,= -Gt —C, (3.28)

Where the velocity controller C,, and C; are defined as C,,, s = lkp + k. ky, and k,,

N

are the position and velocity control gains, respectively. Hence, C, and C, is defined
as: C; = ikp +k, +mys, C, = fkp + k, + mgs, respectively. Accordingly, the
controllers C; and C, allows position information transmission which will enhance the
trajectory tracking performance of the proposed 4-CH system.

Based on (3.25), the environmental admittance H,, is close to zero through the

following equation:
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C3 =1 + C6 - b1C3 (329)

Cz—b
2

+1+Cs (3.30)

Substituting (3.28), (3.29) and (3.30) into (3.23) and (3.26), the force scaling H,,/Den

can be simplified as % = %e”l. Therefore, highly accurate force tracking can be
3

achieved via setting:

Normally, the force signals transmission controllers C, and C; are designed as: C, =
Cs; = 1. Therefore, (3.29) and (3.30) can be simplified as:

1

C5:_b_
2

(3.33)

Substituting (3.27)-(3.33) into (3.24), the velocity scaling H,, /Den can be simplified

H _ . .
as: ﬁ = e~5T1, Hence, the main drawback of the modified wave transform controllers

i.e., position drift can be eliminated to the extent that highly accurate trajectory
tracking performance is achieved.

Through setting the controller parameters to satisfy the above conditions, high
transparency of the proposed architecture can be achieved at the presence of time delay.

3.3.3 Stability Analysis

This section analyzes the stability performance of the proposed 4-CH architecture in
order to prove that this scheme is able to achieve high transparency without sacrificing
system stability. Based on (3.13)-(3.16), the two modified wave transform controllers

can be expressed in the form of the following hybrid matrixes:
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V41(s) _[Hll(s) Hy,(s) IAl(S)] [bl 1—e—S(T1+Tz)] —stM 1 (s)

—I42(s)]  [Hy1(s) sz(s) VAZ(S) Va2 (s)
(3.34)
2 1 _ e—s(T1+T2)] —st
Vg1(s) [Hn(s) H12(5)”IB1(5) Ig1(s)
—Ig,(s) Hy1(s)  Hayp(s)I1Vpa(s) —e~5h V2 (s)
(3.35)

Anderson and Spong [18] state that a teleoperation system is passive if and only if the
norm of the scattering matrix S(s) is equal to or less than one, where S(s) is expressed
as (2.11). Therefore, the scattering norm ||S|| is influenced by the angular frequency
w (s = jw) from the time delay component e =571z, The periodicity of e =512 indicates
that the scattering norm ||S|| is periodic. Since the angular frequency can be considered
as a factor of the product of wT; ,, different time delay T} , can be treated as the gains
of the angular frequency to influence the scattering norm by which the scattering norm
|IS]| can be extended or compressed periodically. Accordingly, Figures 3.3 and 3.4
display the values of the scattering norm ||S|| with w changing. As shown in Figures
3.3 and 3.4, by setting the characteristic impedance b, and b, to be positive constants,
the values of time delays only influence changes in the frequency of the waveform
rather than the magnitude of the scattering norm. The vertex of the scattering norm
remains unchanged. Accordingly, the scattering norm ||S|| of the proposed scheme is
uniformly no more than 1. Therefore, the passivity and stability of the communication
channels in the proposed 4-CH architecture can be guaranteed.

Assuming the impedances of human operator and environment are passive, [108] has
already proved that the modal spaces of master and slave are stable in common cases
when the passivity of the delay-based communication channels is guaranteed. To
further improve the stability of the master side and slave side, the velocity damping
approach can be alternatively applied, since velocity damping by local velocity
feedback is able to enhance the stability of each modal space [148]. However, setting
a velocity damping controller to be a constant value can also degrade the overall
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system’s transparency. It is illustrated that the instability of the delay-based control
system is caused by the time delay element e5Tin the high frequency area [21]. In
order to eliminate the high frequency perturbations in the master and slave side without
sacrificing the system transparency, the velocity damping controller is designed to be
a high-pass filter rather than a constant gain. Accordingly, the local velocity feedback

controllers C,, and C, can be rewritten as:

SZ

1
Cm,s = ;kp + kv +
Where p is the cut-off frequency of the high-pass filter. The reason of choosing a
second order high-pass filter is that its bandwidth is better than that of the first-order
high-pass filter [144]-[145]. By applying the high-pass filters, the high frequency
vibrations of force and trajectory tracking of the proposed 4-CH architecture in the

transient state can be mitigated in the presence of large time delay.

1

pafbh ] ........ ......... I ........ J Dg

T

Figure 3.3. Scattering norm of the modified wave transform controller 1 with different
time delays: A. 200 ms, B. 700 ms, C. 1000 ms, D. 2000 ms.
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Figure 3.4. Scattering norm of the modified wave transform controller 2 with different
time delays: A. 200 ms, B. 700 ms, C. 1000 ms, D. 2000 ms.

3.3.4 Experimental Results

This sub-section validates the proposed scheme through experimental work. Figure 3.5
shows the experimental platform which is a bilateral teleoperation set up for the study
of the developed algorithms. The HILINK microcontroller board [149] is interfaced to
a computer to control a set of DC motors in both of the master and the slave sides. The
control algorithms are developed in Matlab/Simulink and downloaded to HLINK
boards. The communication channel between the master computers and the slave
computer is the Internet. In order to test the proposed system’s work performance
under larger time delays, the time delay blocks in the Simulink library are applied to
the algorithms of the two computers. The time delay of these experiments is around
200 ms (400 ms round trip time); comparable to the round trip transit time of an
Internet user Datagram Packet from Australia to the U.S. [150].

The four DC motors in Figure 3.5 represent the operator motor, the master motor, the
slave motor and the environmental load motor. On the master side, the operator motor

and the master motor are coupled mechanically so that the operator motor can act as
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the human operator to physically control the master motor. Then, the Hilink board
derives the velocity and force command signals generated from the master motor, and
then the signals are transmitted to the computer on the slave side via the Internet. On
the slave side, the slave motor and the environmental load motor are also mechanically
coupled. The slave motor receives the velocity and force command signals and then
moves accordingly. The environmental load motor can apply different environmental
contact loads to the slave motor. Matlab/Simulink/Real-Time Workshop is the
software applied for controlling the motors.

In the proposed control system, the sampling period is 0.1 ms. The two wave
characteristic impedances b, and b, are set as 2.5 Ns/m. position gain k,, and velocity
control gains k,, are setas 4.7 N/m and 2.3Ns/m. the value of the constant force control
gains C,, C, Cs and Cg are 1, 1, -0.4 and 2.5, respectively. The parameter p of the
high-pass filter is 1.

In order to test the performance of the proposed 4-CH architecture in enhancing
transparency, the force tracking, velocity tracking and position tracking of the
proposed four-channel system are compared against two systems proposed in the
previous work, the 4-CH architecture applying wave transformation [108] (system A)
and the 2-CH reduced wave reflections teleoperation system in [132] (system B). The
experiments are conducted for three scenarios of free space motion, hard contact with
the environment, and high frequency contact with the environment. All gain values for
the controllers and dynamics remain unchanged throughout the experiments.
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master

Figure 3.5. Experiment set up

3.3.4.1 Free Motion

In this experiment, a square signal at a frequency of 0.5 rad/s is applied to the motor
representing the operator with zero input into the motor representing the environment,
implying the free space movement. The performance of the systems A and B and our
proposed 4-CH system in free motion are shown in Figures 3.6, 3.7 and 3.8,
respectively. In Figure 3.6, the value of the low-pass filters located in the
communication channels of the system should be set to be a small value in order to
reduce the oscillatory behavior caused by the time delays and wave reflections.
However, in the presence of large time delays, the delay-based bias term
[(b+ bCs — C3)Fy, X e STW — (bC, — 1 — C5)F,] in (3.7) causes signal variations
and adversely influences the accuracy of trajectory tracking as shown in Figure 3.6B
and 3.6C. As shown in Figure 3.7B and 3.7C, accurate trajectory tracking can be
achieved since the wave-variable-based reflections are reduced in system B. However,
since the master motor has a velocity during free motion, the bias term bx,,, (s) in (3.5)

adversely affects the force feedback so that the force signals in Figure 3.7A have large
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variations. In Figure 3.8, the oscillatory behaviour caused by wave-variable-based
reflections is eliminated as shown in Figure 3.8A and high accuracy of trajectory
tracking performance is achieved in the proposed 4-CH architecture as shown in Figure
3.8B and C.
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Figure 3.6. Free motion of the system A: A. Force tracking of master and slave motor,
B. Velocity tracking of the master and slave motor, C. Position tracking of the master
and slave motor (red curved-master, blue dotted-slave)
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Figure 3.7. Free motion of the system B: A. Force tracking of master and slave motor,
B. Velocity tracking of the master and slave motor, C. Position tracking of the master
and slave motor (red curved-master, blue dotted-slave)
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Figure 3.8. Free motion of the proposed 4-CH system: A. Force tracking of master and
slave motor, B. Velocity tracking of the master and slave motor, C. Position tracking

of the master and slave motor (red curved-master, blue dotted-slave)

3.3.4.2 Hard Environmental Contact

During the hard contact with the environment, a square signal command with 0.5 rad/s
frequency is applied to the motor representing the operator, and an opposite square
signal command with the same magnitude and frequency is applied to the environment
motor. Figures 3.9, 3.10 and 3.11 illustrate the performances of systems A and B and
our proposed 4-CH system in hard contact with the environment, respectively. As
shown in Figure 3.9, the applied extra control parameters of the extended Laurence
architecture provide system A the accurate force tracking performance. However,
since the wave-based reflections still exist, the force tracking still has small variations
even applying wave filtering as shown in Figure 3.9A. The trajectory tracking is
adversely affected by the bias terms of the applied conventional wave transform
controllers as shown in Figure 3.9B and C so that the position drift occurs. In Figure
3.10, during steady state contact with the environment, the velocities of the master and
slave motors are zero. Therefore, the bias term bx,, (s) acts as a damping element to
guarantee the accurate force tracking of system B. However, the bias term also leads
to large position drift as shown in Figure 3.10C. Compared with these two systems,
since the wave-based reflections are reduced and the bias terms of the modified wave
transform controllers are compensated by the controllers in the master side and slave
side, both of the trajectory tracking and force tracking of the proposed 4-CH system
have better performance as shown in Figure 3.11.
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Figure 3.9. Hard environmental contact of the system A: A. Force tracking of master
and slave motor, B. Velocity tracking of the master and slave motor, C. Position

tracking of the master and slave motor (red curved-master, blue dotted-slave)
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Figure 3.10. Hard environmental contact of the system B: A. Force tracking of master
and slave motor, B. Velocity tracking of the master and slave motor, C. Position

tracking of the master and slave motor (red curved-master, blue dotted-slave)
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Figure 3.11. Hard environmental contact of the proposed 4-CH system: A. Force

tracking of master and slave motor, B. Velocity tracking of the master and slave motor,

C. Position tracking of the master and slave motor (red curved-master, blue dotted-

slave)

3.3.4.3 High Frequency Environmental Contact

In this experiment, the human operator motor applies a constant force to the master,

and at the same time, the environment motor applies an opposite force with high

frequency vibration to the slave.

As shown in Figure 3.12, due to the limited bandwidth, the high frequency force

signals from the environment is seriously degraded by the low pass filters during the

communication channels as shown in Figure 3.12B. Figure 3.13 illustrates the
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performance of system B. Since high frequency signal causes vibration in the whole
system, large variance occurs in the velocities of the three systems (Figures 3.12C,
3.13C and 3.14C). Accordingly, the bias term bx,, (s) enlarges and distorts the master
force signals of system B as shown in Figures 3.13A and 3.13B. Compared with these
two systems, without using wave filtering, the proposed system has a satisfactory high
frequency information transmission ability since accurate high frequency force
tracking is achieved without distortion, magnification or degradation as shown in
Figures 3.14A and 3.14B. Figures 3.14C and 3.14D illustrate that in spite of
transmitting high frequency signals, the trajectory tracking performance of the
proposed 4-CH system is not adversely affected by the high frequency perturbation.
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Figure 3.12. High frequency environmental contact of the system A: A. Force tracking
of master and slave motor, B. Magnified drawing of the force signals C. Velocity
tracking of the master and slave motor, D. Position tracking of the master and slave

motor (red curved-master, blue dotted-slave)
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Figure 3.13. High frequency environmental contact of the system B: A. Force tracking
of master and slave motor, B. Magnified drawing of the force signals, C. Velocity
tracking of the master and slave motor, D. Position tracking of the master and slave

motor (red curved-master, blue dotted-slave)

92



Tarque [Nm)
Tarque (M)
Positon (rad)

Velocity (radfs)

0 ] T-::“El.;;A E] E=d i u_*T-”:;l:sjl;i [T 15 ] 5 T_::“Eis';.c o = [ 5 T];E[SJD
Figure 3.14. High frequency environmental contact of the proposed 4-CH architecture:
A. Force tracking of master and slave motor, B. Magnified drawing of the force signals,
C. Velocity tracking of the master and slave motor, D. Position tracking of the master

and slave motor (red curved-master, blue dotted-slave)

The experimental results strongly confirm the effectiveness of the proposed 4-CH
system in achieving an optimal trade-off between stability and transparency by
reducing the wave-variable-based reflections. Furthermore, the experiment results for
different environment situations (free space movement, hard environmental contact
and high frequency environmental contact) also illustrate that compared with systems
A and B, the proposed 4-CH system has superior performance in complex, unknown

environment.

3.4 Proposed Architecture for the Non-linear System under Time-varying
Delays

3.4.1 Modeling the n-DOF Teleoperation System

In Chapter 3.4, the proposed wave transformation architecture is extended to the non-
linear teleoperation system in the presence of time-varying delays. The local (master)
and the remote (slave) robots are modeled as a pair of n-DOF serial links with revolute

joints. Their corresponding nonlinear dynamics are modeled as:
Mm(qm)éim + Cm(Qm' C.Im)qm + gm(qm) =T, + Tp (3.37)

Ms(qs)qs + Cs(qs: QS)QS + gs(qs) =15 — T (3-38)

where i = m, s for the master and slave. §;, q;, q; € R" are the joint acceleration,

velocity and position, respectively. M;(q;) € R™*" are the inertia matrices,
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Ci(qgj,q;) € R™™ are Coriolis/centrifugal effects. g;(q;) € R™ are the vectors of
gravitational forces and ; are the control signals. In addition, the forces exerted on the
end-effector of the master and slave robots are related to equivalent torques in their

joints by:

Fp = JmTh Fe = JsTe (3'39)

where J; is the Jacobean of the robots and F; stand for the human and environment
forces, respectively. Important properties of the above nonlinear dynamic model,
which will be used in this thesis, are as follows [151], [152]:

P1: The inertia matrix M;(q;) for a manipulator is symmetric positive-definite which
verifies: 0 < Opin (Mi(qi(t)))l < M;(qi(D) < Omax (Mi(qi(t)))l < o0, where I €
R™ ™ is the identity matriX. op,;, and oy, denote the strictly positive minimum
(maximum) eigenvalue of M; for all configurations q;.

P2: Under an appropriate definition of the Coriolis/centrifugal matrix, the matrix M; —

2C; is skew symmetric, which can also be expressed as:

M;(q:()) = Ci(qi(t), 4:(®) + ¢ (q: (1), 4: (1)) (3.40)
P3: The Lagrangian dynamics are linearly parameterizable:

M;(q)q; + Ci(qi, 4)q: + 9i(q:) = Yi(qi, 41, Gi)6; (3.41)

where 0; is a constant p-dimensional vector of inertia parameters and Y;(q;, g;, 4;) €
R™ P js the matrix of known functions of the generalized coordinates and their higher
derivatives.

P4: For a manipulator with revolute joints, there exists a positive L bounding the

Coriolis/centrifugal matrix as:
[€i(a:®, x@®)y®][, < LIx@®ll2Mly Ol (3.42)

P5: The time derivative of C;(q;(t), ¢;(t)) is bounded if g;(t) and ¢;(t) are bounded.
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3.4.2 Modified Wave Transformation

In this Sub-section, the proposed modified wave transformation schemes in Figure 3.2
is further extended as shown in Figure 3.15. Its major purpose is to reduce the wave
reflection, enhance the accuracy of signals transmission and meanwhile guarantee the
communication channels’ passivity.

The two wave-based schemes are applied to encode the feed-forward signals V,; and
Vg, with the feedback signals Z,, and Zg,, where Vj;(t) = Dyt (1), V() =
B(am(®) + 84m (1), Za2(t) = —B(Qs(V) + 8qs()), Zp2(t) = DpTee(D) . D1z, B, &
are diagonal positive-definite matrices. t, and T, are the measured human and

environmental torques. The wave variables in the two schemes are defined as follows:

PO j% (=T®) | D ; bo®
Vm () = L\/;(t)),vsl(t) = Zy'z_(bt) (3.44)
U, (D) = WB?;S),uSZ(t) = bVBl(f/;_le ©) (3.45)
. %vm(t% G P V(- 312%)) I

where b and A are the characteristic impedances, and T, (t) and T, (t) are the time-
varying delays. e =+v1—¢. € is the estimated upper bounds of Tyax Where
Tmax () = T; () + T, (t). In this analysis, the time-varying delays are assumed not to

increase or decrease faster than time itself, i.e. [T, ,(©)| < 1. Thus, the estimated upper

bound s is limitedtobe 0 < ¢ < 1. Therefore, 0 < e=+vV1—-e< 1.
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Wave transformation scheme 2
Figure 3.15. Modified wave variable transformation

Based on (3.43)-(3.46), the hybrid matrix H of the two schemes can be written as (3.47)
and (3.48) in frequency domain, where H2 and HEB are the hybrid matrix of scheme 1

and 2, respectively.

Zp1(s) l 11(s) Hf (S)l Vai(s)

—Vaz2(s) H2,(s) H5,(s)|1Zaz(s)
bA e~sT2
_ Va1(s)
- [_e—sTl b_lh[l _ ee—s(T1+T2)] ZAZ(S) (3-47)
Zg1(s) ] _ IHf1(5) Hfz(s)l [VBl(S)
—Vg2(s) H3 (s) H3,(s)|1Zp2(s)
_ [1 — ee—S(T1+T2)] e—ST2 Vi, ()
_ . v |l (3.48)

Based on (2.11), A teleoperation system is defined to be passive, if and only if the

norm of the scattering matrix S(s) is equal to or less than one. Substituting (3.47) and

(3.48) into (2.11), the angular frequency w (s = jw) of the time delay component
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e~ST12 influences the value of the scattering norm ||S||. The scattering norm ||S|| for

the scheme 1 and 2 are derived as:

|IS|| for schemel

_ |2b/1€_ST1'2| + |/12b2 + (Ee_S(T1+T2) — 1)+ bA(1 - E)e_S(T1+T2)|
a |2bA + A2b2 + 1 — ee~S(T1+T2) 4+ hA(1 — €)e~5(Ti+T2)|

(3.49)

|IS|| for scheme?2

_ |2bAe~5Tiz| + |/12 — b2 + b2eeS(T*T2) — pp(1 — e)e—s(T1+T2)|
1262+ 2% + b? — blee ST 1 A(1 — €)e T T:)]

(3.50)
According to the characteristic of the time delay element e ST+
le=sTiz| =1 (3.51)
Applying (3.51), (3.49) and (3.50) can be simplified as:
sl hemel — |2bA| + [A2b2 + (e — 1) + bA(1 — €)] - 3.5
for schemel == s 1= e+ bAd — )] (3.52)
sl heme? — |2bA| + |A% — b% + b%e — bA(1 — €)| - 353
T Seheme s = T I+ b2 — bPe + bA(l— o) (3-53)
2
i 50 100 150 200 O7; T RT- BT
wi (racis) - A wi (raclis) - B
EO.Q- ||||||'|||I|||'|'
07 L . i 07 : R ;
0 50 100 150 200 0 50 100 150 200
w (radis) - C w (radis) - D
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Figure 3.16. Scattering norm of scheme 1 with different time delays: A. 200 ms, B.
500ms, C.700ms, D.1s. (b=25A=25€e=1)
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Figure 3.17. Scattering norm of scheme 2 with different time delays: A. 200 ms, B.
500 ms, C. 700 ms, D. 1s. (b =25A1=25€e=1)

Noting b and A are positive and 0 < € < 1, |[S]| in (3.52) and (3.53) is no larger than
1. From (3.51), the value of e™ST12 is periodically changing with time delays.
Therefore, the periodicity of e~ST12 determines that the scattering norm ||S|| is also
periodic. Since the angular frequency can be considered as a factor of the product
of wTy ,, Ty , can be treated as the gains of the angular frequency to influence the
scattering norm by which the scattering norm |[S|| can be extended or compressed
periodically. Hence, the changing values of the scattering norm ||S|| with varying w
are shown in Figures 3.16 and 3.17. The values of time delays only affect the
waveforms’ frequency rather than the magnitude of the scattering norm through setting
the impedances b and A as positive constants. The vertex of the scattering norm
remains unchanged which is no more than 1. Therefore, the passivity of the
communication channels can be guaranteed.

By applying the proposed wave transformation, the energy information such as torque,
position and velocity signals can be transmitted through the communication channels
without influencing the channel passivity. The control block diagram is shown as
Figure 3.18.
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Figure 3.18. Control block diagram of the system applying the modified wave
transformation

The control terms E,, and Eg are introduced as follows:

En(t) = Daten(t) = Zpy (8) — Zp, (8) = B(Gm () + 8 (1))
= (D3 — bAD; )Ty (t) — D374 (t -7, (t))

+ ﬁ ((Is(t - Tz(t)) + 6QS(t - Tz (t))) - :B(CIm(t) + 6qm(t))

b
- (iﬁ(Qm(t) + 6Qm(t))
b
] (M (R ACE AR AG))

+8q,, (t —Ty(t) — To(t — Tl(t))))> (3.54)
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E5(£) = Vo) + Vo (8) — DyTee (£) — B(q5(D) + 8q5(8)) = Dy (¢ — T1(D))
AD
~ (52~ 04) 7@ + B (dm( = Ta(®) + 84 (t ~ T, (®)))
- ﬁ(qs(t) + Sq_s (t))
B ..
- (ﬁ (q_s(t) + qu(t))

- Z_f (‘?s (t —Ty(t) — T1(t - Tz(t)))

+6q5 (=T, ~ T4 (¢~ T, (t))))) (3.55)

where D3 4 are diagonal positive-definite matrices. By defining new variables:

ri(t) = q;(t) + 8q;(¢) (3.56)

(3.54) and (3.55) can be simplified as (3.57) and (3.58).

Em(t) = B (1(t = To(8) = 1)) + (D5 = BAD) T (8) = Dy7ee (£ = To()))

b
5 B(rn(0) = €1 (t = Ty () = Tyt = T (1)) (3:57)
AD,
Es(®) = B (rm(t = T1(®) = (D) + (Dlrm(t ~T,©) - (F2- D) m;(t))
- b% (rs(t) —ery (6~ T,(®) ~ Ty (¢ — Tz(t)))> (3.58)

The main aim of the control laws is to provide a stable system with accurate position
tracking and to enhance the force tracking during manipulations. The first terms in
bracket of (3.57) and (3.58) represent accurate position transmissions. By setting D3 —

bAD, = D, and D, = ’% — D,, accurate force tracking can also be achieved. When

the rate of the time delay is small, the third terms in bracket of (3.57) and (3.58) can
be ignored. When large time-varying delays exist, these two biased terms can

adversely influence the tracking accuracy. Properly enhancing the value of A can
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increase the system transparency. However, these two terms are necessary for system
stability and cannot be cancelled, which will be analyzed later.

The accurate position tracking is derived if
lim|| g (t — 1)) — qs O] = lim|¢m(t - T2(®) — ;O =0 (3.59)
lim||q;(t = T,(0) — gm(@®|| = lim||45(t = T2(0) — gnm(®]| =0 (3.60)

We define the coordination position and velocity errors between the master and slave

manipulators as follows:
epm(t) = Qm(t - Tl(t)) - QS(t): evm(t) = Qm(t - Tl(t)) - C'Is(t) (3.61)

eps(t) = qs(t - Tz(t)) — qm(t), eys(t) = QS(t - Tz(t)) —qm(t) (3.62)

Combining the control terms (3.57)-(3.58) with the robots’ dynamics, the new control
laws are designed as follows:

Tm = Em - Mm(Qm){SéIm} - CA‘m(qm' Qm){SQm} + gm(‘lm) (3-63)
Ts = Es - MS(QS){SQS} - és (QSr qs){6QS} - gs(Qs) (3-64)

where M;(q;), C;(q:,4:). §i(q;) are the estimates of M;(q,), C;(q:,q:). 9:(q:) -
Substituting (3.63) and (3.64) into (3.37) and (3.38) and considering Property 3 which
states that the dynamics are linearly parameterizable, the new system dynamics is

expressed as:
Mm(Qm)f‘m + Cm(‘lm' Qm)rm =En+1, — Ymém (3-65)
Ms(qs)r"s + Cs(qs: qS)T:S‘ =E; — 1, — Ysés (3-66)

where 6;(t) = 8; — 0;(t). 0; are the estimates of the manipulators’ actual constant p-
dimensional inertial parameters given by ;. 6; are the estimation errors. Let the
estimates of the uncertain parameters evolve as:
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O () = YV (s T )T (£, B5(8) = AYT (g, 75)75(8) (3.67)

where {r and A are constant positive definite matrices.
3.4.3 Stability Analysis on Passive/Non-passive External Force

Passive Human and Environmental forces:
Assumption 1: The human and environment are passive and can be modeled as (3.68)

and (3.69) which contain positions, velocities and accelerations.

Th(t) = =1 (t) — a7 (0) (3.68)
Te(t) = as15(t) + ag7s(t) (3.69)

where a,, @, as and a; are positive constants. However, since acceleration signals
with noises may significantly influence stability. Therefore, we use the extended active
observer [137] to measure forces for transmission, which only contain position and
velocity signals. That is:

Tth(t) = _amrm(t) (370)
Tte(t) = asrs(t) (371)

Theorem 3.1. Consider the teleoperator in (3.65)-(3.66), controlled by (3.57)-(3.58).
When the human and environmental forces satisfy (3.68)-(3.71), velocities, positions
and the errors of positions and velocities are bounded, i.e. {q;(t), r;(t), ¢;(t),
75(t = T,(t)) — 1 (O), 15(t = To(®) — 1 (6)} € Loy N Ly ,
{epm (1), eps(t), eym (t), eys(t)} € L, Moreover, during free space movement
7, (t) = 7,.(t) = 0, velocities asymptotically converge to zero and position tracking is
achieved: girorg”qm(t — Tl(t)) — qs(t)” = girg”qs(t — Tz(t)) — qm(t)” =0.

Proof.

Consider a positive semi-definite function V(q;, g;, t) for the system as:
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1 ~ ~ ~ ~
V =2 [ OMyn (@m)Tin (0) + 75 (OOM (g7 (8) + BT ™20 + 074726

1 t
B
21-T,() Je—ry(0)
1 t
P
21 —-T,(t) Je—ry()
bp t

o7 T (M7 () dn
t—-T1 () -T2 (t-T1 ()

T (Mt (M) dn

s (mMrs(m)dn

s HOROTESHCLRIRO
t=Ty () -T2 (t-T1 (D))

+ 1 ) agrs(t) + g () 4, 50, (1) + g5 (D) as8q5(t)

e b;Dl)am ft T (M) T () dln
t-Ty
D,
nex > 1o f HOROL (3.72)
t-T,

Applying property 3 and (3.67), the derivative of V can be written as:

V=_>0+ @ + (), where

D = ~£ (em(®) + 5epm(®) (em(®) + Sepm(®)) =L (ens(0) +

5eps(®)) (eus(®) + 8eps(®)) = (Gh(Otmim(®) + ah(Oand2an(t) +

gl (Dasqs(t) + qf (Das62qs(t)) (3.73)

@ = (“’ (50 = 1t = T2(®) = T,©)) (7n(® = n(t = Ti(®) ~ T,0)) -

A Tm(t)rm(t)> (m (T ORI (R AORS A Tl(t))))T (rs(t) -

2 1-T, (¢

R (6= T© - T(t - ©))) - 5720 (t)rs(t)> (3.74)
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G- - (W R ()1 (6) + Dyasrn (Ot = To(D) +

AD

) G ) YOS O Tz(t))> - (g T (On(0) +

2

(D3—b)LD1)am(1—T1(t))
2

Dyt (t =Ty () + (6= Ty(O)ra(t — Tl(t))> (3.75)

The Lyapunov approach requires V is negative semi-definite. According to (3.73), ©
is absolutely negative. Since (7;,(t) — 1, (t — Ty () — To(t — Tl(t))))T(rm(t) —
T (6 = Ty (£) — Ty (t — T1(1)))) and (re(®) — 7:(t = Ty () — To (¢ —
Tl(t))))T(rs(t) —15(t = Ty () — T, (¢t — T1(£)))) can be simplified as {;rL (Ory, (t)

and {ord (Drg(t) where {3, =0. @ can be rewritten as: @ = —(i—iﬁ—

E Ty (t) T _ L _ E T (t) T @ _ E Ty ()
2 1—T1(t)) rm(t)rm(t) (Zbl ZZ 2 1_T2(t))r:9 (t)rs(t)- The terms 22 (1 2 1—T1(C) and

B, B T® - .
25152 T 3 g MuUst be positive. That is:

S,
pta Tt &

> T,(t) (3.76)

Since [Ty 2| < 1, by setting 0 <A < b,b > 1, @ can be guaranteed to be negative.
However, as analyzed, enhancing the value of A can increase transparency. Therefore,
when the time delays are not sharply varying (T; , are not close to 1), settingA = b
can achieve the optimized trade-off between stability and transparency.

In (3.75), the sufficient conditions for a negative @ are:

D2 1
2 5 — < a;ta, (3.77)
(D; — bAD;) (552 - D,) 1 T2
D? 1
! < a;la (3.78)

(0, - bapy) (42—, )1~ Ta ™
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As analyzed, setting D; — bAD; = D, and D; = ’Ib& — D, can achieve accurate force

tracking. In the presence of time-varying delays, increasing the value of D; and
decreasing the value of D, can relax the requirement of (3.74). By satisfying (3.76)-
(3.78), V is negative and the system stability is guaranteed.

Integrating both sides of (3.73), we get:

+o00 >V (0) = V(0) —V(t)

> fo t (g (om(® + 8epm(®) (em(®) + Sepm(®))

+2 (e + 555(0) (0 + 80,5(0)) + GOt ()

+ @i (D) 624 () + 45 (D asqs (@) + qf (a6 qu(t)> dt (3.79)

Since V is positive semi-definite and V is negative semi-definite, therefore, ELI?O |4
exists and is finite. Thus, 8;(t) € L, {epi(t) + ey (), q;i(t), 1i(t), q;i(t)} € Lo N
L,. Therefore, it is easily derived that {qs(t) — qm(t), gm(t) — qs(t)} € Ly N Lo,
Rewriting g (t = T1(t)) = qs(t) a5 qm(t — T1(®)) — qs(t) = gm(t) — q5(®) +
an(t = T1(®) = qn(®) , and qs(t = T2 (1) = gm(®) as qs(t = T2 (1)) = gm(t) =
qs(t) = qm(®) + q5(t = T2(0)) —qs(®) . Factually, gm(t —T1()) = gm(t) =
— g oy Gmdn < JmaxT Mm@l and  qo(t = To(0) = q5(¢) =
— ftt_TZ(t) gs(mdn < Jmax(T,(©)|1gs(t)|l, (using Schwartz’s inequality), we can

conclude that e,s(t) = qs(t — To(®)) — g (6) and ey (t) = qm(t — T2 (D)) —
qs(t) € L. Since ey;(t) + ey,;(t) € Lo N Ly and e,;(t) € Lo, it can be seen that
evi(t) € L.

In free motion, the system’s dynamic model (3.65) and (3.66) can also be written as:
G; = M '[E; - Yi6; — Gy £ 5] — 64, (3.80)

Differentiating both sides of (3.80):
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d . d -1 a1 -1 d ) -
4= E(Mi )E: - Yi0; — Ciry + 1] + M; E[El —Yi0; — Cir; £ 7;] — 64

(3.81)

For the first term of the right side of (3.81), we have [153]:

d .

S (M) = =M MM = =MH(C A+ COM (3.82)
According to Properties 1 and 4, % (M;1) is bounded. Based on Property 5, the terms

in bracket of (61) are also bounded. Therefore, %qi(t) € L., and g;(t) are uniformly

continuous (fot G;(m)dn = q;(t) — ¢;(0)). Since q;(t) — 0, it can be concluded that

d;(t) — 0 based on Barbalat’s Lemma.

Active Human and Environmental Forces:
Assumption 2: In the case of non-passive human forces and environmental forcer, the

human and environment can be modeled as:

Th(t) = ap(t) — amhin(t) — antm(t) (3.83)
To(t) = a1 (t) + asrs(t) + agr(t) (3.84)
Ten (1) = ap(t) — apnn(t) (3.85)
Tre(t) = a1 (t) + asrg(t) (3.86)

where a,(t) and a4 (t) are bounded positive variables, which generate energy as an
active term.

Theorem 3.2. The proposed system is stable and all signals in this system are
ultimately bounded, when the human and environmental forces satisfy (3.83)-(3.86).
Proof. We define X, = [qm, Gs, Gm» Gs]T and x; = [Gm, Gs» T, )T . There is a linear

map between the two vectors [25]:
X, =[x, (3.87)
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where I, is a non-singular constant matrix. By choosing the previous Lyapunov

function V, the new derivative V* can be written as:

e ; AD,
V* = V + TmT[(D3 - bADl)ao + ao - Dzal] + T:g [Dlao - (T - D4> al - al]

(3.88)
Note that

rmT|(D3 — bADy)ay + ag — Dyay| < nT||xC|||(D3 — bADy)ay + ag — Dyay| (3.89)

r AD, r AD,
e |Diag — (T — D4) a; —aq.| <n'||x.|| |Dyay — (T — D4,> a; —ay| (3.90)
Therefore (3.88) can be rewritten as:
V* <V +2|lxlac (3.91)

where a, =n’ (I(D3 — bAD))ay + ag — Dyay| + |D1a0 - (Ab& - D4) a; — a1|) >

0. (3.92) is true:

V< —(gh (0 amGm®) + qn(©)amnd2qm () + ¢T (Dasqs(8) + qF () as62q5(¢))
< =Y, |I%|I? (3.92)

where Y, is the smallest eigenvalue of a,,, a,,62, a,, a;62%. Substituting (3.92) into
(3.91)and 0 < p,. < 1:

V' < =YlIEN? + 2%
= =Y (1 = NP xcl? = Yo TP e 1 + 2lxcllee (3.93)

(3.93) can be simplified as:

V' < =Y (1 = p) P llx 1%, Vi = (3.94)

2a,
YulITll?
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2a

the derivative V* is

If the values of x are set to be large which satisfy ||x|| > TR

negative semi-definite. Hence, x and X are bounded, which means rj, q;, q; are also
bounded.

3.4.4 Sliding Mode Control (SMC)

In (3.65) and (3.66), the existence of the uncertain parameters Y;8; and the
immeasurable elements ta;i;(t) of the external force t; may reduce the system

transparency. In this study,a sliding mode control algorithm is applied to compensate
for these terms. Adding a sliding-mode control term z.;, the dynamic models (3.65)
and (3.66) can be re-written as (3.95). The aim is to use the sliding mode compensation

terms t,; to omit —Y;8; — a|7; in (3.95).
M;(q)7; + Ci(qi, ¢ = E; + 10 — a1y — ajt; — Y;0; (3.95)

The proposed algorithm sets the sliding surface @ as:

@ = Mi(@dr(® - | (67 (o a0 + B = am(n) dn (3.96)
0

Using property 2, (3.96) can be expressed as:
t
@ = [ (M@ + Ciaw 4 = B + @) dn (3:97)
0

Based on (3.95), if the sliding surface @ converges to zero, the terms —a /1 (t) — Y;6;
can be compensated for by 1. Building a Lyapunov function for the sliding mode

controller:

1 1
v, = Ew;lwm + waws (3.98)

Therefore, the derivative of (3.98) will result in:
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Vi = (Tom + AT + Y 0,) @ + (10 + alty + Y.0,) @, (3.99)
The sliding control input is designed as:
Te = —Ksidging®i — BstidingSig(@;)° (3.100)

where

sig(®)°® = [|911°1sign(9,) [9,1°2sign(9,) ... [9,1°sign(¥,)]" - 0=
[9,9; .. 9,]F €R™, 6,, O,, .., 0, >0, and sign(.) is the standard signum
function. By tuning Kg4ing and Bgqing as large values, V, is negative semi-
definite and @ will converge to zero. Therefore, the proposed SMC will not
influence the system stability.

Moreover, under the condition of passive human and environmental input, the system
of (3.95) with the sliding surface @; can stay stable in finite time.

Lemma 1 [67]: Consider the dynamics model x = f(x), f(0) = 0 (x € R™). If there

is a positive-definite scalar function V; such that (3.101) is satisfied:
Vi(x) < —AV,(x) — BVE(x) (3.101)

Where A,B > 0, 0 < £ < 1, the system is finit-time stable, and the settling time
satisfy (3.102):

I < 1 AV~ (xy) + B 3102
c=aa-—n" B (3.102)

Lemma 2 [67]: Note [; , > 0 and 0 < p < 1, (3.103) is true:
L+L)P <P+ (3.103)

Reconsider the Lyapunov function V; in (3.98) and its derivative is given in (3.99). By

choosing large values of Kj;4ing and Bgiqing, there definitely exist positive constants

and B! so that

!
Ksliding sliding
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; (0]
—Ks'zidingwi - B;lidingSlg (w;) |

< |-Ksiiging®i — BsiiaingSig(@;)® + ait; + Y;0;]| (3.104)
Therefore, (3.99) can be rewritten as:

y A I 2l T [ N \T
’ T ! T : ¢ ! T
< —Ksiiding®@m®m — Bstiaing®@mSig(@m)® — Kjiging @s s

— Bgiiqing @3 sig(@;)® (3.105)

According to Lemma 1 and 2, we get

1+6
Vi £ =2KgiaingV1 — 2BgiiaigVy 2 (3.106)
Therefore, the settling time is derived as:
1_1te
/; 2 !
Tc < 1 - 2KslidingV1 : (xO) + Zleiding (3.107)
, + 0 2B!.. .
2Ksliding (1 - T) stiding

When the system uncertainty is fully eliminated, the system dynamics of (3.95) can be

written as:
@;(t) = —Kgiaing®i — BsiigingSig(@:)° (3.108)

where @;, = @;(0) is the terminal attractor of the system (3.108). Based on [158], the

finite time T; that is taken to travel from @;(0) to @; (0 + T) is given by

T — 1 fo dZD'i 1 fo dZD'i
s K/ w; B - sig(w;)®

sliding Y@ ;liding
== In(|@;o)) + =3 lwo|*~° (3.109)
Ksliding l leiding(l - @) '
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Therefore, the stability and synchronization performance of the teleoperation system

can be achieved in finite time and the exact convergence time is

Tfinite = TC + TS (3110)

3.4.5 Experiment Validation

In this sub-section, a series of experimental results are carried out to validate the
proposed nonlinear teleoperation system. The experiments are performed on two 3-
DOF Phantom manipulators: Phantom Omni and Phantom Desktop (Sensable
Technologies, Inc., Wilmington, MA) as shown in Figure 3.19. The control loop is
configured as a 1 kHz sampling rate. The controller parameters are given as:b =
2.5,A=25,=09D, =D, =1,D3 =35D, = 04,6 =1, = 2.5, Kgiging =

1
Bsiiging = 1,0 = 3.

Master

Communication Channels

Figure 3.19. Experimental setup
3.4.5.1 Experimental Work using 1-DOF

In this section, the proposed 4-CH wave-based architecture is compared against two
linear wave-based systems in the literature, the 4-CH architecture applying the
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conventional wave transformation [108] (System A) and the modified wave-based
system for reduced

wave reflections [132] (System B). Since the wave-based systems for comparison are
stable only under constant delays, this experiment uses a virtual constant time of 300
ms (one way). The experiments are conducted for three scenarios, free space motion,
hard contact, and soft contact. The experiments are conducted using joint 1 of the two
robots in Figure 3.19. Joint 2 and 3 are fixed which do not influence the experimental
results. All gain values for the controllers and dynamics remain unchanged throughout
the experiments.

Figure 3.20 shows the velocity and position tracking performances of the three systems
in free motion. The position tracking errors in System A is caused by the bias term in
(20)

The cut-off frequency of the low-pass filter in System A should be set low to restrict
the band-width of the communication channel and suppress the oscillatory behavior
caused by wave reflections. By reducing the wave reflections, the signal perturbations
are reduced in System B. However, since this system has no direct position information
transmission, position drift can slowly occur. Compared with the two systems, the
oscillatory behavior caused by wave reflections is eliminated and highly accurate
trajectory tracking is achieved in the proposed system.

In the next experiment, the slave robot is controlled by the three wave-based systems
to contact with a solid wall from around the 3™ second to the 17" second. In this
situation, the speed of the slave robot quickly converges to zero. Figure 3.21 illustrates
the torque tracking (T, < Tw) and position tracking performances of the three
systems. When contacting the solid wall, even applying low-pass filters, both of
position and torque tracking still have small signal variations caused by wave
reflections in System A. The biased term in (3.7) also interrupt the system to achieve
accurate position tracking even applying the 4-CH architecture. Since the robot has no
movement in the steady state, the biased term bx,,(t) in (3.5) quickly converges to
zero, which does not affect the force tracking of System B. Therefore, accurate force
tracking performance can be achieved in System B with little signal variation. Without
direct position tracking, large position drift occurs in System B. Unlike the two

112



systems, the force signals and the trajectory signals of the proposed three-channel
system quickly track in the transient state without signals variations and position drift.
During the soft environmental contact, the slave robot is controlled by the three wave-
based systems in contact with a soft sponge from the 3" second to the 17" second. In
this situation, the slave robot is still moving and its speed slowly converges to zero.
Figure 3.22 shows the torque tracking (ty, < Tte) and position tracking of the three
systems in soft contact. Due to the biased term in (19), System A cannot achieve
accurate force tracking and as a result large signal variations still occur. Since the
biased term bx,,, in (3.5) has a large value in this situation, inaccurate force tracking is
achieved in System B where the slave robot’s force tracks the master robot’s force in
a very slow speed. The two systems also cannot achieve accurate position tracking
during soft contact. Compared with the two systems, in the proposed system, the forces
quickly track each other without signal perturbations in the steady state and the high

accuracy of position tracking is also achieved.

Welocity (radfs)

Velocity {radis)
Welocity (radfs)

0 5 10 15 20 25 “0 5 10 15 20 25 ~0 5 10 15 20 25
Time (s} System A Time {s) Our System

5 T A 5 5 v oA A
g 2 A IFCUIERTIE '\‘ Job g g Y v ‘/. \ .f/ | : ’/ ‘i
= S A VR A VA = = A S S TR A (O
5 \ :llI : ] s S 1+ I...l...,..:.l. O PR Y (e
=Rl : : = = h \\ ' \\ 2 |‘ ;; 1|
T : : ! : : 1

£ | AN U ! & £ ,' N : Y ;' N/

1) H 1 H 0 H ;
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Figure 3.20. Free motion — 1 DOF (red — 4y, & qu, blue — g5 & q5)
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Figure 3.22. Soft contact — 1 DOF (red —ty, & qp, blue -t & q5)

3.4.5.2 Experimental test using 3-DOF

This Sub-section validates the system’s task performance in 3-DOF. Two computers
are used to control the two haptic devices and the communication channel is the
Internet. The time delay (one way) varies between 440 ms ~ 560 ms. In the first
experiment, the performance of our system is compared with the nonlinear wave-based
system proposed in [23] (System C) in free motion. System C adds two additional
channels for direct position signals transmission to the traditional wave transformation
in order to enhance the trajectory tracking in free motion. System C also uses
additional velocity dampers to guarantee the system stability under time-varying
delays. Figure 3.23 illustrates the torque tracking (t,, < Ty) and position tracking
performances of System C, where the control signal t,, is the feedback torque felt by

the operator. Due to the wave reflections, the slave robot’s motion varies when
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tracking the master robot although the additional direct position signals transmission
enhances the accuracy of the trajectory tracking. Moreover, the velocity dampers used
to guarantee system stability decrease the system transparency and the operator can
still feel feedback torque during free motion. Figure 3.24 shows the torque tracking
(tm © Tte) and position tracking of our system without the proposed SMC. In this
system, the wave reflection is eliminated to the extent that the signals do not have the
large signals variations. However, due to the parameter uncertainties, the position
tracking still has small tracking errors. Moreover, the system using the proposed wave
transformation is still damped due to the effect of time delays so that the operator can
also feel the feedback torque. By adding the SMC, the control signal fed back to the
master robot is no longer t,,, but the sum of t,,, and the control torque t.,, from the
SMC. Figure 3.25 shows the torque tracking (t,, + Tem < Tte) @nd position tracking
of our system with the proposed SMC. Since the parameter uncertainties are
compensated for by the SMC, highly accurate position tracking can be achieved. The
torque felt by the operator is nearly zero as shown in Figure 3.25.

The next experiment demonstrates the ability of the proposed system to deal with the
transient environment. Our system is compared with the nonlinear wave-based system
[25] (System D). The slave robot is controlled to contact to a “reverse wall” which is
like the scenario of a needle puncture as might be experienced in medical applications
[154]. Figures 3.26 and 3.27 show the torque tracking (T, — Tte) and position tracking
of the two systems. The slave start to contact with the remote wall in the 3™ second.
After hard contact for several seconds, the wall is suddenly removed in the 8" second
allowing the slave end effector to move in free space. System D uses the conventional
impedance matching approach to diminish the wave reflections, which works fine in
the steady-state environment. However, as analyzed, when the impedance of human
and environment suddenly changes, the impedances will mismatch and the wave
reflections are reinstated. Therefore, large signals variations and position drift occur
as shown in Figure 3.26. Unlike System D, the proposed system with direct position
and force transmission is less affected by the unpredictable changes of the human and
environmental impedances. Highly accurate force and position tracking are still

achieved in the sudden changing environment as shown in Figure 3.27.
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3.5 Summary

In Chapter 3, a novel wave transformation scheme for reduced wave-based reflections
is applied to the 4-CH linear system to achieve high delay-based transparency and
simultaneously guarantee system stability at the presence of constant time delays. The
proposed wave transformation scheme is also extended to the non-linear teleoperation
system to derive high transparency and robust stability in the presence of time-varying
delays. A sliding mode control algorithm is also designed to reduce the adverse effect
of the internal parameter uncertainties and promote the system synchronization

performance in finite time. The delay-based stability and conditions for realizing high
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transparency are analytically studied in this chapter. The HILINK microcontroller
board with a set of DC motors is applied to conduct the experiment of the linear
teleoperation system and the experimental platform consisting of two 3-DOF Phantom
manipulators is applied to conduct the experiment of the non-linear teleoperation
system. The experimental results for different environment situations confirm that the
proposed systems can achieve superior performance over the previous work in
achieving the optimal trade-off between transparency and stability in the presence of
different time delays.
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4 BILATERAL TELEOPREATION SYSTEM WITH
WAVE-BASED TDPA

4.1 Introduction

Time Domain Passivity Approach (TDPA) is another passivity-based method for
guaranteeing the channel passivity in the presence of time delays. Unlike the
conservative wave-based methods [25] that guarantee the time delayed channels’
passivity by over-dissipating energy, TDPA, which consists of two main components:
a passivity observer and a passivity controller, can adaptively dissipate energy and
meanwhile the energy over-dissipation are circumvented [51]. The passivity observer
and the passivity controller are used to monitor the system passivity and to dissipate
the active energy, respectively. Therefore, higher transparency can be achieved. TDPA
was first introduced by Hannaford et al [51] in 2004. This method is extended in [47]
to deal with the time-varying delay issues. In [155], this approach is simplified to a
power-based TDPA which dissipates energy as soon as any active energy is produced.
The power-based TDPA proposed in [155] is extended in [156] to deal with the
position drift issues. However, although the above TDPA-based system can guarantee
system stability under time-varying delays, transparency degradation is also its main
drawback, even in the presence of small constant or no time delay where high
transparency can be easily derived by many non-passivity based schemes.

This Chapter introduces an innovative wave-based TDPA applied to a 4-CH nonlinear
teleoperation system that can derive higher transparency than previous passivity-based
systems in the presence of arbitrary time delays. A PPC system is proposed in
combination with an extended wave-based TDPA to restrict the synchronization errors
of the position and the velocity of the master and the slave and the measured human
and environmental torques, and simultaneously guarantee the passivity of the whole
system. Furthermore, a new wave-based TDPA distinct from the original one with new
passivity observers and controllers to further improve the whole system’s transparency,

especially, in the worst cases where large time delays exist and their rate are large than
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one. RBF neural network is also applied to deal with the nonlinear system’s dynamic

uncertainties.

4.2 Review of TDPA

In a conventional TDPA-based control system, the system passivity can be defined as
[155], [156]:

P(t) = Tty () qm(t) — 15(t)q5(2)

1 1
= TR0 =55 (tn(®) = bim(D)” + baT D4(©)

2b
1 i (D) — 70 ()T b aT (00
—ﬁ(rs(tH 4s(0) — 25 (OO T () = 5 T2 ()45 ()45()
dE _ . dE »
+E — I'diss +E ( . )
0=~ dmrmd +9ft T (i (1) d 4.2)
= %) . s (M)Ts\n)an > t—Tl(t)qm n)qm(n) an .

Similar to the wave impedance, b in the TDPA-based system is a positive constant that
relates to the unit of torque and velocity.
Since P, is not observable at any single port of the TDPN, in order to facilitate real-

time monitoring of TDPN passivity, P4 Can be written as:

Pdiss (t) = Pgilss (t) + Pgiss (t) (4-3)

where PJi..(t) and Pj;.(t) are the power dissipation components which are

observable at the master and slave ports, respectively.

1 1 2 1.
Piiss () = 7 Tm ()T () —%(rm(t) — bgpm(1)) — 55 OO (44)

1 b .
Pdiss (8) = bds (0)4s(8) = 5 (rs(®) + bgs (D) — STi®ds (D¢ (45)
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In this Chapter, the time-varying delays are assumed not to increase or decrease faster
than the time itself, i.e. |T1,2(t)| < 1. T, isreplaced by a constant parameter e in [155]
and [156]. Its value is set to be the upper bound of T} ,. The passivity observers on the

master and the slave side can be written as:

1 1 1
Pops(8) = 3 Tm(O)Tm () — o (tm(®) = b4m())” - 75 €T (®)  (4:6)

1 b
Pips() = baL (0045(0) = 55 (D) + b3, ()" ~ 5T Das(®)  (47)

By applying the passivity observers, the power flows can be detected in each port. Two
passivity controllers attached at each port are activated when PJt. and P, are
negative so that P}, = —P}}. and P, = —Pj,s Where P and PZ,.are the dissipated
power from the passivity controllers. By using the two passivity controllers, the torque
perceived by the operator t,,(t) and the command velocity of slave g;(t) can be
derived as [155]:

Tm (1) = T5(t = T (1)) + Tpc(8) (4.8)
qs(t) = ¢ (t = T1(£)) — dpc(t) (4.9)

where tpc(t) is the output of the master side passivity controller and gpc(t) is the
output of the slave side passivity controller.

Unlike the wave-based system, TDPA using the passivity observers and passivity
controllers can robustly guarantee the passivity of the communication channels in the
presence of time varying delays. However, as a conservative method for system
passivity, this method can largely degrade the system’s transparency in the presence

of the constant time delays or even no delay (e = 0). During the free space movement

(tms = 0), (17) can be simplified as Pj;4(t) = —ngn(t), and during the hard
environmental contact (q,,s = 0), (18) can be simplified as Py, (t) = —%T,Zn(t).

Under these conditions, P];.(t) and P;,.(t) are negative to the extent that accurate
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torque and trajectory tracking performances cannot be achieved due to the adverse

effect of the passivity controllers.

4.3 Proposed Wave-based TDPA System

The wave-based TDPA proposed in this analysis exhibits three novel characteristics

compared to the previous work:

(1) Under constant time delays, the proposed wave transformation guarantees the
passivity of the communication channels and ensures that the passivity dissipation
detected by the proposed observer is positive so that the proposed passivity
controllers do not affect the torque and trajectory tracking like (2.37)-(2.38). The
proposed system can achieve higher transparency than the conventional TDPA-
based system in [155], [156].

(2) In the presence of arbitrary time-varying delays, the proposed wave-based TDPA
takes effect by observing the negative power Pg;4s to robustly guarantee the system
passivity and is not as over-conservative as the conventional wave-based
controllers in [25].

(3) The consistent problems of the wave-based system, i.e. wave-based reflections and

position drift are simultaneously solved in the proposed system.

4.3.1 Proposed Wave Variable Transformation

Figure 4.1 shows the modified wave variable transformation proposed in this section.
The modified wave variable transformation is applied to encode the feed-forward
signals V;, with the feedback signals I;. The wave variables in this controller are

defined as follows:

_bVp(0) + 1, (t) _bV() + I5(8)
_Bl@®-ba® _ BI® - Y
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where b and B are positive wave characteristic impedances (b, B > 1). By applying

impedance matching to reduce the wave-based reflections, V,;, and I are derived as:

Uy (t) =V, (t) — %Im(t) (4.12)
5O = 1) + 2V, () (4.13)
where
V() = arkaqtn(t) + B(Gm (1) + 8¢ (D) (4.14)
I;(t) = azkpte(t) — B(4s(1) + 8q5(1)) (4.15)

Impedance
matching

1 1 [}
1 1 1
1 1 . . 1
Impedance Wave 1 Communication | Wave
1 1 1
1 1 1

matching transformation channel

Figure 4.1. Proposed wave-based transformation

7, and 7, are measured human and environmental torques. g, s are the master and
slave’s positions. aq, @5, ky, k;,, B and & are positive constants. According to (4.14)
and (4.15), since the four signals of torque and position signals of the master and the
slave, are transmitted through the communication channels, the system applying the
proposed wave controller is called 4-CH wave-based teleoperation system.
Substituting (4.14) and (4.15) into (4.12) and (4.13), the proposed wave variables can

be written as:

(b +20,(0) + 1,0
Vb

U (6) = =V ()15 (£) =

N (4.16)
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(B + 1)Im(t) - me(t) (t) _ i
V2b T

As shown in (4.16)-(4.17), since the outgoing wave variable u,,(t) and vs(t) no

U () = L(®) (4.17)

longer contain components of the incoming wave variables ug(t) and v,,(t), the
circulating wave-based reflections can be prevented. In addition, based on (4.14)-
(4.17), since the sign of 7, (t) is opposite to that of t,(t), V;,s(t), uns(t) have
opposite signs to I, s(t), vy s(t). In the communication channel, based on Figure 3,

the incoming wave variables u,(t) and v, (t) are derived as:

1 1
ug(t) = (E + 1) um(t =Ty (8)) + Evs(t) (4.18)

1
v () = (E + 1) vyt = To () = um(®) (4.19)

Substituting (4.16) and (4.17) into (4.18) and (4.19), the feed-forward and feedback

signals transmission in the modified wave controller can be derived as:
Vs(t) = Vin (£ = T4 (1)) (4.20)
Ly (t) = Is(t = T, (t)) (4.21)

Compared with the conventional wave controller, the biased term in (2.37) and (2.38)
are thoroughly compensated for in the proposed wave-based system. Thus, highly
accurate tracking performances can be achieved. The following equations can be
derived based on (4.16)-(4.19):

2b 2
I (©) =~ (©) + 5 (D) Vo 0) = j;um@) (4:22)
2b BV2b
L =220, U0 = 2 (B () - 1,(0) (4.23)

Hence the power flow into the TDPN using the modified wave controller can be

expressed as:

P(t) = V(D)1 (8) = Vs(0)15(2)
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(U (&) + 13 () )um (t) — =< (Bus(t) — vs() v ()

“1+B B(l + B)
S up, (O, (t) + : vT (v, (1)
S 1+B ™™ M(1 + B) mim
M(l +B) (Um(t) Mum(t)) (Um(t) Mum(t))
M(l + B) (vs (t)vs(t) - Um(t)vm(t)) + B(l n B) vST(t)vs(t)
+ 1Y Ous®
- M(l + B) (vs(t) + Mus(t))T(vs(t) + Mus(t))
1+B@%uwma)z£awxw)
2 . )
=17 Bum(t)um(t) + T vI () v, (t)
M(l 5 n(® — My ()" (v (8) = Muuy (6))
- M(1 + B) Tzvrfl(t)vm(t) + B(1+B) UST(t)‘US(t)
+ 1t Ous(©)
YD) (vs(0) + Mus(t))T(vs(t) + Mug(t))
M Gl ©u@+— [ munmdn
1+B s 1+BtTl(t)m m
+; t vs (Mvs(m)d
MATB) )y mvs(m)dn
=P i 4.24
= diss(t)'l'a(t) (4.24)

t

M t
E(t) =—= J wh (Mt (M dn + ———
t—T, (t) m m M(1+ B) £=T,(£)

1+B)._ vI (Mvs(m)dn (4.25)
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PdiSS(t) = 1+ Buz"n(t)um(t) + mvﬁl(t)vm(t)
M(l 5 OO = Mum(®©)' (v = M (1)
~ AT E) OO + gy v (On©
2M r
GG
M(l + B) (vS(t) + Mus(t)) (vs(t) + Mus(t))
1 +B Tlus (Bus(t) (4.26)

where M is a positive constant which relates the unit of u,, ; and v,, ;. According to
(4.25), the net energy flow in the TDPN is absolutely positive to guarantee passivity
of the TDPN. Based on the definition of passivity and assuming E(0) = 0, the energy
flow is derived as [156]:

t

t t dE
Briow(®) = | PaDdn = [ (Pases) + 5 (0)dn = E© = EO) + [ Pases )y
0 0 0

> f Patss ()dln (4.27)
0

Therefore, under the condition that Pg;ss() = 0, based on (4.27), the energy flow
Efow (1) is more than zero and the passivity of the TDPN can be achieved. Py (t) in
(4.26) can also be defined as the sum of master power dissipation components Pjis¢ (t)

and slave power dissipation components Pg;¢ (t):

Piiss(t) = 1+ Buz;l(t)um(t) + mvﬁ(t)vm(t)
M(l +B) (vm(t) Mum(t)) (Um(t) Mum(t))
- mTzvﬁ(t)Um (1) (4.28)

126



V(00,0 + T (O, ()

Pgiss(t) = m
M(l +B) (vs(t) + Mus(t)) (Us(t) + Mus(t))
“ T3 e On® (4.29)

Based on (4.28) and (4.29), since Pji(t) and Pji(t) only contain the signals
observed at the master and slave ports, respectively, the proposed passivity observer
can observe the power dissipation components in real time. The proposed wave-based
system aims to guarantee the passivity of the communication channels in the presence
of constant delays. Accordingly, Pjiss(t) and P§;<(t) are required to be no less than 0

under the condition T, ,=0. Therefore, (4.28) and (4.29) can be simplified as:

R%Aﬂ=(2—Mﬁ%6ﬁ%@)+%wﬂﬂmﬂo+2wxomdwzo (4.30)

Piss(® = (5 = 2) 0T (O0(0) + 2MUT (Ous() ~ 20, (D) 20 (431)

According to (4.20)-(4.31) and noting that w,, ;(t) have opposite sign to v, ;(t), the

condition for Py;sc(t) = 0 in the presence of constant time delays can be derived as:

2-M)

>221>M>0
(4.32)

>0>2M=B>1

UUIN
EI'—‘E

Normally, M and B can be set to be 1 and 2, respectively. When (4.32) is satisfied, the
passivity of the communication channels can be robustly guaranteed by the proposed

wave variable transformation.
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4.3.2 Extended power-based TDPA

t t-T,(1)

[uwtndn [, opan _
0 0 (1-1,0)x

um(t =T (t))

1 du
M - P T (1) > — .
> dt_|(1-1,0)x Tyt~ 1
vs(t — T2(1))
u f:v iﬂ)d?? J'tirzmv" () dy
| Vs A S()dn) % n
Ve -
u,, (t — T1() To(t)— 1
P75 (t)
v (t — T4(t))

Figure 4.2. Time delay differential estimator

According to (4.28)-(4.29), T , are hard to measure in real time. One option is like the
conventional TDPA [68] that conservatively estimates a parameter € (e < 1) which is
equal to the upper bound of T, ,. Additionally, a time delay differential estimator is
proposed in this thesis as shown in Fig.4. When this estimator is used, the integral of

u, (t) and vg(t) should be sent outside the wave transformation. The proposed

passivity observer is derived as:

obs () = B%ﬁhﬁﬂ+ﬁa:§%ﬁMAo
M(l 5 (v (0 = M (0) (9 (O) = My (1)
“MATB) e10m () v ()
2M
[%JOZEHTES awxo+ ug (Hug(t)
_Ma:Eﬂ%G}HmMUf@MO+M%GD

1+B@@amxo

128

estimate

T,

-1
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2
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(4.33)
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where

o

By using the passivity observer, we design the passivity controller to be:
[ () = Ly () + () (1) (4.36)
Vo(t) = Vo(t) + L(OI(8) (4.37)

where I,,(t) and V,(t) are the final control signals to master and slave after

modification by the passivity controllers. The Coefficients I'; (t) and I, (t) are derived

as.
O' if obs(t)>0
”(t)_{— m OVIOVn(D) ™, else,if [Vn(®)] > 0 (4.38)
) f bs(t) >O
) = {obs@(ﬂ(t)z ©)7", else,if 11,(8)] >0 (4:39)

Theorem 4.1. The designed passivity controller (4.36)-(4.39) can ensure the passivity
of the TDPNSs in the presence of arbitrary time delays.

Proof.

P*(t) = V() [y (©) — V(D) 15 (2)
= (In(@®) + LOVm () () — (VD) + LOI(D))1:(0)
= (VO 1n(6) = Vi) + OV (Vi (£) — LOIT (0)(¢)

<Pdlss(t) + #) + L)V (O (1) — LOIT (0)1(t)
= (PR + LOVE OV () + (Psps(®) — MO (OI(D))

dE(t) dE
t— = Pyiss () + ’m ) (4.40)
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Based on the definition of the coefficients I; (t) and I, (t) in (4.38) and (4.39), Py;.
can be ensured to be non-negative. Therefore, in the presence of time-varying delays,
the proposed wave-based TDPA takes effect to guarantee the passivity of the
communication channels when Pjp (t) and Py, (t) are negative. Unlike the TDPA-
based system in previous work, in the presence of constant and decreasing time delays,
highly accurate tracking performances can be achieved in the proposed system. Only
when the time delays are increasing, the system passivity is maintained by reducing

transparency.
4.3.3 Control Laws

The dynamic models of the master and slave apply (3.37) and (3.38) in Section 3. By
applying the modified wave controller, the passivity observer and the passivity
controller, the energy information such as torque, position and velocity signals are
expected to be transmitted through the communication channels without influencing
the system passivity. Two control terms S,,, and S in the master and slave side are

introduced as follows:

Sm(®) = aTer (1) = B(@m (D) + G (D)) — [y ()
= (Tth (t) — kpTee (t - Tz(t)))
+ B (4s(t = T2 (©) + 6q5(t = T2(8))) = B(4m (8) + 81 (1))

= (0) (arkaTen () + B(Gm(6) + 8@ (D)) (4.41)

Ss(t) = Vs(t) = B(qs(t) + 8q5(t)) — g7 (t)

= ay (katen(t = To(0) — Tee (0))

+ B (4m(t = To(0) + 8qm(t — To(D))) = B(45() + 6q5())

+ I(6) (oky e (8) = B(45(6) + 6q,())) (4.42)
By defining new variables r;(t) = ¢;(t) + 6q;(t), (4.41) and (4.42) can be simplified

as (4.43) and (4.44).
130



Sm = aZTh(t) - ,Brm(t) - im(t)
= i (10 (6) = kyTe(t = T2(0))) + B (1t = To(8)) = (D))

— L) (arkath () + Brin (1)) (4.43)

Ss = V() — Br(6) — ay7e(t)
= & (katn(t = T () = 7e(®) + B (T (t = T1(0)) = ()

+ L (6) (azkpe () — Bri(D)) (4.44)

Based on (4.43)-(4.44), the diagram of the proposed 4-CH system can be configured
as Figure 4.3.

PC:
Passivity
Controller,

PO:
Passivity
Qbserver

FESEEIY
ane|g

> 3 e
[
UOIJBWLIOJSUEI] BABA

UOIEWIOJSUBI] AEAN

4l
2 %
v, [ U

Figure 4.3. Diagram of the proposed 4-CH system

The human operator and the environment are assumed to be passive and are modeled
as (3.68) and (3.69). Since acceleration signals with noises may significantly influence
stability, we use the force observer to measure torques for transmission which only
contain position and velocity signals. The transmitted force signals are modeled as
(3.70)-(3.71)

Theorem 4.2. Consider the proposed nonlinear bilateral teleoperation system where
the applied and measured operator torque and environmental torque are assumed to be
passive as (3.68)-(3.69). During this scenario, for all initial conditions, all signals in
this system are bounded and the master and slave manipulators state synchronized in
the sense of (3.59) and (3.60).

Proof. Consider a positive semi-definite function V(q;, g;, t) for the system as:
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V= %[nﬂ(t)Mm(qm)rm(t) + 1T (DM (q5)75 () + Op =28, + BT 1716

b1 [ srmatman
21-T,(t) Je—ry)
B 1 t Ay

t
—— rd (Mrs(mdn + J i () rm(m)dn
21 =T, Joeryiry * 2 Jiry 0"

aa; (*
[ O + G Oandam® + 6 (D09,
t=Tz(t)

+ 1 (D 61, () + 1T (D agrs (8) (4.45)

Since V is the sum of several quadratic terms, V is positive semi-definite. Applying

property 3, the derivative of V are derived as:

V=18 (0)Sm () + 1 (0)Ss(t) — 1rh () @mtm () — 1T (O gt ()

T B T [))

+ 1_—T1(t)rm(t)§rm(t) = rin(t = () S 1t = T2(®))
+ —rT(t)Er O -nI(t-T (t))ﬁr (t —T,(1))

1-Ty(t)° 727 s 280050 2
IEAGEING
B azgm (1 - Tl(t)) nh(t = To(®))rm(t = T (@) + 17 () a120£s 1.(t)
aag (1 _ Tz(t)) 1T (t = TO1(t = Ty) + Gy (£) 20,8 (£)
+ qs(0)2a56q,(t)
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= — E (evm(t) + 6epm(t))T (evm(t) + Sepm(t))

2
- g(evs(t) +8ep5(0)) (0s(t) + 6eps(D)
- (%E(t)amqm(t) + %E(t)amqu(t) + qu(t)asts(t)
+q5 () as6%q5(1))
oy, T,(0)B
- (( >t BI(8) — ayamka 1 () — m) T ()73, (1)
+ azkbasrrz(t)rs(t - TZ (t))
+ alzas (1-10) 7 (¢ - T @) (¢ - Tz(t))>
o, a T,(t)B
- << >+ BL(t) — azask, [ (t) — m) r (O)15(8)

+ alkaamrsT (t)rm(t - T1 (t))

* azzam (1 -1 (t)) i (t = T1(O))rin (£ — T1(t))> <0 (446)

In order to derive a negative semi-definite V, the last two terms of (4.46) must be no

more than zero. A sufficient condition is derived as:

a0y + 2P0 (1) — 20y o Ko I (1) — ﬂ oy Ot (1 - Tz(t)) > a,0 Ky,
1—-"Ti(t)
(4.47)
T, (OB :
j(alas + Zﬁrz(t) - ZOCZO(SkaZ(t) - 1_2—'1"2(t)> O(ZO(m (1 - Tl(t)) 2 O(lo(mka
(4.48)
To make (4.47) and (4.48) true, a,a,, + 28T, (t) — 2 amk T4 (t) — % and
|

T, () B

a,ag + 2P0, (t) — 2a,a5k, T (t) — =)

must be non-negative. That is:
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top

a0, + 2B (1) — 20 o K, T () — 1.0 > (4.49)
T
a0 + 2B, (1) — 20,04k T (1) — 1_2(—% >0 (4.50)

In the presence of constant or decreasing time delays (T, , < 0), the passivity of the
communication channels are guaranteed by the proposed wave controller and
I,(t) = 0. Resulting in (4.47) and (4.48) to be true. When the time delays are

T3 (¢) T2 (t)
—ho M ThRe

increasing, Iy (t) is positive and I, (t) is negative. The terms can be

seen as the energy generated by the increasing time delays which can be dissipated by

the passivity controllers as analyzed in Section 3. By setting
akpas = = atkaam (4.51)

(4.49) and (4.50) are true. Since the terms I'; (t) and I, (t) can compensate for the
effects of time-varying delays, (4.52) and (4.53) can be simplified as:

kZ < aja;taas?t (4.52)
kZ < a,aitagant (4.53)

Therefore, it is derived that k,;, < 1. With an appropriate selection of a; and o,
choosing k, and ky, close enough to 1 will result in a nearly perfect torque tracking.
Since the value of the position control gain  is not influenced by the former analyzed
stability condition, highly accurate position tracking can be achieved in the presence
of constant or slow-varying time delays (7, , — 0). In the presence of sharp-varying
time delays (Tl,2 — 1), due to the large effect of I3 ,(t), both torque tracking and
trajectory tracking will be degraded in order to guarantee the stability of the system.
By satisfying (4.52) and (4.53), V is guaranteed to be negative semi-definite.
Integrating both sides of (4.46), we get:
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+o00 > V(0) =V (0) —V(t)

> fo té(evm@ + 8epm(®) (enm(®) + Sepm(®))

+ é(evs@ +8eps(©)) (ens(0) + Seps(0))
+ (G (O X () + G (D) Xn8% 4 (t) + 47 (D) asq5(2)

+ qf (Das62q5(1))

n T
+ ((“f + BIL(O) = 1 tmkali () - #%) F (O ()

+ azkbasrnTl(t)Ts(t -1, (t))

L (1= 1) 1 (e - @) (e - T, (t)))
a0 T,(t)
+ (( 5 T ALY — apasky (1) — m) rd (Or(t)
+ alkaamrsT (t)rm(t - Tl(t))
+ az;m (1= 72(6)) 5 (t = T ()Y rin(t Tl(t))> (4.54)

Due to the positive semi-definite storage functional V and its negative semi-definite

differential V, tlimV exists and is finite. Also, r;(t),8;(t) € Lo, ey;(t), epi(D), gi,

g; € Lo N L. Since a square integrable signal with a bounded derivative converges to
the origin [25], tlLI?oepm(t) = tlLI?oe"m(t) = tllr?oepS(t) = tllr?oeVS(t) = 0. Therefore,

the master and slave manipulators state synchronize in the sense of (3.59) and (3.60).

The system’s dynamic model (3.37) and (3.38) can also be written as:
G§;(t) = M7H[S; — V.0, + 7;(t) — Ciry(D)] — 84 (t) (4.55)

Differentiating both sides of (4.55):
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d d _
Eqi(t) = E(Mi )[S: — Yi0; +7;(t) — Ciri (0)]

M7 ]S~ ¥ £ 70 — G ()] - 80 (456)

For the first term of the right side of (4.56), we have [153]:
d - —1 2" — — —
— (M B=-M7 MM =-M"1(C +cHM? (4.57)

According to Properties 1 and 4, % (M;1) is bounded. Based on Property 5, the terms
in bracket of (4.56) are also bounded. Therefore, %éji(t) € L, and ¢;(t) are

uniformly continuous (fot Gi(m)dn = q;(t) — q;(0)). Since g;(t) = 0, it can be
concluded that q;(t) — 0 based on Barbalat’s Lemma [25].

When manipulating the robots to move through the desired path, the human operator
can generate energy as well as damping energy. Therefore, in normal conditions, the
human forces are not passive. Considering this situation, the human and environment
are modeled as (3.83)-(3.86)

where ay is a bounded positive variable, which generates energy as an active term.
Define X; = [Gm, 9s» Gm» G517 and x4 = [Gm, s, T, 7s]T . There is a linear map
between the two vectors X, (t) = ¢;x4(t), where ¢ is a non-singular constant matrix.
Theorem 4.3. The proposed system is stable and all signals in this system are
ultimately bounded.

Proof. By choosing the previous Lyapunov function V and applying (3.83) and (3.86),

the new derivative V* can be written as:
V=V +rllaay + ag — LLaykgao] + vl [ kqa] (4.58)
Note that
rmlaaay + ag — Lagkgag] < n'||xlllayay + ag — Lagkqao|  (4.59)

1 [aykgao] < n'llxllay kol (4.60)
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where vector n = [1 1 ...1]T. Therefore (4.81) can be rewritten as:
V<V +2|Ixllug (4.61)
where pg = nTloyao + o — Ty K + o ka0] > 0. (4.62) is true:

V< —(gh®©amdm@®) + qh(©)and2qm (@) + 47 (Dasqs(t) + g7 () as62q;(1))
< =Yyllx||? (4.62)

where Yy is the smallest eigenvalue of o, 0,62, oy, a82. Setting 0 < &, < 1:

V* < =YglIRall? + 2lIxalln
= —Ya(1 = E)lIsall®lIxall* — YaZallsall?lIxall* + 2lixallna (4.63)

(4.63) can be simplified as:

21y

V' < —Ya(1— E)llcall2llxgll Viixgll = =t
all = Sa)llsall*lxall®, Viixall 2 = i

(4.64)

Based on (4.64), for large value of x,; satisfying ||x4|| = % the derivative V* is
asallsd

negative semi-definite. Hence, x and x are bounded, which means r;, q;, g; are also
bounded.

4.3.4 Experiment results

A series of experiments are carried out to validate the proposed passivity-based
teleoperation system. The bilateral teleoperation platform consists of two 3-DOF
Phantom haptic devices: Phantom Omni and Phantom Desktop (Sensable
Technologies, Inc., Wilmington, MA) as shown in Figure 3.19. During the
experimental process, the control loop is configured as a 1 kHz sampling rate. The
wave impedance b is set as 2.5. As discussed in Section 3, the impedances B and M
are 2 and 1, respectively. & is set to be 1. Setting large value of the position controller
B can achieve accurate position tracking. However, if it is too large, the system can be

felt over-damped and large variations may occur. Based on the experimental results,
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setting {3 to be 2 can achieve highly accurate position tracking without large variation.

k, and k;, are set to be 0.9. Thus, a; and a, are set to be 1.9 and 2.3, respectively.
4.3.4.1 Experimental Validation using 1-DOF

In this sub-section, the performance of the proposed system is compared with the
TDPA-based systems proposed in [155] and [156] under different conditions: free
motion and hard contact. Three experiments have been done in this subsection, where
the first two are done under 200ms constant delays (one way) and the final one is done
under 500ms time delays with 200ms variations. The experiments in this sub-section
use joint 2 of the master and slave robots as shown in Fig.5 where the gravity takes
effect. Gravity compensation is applied in all of the systems. The parameters of the
conventional TDPA-based system are set as recommended in [155] and [156].

During free motion, the position tracking between the master and the slave robot, the
observed power Py, (t) and P, (t), the human felt torque t,,, and environment torque
7, Of the system in [156], the system in [155] and the proposed system are shown in
Figures 4.4, 4.5 and 4.6, respectively. In Figures 4.4 and 4.5, since [155] and [156]
apply similar passivity observers, even the upper bound of T, , is 0, Ping(t) is still
negative as analyzed in Section 2 and the passivity controllers are launched to reduce
the control signals as (4.8)-(4.9). Therefore, the operator can still feel feedback force
and the slave robot cannot accurately track the master robot during free motion. Unlike
the systems in [155] and [156], since the passivity of the proposed system is guaranteed
by the proposed wave controller, P} .(t) and P;,.(t) are positive and the passivity
controller will not take effect. Accurate position tracking can be derived and the torque

felt by the human operator is nearly zero as shown in Figure 4.6.
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Figure 4.6. Position tracking, observed power, and torque tracking (z,,, and t,) of the

proposed system during free motion

During hard contact, the slave robot is controlled in contact with a solid wall. As shown
in Figures 4.7 and 4.8, both of P} (t) and P, (t) are negative in the systems in [155]
and [156], and the accuracy of the torque tracking between t;, and t. is significantly
affected by the conventional TDPA. On the contrary, the observed power in the
proposed system is still positive and highly accurate torque tracking is achieved as
shown in Figure 4.9. It can be concluded that by applying the proposed wave
transformation to guarantee the system passivity, the proposed system has high
performance under constant time delays. When the time delay varies, the upper
bound e of the differential of the time delay is set to be 0.2 in the three systems. Figures
4.10-4.12 show the torque tracking of the three systems in the hard contact situation.
As shown in Figures 4.10 and 4.11, according to (4.6)-(4.7), the upper bound e
increases the negative values of the observed powers in the systems [155] and [156].
Therefore, large torque tracking errors caused by the passivity controllers occur during
the hard contact. By using the proposed passivity observer which is as not conservative
as that in [155] and [156], the amplitude of the observed power in the proposed system
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is not reduced as large as that in the systems in [155] and [156]. Hence, the tracking

errors are smaller than that in the other two systems.
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during hard contact (constant delay)
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Figure 4.8. Torque tracking (zy, T,, and 7,.) and observed power of the system in [155]

during hard contact (constant delay)
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Figure 4.9. Torque tracking (t, 7,, and 7,) and observed power of the proposed

system during hard contact (constant delay)
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Figure 4.10. Torque tracking (t, t,, and t,) and observed power of the system in [156]

during hard contact (time-varying delay)
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Figure 4.11. Torque tracking (t, T,, and t,) and observed power of the system in [155]

during hard contact (time-varying delay)
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Figure 4.12. Torque tracking (ty, 7, and 7,) and observed power of the proposed

system during hard contact (time-varying delay)

4.3.4.2 Experimental Validation using 2-DOF

In this sub-section, the slave robot is controlled to draw a pentacle “¥” on a table.
Joint 1 and joint 3 of the master and slave robots are deployed to validate the
experiment. Friction exists between the manipulators and the table. Figure 4.13 shows
the pentacle “>¢” drawn by our proposed system (A), system in [108] (B), the system
in [74] (C), and the system in [132] (D) in the presence of constant time delays. The
time delay (one way) is 500ms. As analyzed in Section 2, in spite of using 4-ch
architecture, the system in [108], cannot compensate for the biased terms of the
conventional wave transformation in spite of the extra control parameters. Hence, the
position tracking is seriously influenced by the presence of large time delays. The
system in [74] partially compensates for the biased term to enhance the velocity
tracking of the wave-based system. However, since the torque reflection is not
improved and the wave reflections exist, the operator feels a damped system when
driving the master/slave and it is hard to control a slave robot to draw a perfect pentacle
“¥”. As analyzed before, the torque reflection in the system in [132] is affected
by bx,, (t), and the velocity tracking is also affected by F,(t — T, — T,) — F¢(t), the
motion of the slave robot is still influenced although the wave reflections are reduced.
Compared with the three systems, the proposed system has the most accurate position
tracking. Moreover, by matching impedance, the proposed system is not over-damped
and can offer the operator good feelings for the remote environment. Therefore, the
proposed system can draw the most standard pentacle “%”. Figure 4.14 shows the
pentacle “¥” drawn by A. our proposed system, B. system in [155], C. the system in
[156], D. the system in [25] in the presence of time-varying delays. The time delays
(one way) are 500ms with approximate 200ms variation. Figure 4.15 shows TLZ
derived by the time delay differential estimator. In [25], the extra energy caused by

time-varying delays is eliminated by applying the scaling gain v1 — € in the forward
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and backward communication paths.The upper bound € is set to be 0.2 in the systems
in [155], [156] and [25].
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Figure 4.13. Drawing pentacle “¥” under constant time delays, A. our system, B.
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Figure 4.14. Drawing pentacle “¥*” under time-varying delays, A. our system, B.

system in [155], C. system in [156], D. system in [25]

Under time-varying delays, the pentacle “>” drawn by the slave robots using the four
systems shrink due to the use of the passivity controller and the scaling gain. Pjp(t)
and P, (t) observed in the proposed system are shown in Figure 4.16, which is still
not totally negative. It means the proposed scheme is not as conservative as the
conventional TDPA. Therefore, the proposed system can draw the pentacle “¥” with
good shape. The system in [155] has the worst performance since the passivity
controller seriously affects the work performance and operator’s feelings for the
remote environment. Moreover, without direct position transmission, this system can
be easily affected by position drift. Since [156] is an extension of [155] to deal with
position drift, the system in [156] has better trajectory tracking than the system in [155].
However, since its passivity observer is as conservative as [155], its trajectory tracking
is also reduced. Although using impedance matching to reduce wave reflections, the

slave motion of the wave-based system in [25] is affected by the biased terms of the

wave transformation and the scaling gain v1 — e.
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delays
4.3.4.3 Experimental Validation using 3-DOF

The experiment in this section demonstrates the ability of the proposed system in
dealing with the transient environment. The slave robot is controlled by two nonlinear
systems to make contact with a “reverse wall” which is like the scenario of a needle

puncture as might be experienced in medical applications [154]. In this scenario, the
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slave end effector freely moves into a solid wall during the first 2 seconds. After hard
contact for seconds, the wall is suddenly removed allowing the slave end effector to
move in free space. The configuration parameters of the comparison system are set as
recommended in [25]. The position and torque tracking of the two systems are shown
in Figs.20 and 21. The time delay is set to be 500 ms with 100 ms variation. Figure

4.17 shows the estimated T ,.

0.15

01

0.05

dotT

-0.05

-0.1

Figure 4.17. Estimated T ,

The system in [25] uses the conventional impedance matching approach to diminish

the wave reflections. The torque and trajectory tracking in [25] can be written as:

m(t=Ti(®) Ts(t)
2 ~2b

r(t) = (4.65)

75(t = T5(8) | brin(2)
2 * 2

T, (t) = (4.66)
where ,,, ;(t) are closely related to the impedances of human and environment.

Figure 4.18 clearly shows one evident drawback of the conventional impedance
matching. That is, if the impedances of human and environment suddenly change, the
impedances will mismatch and the wave-based reflections are reinstated. Therefore,

large signal variations and position drift will occur as shown in Figure 4.18.
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Figure 4.18 Contact with a reverse wall using the system presented in [25]: position

tracking and torque tracking (t,, and 7,)
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In the proposed system, by using the modified impedance matching approach, perfect
torque and trajectory tracking can be achieved. Moreover, by using the 4-CH
transmission, the control signals I, s(t) and Vy,s(t) are less affected by the
unpredictable changes of the human and environmental impedances. Therefore, highly
accurate torque tracking between t;, and T, and position tracking are still achieved in
the sudden changing environment as shown in Figure 4.19. The position tracking and
torque tracking in fig.21 are shown in 3D figures as Figures 4.20 and 4.21.

Another advantage of the proposed system is its reasonable performance in the worst

case when T, , — 1 as shown in Figure 4.22. In this experiment, the time delays are

set as 2s with 1s variations. Under this condition, the scaling gain v'1 — € used in [25]
is too conservative which is equal to zero and the slave robot are uncontrollable. In
this situation, we use the proposed system to draw a letter “O” in free space as shown
in Figure 4.23. The proposed wave-based TDPA guarantee the system’s stability by
reducing transparency in the presence of sharp-varying time delays. Reasonable
performance can still be achieved in the worst scenario, although signals variations are
caused by the time-varying delays and the shape of “O” drawn by the slave is shrunk
by the passivity controller.

156 ! ! ! ! !

dot T

Time (s)

Figure 4.22. Estimated T ,
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4.4  Prescribed performance control with extended wave-based TDPA

Our proposed wave-based TDPA in Section 4.3 can significantly enhance the system
transparency compared with the previous approaches in the presence of arbitrary time
delays. However, it is only proposed to guarantee the passivity of communication
channels. In practice, the control algorithms in the master side and the slave sides can
also insert extra energy into the system especially when the measured external force
signals are involved, to the extent that the overall system’s passivity may still be easily
jeopardized without proper control parameters. Further exploration for of the TDPA
based control researches is still needed.

Traditionally, the transient-state control performance is the main criterion in a control
system [159]. llchmann et al. further analyse the tracking control for the nonlinear
system and introduces the prescribed performance control (PPC) to obtain the
prescribed desired transient behaviour [160].. The principal purpose of the PPC is to
restrict the boundary of the tracking error to a randomly predefined small residual set
with a convergence speed below a prescribed value, exhibiting a maximum overshoot

less than a prescribed specified constant [161]. Xie et al. propose a new control
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algorithm combined with neural network for a robot system to assure the system’s
tracking error to be restricted by a prescribed decreasing boundary [162]. Bechlioulis
et al. propose a new neuro-adaptive force/position control algorithm [163]. The
performance of error evolution within prescribed bounds in both problems of
regulation and tracking in robotic system is achieved in [164]. Kostarigka et al. analyse
the pre-set performance control problem for a flexible joint robot with unknown and
possibly variable elasticity [165]. In the bilateral teleoperation research, Yang et al
firstly apply the PPC to enhance the position synchronization performance [166]-[167]
of the master and the slave robots. However, their approach primitively primarily has
two major shortcomings. First, their proposed PPC approaches methods can only
guarantee the position synchronization in the presence of constant time delays.
Secondly, they only consider the case of free space movement without the effect of
human and environmental forces is considered. In [168], they treat the external forces
as disturbances that are eliminated by using fuzzy logic controllers, whereas in the real
application in the environmental contact, the external forces are non-removal. In fact,
force tracking also plays a crucial role in the application of bilateral teleoperation that
can largely enhance perception of the operator of the remote environment.

In this section, we have further extended the wave-based TDPA in section 3.3 to
guarantee the passivity of the overall system by introducing new passivity observers
and controllers to monitor the passivity of the master side and the slave side.
Furthermore, we apply the PPC algorithm to achieve prescribed transient tracking
behaviour of the position, velocity and external force signals. By combining the
extended wave-based TDPA and PPC algorithms, the proposed system can achieve
reasonable position, velocity and force tracking performances in the presence of
arbitrary time delays.

4.4.1 Problem formulation

We define the new synchronization variables as r;(t) = ¢;(t) + 6q;(t) where § is a
positive constant. The primitive objective of a bilateral teleoperation is to have the

positions of the slave accurately synchronized to the position of the master. In the
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presence of time-varying delays, the position and velocity synchronization errors
between the master and the slave can be defined as (3.61)-(3.62)

In this section, the unsymmetrical time delays T;(t) and T,(t) are assumed not to
increase or decrease faster than the time itself. That is, |'i‘1,2 (t)| <y, < 1,where fi; ,
are the upper bounds of T; , (t).

A secondary objective of the bilateral teleoperation is that the operator can genuinely
feel the remote environment, which is predicated on the accurate force tracking
between the two robots. In this section, the measured human and environmental
torques are modeled as (15)-(16) which contains position and velocity signals [28]-
[29], [157]. The measured external torques are acquired by using the extended active
observer [50].

Tp(t) = —amnin(t) (4.67)
T () = a7 (t) (4.68)

where a,, and ag are positive constants. Therefore, the torque tracking errors are

defined as (17)-(18) where k,_, are positive definite diagonal matrices.
etm(t) = leh(t) + sze (t - Tz(t)) (469)

ers(t) = —kytp(t — T1(8)) — k7, (0) (4.70)

Based on the position, velocity and torque tracking errors e,;, e,; and e;; on the slave

and the master sides, we can define the total errors for tracking of the transmission

signals:

em(t) = ey () + 6epm(t) + egn(t)

= rs(t -T, (t)) — 1 (t) + kzasrs(t — Tz(t)) —kia,r,(t) (4.71)

es(t) = eys(t) + 69ps(t) + e (t)
= Tt = T1 (1)) = () + kyamnin(t — T1(t)) — kpagrs(8) (4.72)
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Considering the effect of the time-varying delays, é;(t) can be written as:

ém(t) = (1 - TZ (t))n;(t - Tz(t)) - f'm(t) + (1 - TZ(t))kzasfs(t - T2 (t))
— K1 QT (£) (4.73)

és(t) = (1= 12(8)) Fn(t = To(0)) = 75(0) + (1 = To(0) ) ks @i (£ — T2 (1))
— ka7 (t) (4.74)

where 7;(t) = ¢;(t) + &q;(t) contains the velocity and acceleration signals.

The prescribed performance consists of the minimum convergence velocity, the
maximum steady state error and the maximum allowed overshoot are set to be a priori.
Considering the tracking errors e; in (4.73)-(4.74), the prescribed performance is
achieved if e; are restricted in a predefined region bounded by a decaying function of

time. The prescribed performance can be expressed as:

{_HiAi(t) <ei(t) <Ai(t), if ,(0)=0 4.75
~A4,(0) < e(8) < HA(D), if e(0) <0 75)
where 0 < H; < 1 and A;(t) is defined as:

Al(t) = (AiO - Aioo)e_Lit + Aioo (476)

where A;, , Ajo and L; are positive constants. A;, = 4;(0) and A;, =
lim;_A;(t). A;o is the initial value of A;(t), L; is the minimum convergence velocity
and A;. Is the maximum allowed steady state error.
Define
e;(t)
i(t) =R, (——= 4.77

El( ) l(Al(t) ( )

where €;(t) is the error vector via transformation. R; is a smooth, strictly increasing

function shown as follows:
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(

e(t))
R (52) -

\

In Ai(t)

In————,
ei(t)

e;(t)

+ H,

ei(t)’
Hi=Hig @
A1) if e,(0) <0

H; —

Ai(t)

The derivative of ¢;(t) can be written as:

€;(t) = OR; <éi(t) -

OR; 1
dej/A; Ai.

where dR; =

A;(De(t)
Ai(t) )

(4.78)

(4.79)

Since R; is a smooth strictly increasing function and satisfies: R;: (—H;, 1) —
(—o0,4+00),e;(0) = 0 and R;: (—1,H;) —» (—,+0),e;(0) < 0 based on (4.75), by

guaranteeing the boundedness of €;(t), (4.75) can be achieved. When ¢;(t) converges

to zero, e; will also converges to zero to the extent that the accurate position, velocity

and torque tracking can be achieved. Based on equation (4.78), the following

inequalities are true

OR

—L; <

4
<O T DA

A;(®)

le: ()]

4
0

P> > >
PTOH+ DAY T (H + DAy

| el R = (

2

2
D Ai0> el
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4.4.2 Control algorithm design

The master-slave teleoperation system can be described by the pairs of power-
conjugated variables, force, position and velocity at each terminal. Equation (4.81)

describes the power flow P (t) to the bilateral teleoperation.

P(t) = Vou(t)lin(t) - Vin(t)lou(t)
= (Vou @i (®) = Vin DI () + V(O 1 (0) — Va(©D (D))

Py, —master Pcom—comm. cha.

+ (Vq(t)ls(t) - Vin(t)lou(t)) (4‘81)

Ps—slave

where V,,,(t), I; (t), Vi (t) and I, (t) are output signal from the master, input signal
into the master, input signal into the slave and output signal from the slave. V;,,(t),
I, (t), Ve(t) and I,(t) are the transmission control signals for the communication
channels. From (4.81), only when the passivity of the master, the communication
channels and the slave are simultaneously maintained, can the overall system’s

passivity be guaranteed.

V.
ou 1
1
1
= 1
1 »
2 ! [£]«
o]
1] v
~ = = -
:Q*
-~ 2 qd---}F
Tlin A
|
= ]
(%)
E 1
1

-
+
Jdd

o

=]
Nl
E]

Figure 4.24. Total block diagram

The total block diagram of the proposed system is shown in Fig.3, where

Vou(®) = =1 (8) + k174 (2)
Iou(t) = Ts(t) + Kk, T, (1)
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Vi1 (®) = =V, (0)
sz(t) = _V;)u(t) = 7;'m(t) - klfh(t)
L1 (t) = —1y, ()
I (t) = _iou(t) = —T75(t) — kT (t) (4.82)

Vi (t) and V,,,(t), I;,(t) and I, (t) are separately transmitted via the wave
transformation in Fig.2 for their further application in PPC controllers. Therefore, the

power flow P.,,, in the communication channels can be expressed as: P.,,,(t) =
Peom1(®) + Peom2(£) = (Vi1 (O In1 (8) = Var (D151.(8)) + (Vinz (D)2 () —
Vi2 (0I5, (t)). we design the passivity observers for the communication channels as

(J=12):

um] (t)umj (®) + (t)vmj (t)

2
P, (t —
em) (6) = 1+B M(1+B) Uy

1

~ 3175 (i = Mty (©) (9 (©) = My ()

ICET) €20 () Uy (1) (4.83)

2M
Pcsj(t) = ](t)vS] () + ](t)uS] ()

B(1+B)

- —M(11+ B (vs,- O+ Musj(t))T (vsj (©) + Musj(t))

M
- H—B€1qu (t)ug;(t) (4.84)

Based on (4.83) and (4.84), since P.,(t) and P.,(t) only have the information
observed at the master and slave terminals, respectively, P.,,(t) and P.c(t) can
observe the power dissipation components in real time. The proposed wave
transformation aims to guarantee the passivity of the communication channels in the
presence of constant delays. When T, , > 0, P.,,,(t) and P.,(t) are required to observe

non-negative power information so that the passivity controllers will not be launched

to affect the system transparency. As analysed in Section 4.3, by setting 2 /—(ZLM) >
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2=>1>M>0 and %—%2 0=>2M =B >1, Py;(t) and P;(t) can surely

observe non-negative power information when T, , > 0. ¢, , in (4.82)-(4.83) are the
measured differential of time delays using the Time delay differential estimator in
Fig.4.2. The measured T, , can be applied to the proposed passivity observers and the

PPC controllers.

We design the passivity controllers for the communication channels as:

[nj(®) = Lpj (@) + L OV, (8) (4.85)
Vsj(©) = Vs (8) + Isj (015 (2) (4.86)
where
0, if Pemj(t) >0
Fom (£) = {—Pcmj(t) (V;Lj(t)vmj(t))_l, else, if |V;(£)] > 0 (487)
0, ifPe;(t) >0
Lo (0) = {Pcs,(t)(lz OLDO) ™, else,if 11,(D)] > 0 (4.89)

Moreover, to observe the power flow on the master and slave sides, we also design the

passivity observers to be:
Pr(®) = Vou(O1in () = Vina () ;1 (€) = Vina () [1n2 () (4.89)
Ps(t) = Vs1 () I51(t) + V2 (D) I52() — Vin ()15, (8) (4.90)
The passivity controllers for the master and the slave side are designed as:
I;n(@®) = 1;n (&) + L (O)Vou (0 (4.91)
Vin(t) = Vin(®) + L0100, (8) (4.92)

where
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( 0, if Pn(t) >0

2
Ln(t) = % (—Pm(t) + Z Qmj(t)VJLj(t)ij(t)) (VL (Vo () (4.93)

\ - else, if |V, (£)] > 0
( 0, ifP(t)>0
L(t) = % (Ps(t) + i Izs,-(t)IZ,-(t)Is,-(t)> (IO (®) (4.94)
\ - else, if |I,,(t)] > 0

I;,,(t) and V;,,(t) can be seen as the final inputs to the master and the slave robots.
Based on (4.87)-(4.88) and (4.93)-(4.94), it is noticeable that It,,,;(t) = 0, I7;(t) <
0, ,(t) =0, I,(t) <0.

Theorem 4.4. The designed passivity controllers (43)-(52) can ensure the passivity of
the whole master-slave system in the presence of arbitrary time delays.

Proof.

P* () = Vou(D)in(£) = Vin (D)o (£)

= (Vou (O Tin(6) = Vs (Vi1 (6) = Vi (O na (8)) + (Vo () (8) =

Va1 (D51 (8) + Vara (D na (6) = V(D12 (8)) + (Vea (D12 (8) + P ()15 (8) —

RGIMG)

= (Vou® (lin (&) + Tn(©Vou (8)) = T3y Vi (€) (Tan (8 + Temj (©)Vins (6)) ) +
21 (Vg () (g © + g @V (0) = (Vg0 + Loy D150 150 ) +

(224 (5® + Ly 015 ©) 1 © = (Vin®) + O Iu () ou0))
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= (P — 2321 Tomj (Vi (Vi (8) + L OOV ()Y (8)) + 224 (Pcm,-(t) +

dE ](t)

Pesj(6) + 3= + Lo OV (0 Vi (8) — I}Sj(t)lfj(t)lsj(t)> + (ps +

2y Ly (DI (0)155(8) = L(OIE (O ()

= B; (t) + Pdlss(t) + (t) + P (t)

Based on the definitions of the passivity controllers, By, (t), Pj;c(t) and Py (t) are
ensured to be non-negative, which is the sufficient condition for guaranteeing the
passivity of the master-slave system.

The outputs of the PPC controllers are given as:
Lym(t) = dpORpen (t) + 1 m(t) [ () Voo (t) (4.95)
Ls(t) = ds0R€(t) + L,s(t) — Ies2 (D)1 (1) (4.96)
where

Ly (1)

J[<Im1 (t) - leh(t) - diem(t)> dmaRmem(t)rm(t)

lI7m (117
L 0, if I (Ol =0

Jif In @112 >0 (4:97)

J[<k277e(t) Ve (t) — es(t))d ORs€5 (D)7, (t)
L,s(t) =

- ENGIE
L 0, if I =0

Jif (N> > 0 (4.98)

d,, and d, are positive definite diagonal matrices.
By using the extended TDPA and PPC algorithms, the control terms S,,,(t) and S,(t)

can be finally designed as:
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Sm(t) = fin(t) =p (_le(t) - iml(t)) + Ipm(t) + Fm(t)Vou(t)
=B (r(t = T2 ®) = 1(®) + B (ke a0 + heoe (¢ — To(©) )

- I—'cml(t) (rm(t) - klrh (t)) + dmaRmem(t) + I_pm(t)
— I (B) (f”m(t) — kiTp (t)) — (1) (Tm(t) — kiTp (t)) (4.99)

So(t) = Vin(®) = B (Vs (8) + L1 (8)) + dsOR€5(8) + s (£) = a2 (0)
+ I5(8) 16y, (8)
= B (rm(t = () = 15(0) = B (kata(t = T2 (D) + ky7e (1))
— L1 (O (15(0) + k27 () + dsORs€5 (1) + Ips (1)
+ Ty () (75 (8) + ke () + () (15 (6) + ky7o(t))  (4.100)

4.4.3 Stability analysis

This section analyzes stability and position and torque tracking performances of the
system in Section 4.4 using Lyapunov functions.

Theorem 4.5. Considering the bilateral teleoperation described in (3.37)-(3.38) and
control laws in (4.99)-(4.100), then with the human and environmental torques
modeled as (4.67)-(4.68), the errors of position, velocity and torque are bounded and
the prescribed synchronization performance is guaranteed.

Proof. Consider a positive semi-definite function V = V; + V, + V; for the system as:

i= %[TrrTl(t)Mm(qm)Tm(t) + 17 ()M (qs)15(t) + LT 28, + T A76] (4.101)
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g1t g1t

=S T (Mt (Mdn + 5 ——

21—=T,(t) Je—r, ) e 21 —=T,(t) Jeery)
Bkiam 1 t

2 1-Ty(O) Jer,
Bkyas 1 ‘
2 1-To() Jeery
+ g5 (D) as6q5(t) + G () Temz (£) 3G (£)
+ G (k1 @ Loz (084 (8) + GF (8) (— T2 (£) )85 ()

iy (Mrs(mdn

V2

T () T () dn

s ) rs(mdn + g7, () Xy G (t)

+ g7 () (—kpasTsr () 545 (2) (4.102)
1 1
Vs = EE,Tnem + EESTES (4.103)

The derivative of V; with the adaptive tuning laws and the definitions of e; and é; is

given by
V=10 |B (75(t = T2(0) = 1n(®)) + B (Katn(®) + kate(t — T2 (D))

— L1 (O (5 () = k1 Th () — Loz (O) (i () — k1 tn (1))

— () (5 () = Iy () + 7 (8)]

+17(O) [B (7t = T (®) = 1))

= B (kata(t = Ty (D) + kaTe(8)) = st (D) (1 (8) + ke (1))

+ o (0 (75() + ko () + T(0) (1(8) + a7e ()| = (dmem (D)

+ € (1)) 0Rmem () — (dses(t) + €5(t))0R,€5(D) (4.104)

The time derivatives of V., are given as
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T (t)
(rmT(t)rm(t) =Tt = T1(©)rn(t = T1(O) + = o r#i(t)m(t))

V2 =

N

+ é(rf(t)rs@ (¢ = Tt~ Ta(0)

T,(t) T
Bkiam
T

(nﬁ(t)rm(t) —1h (6 = Ty ()1 (t — T1 (D))
T, (¢)
1-Ty(t)

kot
Plac (rsT(t)rs(t) il (£ = T O)n(t — To(®)

nﬂ(t)m(t))

+

T,(t)
1-T,(t)

+ 2G5 (O Temz () 8y (1) + 245 (O ke Qi L2 () 8 (2)
+2¢T () (— 52 () 865 (6) + 247 () (—kpasles2 (£)) 85 (t)  (4.105)

rsT(t)rs(t)> + 25 (O am 8¢, () + 2q1 (D) as64,(t)

Applying (4.77) and (4.80), the derivative of V5 can be expressed as

Vs = em(D)én(t) + €l ()€és()

— R (en(0) - 2002 0)

+ el (t)aR; (e's(t) — Asit)(is)(t)>

< €n()0Rmém(t) + €L ()R Linenm (t) + € () IR ()

+ €l (£)OR L em(t) (4.106)

With (4.104)-(4.106) and applying (4.80), V can be derived as:
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T, (B
2 — 2T, (t)

) Bkia
V< <( 12 =+ Iem1 (t) + kyatp I (t) + 5, (8) + kya, D (8) —

_ T, () Bkiam

2.0 )r&(t)rm(t) — Blyasrf (Ot = T,(0)

+ @rf(t s HO)AGS Tz(t))>

Bkaas
- (( 2 + chl(t) + kzasrcsl(t) - rs(t) - kzasrs(t)

_ T,(0)B _ T, () Bkt
2-2T,(t) 2—2T,(t)

) 1 (O)1:(t)

ﬁklam
2

— BkyanrI Or,(t — T, (D) + b (t = Ty ()1 (t — Tl(t)))

— G (O emz (O G () = G () ez ()52 4 (£)

— G (k1@ Lz () Gm (8) = G (O 1 O ez (£) 8% 4n (£)
— GI (O (—Ts2(0) s (1) — 45(O) (—Tes2(8))6%(2)

— 7 () (—kaasIs2 (8))dis (8) — 45 () (—kp s s, (1)) 825 (2)

B

-3 (evm(t) + 5epm(t))T (e,,m(t) + 5epm(t))

_ g(evs (t) + Seps(t))T (evs(t) + 5eps(t))

— (RO amGm@®) + g5 (O an62qm () + 47 (D asqs(t)

+ 47 (©8245(0)) = (A — L) ) llem(®I?

(Hp + 1) Ao

2
~ s — 19 les(®)I? (4.107)

(Hy +41)Aso>

In order to derive a negative semi-definite V, the first two terms of (4.107) must be

non-positive. A sufficient condition is derived as:
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T,(t)B
<5k1am + 2Iem1 () + 2k @l emq (8) + 26,(8) + 2k am [, (8) — 11—T(t)
— 11
Ty () Bkr
——— | =2 fkya 4.108
T, (B
Blo@s + 2y (£) + 2y (8) — 215(8) — 2k () = ———
1-T5()
T, () Bk, as
-———— > Bk 4.109
. . . . T,(0) T, (1)
According to Section 3, when the time delays are varying, the terms ——— and —
1-T1 (D) 1-T2 ()

can be seen as the energy generated by the increasing time delays which can be

dissipated by the passivity controllers as analyzed in Section 3. By treating the terms

o1 (0), I, (1), L (2), I(1), 1_T1T(1t()t), 12(;()0 to be zero, (4.108) and (4.109) can be

simplified as
klam - kzas (4110)

4
(Hm+1)Amo

2
To guarantee —(d,, — L) ( ) lleq (OII* — (ds —

4
Ls) ((Hs""l)AsO

satisfied.

2
) lles()]|? to be negative semi-definite, (4.111)-(4.112) should be

dy =L, (4.111)
ds = Lg (4.112)

By satisfying (4.111)-(4.112), V is guaranteed to be negative semi-definite. Integrating
both sides of (4.107), we get
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00 >V (0) = V(0) = V(t)

> [ RO e (©) + i (OTema (54 (O
0

+ qg;l(t)klamrcmz(t)(.jm(t) + C.Im(t)klamrcmz (t)6zéIm(t)
+ G5 (O (—Tes2(®)) s (0) + s (O(~Tes2(£)) 5% 45 (8)
+ qg(t)(_kzasrcsz (t))QS(t) + C.Is(t)(_kzasl—'csz(t))SZQS(t)

N g(evm(t) + 8em(®) (eom(® + Sepm(®))

+ g(evs(t) + 6eps(t))T (evs(t) + 5eps(t))

+ (GO amGm®) + gm (O am8%qm (1) + 47 (D asqs(©)

+ g1 (©58245(0) + (dm = L) ( ) llem(®I?

(Hm + 1)Amo

2
+(ds— L) ) lleso1? (4.113)

(Hs + 1)ASO
Due to the positive semi-definite storage functional V and its negative semi-definite

differential V, tlimV exists and is finite. Also, r;(t),8;(t),€;(t) € L.,. Based on

(4.113), e;(t), ey (t) + Sepi(t), qiy qi, Gi € Lo N Ly. Therefore, ey, ey, € € Lo N
L,. The prescribed synchronization performance is obtained. Moreover, the position,
velocity and torque synchronization errors asymptotically converge to zero when time
tends to infinity based on the definition of PPC.

In this study, time-varying delays and modeled human and environmental torques are
considered. By using the extended wave-based TDPA and prescribed performance
control algorithms, the prescribed synchronization control performance of position,
velocity and torque can be ensured and the system’s passivity is guaranteed in the

presence of arbitrary time delays.

4.4.4 Experimental results
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This section demonstrate a series of experiments to validate the proposed system. The
applied experimental platform consists of two 3-DOF Phantom haptic devices:
Phantom Omni and Phantom Desktop (Sensable Technologies, Inc., Wilmington, MA)
as shown in Fig.3.19. During the experimental process, the control loop is configured
as a1 kHz sampling rate. The Internet is applied as the communication channels in the
experiment, and to tune the values of the time delays, extra Simulink time-delay
models are also used. The wave impedance b is set as 2.5 and the impedances B and
M are 2 and 1, respectively. § =05, k; =k, =1, a, =a,=15 B =4,d,, =
dg=1.5,L, =L, =0.7, 4,,(0) = 4,(0) = 2, A;,(0) = A(0) = 0.4.

4.4.4.1 Constant time delays

The initial experiments are conducted under constant time delays. The values of time
delay are around 600 ms. The first experiment demonstrates the system’s performance
during free motion. Figs.4.25-4.27 show the position, velocity and torque of the two
robots and their related tracking errors during free motion. Under constant time delays,
the system passivity are guaranteed by the wave transformation and the passivity
controllers are not launched to affect the system transparency. Moreover, the
application of PPC algorithm guarantees the errors of the position, velocity and torque
to have small variance (no more than 0.1).

Then, the slave robot is controlled to have contact with a solid wall. The position,
velocity and torque of the master and the slave and their tracking errors are shown in
Fig. 4.28-4.30. As shown in Fig. 4.30, the proposed algorithm can provide an accurate
torque tracking and the torque tracking errors of zero when the slave is in contact with
the solid wall from the 3 second to the 6™ second. Moreover, the proposed PPC
algorithm also guarantees the convergence of the position tracking errors to a small

value during hard contact so that the problem of position drift is largely reduced.
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Figure 4.25. Position tracking during free motion (constant time delay)
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Figure 4.26. Velocity tracking during free motion (constant time delay)
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Figure 4.27. Torque tracking during free motion (constant time delay)
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Figure 4.28. Position tracking during hard contact (constant time delay)
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Figure 4.29. Velocity tracking during hard contact (constant time delay)
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Fig.4.30. Torque tracking during hard contact (constant time delay)

4.4.4.2 Time-varying delays

n this subsection, the system’s performance in the presence of large time delays with

large variations are demonstrated. The values of time delays are around 1 second with

a variation of 500 ms. Figs. 4.31-4.33 show the position, velocity and torque

information of the master and the slave and the related tracking errors during free
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motion. In the presence of such a large and fast varying time delays, the passivity
controllers are directly launched to guarantee the system passivity, activated by the
negative powers from the passivity observers. Therefore, the system transparency is
reduced and the tracking errors of the position, velocity and torque are enlarged.
However, the proposed PPC algorithm restrict these tracking errors within a reasonable
range (no more than 0.4). Also, by combining the passivity approaches and PPC, the
slave’s motion can track the master’s motion without any variation even in the
presence of large time-varying delays as shown in Fig.4.31.

In the next experiments the tracking performance of the algorithm during hard
environmental contact is demonstrated. Figs.4.34-14.36 show the position, velocity
and torque information and their tracking errors. From the 3™ second to the 6™ second,
the slave robot is controlled while in contact with a solid wall. With the PPC algorithm,
the position tracking errors are restricted to be no more than 0.4 and the torque tracking
errors are no more than 0.1. After the 6™ second, the slave robot is controlled by the
master robot to lose contact from the solid wall and to return to the origin. All of the
signals including position, velocity and torque quickly converge to zero. Reasonable
tracking performances are still achieved in the presence of large time varying delays.
Based on the results obtained under constant and varying delays, it can be concluded
that the proposed control laws with extended wave-based TDPA and PPC can achieve

accurate position, velocity and torque tracking and robust system stability.
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Figure 4.31. Position tracking during free motion (time-varying delay)
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Figure 4.33. Torque tracking during free motion (time-varying delay)
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Figure 4.36. Torque tracking during hard contact (time-varying delay)

4.5 Neural network-based teleoperation system applying modified wave-based
TDPA

In recent times, the neural networks (NN) have received much attention due to their
prominent properties such as learning capability mapping and parallel processing.
Deployment of NNs in the control of robot systems has significantly improved their
performance [170]-[171]. In bilateral teleoperation research, a control system with
acceleration measurement is designed in [169] using NN to estimate nonlinear
uncertainties. In [167], the NN is applied in a prescribed performance control system.
A terminal sliding mode control system with NN is also designed in [172].
Unfortunately, these systems are extremely restricted by constant time delays and are
established under the assumption that the external force is zero, which is against reality.
In [173], the neural network based system is applied to a system under time-varying

delay. As a drawback, the system should have the precise knowledge of external forces
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including the coefficient values of mass and damping. [174] and [175] extend the
application of neural networks to multilateral teleoperation. It is assumed that the
disturbances should be restricted by large velocity signals, and the rate of time delays
should be less than one. [176] surveys the currently state-of-the art in application of
NNSs in control systems.

In Section 4.3 and 4.4, we proposed the wave-based TDPA system to more accurately
observe the power flow during different time delay scenarios. However, the strict
restriction of the rate of time delays and degraded position and torque tracking owning
to passivity controllers in the presence of sharply-varying delays are its two principal
weaknesses of the approach.

In section 4.5, we proposed a new wave-based TDPA system to guarantee the whole
system’s stability and achieve high tracking performance in the presence of the time-
varying delays without rate restrictions. Compared with the previous power-based
TDPA, the proposed wave-based TDPA can more efficiently monitor the power flow
under the condition of arbitrary time delays. The proposed passivity controllers do not
influence position and force tracking. NN is applied to the proposed system to estimate
and eliminate the dynamic uncertainties. The proposed control algorithm is deployed
in the absence of the knowledge of the upper bound of the neural network

approximation error and external disturbance.

4.5.1 System formulation

In this section, more complex dynamic models of the teleoperator are applied, which

deployed:

Mm(Qm)‘?m + Cm(q”u Qm)Qm + Fm‘?m + fcm(Qm) + gm(Qm) - Fr;FL
=T, +Th (4.114)

Ms(qs)qs + CS(qS' C.Is)éIs + Fst + fcs(CIs) + gs(Qs) - Fs* =Ts—Te (4'115)

where i = m, s for the master and slave. §;(t), ¢;(t), q;(t) € R are the joint

acceleration, velocity and position, respectively. M;(q;(t)) € R™™ are the inertia
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matrices, C;(q;(t), g;(t)) € R™™ are Coriolis/centrifugal effects. g;(q;(t)) € R™ are
the vectors of gravitational forces and t; are the control signals. 7, (t) and 7, (t) are
the actual human and environmental torques applied to the robots. F;q;(t) denote the
viscous friction and f;(g;(t)) denote the Coulomb friction. F;(t) € R™*! are the
bounded unknown disturbances. It is assumed that the Coulomb friction function
fei(qi(®)) in the master and slave sides are bounded and piecewise continuous
functions.

In this section, the external human and environmental torques are modelled as (5) and
(6), where t;, . (t) stand for, respectively, the positive and bounded human operator
and the environment exogenous input. Kj ., By . and My, ., represent the non-negative
constant scalars corresponding to the mass, damping and stiffness of human and
environment. Aky, o, Aby o, Amy, . are the unknown bounded variables relating to Kj, .,
Bp and M, .. 6 is a positive constant. Moreover, we use the extended active observer
(EAOB) to measure the human and environmental torques [70], and simultaneously
derive the acceleration signals. Compared with other force observers, EAOB possesses
the advantage of external noises suppression by applying Kalman filter, and is fit for

application of nonlinear systems.

Tp(t) = 1, (t) — (Ky + Akp)8qm (t) — (B, + Abp)8qm (£)
— My, + Amy)8G,, (t) (4.116)

7o (t) = 7¢(t) + (Ko + Ake)8qs(t) + (B, + Ab,)8q,(t) + (M,
+ Am,) 84 (t) (4.117)

The main advantage of the NNs is that it has the ability to approximate any smooth
nonlinear function with arbitrary precision owing to their inherent approximate
capabilities. The Radial Basis Function (RBF) NN is applied to approximate a

continuous function f(X): RY — RP expressed as follows:

fX) =wWTe(X) + £(X) (4.118)

175



where X € Q, c R? is the input vector. W € R™ P is the weight matrix. n is the
number of the neurons. £(X) is the approximation errors.
O(X) = [@,(X),D,(X), ..., Dp(X), ..., D,,(X)], where &, (X) is the RBF Gaussian

function:

Dy (X) = exp(—

X — Cll? 4.119

22 I k) ( )
Where C; and H; are the center and the width of the k-th neuron, respectively.
According to the universal approximation property of NNs, for any continuous
function f(X), there exists an NN such that

fO =WToX) + & X, 15 XN < &y (4.120)

where W* and &*(X) are the ideal weight and error in the approximation, respectively.
up 18 €7 (X)’s upper bound. The dynamic functions of the manipulaters can be
considered to be piecewise continuous functions due to the existing friction and
backlash. Assume that f(X) is a piecewise function which can be written as: f(X) =
fiX) + f,(X), where f;(X) is the continuous part and f,(X) is the bounded

piecewise term, respectively. Therefore:
FXO=WToX)+EX) + LX) =WToX) +EX)  (4.121)

where &(X) =&X) + LX), &X) <&, . &, is the upper bound of the
approximation error.

Remark 1. In this section, the unsymmetrical time delays T;(t) and T,(t) are
assumed to be bounded by i, ,. That is, |T1,2(t)| < H; . Moreover, the time-varying
delays T ,(t) are considered to be the sum of the constant time delays T, , with their
bounded perturbations AT, ,(t). That is, Ty ,(t) =Ty, + AT ,(t) < Ty, + &, =
T, where & , are the upper bounds of the perturbations and T;"5** are the upper
bounds of the Ty ,(t).

Fig.4.37 shows the proposed 4-CH wave variable transformation which contains two

wave transformation schemes.
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Wave transformation scheme 2

Figure 4.37. 4-CH wave variable transformation

The two wave transformation schemes are applied to encode the feed-forward signals
V4, and Vg, with the feedback signals 14, and Iz, , where V4, (t) = B6q,,(t) +
abqm(t), Vp1(t) = a16qm(t), 142(t) = a18qs(t), Ip2(t) = —pqs(t) —
adqs(t). a, a; and B are diagonal positive-definite matrices. § are positive constants.
In this system, position and velocity are transmitted between the two robots.

The wave variables in the two schemes are defined as follows:

biV4 (t) + %IAZ(t - Tz(t)) by V4o (t) + %IAZ )
Uy () = 12b U1 (6) = b ! (4.122)
_ap (t —T, (t)) _ Ly, (1)
vml(t) = T,Usl(t) = \/ﬁ (4123)
1 1
() = 22 ZJV%Z” Uy (0) =2 ZV““Z;}“” (4.124)
b, b,
A_Vm(t) — I (1) TVBl(t = T1(t)) — Ipo(t)
sz(t) =22 rvsz(t) =22 (4-125)

2b2 2b2
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where b;, and A;, are the positive characteristic impedances. After equations

transformation, the following equations can be derived based on (4.122)-(4.125):

2 1 2 1
Var(8) = jb:l <um1(t) - val(t)> WV (8) = b_l <u51 () — /1—17751 (ﬂ) (4.126)

Iyy = )11\/2_191um1(t):1A2 (t) = \/2_1711751 () (4.127)

2 2
Vg1 (t) = \/b:zumZ(t)' Vg (t) = lz\/b:z Vs () (4.128)

Ig, = /2D, </1—12um2(t) — Uma (t)),IB2 = \/2b, (%usz (t) — vy (t)) (4.129)
Therefore, the control signals after transmission in Fig.1 can be derived as
Iy = a18G5(t — To () + b1 A1 (BEqm(t) + a8 (D)) (4.130)
Ip1 = —B8qs(t — T2(8)) — adgs(t — To(D))

+ b;jl (5qm(t) —84m (t —Ty () — To(t — Tl(t)))> (4.131)

Vaza(£) = Vo (8)
= BSqm(t — T1(D)) + abdgy(t — T1 (D))

_ b(:;l (Sc'zs(t) — 8¢5 (t — Ty(t) — Ty (t — Tz(t)))> (4.132)

. Az .
Vg2 () = 168G, (t — T1 (1)) + ™ (B8qs(D) + adgs(t)) (4.133)

Define T}, (¢) = To(t) + Ty (t — To(t)) and Ty, () = Ty (¢) + To(t — Ty (1)) . Also,

T () < iy, T () < fiy.
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The proposed 4-CH wave variable transformation can actually be seen as the
combination of two 2-port network. Therefore, the power flow in the 4-CH wave

variable transformation can be defined as:

Pycy(t) = Pi(t)[schemel] + P,(t)[scheme?2]

Py(t) = Var (0141 () — Vaa (£)142(8)

= 243Uz (DU () + %vsﬂ (v (2) — Z(H;Fnl(t)vml(t) +ug; (t)vs1(t))

=X (urTn1 () U () — uly (Dugy (t)) + i (Vs,T1 (O vs1(t) = Vi (Vs (t)) +
i(vrm () — Ay (t))T(vm1(t) — Dyt (1)) + % (51 () = Ayugy (t))T(vn () —

Ay (t))
_4a
T at

AUy (t))T(Vm1 ) — /11um1(t)) + /1—11 (Vs1(t) - /11us1(t))T(Us1 (t) — Augy (t)) —

t d rt 1 1
Sz, M2 Wi (s () + 22 [ 13- V51 (Vs (M)l + 3= (Ve (8) —

M T (Ouf (D51 () = 3= T2 (O V71 (O (O

_dE; (D)
- dt

+ P (1) (4.134)

t t

1
E,(6) = f Aa sy (s () dE + f oL v (de  (4.135)
t—T, (t) t

RO

PSS (t) = l(vm1 (t) — AqUms (t))T(vml(t) — Aluml(t))
e
1 T
N ICEY MO S CHOEYRMC)

— M Oul (O (£) — %T OV ()0 (O (4.136)

and

P, () = VBl(t)IBl(t) — Vg, (t)IBZ (1)

= j—zuTTnz Oz () + 22,05 (v (8) — 2(uh, () Vma (8) + uly (D) Vs (1))
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= i (uf;lz (O Umz () — ul (us, (t)) + 1, (Ust (O Vs2(£) — vz (O vy (t)) +
T
AZ <vm2 (t) umz (0) (sz (t) umz (t)> + /12 <1752(t) -
T
iug(t)) (vsz ) - —usz<t>)
d rt 1 7 d rt T
~ a4 ft—Tl ® Z U2 (n)umz (U)dn + dat ft—Tz(t) A2 Vsy (7])1752 (U)dTI + 42 (vmz ) —
T T
i Uma2 (0) (sz (t) umz (t)> + 12 <1752 (t) usZ (t)> <U52 (t) -

iusz (0) - i Ty (Oul, (Dusy (£) — T (v ]2 (Ovma ()

_dE (1)
o dt

+ PLISS () (4.137)

t

1 t
EO=| b mummdi+ [ dvhvedn  (4139)
t-T,(t) /2 t—Tz(¢)

u 1 ' 1
PF5(t) = A, (vmz (t) — _umz (t)> <vm2 () — T U2 (t)>
2

+ 1, <v52 () — ! usz(t)> <Vsz (t) — %usz (0)
2

1
- Z Ty (Ouly (Oug, (£) — T, ()], () V2 (0) (4.139)

According to (4.135) and (4.138), the net energy flows are absolutely positive to
guarantee passivity of the communication network. Based on the definition of passivity

and assuming E; (0) = E,(0) = 0, the energy flow is derived as:
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‘ ‘ diss diss dE1 dEZ
Ef1ow(t) = f Pyen(m)dn = f (P{**(n) + P; (n)+—dt (n)+—dt (m)dn
0 0

t

= E\(6) + Ey(t) — E1(0) — E>(0) + f PSS () + PS5 ()l
0

t
> f PSS (m) + P55 (n)dn (4.140)
0

Therefore, in the situation that PA5S(t) + PZSS(t) > 0, according to (4.140), the
energy flow Ef,, (t) is no less than zero and the passivity of the time delayed network
can be guaranteed.

PSS (1) + PSS (t) can also be defined as the sum of master power dissipation
components PJl..(t) and slave power dissipation components Pj;..(t) based on
(4.134) and (4.137).

1 T
P(?ilss(t) = /1_1 (vml (t) - Aluml(t)) (Uml (t) - Aluml (t))

2

1 r 1
+ 1, <vm2 (t) — A_umz (U) (vmz(t) - Zumz (t)>

1. .
- /1_sz (O V1 (OV1 (£) = 2T ()05 () Vi () (4.141)

1 T
1:’(iiss (t) = Z (vsl (t) - Alusl(t)) (Usl (t) - Alusl (t))

1 r 1
+ A, (Vsz () — Zusz (ﬂ) <Vsz (t) — A—Zusz (t)>

— M Oul (O, (£) — A—lzmt)uzzu)usz(t) (4.142)

According to (4.141) and (4.142), the proposed passivity observers can observe the

power dissipation components in real time, as Pgj(t) and Pj;.(t) only contain the

signals observed at the master and slave ports, respectively. The proposed 4-CH wave

transformation is proposed to guarantee the passivity of the communication channels

in the presence of constant delays so that the Pij, (t) and Pj;.(t) are required to be
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positive when T, (t) = T,(t) = 0. Therefore, in the constant time delay situation,

(4.141) and (4.142) can be simplified as:

1
Pifes() = - (s (0 = M1 () (U (©) = Ayt (£))

1 r 1
+ /12 <vm2 (t) - Zumz(t)> (sz (t) - A_zumz (t)> (4-143)

1
Piiss() = 1 (v (©) - Mg ()" (v51(0) — Augs (D)

+ 1, <v52 () — %usz (t)> <v52 (t) — /1_12”52 (t)> (4.144)

(4.143) and (1.143) are definitely non-negative. Therefore, the communication
channels’ passivity can be guaranteed by the proposed 4-CH wave transformation and
the passivity controllers will not be launched to degrade the system transparency.

The value of T; , can be measured by using the time delay differential estimator in
Fig.4.2. When this estimator is used, the integral of u,,, (t) and v, (t) should be sent

outside the wave transformation. The passivity observers are designed as:

1
obs(£) = /1_1 (vml(t) — MUms (t))T(Vm1 (t) — Ayums (t))

1 r 1
+ 1, <Vm2 (t) — A_Zumz (U) <Vm2 ) — Z Um2 (0)

T T & T
- A_Vm1 () Vm1 (£) — AT 0505 () V2 () (4.145)
1

1
Pipa() = 3- (v (©) - Mus () (V61 (6) = Lug (D)

1 r 1
+ 1, (Vsz () — A_usz (t)> <v52 ) — Zusz (t)>

2

>

> T
= M Tyufy (Dusa (8) — - uf (Dusa () (4.146)
2
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~ Testimate,l- Testimate < 1\7[
Ty = { 1,2 fTi; 1,2 (4.147)

My, else,if TEtmate > M, ,

where M, , are constants and satisfies M, , > T} ,. In this section, we set M, = M, =
2.

By using the passivity observer, we design the passivity controller to be:
Ve(®) = Vaz (8) = Vo (8) — I(0) (4.148)
[(®) = =141 — Iy — (1) (4.149)

where V,(t) and 1,,,(t) are the output control signals from the passivity controllers in
the slave side and master side, respectively. I (t) and I (t) are designed as (4.150)-

(4.152), where g, , are positive constants.

{ 0, if PIs(t) 2007 gpu(t) =0
I—'l(t) = 0(/_'425q’sr(t—T2(t))qs(t—T2(t)) ﬁlz (§1+§2)+b2aﬁ20'1 .
24m (1) + ( 21, ) 8qm(t), else

(4.150)

0, if Pgbs(t) =0or C.Is(t) =0

Fz(t) = {aﬁ15(?71;1(t—T1(t))Qm(t—T1(t)) + (ﬁ(§1+§2) ap,03

2¢5() 2 ' 2b1/11) 0qs(t), else

(4.151)

4.5.2 Design and analysis of the proposed teleoperation system

Based on the external force models (4.116)-(4.117), the teleoperation dynamics can be

rewritten as the following form:

M (@) 6Gm + Cn(qm) Gm) 6 qm
= Tpp + Th(t) = Bpéqm(t) — Mpédm(t) + Fp — f(Xm) (4.152)

M;(qs)8Gs + Cs(qs, 4s)8Gs
=Tg — To(t) — Be6qs(t) — M8G5 (8) + ' — fs(Xs) (4.153)

where X;(t) = [G7 (), 47 (¢), qf (O]. f;(X;) are defined as:
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fi(X:) = Fiq; + f:(q;:) + §i(q;) + Mi(q;)(1 = 8)G; + Ci(qi, q:)(1 — 6)q; + (Kne
+ Akne)8q; + Abpe6q; + Amy, (64, (4.154)

where §;(q;) = g:(q:) — §i(q))- §i(q;) are the estimated model of g;(gq;).
According to NNs approximation property, the functions f;(X;) are applied in this

section to approximate f; (X;) with
fi(X) = Wl (x) (4.155)

where W; are the NN adaption parameters and @;(X;) are the NN basis functions.

Define
fix) = fix) - fiX) = (W —wiT)e,(x) = Wi, (x) + & X)) (4.156)

Due to the piecewise continuous function f;;(g;), we assume that &;(X) are made up
of & and f;(gy).

Combine the proposed wave-based TDPA control method and the neural network
control method, the control laws of the overall teleoperation systems are given as
follows:

Tm(t) = fm(Xm) + im(t) - (a - al)(séIm(t) - (1 - bl/ll)ﬁ(SQm(t) - Ym(t) =
fnXm) = Lax — Ipr — [L(8) — (@ — @1) 8 (£) — (1 = b1A1) BEGm () — Vi (8)

= funXm) + B (605t = To(6)) = 8@ (0)) + (@ — @) (8G5(t = To(8)) = 6G(0))

b2 1 . . .
221 (86m(0) = 8 (£ = Tia(®))) = bydy @i (8) = (0
2

— Y, (0 (4.157)

75(t) = 75(t) = fi(Xs) + Ve(®) — (@ — a;)8¢5() — (1 - 2—2)35%(0 —Ys(8) =

fs(Xs) + Vaa(t) = Vo (8) = () = (@ — @) 845 (1) — (1 = ﬁ—z)ﬁfmm(t) - Y
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= LX) +B (Sqm(t —Ty(1) = 845(t) ) + (@ — ;) (aqm(t —Ty(1) - 64,(2))

e = (84,(8) — 8(t ~ Tl1(t))) - SqS(t) r,(0)

— Y,(t) (4.158)
where o, g, , are positive constants. Y;,,(t) and Y;(t) are the designed adaptive control
laws as:

§¢;(¢) .
———0;(t i #=0
4 = o4O (@ lla@l (4.159)
0, ifllg: (Ol =0
0:(®) = llg: (o)l (4.160)

Remark 2. The adaptive control laws Y;(t) are mainly used to deal with the
approximation error, external positive input and unknown disturbance. ©; (t) are
applied to estimate the upper bounds ©; the sum of NN approximate error, the bounded
external disturbance F;" and the exogenous input 7, . (t). Thatis, ©; =
|

In the ideal situation where f;(X;) = 0, the adaptive controllers can be considered as

LX)+ F

*

Th,e

damping terms which may influence transparency. However, by setting 0 < § < 1,
the adverse influence can be effectively reduced.
Based on the control laws (4.157)-(4.158), f:(X;) and Y;(t) are used to diminish the

side effects of system uncertainties as well as external disturbance and input. We now

analyze the remaining parts of the control laws —b;4,a6¢,,(t) and —'1;—“ 6qs(t)
2

applied to guarantee the system’s stability. The two terms —b;‘xl ((Sqm(t) —
2

8m(t = T (1))

performances and system stability. Under small time delays, these two terms are close

ba)lq (qu (t) = 8¢5(t =Ty, (t))) can strengthen tracking

to zero. When large time delays exist, these two terms can be treated as dampers that
can enhance stability. Also setting small value for a, can efficiently reduce the values

of the two terms. The remaining parts are to derive accurate position and velocity
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signals tracking. When large and sharply varying delays occur, I3 ,(t) will be
immediately launched to guarantee the whole system’s stability. More details on
setting control parameters will be introduced later. The total block diagram of the

proposed teleoperation system is shown in Fig.4.38.

8dm
——>
8qm
NN R
b— 84
<+
Master Slave
r—
84m e |
8qs
B Je—
56
PO: Passivity Observer PC: Passivity Controller ds

NN: Neural Network  AC: Adaptive Controller

Figure 4.38. Total block diagram

Theorem 4.6. Consider the teleoperation system (1)-(2). If the control laws are
constructed by (4.157) and (4.158), the NN adaptive laws are

W; = Q;9;(X;))5q; (4.161)

where (; are the positive definite matrices. The position and velocity tracking errors
will asymmetrically converge to zero in the presence of arbitrary time delays.

Proof. Consider a positive semi-definite function V(t) for the system as:

V() = Vi) + V2(8) + Va(0) + Va(0) + V5(8)

where
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1 1
Vl (t) = §6q77;l (t)Mm(Qm(t))SéIm(t) + ESQZ(t)MS(qS(t))6QS (t)

1, _ 1 _
+3 tr(WE QW) + > tr(WL ;1 W;) (4.162)

T 1 ~ 2
Va(t) = & (6(0) ~ 64,(0) (500 ~ 80,(8)) +3 (61— B(0)

+ % (0, — B,(t))° (4.163)
0 t
V3(t) = d j 8%qm (M qm(m)dndy
2)_1,0) Jery

B0t
+E f 5247 ()5 () dndy (4.164)
—To(t) t+y

a— oy t 2T . a—a; t 2T .
no =52 sanmanman+ 52 satmaman
t—T; (t) t=Ty(t)

t
byay

| 5245, () (1)
2 Jt-11()-T,(t-T1 (D))

t
a . .
+ 2b1,1 j 82q4 (M qs()dn (4.165)
141 Jt—1, ()T (t-T2 (D))

M M
Vs(6) = 8247 () =" (0 + 6245 (1) =7 45(0) (4.166)
Using property 2 in Section 2, the control laws (4.157) and (4.158), the modelled

human and environmental torques (4.116) and (4.117), and the NNs adaptive laws

(4.161), the time derivative of V, (t) can be written as:
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Vl(t) = 6Q17;1(t) <fm(Xm) - fm(Xm) - Bh6C.Im(t) - Mh6éjm(t) + T;(t) + F?:l

+ 8 (845(t = T2(0) — 8qm(®))

+ (a - al) (qu(t - Tz(t)) - 6Qm(t)) - Zbl/llaac.Im(t)

b21
Ay

Sqm(t)
(SQm(t) SQm(t - le (t))) Fl(t) - #Eg” Om(t)>

+ 6qg(t) (fs‘(Xs) - f:s‘(Xs) - BeSéIs(t) - Me6q.s(t) + Es‘* - T;(t)
+ B (8am(t = T(1) - 845(1))

+ (@ = @) (84m(t = Ty (D) = 83,(D)) = 22 84,(6)

b,

6q,()
T (6qs(t) 6qs(t—T11(t))) L) - T80l s())

- tT(W$¢m(Xm)5qm(t)) - tr(W/sT(ps(Xs)SQS(t)) (4.162)

Also, the time derivative of V,(t) is given by

V() = BGh() (8am(®) — 8q5(t — T2(0)))

+B8GI() (6qs(t) = 8qm(t = Ta(1))) = BSGH (D) AL
t-T,(t

— B8q; (t) G (M AN + (0 (£) = 6,) By (1)

t-Ty(t)

+ (65(0) — @S)Qs(t) (4.163)
After algebraic manipulations, time derivative of V5 (t) is found to satisfy

) 52
1 = TGO 0O 5 s
t—Ty (¢

crpegg 0 a0 L[ sgmaman @6

t-T(t)
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The time derivative of V,(t) can also be written as

V(1) = >

+ 11()8245(t = Ty (0)dm(t — T1 (1))

+ S0 (5247 (0,00 - 5241 (¢ - T,(0)a (¢ - )

+ (0621 (£ = To(0)ds(t —~ To(©)) )

23 (

+ T (6)8245(t = T () dim (£ = Ti2()))

— (824504 (©) = 824 (t = Ty (D) dm(t — T2 (1))

824 () qm(©) — 62¢h(t — Tia(®) ) gm (¢ — Ti2 ()

a .
+ 5= (8247 ()45 (8) — 8247 (£ = T1a () ds(t = Tua ()
2b, A4
+ T (06247 (= T (0)ds(t = Tu(®))) (4.165)
The differential of V5 (t) is
Vs(t) = g ()62 My (£) + I (£)6* M, G5 (2) (4.166)
By setting a;_, to make sure
014 () qm(t) > G (t = T (£) ) gm(t — (4.169)
0245 ()45 (t) > g3 (t = Ty (£))gs(t — (4.170)
using the following inequalities from Lemma 1 in [177]
t t
205 [ astndn= [ GEDadn < TGO ()
t—T,(t) t Tz(t)
t
~245@ [ dndn— [ qhmimdn < TG40
t— T1(t) t Tl(t)

and with the adaptive law (4.160), it can be derived that
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V() < —84m (1) <b1/11a - g(ﬂ +T,+& + 52)) 8qm (t)

— 845 (6) (% - g(ﬂ +T,+ & + 2'2)> 845(t)

_@ _2“1 (86m () = 8G5(t =T, (t)))T (84m(®) — 845(t - T2(1)) )
~ Eo 8 (5460) = 8am(t ~ Ti(0)) (8450) = S (t ~ To(0)))
_ bzz_;zl (&'Im(t) — 8 (t - le(t)))T (6qm(t) — 8Gm(t — Trz (t)))
_ 2;1111 (5(15 (t) — 8q,(t — Tll(t)))T (66'15 (£) — 64,(t - Tll(t)))
G “@Tl ®¢” an(t = T1(0)gm(t — T (D))

K al;TZ O g5 (t = T2())4s(t — T,(D)

+ @013 ()8 Gr () Gm () + LICAHOLE qs (O)qs(t)

2 2
— 84 (L) — 8qs (D)(t) — §G5, (t)BrSGm (1)
- qu (t)Be6qs(t)

roal o &0 + 1 + -6 )
Tam O

roal 0800 - + B -8 5 )
s (D800 = + £ — 50 7 &
+ (0 (©) — Op)I18Gm Ol + (05() — O)18¢m D)l (4.171)

Substituting the upper bounds @; of ||&; (X) + F;" £ 7}, .|| into (4.171)
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V() < —84m (1) <b1/11a - g (Ty+ T+ & + 52)> 8qm (t)

— 841 (t) (Ab_ —g(ﬂ +T,+ &+ 52)> 8q(t)

a—a;

1 (84m(®) = 80t = Ty(0))) (84 (®) = 86:(t — To(0)))

a —

1 (6.0) = 8t = T2(®))) (8:(0) = 8t — To(0)))

bz/12 (8Gm(®) = 8Gm(t — Tiz (t))) (86m(®) = 8am(t = T (®)))

~ % /1 (5qs(t) 8qs(t - Tz1(t)))T (845() — 845(t = Ta (®)))

— )T, ()62
+ CZ R o (¢ 1) (e - 1)

— f 2
+ 8O0 o1 1) (e - Ta(0)

a,0,T, (£)62 , a,0,T,(0)6% .
o (O (©) + =4I (045(0)

— 8qm®IL() — 845 (D) — §qm () Brbqm (t)
— 8¢5 (t)B.6qs(t) (4.172)

The Lyapunov approach requires V (t) to be negative semi-definite. In the presence of
constant time delays, T1,z (t) and &; , are zero. Also, the passivity controllers do not

take effect so that I3 (t) and I;(t) are zero, V(t) can be guaranteed to be negative

semi-definite by properly tuning b ,, 4 ,, a and 8 to make sure

b,«a
bl + —— Zl B (T1 +T,) (4.173)
Aa a ﬂ
b_z + 2bi A, (p = > (T1 + TZ) (4.174)

When the time delay is varying, the passivity controllers are launched by the passivity

observers, the biased terms = (81 + &)8%¢F ()G, (t) + = (ez1 + &)8%¢T (). (t) +
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@ OROF 47 (¢~ Ty (0))dm(t — Ty (0)) + E222O% 41 (¢ - 1,(6) g (¢ -

T,()) + Mq; () (t) + Mq?(t)qs(ﬂ caused by the time varying
delays in (4.174) are directly compensated by —8¢7%, (6)I7(t) — §¢I (t) I, (t). No extra
parameters need to be tuned when the time delays vary and V(t) is still negative semi-

definite.

Integrating both sides of (4.172), we get:
+o00 >V (0) = V(0) —V(t)

> | t (% (84m(®) = 84,(c = T:(©))) (86m(® = 844(¢ = T2(0))

+5 (8450 = St = ) (805(8) = 8t = T:(0))

b T
+ 22;21 (5qm(t) = 8Gm(t — Tiz (t))) (6qm(t) N le(t)))

i %11/11 (&IS(t) = 04s(t ~ T“(t)))T (&75(0 —84,(t - Tll(t)))
+ 8G5, (O)Bp8Gm(t) + 84T (t)Be&'Is(t)> dt (4.175)

Therefore, from V(t) > 0 and V(t) < 0, it is true that W,, and W, € Lo, 4,,(t) and
45(t) € Ly (qm(®) = 45(t = T2(©))), (45(8) = dm(t = T()), (G (®) — Gt —
T2(9)) ). (45(6) — 45 (e - Tll(t))) € L,. Using the fact that q,,, (t) — q5(¢ — T,(t)) =
In(®) = 45O + [y asOdt ,  qe(O) = qm(t = T1() = q5(0) = g (®) +
) tt_Tl ©di1(®dt and using Cauchy-Schwarz inequality ) tt_Tz(t) gs(t)dt <
T,(04s(®) and [ dm(®)dt < VT (On(t) , We can get g () — gt -
T5(8)), qs(t) — qm(t = T1 (D)) € Lo
The system’s dynamic model in (4.116)-(4.117) can also be written as:

8G; = M (q)|ti £ 75,0 () — Bre8qi(t) — My o86;(t) + FF — fi(X)

— C;(q1,4:)84;] (4.176)
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Differentiating both sides of (4.176):

d

. do . . . .
E5Qi = E(Ml' l(qi)) [t £ 7}, 0 (£) = Bpe6qi(t) — My o84 (t) + Fi — fi(Xy)

— Ci(qi, Qi)5Qi]
d
+ Mi_l(qi)a [T £ 75, (©) — Bpe6qi () — My .84 (t) + Ff — f;(Xy)

— Ci(q:, )84 (4.177)

For the first term of the right side of (4.177), we have%(M{l) = -M;*M;M;* =
—M;7(C; + )M . According to Properties 1 and 3, % (M; 1) is bounded. Based on
Property 4, the terms in bracket of (4.181) are also bounded. Therefore, %c’ji(t) €Ly

and g;(t) are uniformly continuous (fot Gi(m)dn = q;(t) — q;(0)). Since g;(t) = 0, it

can be concluded that ¢;(t) — 0 based on Barbalat’s Lemma.
4.5.3 Experimental results

The teleoperation system for the experiments consist of two 3-DOF Phantom
manipulators: Phantom Omni and Phantom Desktop (Sensable Technologies, Inc.,
Wilmington, MA) as shown in Fig.3.19 The two haptic devices are connected by two
computers which are directly connected via a network cable and network cards. The
Matlab software is applied to establish the proposed control system. To further enlarge
and tune the value of the time delays, Simulink time delay blocks are also applied.
During the experimental process, the control loop is configured as a 1 kHz sampling
rate. The general control parameters are configured as: b, =b, =2, a=
[15,15,15]" , B =[15,15,15]" , y=[10,10,10]" &6=02, Q,=Q,, =
[25,25,25]T. 6, = 0, = 2. The neurons of the neural network in the experiment are
seven. Since the experimental platform is 3-DOF experiment and X;(t) =
[G7(t), g7 (), qT (£)]7, the centre of the RBF is set as € = 0.5 X ones(9,7) and the
width of the RBF is set as H = 0.1 X ones(7,1). The parameters relating to the time

delays will be introduced in each experiment.
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4.5.3.1 Innovative passivity observers

The intention of the experiments in this sub-section is to display the novelty of the
proposed passivity observers. The proposed system is compared with a novel TDPA-
based system in [156]. The time delays are constant and T; is 200 ms, T, is 100 ms.
We set A, = 0.075, A, =0.3, 1, = i, = & = &, = 0. In the system in [156], the
slave PD controllers are chosen as K;, = 10 and K; = 5. b in their passivity observers
is 2.5.

Fig.4.39 shows the position tracking, tracking errors and observed power of the two
systems. Even under small constant time delays whilst the rate of the time delays are
zero, the power observed on the master side is still non-positive so that the passivity
controllers are still launched to reduce tracking performance. As shown in Fig.4.39,
the slave cannot quickly and closely track the master in the presence of such small
delays in the system in [156]. Unlike [156], the power signals observed on the master
and the slave sides of the proposed system are positive owning to the designed wave-
based passivity observer, and the passivity controllers are not launched. Therefore, the
tracking error is close to zero.

On the other hand, Fig.4.40 displays the torque tracking, tracking errors and observed
power signals of the two systems. The power observed on the slave side in the system
in [156]

is definitely non-positive. Therefore, large torque tracking errors are caused by the
passivity controllers. By contrast, the power signals observed in the proposed system
are non-negative so that the torque tracking error is guaranteed at the range of +0.05.
From these two figures, we can see that the proposed wave-based passivity observers
facilitate our system to be not as conservative as the conventional power-based system
and guarantee the system high tracking performance in the presence of constant time

delays.
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4.5.3.2 Eliminating wave reflection

In this sub-section, we compare our system with the wave-based system proposed in
[25] in order to show the novelty of wave reflections elimination in the proposed
system.Fig.4.41 and 4.42 show the position and torque tracking and their relating
tracking errors in contacting a reverse wall. The time delays in this experiment are
around 900 ms with 100 variations, and its rate is around 0.2. Fig.4.43 shows the values
of the forward and backward time delays. we set 1; = 0.45, 4, = 1.8, j; =i, =
0.2, & =¢&,=0.2. The wave-based system in [25] uses a traditional wave
transformation with impedance matching to encode the velocity and position signals.

Based on their recommendation, we set K,,, = K; = b = 4. The extra energy caused
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by time-varying delays in their system is eliminated by applying the scaling gain
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Figure 4.41. Contact to a reverse wall under slowly varying delays (wave-based system
in [25])
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Before the 4™ second, the slave robot in the two systems are controlled to conduct a

free motion at first, and we can see that both of the two systems have accurate position
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tracking. Then the slave robot contacts to reverse wall and accurate torque tracking is
also achieved in this two systems. Therefore, both of the two system have good
performance on steady state. However, after hard contact for less than 2 seconds, the
wall is suddenly removed thereby transiently changing the environment. Even the
system in [25] has impedance matching approaches, due to the sudden changing
environment, the impedances of the system is mismatched and the wave-reflections
reinstate so that large perturbations occur and the system’s position and torque tracking
performances are adversely influenced. By contrast, based on the designed wave
variables, the outgoing signals do not contain necessary signals and the wave
reflections are eliminated. Therefore, the proposed system has better performance on
the transient state and the position error directly returned to zero after removing the

wall.

4.5.3.3 Performance in the presence of time-varying delays

Since velocity and position signals are the main control elements, our proposed system
has similarity to a PD+d system. Therefore, in this subsection, we compare our system
with the classical PD+d system proposed in [24] in order to show the novelty for
dealing with the time-varying delays in the proposed system. The time delays in this
experiment are approximately 1 s with 500 ms variations, and the rate is around 0.5.

The time delays’ pattern in this experiment is shown in Fig.4.44. We set 4; = 0.5,

Az=27 ﬁ1=ﬁ2=0.5,§1=§2=0.5.
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Figure 4.44. Time delays
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In order to guarantee stability, the parameters in the system in [24] are required to
satisfy 4B,.B; > (T/"*** + T"***)K,K,, B, > B, and K, > K,. Therefore, we set the
differential gain K; = 3, the proportional gains K,, = K; = 3. Hence, B, = B; = 3.5.
The PD+d system in [24] also uses the scaling gain /1 — i, , for the velocities
transmission. It is noticeable that when fi; , > 1, this approach is too conservative and
velocities are not possible to be transmitted. Figs.4.45 and 4.46 demonstrate position
tracking, position errors and torque tracking of the two systems. The key element in a
PD+d system is the velocity damper which can guarantee the system’s stability but,
instead, degrade the system’s transparency.

As shown in Fig.4.45, in such a large time delays, the velocity damper B, and B; in
the system in [24] have to be set large enough to guarantee stability, and \/1_—1112
also affect the velocity transmission in a certain degree to the extent that the position
tracking is affected and large position errors occur. Also, the operator feels the system
over-damped and achieves large feedback forces even under free motion.

By contrast, the velocity dampers in our system are varying predicated on the observed
power signals at each port. Based on Fig.4.46, the observed power signals are not
definitely negative, so that the passivity controllers keep varying between activation
and deactivation modes. Therefore, the proposed system is not as conservative as the
classical PD+d system in [24] and can achieve more accurate position tracking
performance under large time-varying delays. In addition, since the proposed system
is not over-damped, the feedback force felt by the operator is not as large as that in the
system in [24].
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Figure 4.45. Free motion under time varying delays (PD+d system in [24])
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Figure 4.46. Free motion under time varying delays (our system)

4.5.3.4 Performance in the presence of fast-varying delays
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Section 4.3)
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Figure 4.48. Free motion and hard contact under sharply-varying delays (proposed

system)

The Novelty of the proposed system is also reflected in dealing with the sharply-
varying delays. In this subsection, we compare the new system with the system
previously designed in Section 4.3. The time delays for the experiment of the new
system are set to be a very large value (around 2s with 1s variations) and with a large
rate (around 1.5). We set A, =1,4, =4, g, =, =1.5,& =&, =1. The slave
robot in these two systems is controlled to conduct a free motion at first and then come
in contact with a solid wall in the reverse direction. Figs.4.47 and 4.48 show the
position and torque tracking as well as the related tracking errors of the two systems.
The pattern of the time delays for the new system are shown in Fig.4.49.

The system we proposed in Section 4.3 suffered from two deficiencies . Firstly, the
parameters configuration in Section 4.3 are seriously restricted by the assumption that
Ty ,(t) < 1. 1f Ty 5 () > 1, the stability of the whole system cannot be guaranteed. The
time delays of the system in [19] are set as 2s with 1s variations but with a rate of 0.9.
The pattern of the time delays for the system in Section 4.3 are shown in Fig.4.50 and

the related parameters are set as recommended in Section 4.3.
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Figure 4.50. Time delays for system in Section 4.3

In addition, the second drawback mainly epitomizes the passivity controllers of the
system in Section 4.3, where the passivity controllers guarantee system’s stability by
largely reducing the position and torque signals. As shown in Fig.4.47, the slave robot
cannot closely and rapidly track the master robot during free motion, and large torque
tracking errors exist during hard environmental contact.

In contrast, the passivity controllers in our new system are actually velocity dampers
with the value varying according to the observed powers. Therefore, according to
Fig.4.48, even with the higher rate of time delays, the position tracking in free motion
and torque tracking in hard contact are still better that those of the system in Section
4.3. The experiment illustrates that our new system is more practical than system

proposed in Section 4.3 in the worst-case scenario.
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4.6 Summary

In Chapter 4, new wave-based TDPA systems are proposed to achieve high
transparency and stability in the presence of random. Compared with the passivity-
based systems of previous work, the proposed systems can achieve higher transparency
and simultaneously maintain stability under random time delays. Neural networks are
applied to eliminate the system uncertainties. The system stability in different
environment is proved. The performance of the proposed algorithm was validated

using 3-DOF teleoperation system.
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5 MULTILATERAL TELEOPERATION SYSTEMS

5.1 Introduction

The main advantage of the passivity-based systems introduced in Chapters 3 and 4 is
simultaneously achieving high transparency and robust stability in the presence of
random time delays. With this advantage, the systems introduced in Chapters 3 and 4
are suitable to be deployed in the multilateral teleoperation. In this Chapter, the
reduced wave reflections nonlinear system introduced in Chapter 3 is extended to a
Single-Master-Multi-Slave teleoperation system to guarantee accurate position
synchronization and force reflection of all the robots in the presence of time-varying
delays. The wave-based TDPA architecture in Chapter 4.3 is also extended to a flexible
dual-user-dual-slave teleoperation system with variable dominance factors. An
innovative multi-user shared control teleoperation system is developed to allow the
mentor to guide multiple trainees in order to collaboratively drive the slave robot and
perform the remote task. The stability of the proposed nonlinear teleoperation systems
is analyzed using Lyapunov functions. The experimental results based on a
teleoperation platform consisting of multiple haptic devices show that the proposed

systems can effectively perform different tasks.

5.2 SMMS System applying Reduced Wave Reflections Architecture

5.2.1 Modeling the n-DOF Multi-lateral Teleoperation System

In Chapter 5.2, the master robot and the n-slave robots are modeled as a pair of multi-
DOF serial links with revolute joints. The nonlinear dynamics of such a system can be

modeled as:

Mm(Qm)dm + Cm(Qm')Qm + gm(Qm) =Tm+Th (5-1)
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Mg, (QSl)éI.sl + Csq (q51’ QSl)C.Isl + gsl(Qsl) =T51 — Te1
Mg, (qSZ)éI.SZ + Cs; (quP qu)qu + 52 (QSZ) = Ts2 — Te2 (5.2)

MSTL (q_sn)q.sn + Csn(q_snr éIsn)QSn + gSTL (QSn) = TSTI. - Ten

where i = m,s, m — master, s — slave. 4y, q;j, q; € R" are the joint acceleration,
velocity and position, respectively and m denots the master and sj denotes the j-th slave.
j € 1,2,...n denotes the number of slave robots. Mij(qij) € R™"™ are the inertia
matrices, C;(q;, q;) € R™™ are Coriolis/centrifugal effects. gij(qi]-) € R" are the
vectors of gravitational forces and t;; are the control signals. The forces applied on the

end-effector of the master and slave robots are related to equivalent torques in their

joints by:

Fp = ]rT;LTh: Fon = ]_ZnTen (5.3)

where [, Js, are the Jacobean of the master robot and the n-th slave robot,
respectively. F;, and F,,, stand for the human and environment forces, respectively.
Important properties of the above nonlinear dynamic model, which will be used in this
section, are as follows:

P1: The inertia matrix M;; (qij) for a manipulator is symmetric positive-definite which

verifies:0 < Omin (Mll (qll (t)))l < Ml] (qll (t)) < Omax (Ml] (qll (t)))l < oo, Where
[ € R™™ is the identity matriX. o,,;, and o,,.x denote the strictly positive minimum

(maximum) eigenvalue of M;j for all configurations g;;.
P2: Under an appropriate definition of the Coriolis/centrifugal matrix, the matrix Mi]- —

2C;; is skew symmetric, which can also be expressed as:
M;;(a35(0) = Cy (a5 (0, 4;(®) + €5 (q5(D), 4;(®) (5.4)
P3: The Lagrangian dynamics are linearly parameterizable:

Mi;(aij)di; + Cij(aij, d5) G55 + gi(ai) = Y(ai5, Qi i) (5.5)
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where 6 is a constant p-dimensional vector of inertia parameters and
Y(qm,s,qm,s, qm,s) € R™P? is the matrix of known functions of the generalized
coordinates and their higher derivatives.

P4: For a manipulator with revolute joints, there exists a positive Z bounding the

Coriolis/centrifugal matrix as:

€5 (a5 @.x®)y® ||, < ZIx® L Ily©l; (5.6)
P5: The time derivative of C;; (qi]- (v, x(t)) is bounded if g;;(t) and q;;(t) are bounded.
5.2.2 Control Laws

In order to guarantee the passivity of the time delayed communication channels
between the master robot and each slave robot, the modified wave variable
transformation introduced in Chapter 3 is applied in this section as shown in Figure
5.1. The main advantage of the modified wave controllers is the efficient reduction in

the wave-based reflections while simultaneously guaranteeing channels’ passivity.

Wave transformation scheme 2

Figure 5.1. Modified wave-variable controllers
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The wave variables in the two controllers are defined as follows:

1 1
bV (t) +514, |t — Te(t bV, =1
() = a1(8) /1\/%( 7( )),usl(t) _ Az(t)-l-\/Z_bA a2(t) 57
gt —Tp(1)) _ ga(t)
Uy (8) = —m V1 (8) = Zb (5.8)
_ bV (D) _ bV (t - Tf(t))
U (£) = NeT: U (E) = NeT: (5.9)
© = %Vm (t) — Ip1(B) ) = %Vm(t — T (1)) — I (2) 5 10
va - m ) vSZ - m ( . )

where b and A are the characteristic impedances.

In the proposed SMMS teleoperation system in which one master robot is used to
control multiple slave robots, the main objective is to have the positions of all the slave
robots accurately synchronized to the position of the master robot. A secondary
objective is that all the robots should have accurate force tracking with each other,
which means when one slave robot comes in contact with the remote environmental
object during free motion, it will immediately feedback the force information to all of
other robots to signal them to stop. Via reaching the two targets, all the slave robots
will precisely follow the human operator in different environmental scenarios. By
applying the two wave controllers, the energy information such as torque, position and
velocity signals can be transmitted through the communication channels without
influencing the system passivity. By setting Va; (t) = C;ti (1), Ig1 () = B(qm (D) +
8qm (D), Taz(®) = —B(qs(t) + 8q5(1)), Vg (t) = C,te(t), a new state variables Ey,

for the master robot is introduced as follows:

206



Ep = Z {(531 = bi&iCyy) T () = Cye; (t - T”f(t))

j=1
+ 85 (457 (£ = Ty (0) + 851 (£ = Ty () ) = B (m(®) + 3Gn(0))
= (%Bj(qm(t) +8qm (1))
]
- %IBJ (Qm (t — Tsj(t) — Tbj(t))

+ 8 (£ = Ty;(6) — T,,,-(t))))} (5.11)

where C;_,, B, ¢ are diagonal positive-definite matrices. In the slave sides, each slave
robot receives control signals from the master robot and the other slave robots. The

new master-control state variable E,, for the n-th slave robot is written as follows:

AnC
Ein = Cunt (£ = Tyn(®) = (222 = Cyn ) Ten 0
n

+ ﬁn (Qm (t - Tfn(t)) + Sqm (t - Tfn(t)))
- ﬁn(QSn(t) + SQSn(t))

Bn .
- m (qsn(t) + SQSn(t))

- bf—:{n (éIsn (t - Tfn(t) - Tbn(t))

+ 8450 (¢ = Tpa(®) = Ton(®) )| (5.12)
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An CZn

by,

Esn = ClnTh (t - Tfn(t)) - ( - C4n) Ten(t)

+ B (dm (£ = Tyn(®) + 8 (£ = Tra(®)

- ﬁn(q_m(t) + 5qsn(t))
- % (4sn () + 85 (D))

S0 (o (1) 0, e 700)
j=1

- ﬁsj(QSn(t) + 661571(0))}

-1

Y {mkﬂ'f@f (t‘Tsf(t))} (5.13)

— Slave 1J£
Modified Slave 2 6«{
Wave >

Variables

S

j=1

A

— SlaveN | &"
&

Figure 5.2 Network of the proposed teleoperation system

In order to prevent the position drift between the slave robots, each slave robot should

also transmit its position information to the other slave robots. Furthermore, In order
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to achieve the secondary objective which is the accurate force tracking, each slave
robot’s environmental force information is also transmitted via slave-slave
communication channels to the other slave robots. The channels’ passivity is
guaranteed when the wave variable transformation is applied to encode the y-th slave
robot’s position signals with the transmitted z-th slave robot’s control environmental
force (y and z denote the arbitrary two slave robots in the n slave robots). Therefore,
the final control variable Ej,, of the n-th slave robot is expressed as (5.13)

where Ts; (j € (1,2 ...n)) denote the time-varying delays in the forward slave-slave
communication channels, and k; are diagonal positive-definite matrices. The second
last term provides the position control between every two slave robots and the last
terms provide force control between every two slave robots. By defining new variables
rij(t) = q;;(0) + 8q;;(1)) (5.11) and (5.13) can be simplified as (5.14) and (5.15).

j=1

+ 8 (15 (£ =1y (®) = 1 (®)

_ %ﬁj (rm(t) — 1y (&= T;(6) - Tbj(t))>} (5.14)

Esn = <C1nTh (t - Tfn(t)> - (AnbiZn - C4n> Ten(t)>

+ B (1 (£ = T7®) = 1 (®)

Bn

bnﬂ [rsn (t) Tsn (t Tfn (t) - Tbn(t))]

n-—1

+ { w( f TSJ(t)Ts, (t) Tsn(t)>}
{ /1 — Ty (O)kejTe; (t - Tsj(t))} (5.15)

3 ~.
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LR

-
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The main aim of the controller design is to provide a stable multilateral system with
accurate position tracking and to enhance the force tracking during manipulations. The

position synchronization is derived if

lim > [lam (= T5(0) = a5 O =lim > [lam(t - Tn(®) - 450 =0 (5.16)
j=1 j=1

n
lim ) | a5 (t = Ty (®) — am® || =0
j=1

45 (£ = Toj(®) ~ am(®)[| = EE&Z |
=1

(5.17)

n
lim )| a5 (t—Ty(®) — 4] =0
j=1

Qsj (t — Tsj (t)) — qsn(t) || = ,!l_gloz |
=1
(5.18)

where ||-|| is the Euclidean norm of the enclosed signal. We define the position errors
€pmn €psn aNd velocity errors eymy, eysn between the master and the n-th slave

manipulators as follows:

epmn (V) = Gm(t = T () = dsn (O (5.19)
evmn(t) = dm(t = Tin (D) — G (® (5.20)
epsn(8) = Gon(t = Ton () — A (O (5.21)
evsn() = dan (= Ton(©) — 4m(®) (5.22)
epssn(®) = dj (t = Tyj(®) ) = sn () (5.23)
evssn(®) = 4 (t = Ty (©) — den (© (5.24)
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The new control laws for the single master robot and the n-th slave robot are designed

as follows:
Tm = E:m - lvlm(qm){(sqm} - Cm(qm' Qm){sqm} + gm(qm) (5-25)
Tsn = E:sn - lvlsn(qsn){(sqsn} - Csn(anf QSn){qun} + gsn(an) (5-26)

where M;(q;), Ci(a;, g, 8i(q;) are the estimates of M;(q;), C;(q; a1, gi(a:). (i €
(m, 54, S5, ... S,)) Substituting (5.25) and (5.26) into (5.1) and (5.2) and considering
Property 3 which states that the dynamics are linearly parameterizable, the new system
dynamics can be expressed as:

M;(qpf; + Ci(q;, qor; = E; — Y;i6; (5.27)

Where

8;(t) = 8;(t) — 8; () (5.28)
B; are the time-varying estimates of the master’s and the n-th slave’s actual constant
p-dimensional inertial parameters given by 6;. 6; are the estimation errors. The time-

varying estimates of the uncertain parameters satisfy the following conditions:

ém = lIJYr}; (qm' rm)rm' ésn = AnY;rn(qsn' r'sn)rsn (5'29)
5.2.3 Stability Analysis

5.2.3.1 Free Motion Strategy

Theorem 5.1. Consider the proposed nonlinear multi-lateral teleoperation system in
free motion where the human-operator force t;, and the environmental force t, can be
assumed to be zero (t, = t, = 0). For all initial conditions, all signals in this system
are bounded and the master and all of the slave manipulators state are synchronized in
the sense of (5.16)-(5.17).

Proof.

211



Based on (5.14) and (5.15), E,, and E,, have the terms Z};l—%ﬁj (rm(t)—
]

I'm (t — Tg (1) — Ty (t))) and — bi—;‘m [rsn (©) — rsn(t — Tea (©) — Tpn (1)) ], respectively.
These two terms can be expressed as Z}Ll—%ﬁ,—rm(s)(l — e~ S(T(+Twj()y) angd
]

—%rsn(s)(l — e S(TmE*Ton()) jn frequency domain. According to the well-

known characteristic of the time delay element |[e=STeb| =1 . It is true that

(1 - e_S(Tfi(S)+Tbi(S)>) € [0,2] in the presence of large time-varying delays. It means

rm(t) —I'm (t - Tfj (t) - Tbj (t)) € [O,Zrm (t)] and rsn(t) - rsn(t - Tfn(t) -

Tbn(t)) € [0,2rg,(t)] which are varying according to the time delays. Therefore,

(rm(® = 1 (£ = T5(0 = Ty(©) ) and (14n (O = ran(t = Tin(® = Tyn(0)) can be
expressed as the varying dampings {ry, (t) and {rg, (t) where ¢ varies between 0 and
2. The values of Tr,, (t) and Cr, (t) are scaled by the characteristic impedances b and
A of the applied modified wave controllers. Therefore, (5.14) and (5.15) can be

expressed as:

n

En = Z {(ng — bj)\jC1j)Th(t) — CyjTej (t — T (t)) + B (l‘sj (t — Ty (t)) — rm(t))

j=1

b;
- fsjcrm(o} (5:30)
]

)\nc n
Esn = <C1n‘rh(t - Tfn(t)) - ( b = _ C4n> Ten(t)> + Bn(rm(t - Tfn(t)) - an(t))

n-1
_ bB—;\Zan(t) - z {st ( 1= Ty(Org (t— Ty(®) - rsn(t)>}
=1
S { / 1 — Tgj (DK T (t — T (t))} (5.31)
j

n
Z
Define a storage functional V, where
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1 n
V=5 [T OMn@mrn® + ) OM(ag)rs(0) + 8516 +Zes, 0

j=

n [3] 1 t
+Z{2 =l Tfrm(n)rmm)dn}

=1

1
+ Z {2 1— Tb] .[; Tb r'sj (T])st (T])dﬂ}
n-1

+n2{% ft N -(n)rs,-(n)dn}
]ZB] .fiBi
Do (4 g5 )

j=
n

+ {cg,(t)(Z b’f;b_)ﬁqsmt)} (532)
j= )

bick; _ Tof; 20andﬁ—Tb—".B"20(je

In order to make V positive semi-definite, .
]' 2— ZTfj b]}\] 2_2Tbj

1, 2, ...n) should be satisfied, which can be simplified as:

. 2T
Ty < 5—— (5.33)
AN
B, +27
T 2 5.34
bj = b + 28 (5.34)

Due to the assumption that |T¢},| < 1, by setting a small value of A;, (43) and (44) can

be easily satisfied. By using the dynamic equations and Property 3, the derivative of V

can be written as:
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V= 1 (OEm(®) + Z HICLME

+ Z { I (D1 (1) — ErrTn ( — Ty (t)) I'm (t — Ty (t))

N BT, i}
2 — 2T

+2{BJ B0 0 ~ S (£ Ty )y (£~ Ty 0)

rm(Orm (t)}

+ZB’ b (t)rs,(t)}
+ nnz_l{@rr(t)l‘ (D)
2 Sj S)
=1

_ (1 _ Tsj(t)) BZSj T ( Ts](t)) i ( - Tsj(t))}

n

]ZB] 'fJ' Bj
+ z {qm(t)Z < Y zTﬁ> 8qm(t)}

j=1
n _ TR,
+, {C'lrs{j V2 (f ]; ~3 _bJZB%b]) 84y (t)}

o ot )

j=1

_ Z {% (evsj (0) + Seps; (t))T (evsj (1) + Sepg; (t))}

j=1
n—

—

—n {% (evssj (1) + Sepss (t))T (evssj (t) + Sepssj (t))}
j=1

]ZB] .f]'B]' .
. 1{qm()< A 2—2Tfi>qm(t)

1=
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bigB;  TB;
+ q}rn(t)< N 2- sz]-) 82qm (1)
) B;¢ ToiB; .
+ () <b]_7\]_ —o sz,-> (D)
T Big T B;
+ q5;(t) <b]_7\j 221y, 8%q5(D <0 (5.35)

Based on (5.35), the differential of the functional V is negative semi-definite.
Integrating both sides of (5.35), we get:
+00 > V(0) = V(0) —V(t)

> jot {]Z; {% (evmj (t) + 8epm (t))T (evmj (t) + 8epm (t))}

%(evsj (1) + Sepg; (t))T (eusi(®) + Beps (t))}

¢S {
j=1
n-1
+n Z {% (evssj (t) + 6epssj (t))T (evssj (t) + Sepssj (t))}
j=1

. bt TR .
+ ; {q}fn(t) ( = zTﬁ) 4 (D

]

bt Ty
' q&(t)( R ZTﬁ>SZQm(t)
. T B]Z _ Tbj B] .
+ qu (t) (bj)\j 2 _ ZTbj Js;j (t)
Big Ty
+as () <b]-]7tj e Jz%b) 54 <t)}} dt (5:36)

Since V is positive semi-definite and V is negative semi-definite, thm V exists and is

finite. Also, based on (42)-(46), rp (t), r'sj(D), 8, (D), 85 (t) € Loy, eymi (1), €pm;(D),
eysi(D), €psi(D), qm (D), qsj(), eyssi(D), epssj(t), dm (D), qs(t) € Lo, N Ly. Since a
square integrable signal with a bounded derivative converges to the origin,
fm ) (©) = fimen () = fimeps () = limeus () = limepss () = fimes(9) =
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0. Therefore, the master and slave manipulators state synchronize in the sense of
(5.16)-(5.18).

In free motion, the system’s dynamic model (5.27) can also be written as:
di(0) = M [Ei(©) — Yi8; — Ciry (D] — 8;(0) (5.37)
Differentiating both sides of (5.37):
d . d ~ . d ~
aQi(t) =% (M D[Ei(®) — Yi8; — Ciry (D] + M; I [Ei(©) — Yi6; — Ciry(D]
—84;(t) (5.38)

For the first terms of the right sides of (5.38), we have:
d -1 =1y -1 -1 T -1

According to Properties 1 and 4, % (M; 1) are bounded. Based on Property 5, the terms
in bracket of (5.38) are also bounded. Therefore, %qi(t) € L and g;(t) are uniformly

continuous (fot'qi(n)dn = @;(t) — q;(0)). Since g;(t) — 0, it can be concluded that

4;(t) — 0 based on Barbalat’s Lemma.
5.2.3.2 Environmental Contact with Passive Human Force

Assume the human and environmental force are passive and can be modeled as:
Th(D) = — I (1) (5.40)
T (8) = agyrgg (1) (5.41)

where oy, and ag; are positive constant matrices and are the properties of the human

and the environment, respectively.
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Theorem 5.2. The multi-lateral nonlinear teleoperation system is stable and all signals
in this system are ultimately bounded, when the human and environmental forces
satisfy (5.40) and (5.41).

Proof. Consider a positive semi-definite function V' for the system as:

n
Cai — biACqi)ay, [t
V’=V+Z{( ) ]2’ ) mf rrTn(n)rm(n)dn}
- t—Tfj

t
> f rg; (Mrs; (n)dnl
t=Tp; J
. rt
+n_{%I4Jymmmm@ (542)

The derivative of V' can be written as:

{ /
o J (C35 — DA Coj)etm
I'm

- z (Orm (D + Cojagrm(Ors(t— Tyy)

—

2 | (1 = Ty gy (t = Ty (£ — Tb]))
)

B~ Caj | Osj

+) A" > 3 (Ors(t) + Cyjtmrg (Orm(t — Tp)

=
=
=
@)
)

> (1= T)rm(t — T)rm(t — Tfi)\‘
)

N (Cj = bAiCyj) oty
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n-1
a T %si
+n Z {_ (% rg‘n(t)rsn(t) + [1- Ts; (t)kciasirg‘n(t)rsj (t B Tfj) + 2_2 a

j=1
- Tsj)r_;rj (t— Tg)rg(t— Tsj))} — o IR (O () + V (5.43)
The Lyapunov approach requires V' to be negative semi-definite. Based on the first

three terms of the right side of (5.43), the sufficient conditions to satisfy this

requirement are that:

1 C%l- -1\T
o 1< (amag') (5.44)
P ( ]b]- F— C4y)(Csj — bA;Cyy)
1 3
1— Ty ACy - 1< (ago)” (5.45)
7 Cp; — Ca)(Csy ~ bACy)
1 T
kz}kcj < E(asnas_jl) (5.46)

By enlarging the values of C3; and decreasing the values of k;, (5.44)-(5.46) can be

satisfied. Hence, V' will be negative semi-definite and tlim V' exists and is finite.

5.2.3.3 Environmental Contact with Non-passive Human Force

The human operator can not only dampen energy but also generate energy in order to
manipulate the robots to move through the desired path. Therefore, in the common
case, the human forces are not passive. In this situation, the human and environment

can be modeled as:
T = 0g — O’y (5.47)

Tej = Usjlsj (548)
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where «a, is a bounded positive constant vector, which generates energy as an active

. T T . .
term. We define X; = [qm, qsj, qm, dsj| and X; = [qm, Qsj, T, Tsj] - There is a linear
map between x; and x;: X;(t) = Ijx;(t), where I are non-singular constant matrices.
Theorem 5.3. The proposed system is stable and all signals in this system are

ultimately bounded, when the human and environmental forces satisfy (5.47)-(5.48).

Proof.

By choosing the previous Lyapunov function V', the new derivative V* can be written
as:

n n
. A Cy
V=Vt z rT[(Caj — bACyy o + o] + Z ! Kf - c4,-> 0(0] (5.49)
j=1 j=1 ]
Note that

n

n
D R [(Csy = bAC) + o] < ) BT [(Css — bACy)ato + o] (5:50)

j=1 j=1
n n n n
}L'Cz' )\CZ
PRI K G c4,-> ao| < Y Wl > K% - c4,-> aol (5.51)
j=1 j=1 ) j=1 j=1 )

where vector h™ = [1,1, ... 1] has the same ranks as rp,, rg;. Therefore, it is true that:

n
V<V ) 2l (5.52)
=1
where o; = (C3; — bjA|Cyj)ap + ag + (A,-ijzj - C4j> o > 0. When the system satisfies

(5.44)-(5.46):
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n

V*S—Z{qm(b’fﬁ"— TPy )qm<t)+q£1(t>(b"<5"— Tab) )észqm(t)

s g 2- 2T A 2- 2T
Big  TuiB;
+ 4Lt - — | 45 (t
Big  TuiB; C 2
T 5 jPj 2. < “vl=s
+q5(0) <b].x,. 7ot )P0 < E ;[ (5.53)

=1

s - BT TuiBj Bi% TRy \ o2 (DB
where Y; is the smallest eigenvalue of (b,-'/\,- z—sz,->’ (b,-'/\,- z_szj>8 A\

il ) (b"w" _ T, )82. Substituting (5.53) into (5.52) and setting 0 < u < 1:

2-2Tg A 2-2Ty

n

. 2
v < (Gl + 2llle)
j=1

n

2 2 2 2
= > {60l =l Il + 2l o} (550

j=1

(5.54) can be simplified as:

n

. 20
< Y (pa-wlnlPlol) vl = — 2 G55)
YoulI |

Based on (5.55), for large values of x;, the Lyapunov functions is decreasing.
Therefore, x; and X; are bounded, which means ry,, r'sj qm, qsj, qm, qsj are also
bounded.

5.2.4 Experimental Validation

In this section, the performance of the proposed nonlinear multilateral teleoperation
system is validated by a series of experiments. The algorithm is applied to three
Phantom manipulators. The 6-DOF PHANToM (TM)* model 1.5 manipulator
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(Sensable Technologies, Inc., Wilmington, MA) is chosen to be the master robot which
remotely controls a 3-DOF Phantom Omni (Slave 1) and a 3-DOF Phantom Desktop
(Slave 2) via the Internet as shown in Figure 5.3. The three haptic devices have
different dynamics and initial parameters.

The control loop is configured as a 1 kHZ sampling rate. Based on the controllers
analysis in Section 4, the controller parameters are given as: b; = b, = 2.5, A; =
A, =05C6=C,=1C=2C,=12,6=12,8,=5B,=3,Bs =2,kc=1.The
communication channel of the experimental platform is the Internet. In order to test
the performance of the proposed system in the presence of large time-varying delays,
the time delay blocks in the Simulink library are applied to introduce the overall system
time delays. The one-way delay between the master and the slave sides is from 650 ms
to 750 ms. Theoretically, in the real applications, the slave robots are close to each
other, so the time delays between two slave robots are not large and not significantly
different. The one-way delay between the two slave robots is set as around 100 ms in

this experiment.

Master V Slave 1 Slave 2

Figure 5.3. Experimental setup

In the first experiment, the system performance in free motion is demonstrated. During

free motion, the master manipulator is guided by the human operator in the task space

and the two slave robots are coupled to the master robot using the proposed system.

Figure 5.4 demonstrate the position synchronization performances of the proposed
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teleoperation system. Since the wave reflections are eliminated, the slave robots can
closely track the master robot without large vibration and signals distortion. The
remaining slight signal perturbations in Figure 5.4 are caused by the time-varying
delays. The two slave robots can perform exactly the same actions during free motion.
In the presence of large time-varying delays, although the dynamic models of the
master and slaves are quite different and affected by uncertain parameters, both of the
slave robots can reasonably track the master robot’s trajectory with little errors. The
root mean square errors (RMSE) for position tracking between every two robots in
Figure 5.4 are shown in Table 5.1. Therefore, it can be concluded that the main

objective: accurate position tracking of the proposed teleoperation system is achieved.

Free motion

Master & Slave 1

Master & Slave 2

Slave 1 & Slave 2

Position joint 1 0.0353 0.0429 0.0465
Position joint 2 0.0434 0.0444 0.035
Position joint 3 0.0453 0.038 0.0431

Table 5.1. RMSE (free motion)

In the next experiment, the two slave robots are driven by the master robot to draw a
letter “O” and a triangle “/\” on a table as shown in Fig.8. Friction exists between the
manipulators and the table. The RMSEs for position tracking between every two robots
in Figure 5.5 are shown in Table 5.2. Due to the effect of the friction, the RMSE are
larger than that of free motion. The proposed algorithm still makes all of the robots

have reasonable trajectory tracking without large signals distortion.
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Drawing a letter “O”

Master & Slave 1

Master & Slave 2

Slave 1 & Slave 2

X axis

0.1351

0.1587

0.1265

Y axis

0.1739

0.1704

0.2302

Drawing a triangle

Master & Slave 1

Master & Slave 2

Slave 1 & Slave 2

uA”
X axis 0.1043 0.0996 0.112
Y axis 0.1539 0.1425 0.1053

Table 5.2. RMSE (drawing)

In the next experiment, slave manipulators 1 and 2 are guided by the master
manipulator to come in contact with different the remote environment as shown in
Figure 5.6. The master robot firstly drives the two slave robots to perform the free
motion in the first 2 seconds. Then, from the 2" to the 5" second, Slave 1 starts to
contact with a solid wall while Slave 2 is still in free motion. Slave 1 immediately
feeds the contact force back to the master robots and Slave 2. The master robot keeps
applying force to the two slave robots, but Slave 2 also stops moving to make the
motion synchronized with Slave 1 even no environmental force is applied to its
manipulator. In the 5™ second, the solid wall is suddenly removed. It can be observed
that both of the two slave robots quickly track the master robot’s position with little
variation, which proves that the proposed algorithm can deal with the sudden changing
environment and the wave reflections will not reinstate. The RMSEs for position
tracking between every two robots and the RMSEs for force tracking between the

master robot and Slave 1 in Figure 5.6 are shown in Tables 5.3 and 5.4.
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Contacting with a

Master & Slave 1

Master & Slave 2

Slave 1 & Slave 2

reverse wall
Position joint 1 0.308 0.2709 0.0856
Position joint 2 0.2507 0.2444 0.0379
Position joint 3 0.2442 0.2378 0.0801

Table 5.3. RMSE - position (Slave 1contacting with a reverse wall)

Contacting with a reverse wall Master & Slave 1

Force joint 1 0.0639
Force joint 2 0.0962
Force joint 3 0.0852

Table 5.4. RMSE — force (Slave 1contacting with a reverse wall)

In the final experiment, the two slave robots are driven by the master robot to
simultaneously contact with a solid wall. The position and force tracking are shown in
Figure 5.7. Under the condition of hard contact, both of the two slave robot feed the
environmental forces back to the master robots and the human operator can feel the
mixed forces from the two slave robots. Figure 5.7 demonstrate that accurate force
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tracking between all of the three robots are achieved. The RMSEs of position and force

tracking between every two robots are shown in Table 5.5.
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Figure 5.7. Both of the two slave robots contacting to a solid wall

Hard contact Master & Slave 1 Master & Slave 2 Slave 1 & Slave 2
Position joint 1 0.2501 0.2510 0.0229
Position joint 2 0.2545 0.2587 0.0342
Position joint 3 0.2533 0.2549 0.0247

Force joint 1 0.0678 0.0706 0.025

Froce joint 2 0.0712 0.0698 0.0496

Force joint 3 0.0831 0.0845 0.0737

Table 5.5. RMSE (hard contact of the two slave robots)

5.3 Enhancing Flexibility of the Dual-Master-Dual-Slave Multilateral
Teleoperation System
In a good multilateral system, control relationships are built between any two robots
so that cooperation of different robots can be enforced and the operators can have
different feelings of the dynamics of different slave robots and the other operators.
However, the control relationship may also become an interruption that hinder the
slave robots to follow the desired motion or disturb the feelings of the operators for
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the experiment. Dealing with the control relationships effectively is also a challenge.
A multilateral teleoperation system is assessed by the following four criteria:
Stability: The proposed system must maintain stability in the presence of random time
delays in different scenarios (e.g. free motion, contacting with different environments),
which is a major confronting problems for many multilateral systems.

Transparency: In an ideal transparent condition, the motion trajectory of the slave
robots can accurately follow that of the master robots, and the environmental contact
forces also highly match with the operators’ applied force. When one operator is
performing the task alone, the operator can fully feel the dynamics of the remote
environment. When muliple operators perform the task together, they should feel the
mix dynamics of different environments.

Flexibility: The system must offer each operator large freedom to the extent that the
slave robots can be separated to do different tasks, or they can cooperate to perform
the same task. Either of the master robots can pointedly control either of the slave
robots or both of them. Proper control laws must be deployed to make sure the robots
can collaboratively perform the specified task rather than causing interruption to each
other.

Correctiveness: When one operator performs the task alone, the other operator has the
ability to correct the motion of the slave robots motion when necessary.

In this section, an innovative dual-master-dual-slave (DMDS) system with variable
dominance factor is designed to enhance the system flexibility. An innovative wave-
based TDPA (Time Delay Passivity Approach) is proposed to guarantee the
communication channels’ passivity under random delays. The approach will be
validated based on a 3-DOF teleoperation system consisting of four haptic devices
performing different complex tasks.

5.3.1 Proposed DMDS architecture

In a DMDS teleoperation system, two master robots driven by two operators cooperate
to remotely control the two slave robots to collaboratively perform the remote tasks.
Fig.5.8 shows the proposed DMDS teleoperation system. The most significant

property of the proposed system is using variable dominance factors E;_;¢(t) to
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determine the control relationships between every two robots. In Fig.5.8 the hybrid

signals r;;(t) are encoded by the velocities ¢;;(t) and the positions 8q;;(t).
() = q;;(t) + 8q;;(t) (5.56)

where § is the positive constant gain. (i = m,s,j = 1,2). T and 7y are the slave
feedback signals to the master robots. z.,,; and 7,,,; are the master feed-forward
signals to the slave robots. In the proposed DMDS teleoperation system, the operator
are in the same work space where time delays do not exist between the two master
robots. The two slave robots are in different work spaces from the master side so that
asymmetric time-varying delays exist between the master and the slave sides and
between the two slave robots. T¢;(t) and T}, ;(t) are the forward and backward time
delays between the master side and the slave j, and T;(t) are the time delays between

the two slave robots. The control strategy illustrate in can be formulated as follows

Thy ! Thz
/’3

Master Th1 T Tha: Tz Master

2 | Thz

Tinz

Slave 2 )

Tesz: Vesz

Figure 5.8 Proposed dual-master-dual-slave system
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Tem1(t) = Eq (t — Tk (t)) Tha (t — Tk (t))

+ E; (t - Tf1(t)) Th2 (t - Tfl(t))

Tem1(£) = Ex (£ = T12(8) ) s (£ = T (0))

+ E; (t - Tfl(t)) Tm2 (t - Tfl(t))

Tem2(£) = E3 (t - sz(t)) Th1 (t — Ty (t))

+ E, (t - sz(t)) Th2 (t — T (t))
Tem2(t) = E3 (t - sz(t)) Tm2 (t - sz(t))
+ Eq (t = Tp(8)) tna (£ = Tr2 (1))

Ths1 () = Es(£)Eq(t)Teq (t - Tbl(t)) + Es()E1o(t)Te (t — Tpz (t))
+ E¢(£) T (1)

Ths1(t) = E5(t)E11(t)r51(t - Tb1(t)) + Es(£)E12 ()1 (t - sz(t))
+ E¢ ()12 ()

Tps2 () = E7(t)E9(t)Te1(t - Tb1(t)) + Eg (t)Ew(t)Tez(t — Ty (t))
+ Eg(£)Th1 ()

Ths2(t) = E7()E13(O)1s1(t — Ty (£)) + E7 (D) E14 (D752 (¢ — Tp2 ()
+ Eg(t)1n2(t)

Tes1(t) = E15(t)7:el(t — T (t))
Tes1(t) = El5(t)T'51(t —Ts1 (t))
Tes2(t) = E16(D)Te2 (t — T, (t))

Tes2(t) = E16()7s (t —Ts (t))
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In the proposed system, the dominance factors E;_,,(t), E;s(t) and E;4(t) are
deployed respectively on the master side, slave 2 side and slave 1 side. The positive

dominance factors E;_;¢(t) varying between 0 and 1 are defined as follows:

E (t) = E3(t) = Es(t) = Eg(t) = E11(t) = E15(t)

1 1
5 a8y (8) + 5 1aTh (D72 (0]

== - (5.69)
jaflel(t) + latp (O Th2 (D] + 71,212 (1)
Ey(t) = E4(t) = E¢(t) = E;(t) = E1(t) = E4(2)
1120 + 3 lat Ot O]
== : (5.70)
5 aTh1 (8) + latp: (O T2 (D] + 5 75, ()
_ 21 (t — Tp1 (1))
Folt) = 21 (t = Tp1(8)) + 72, (t = Tp2 (1)) &7
_ 2, (t — Tp2 (1))
B0 = T () + B~ T ) 672
Eis(t) =Es(t) =1 (5.73)

where « is a positive constant tuning gain. The purpose of this system is to allow the
trainer to train the trainee to simultaneously control the two slave robots so that the
trainee can follow the desired motion and perform the task. The proposed system
contains the following three modes:

Training mode: The trainee does not apply force to master 2 (z;,, = 0), and master 1
driven by the trainer leads the slaves and master 2 to perform the desired motion. The
dominance  factor E;(t) = E3(t) = Es(t) = Eg(t) = E;1(t) = E5(t) =1
Therefore, the trainer can fully control the slave robot and feel the dynamics of the
environment. When setting « > 1, the trainee has little influence on the slave robots,
which can guarantee the training mode not to be disturbed by the trainee’s accidentally

applied force.

230



Guidance mode: Both of the two users apply forces to the master robots. Each of the
users feels the mixed dynamics of environment and the other user in this mode.

Evaluation mode: The trainer does not apply force to master 1 (t,; = 0). The
dominance factor E,(t) = E5(t) = Es(t) = Eg(t) = E{1(t) = E15(t) = 0. Hence,
the trainee can fully feel the environmental dynamics and can perform the whole task
alone. If the trainee does not follow the required motion and has the risk of failing the
task, the trainer can immediately apply force to correct the motion of the slaves.

In this section, the corresponding nonlinear dynamics of the dual-user-multi-slave

teleoperation system are modeled as:
M (Gm;)dmj + Conj(@mjr dmj)Gmj + Gmj(@mj) = Tmj + Thij  (5.74)

Msj(Qsj)q.sj + Csj(CIsj' éIsj)éIsj + gsj(CIsj) =Tsj — Telj (5.75)

where  M;(q;) € R™™ are the inertia matrices, C;(q;,q;) € R™" are
Coriolis/centrifugal effects. g;(g;) € R™ are the vectors of gravitational forces, 7; are
the control signals. 7, 7.;; denotes the local human and environmental torques
applied to the manipulators. New control terms S,,,1 , for master robots are introduced

as:

Sm1 = T () + E6(O)Th2(£) — Es(D)Eg()T1(t — Tp1 (1))
— Es()E10(D)Te2(t — Tpa (1)) + E6()BTima () = Brma (1)
+ Es(0)Ey1 () Brsy (t — Tp1 (D))
+ Es(0)E1, (D) Brsa(t — Tpa (1)) (5.76)

Smz = Tha () + Eg(©)Th1 (£) — E; (D) Eg(D) 71 (£ — Tp1 (1))
— E7()E10()Te2(t = Tpa (1)) + Eg(t)BTm1 () — Brima ()
+ E;(0)E13(D)Brs1(t — Tpi (1))
+ E;(0)E1 () Brss(t — Tpa (1)) (5.77)

In the slave sides, the new control terms S, , for the slave robots are written as follows:
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Se1 = <E1 (t=T51(®) s (& = T (0)) + B (£ = Tra(0)) oz (£ = T ()

20)

48 (B (£ = T () s (£ = Tn ®)

4By (6= T (©) e (£ = T 0) = 70 0))

+ BE16() (T2t = Tea(©) = 72(®)) = Ex6(6) (zea (8)

+ T2 (t — Ts2(D))) (5.78)
Sz = (B (£ = T2(®) 1 (£ = Tr2(0) + Ba (£ = T720) 7 (¢ = 7o) -
Tel(t)) +8 (E3 (£ = T2(6)) Tua (& = Tpa(0)) + By (£ = Tra() ) 1 (£ -

Tr2(©)) = 12(0) + BErs() (rsa (¢ = Tea (©) = 700(0)) = Fas((Tea (6) + o (£ -
Tea(1))) (5.79)

The new control laws for the proposed multilateral teleoperation system are designed

as follows:

vy = Sij — Mij(ai){86i} = Cij(4i, 4){8ai;} + 5y (ai)) (5.80)
where MU(CIU)’ él](ql]'ql])! gL](CIL]) are the estimates of Ml](ql]), Cl](ql]' qu)i
9:j(ai7)-
Therefore, the new system dynamics can be expressed as:

Mo (@mj)fmj + Conj(@mjs Gmj)Tmj = Smj + T (5.81)

Msj(CIsj)"'ﬂsj + Csj(Qsj' CIsj)Tsj = Ssj — Teij (5.82)
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5.3.2 Experimental results

In this section, a series of experiments are carried out to validate the proposed dual-
user-dual-slave teleoperation system. Two computers are applied to control the two
masters and the two slaves. The communication channel between the two computers
is the Internet. During the experimental process, the control loop is configured as a 1k
Hz sampling rate. The wave impedance b, B and M are set as 2.5, 2, 1, respectively. 0
is set to be 1. The position controller B is set to 2. Time delay modules of Simulink are
also used to enlarge the time delay between the robots. The time delays between the
two computers are around 500 ms (one way) with 200 ms variation. Virtual time delay
between the two slave robots is set to be 100 ms constant delay. In all of the figures of
the experimental results, the colors representing the robots are blue — Master 1 (trainer),
red — Master 2 (trainee), green — Slave 1, black — Slave 2.

In the first experiment, the four robots are controlled to draw a circle “O” on a table
as show in Fig.5.9, where the three figures represent training, guidance and evaluation
modes. In the training mode, the trainee does not apply force and the trainer drives the
master 1 to control the other three robot to draw the circle. In the guidance mode, the
two users cooperate to drive the four robot to draw the circles. Since time-varying
delays exist, the letters drawn by the slave robots have small variations, but the
trajectories closely track the master robots.

In the evaluation mode, the trainee drives the master 2 to control the three robots and
the trainer does not apply any force at first. Then, the trainee loosens his grip on the
manipulator of the master 1 after finishing half of the circle “O”. Meanwhile, the
trainer immediately holds the master 2’s manipulator to finish the remaining task. The
trainer can correct the slave robots’ motion at any time when the trainee is working
alone.

The next experiment proves that the proposed system can directly finish the whole
training procedure online without the need for changing any parameters. In this
experiment, the two slave robots are controlled to lift a soft sponge three times as
shown in Fig.6. The two slave robots apply forces to each other via the soft sponge in

the middle. The three times’ lifting motions represent the three modes, training mode,
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guidance mode and evaluation mode. The trainer uses the master 1 to perform the task

alone in the first lifting motion, and then cooperates with the trainee in the second

lifting motion. Finally, the trainee performs the task alone using master 2 in the third

lifting motion. Fig.5.10 shows the position and torque tracking. The reason of the

steady-state errors of position is that the users keep applying force to the master robots

while the two slave robots are applying force to restrict the motion of each other. After

finishing the task, the force and position signals of all the robots converge to zero and

the errors disappear.
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Figure 5.9 Drawing a circle “O” (blue — Master 1 (trainer), red — Master 2 (trainee),

green — Slave 1, black — Slave 2)
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5.4  Nonlinear multi-user shared control of teleoperation system

Along with the development of the teleoperation application, the multi-user
teleoperation control has also been as new direction to investigate. In some application
such as rehabilitation and tele-surgery, the main doctor drives the main master robot
to remotely conduct the operation while the multiple assistants in different places are
required to drive the other master robots to provide necessary assistance. Consider this
scenario, multi-user teleoperation becomes significant to be investigated and
developed. In this section, a novel multi-user shared control teleoperation control
system is proposed that allows the mentor to guide multiple trainees to collaboratively
control the remote slave robot. Time-varying delays between every two robots are
considered. A new 4-CH wave-based time delay passivity approach is applied to
guarantee the time delayed system’s stability. The FLs are applied to compensate for
the nonlinear dynamic uncertainties. New adaptive controllers are designed to deal

with the input saturation problem.

5.4.1 System formulation

In this section, the Multi-master/Single-slave system includes multiple operators that
collaboratively control the remote slave robot by means of the corresponding master
robots. The authority of the master robots over the slave robot is regulated by pre-
setting dominance factors. Each robot is connected with other robots through time
delayed communication networks. The time delays among the channels between the
master and the slave and the channels between every two masters can influence the
system’s stability. The master robots and the slave robot are modeled as a pair of n-
DOF serial links with revolute joints. Their corresponding nonlinear dynamics are

modeled as:

Mmj(qmj)qmj + ij(CImj: Qmj)éImj + ij(?mj +fcmj(Qmj) + gmj(qmj) - F‘;‘Lj

Ms(qs)q.s + CS(qS’ QS)QS + Fqs + fcs(QS) + gs(CIs) - =1-1 (5.84)
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where i = m,s for the master and slave. ¢;(t), ¢;(t), q;(t) € R™ are the joint
acceleration, velocity and position, respectively. M;(g;(t)) € R™™ are the inertia
matrices, C;(q;(t), g;(t)) € R™™ are Coriolis/centrifugal effects. g;(q;(t)) € R™ are
the vectors of gravitational forces and t; are the control signals. 7, (t) and 7. (t) are
the actual human and environmental torques applied to the robots. F;q;(t) denote the
viscous friction coefficients and f;(g;(t)) denote the Coulomb friction coefficients.
F(t) € R™1 are the bounded unknown disturbances. In the section, the Coulomb
friction function f;(q;(t)) in the master and slave sides are bounded and piecewise
continuous functions.

Fuzzy logic control algorithms can be applied to universally approximate the model
uncertainties of the dynamics systems. A fuzzy system is a collection of fuzzy IF-
THEN rules of the form

R¥:IF z; is A¥ and ...and z, is A%, THEN y is B*

where z = [2y,2;,...,2,]" € Q, and y € 02, are the linguistic variables associated
with the input and output of FLS, respectively. R is the k-th rule. Fuzzy sets A% ... Ak

and B¥ are associated with the membership functions uA;c(zl) and pgk. The FLS

applies the strategy of singleton fuzzification, product inference and center-average

defuzzification while the output is expressed as:

) ity v* (T g (2(0))
VA =
g e T g (2 0)

(5.85)

where y* is the point in R at with pgr can achieve its maximum value (assuming
gk (¥¥) = 1). The FLS can be represented as (5.86) by introducing the concept of the

fuzzy basic function vector ¢(z(t)):

y(z(®)) = 0T (D)s(z(D)) (5.86)

where the weight factor 8(t) = [y(¢),y2(¢t),..,y™ ()]’ and the fuzzy basic
function vector ¢(z(t)) = [¢1(z(1)), s2(2()), ..., sm (2(£) )], where
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[T 6 (22(0))
ST T 121 (D)

¢(z(®) = (5.87)
According to the universal approximation theorem, the optimal approximation
parameter 8* exist and 87 (t)¢(z(t)) can estimate a nonlinear function G (z(t)) over

a compact set to any degree of accuracy where 8* can be defined as:
0* = arg ghg(supzeﬂsz(t)g(z(t)) - G(Z(t))D (5.88)

where Qg and 2, are the sets of suitable bounds on 8(t) and z(t), respectively. The

minimum approximation error satisfies
G(z(®) =0T¢(z(®) + e(2(D)) (5.89)

and the positive constants e* exists such that ||e(z(¢))|| < e* over the compact set £2,,.
Due to the existing friction and backlash, the robots’ dynamic functions can be seen as
piecewise continuous functions. Supposing G'(z(t)) is also a piecewise function
where

G’(z(t)) =G, (z(t))(continuous part) + G, (z(t))(bounded piecewise term)

Therefore,
G'(z@®) = 0T¢(2(D) + €(z(®) + G2 (z(1)) = 0" T¢(2(D)) + €(z(t))  (5.90)

where €(z(t)) = €(z(t)) + G,(2()) . € is defined as an upper bound of the
piecewise function approximation error €* > ||é(z(¢))||-

To guarantee the communication channels passivity in the presence of constant time
delays, we extend the wave variable transformation in Fig.4.37 to the multi-user
shared-control architecture under time-varying delays shown as Fig.5.11. Master 1
driven by the mentor leads the other master robots (Master 2...N) that are driven by
the trainees to cooperatively control the remote slave robot. We define the dominance

factors F; y and E; ysuch that 0 < F; y,E; ny < 1. The E; factor determines the
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authority of trainer over the other trainees and E, , imply the supremacy of trainees
over the trainer. F; _ illustrate the supremacy of all the users over the slave robot. The

dominance factors E; _y and F;  satisfy the following conditions:

N

N
YE=1)F=1 (5.91)

j=1 j=1

o E? — E;j(1 - Ey)
VUER4YN L E(-E) T EE+ YN, E(1-Ey)

(5.92)

This system can be separated into three mode: the training mode, the guidance mode
and the evaluation mode. In the training mode (E; = 1, F; = 1), the master-1 fully
controls the slave robot as well as other masters. The trainees can only feel the
dynamics of the master 1. In the guidance mode (0 < E;, F; < 1), all of the users
cooperate to perform the remote task. Master 1 receives the mixed dynamics of the
slave and the other masters while Master-j (j # 1) receives the mixed dynamics of the
slave and the master 1. In the evaluation mode (E; = 0, F; = 0), Master 1 cannot
control other robots. The mentor evaluates the other users’ performances based on the

received mixed dynamics of the other masters.
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FL: Fuzzy Logic Controller
AC: Adaptive Controller

Figure 5.11 Total block diagram of the proposed multi-user architecture

Remark 1. In this section, the unsymmetrical time delays Tfmj_s ®), TV,

Tfml_mj (t), T, "™ (t) are assumed not to increase or decrease faster than the time

itself. That is, |77,/ °(0)| < afy °* <1 and |T77™(0)| < afy, ™ <1 where

ﬁ}"{, * and ﬁ}"; ™ are the upper bounds of the differentials of the time delays.

Moreover, the time-varying delays T} T~ ), T} T™'"™ (t) are considered to be the sum

of the constant time delays ’,'},’ s Tf"’}f"m" with their bounded perturbations

TV, AT/ ™M@ . That s, TS0 = T T+ AT S0 < T +

-mj—s _ Fmmj—s ml-mj _ mml-mj ml-mj Fmml-mj _ml -mj _
Ep = Tf_b , Tf‘b (t) = Tf,b + ATf'b (1) < Tf’b + £ =
-mj—-s -ml-m F=mj—s

7_} mi-mj | here s g J are the upper bounds of the perturbations and Tf'b ,

T™=™) are the upper bounds of the time delays.

f.b
The feed-forward control signals from the robots are set as: Vi175(¢) =
L) = agma (), VEES@© = VYO = —Bam (), VT =
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a(?mj(t) J Iml m](t) - _aCIm](t) ) m] S(t) - In;l_mj(t) = _,BCImj(t) J

m] S(t) = _IBCIS! m] S(t) = —ags.
The power flow P(t) in the whole network can be expressed as:

P) = Y (MO0 @) + Vg =) = Vi (LY~ (¢t)

||'M2

V017 ()

+z m1 m](t)lﬂl_m](t)-f- m1 m](t)lml m](t)
j=2
— VO (©) + Vi (01 (1)) (5.93)

(5.93) can be further written as:

dE(t)

PO ==

+ PdiSS(t)

where
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dE(t N (d rt
( ) — Z _f . Alumj sT (n)umj s(n)dn
dt j=1 dt t—Tfm]_S(t)

d ‘ 1 m] sT mj—s
T T Uy My, (Mdn
dt t—T;n]_S(t)AZ

t
+z f Aluml mj (n)uml mJ(T])dT]
] 2 dt t— Tml m](t)

d (¢ 1
T — ™ ™™ () dn
dt - T;nl m](t) /12

1 mJ sT mj-—s
d
+Z} 1{dtj; Tm] 0 /11 Vsa (n)vsA (77) n
d mJ sT mj—s
Tl (mMviy = (mdn
t—T;n]_S(t)

1 m1 mJ ml-mj
2 z{dtﬁ T O

d

U3 I el ) m’(n)d"} (5.94)
t-1," " ()

Pdi”(t>=271{jl( ) — A (©) (0 = g 0)
+; (v&”é*(t)— Uy S(t)) ( e S(t)—— iy S(t))}
o3 Lo -ao) (o -t o)

+ A2 (vs’ﬁj‘s(t)—— m- S(t)) ( - S(t)——u"” S(t))}

241



N
+Z{ ml m](t) /huml m](t)) ( ml- m](t) Aluml m](t))

j=2

-+Az<v$%‘mja)——j' ml’”(ﬂ) ( O ml’m(w)}

N
_I_Z{ m1 m](t) Aluml mj(t)) ( mi-— m](t)

j=2

S G)

+/12 <v:;1—mj(t)_/11 ml- m](t)> < ml— mj(t) ml m](t)>}

ST o oo
j=1

1 m S m S m S
oy = 0w (Ou" (t)}

N
_Z {Alel mj(t)uml m] (t) ml mj(t)
j= U
1 ml-m mil— mj ml mj
A u T Oul o)
_ N 1 m] s mj—sT mj—s
DI PR A CESRR O RG
+ AT ‘S(t)v,;”g‘ST(t)v:n"g‘S(t)}

N 1 o
_Z 2{/1 Tml m](t) ml -mj (t)vrrnnj m](t)
Jj= 1

+AZ ml m](t) ml m] (t) ml-— m](t)} (595)

Since Py;¢ 1S Nt observable at any terminal of the network, in order to facilitate real-

time monitoring of the network’s passivity, Py;ss Can be written as:

Pus®= BUE@+Y. BT+ B
J= J= J=

+ Z,-_ Pyt (t) (5.96)
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where
JZJS s(t) __( mj— S(t) Alum] S(t)) ( mj— s(t) )llumj s(t))

1, (v,’:é O - S(t)) < O -k S(t))
1 smj—s mj—sT mj-—s
- /1_1Tb (t)va (t)UmA (t)

— LTS @™ (e () (5.97)

pmi- m](t) __( mi- m](t) Aluml m](t)) ( ml- m](t) Aluml m](t))

dlSS

+ 22 (v,’:’l;"”’(t)—% mE "”(t)) ( G R R "”(t))

1 . o T o
— = s (o (1)
1

. —mi e i
B e O P (5 P (5| (5.98)

i 1
PJZJS mi1 =A_1( mi-— mj(t) /11um1 mj(t)) ( mi- m](t) Aluml m](t))

+/12< ml-— m](t) ml m](t)> < ml-— m](t) ml m](t)>
_/11 ml m](t) ml— m] (t) m1 m](t)

_%Tml m](t) ml-mj (t)uml m](t) (5.99)

dis;"’(w——( ) — Al @) () — Al S(t))

+ (vng‘5<t)— ugy S(t)) < w () ——ugy” S(t))

— I OW T (Ul @)

—%Tm’ S®ul” s Oul = (t) (5.100)
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Since the differentials of the time delays are hard to measure in real time, they can be

replaced by their upper bounds defined in Remark 1. The POs are designed as:

PO-mj-s:  P7°(t) = %( TS () — Lul S(t)) ( TS () — Aul S(t))+

T
o (o0 - 2 ) (0 - 2 ) -

%ﬁmj s mj sT (t) mj S(t) /12 -mj—s m] sT (t) mj—s(t) (5.101)
PO-m1-mj: P () = 2 (5™ 0 - ™ ©) (0 -

Aun” mj(t))+/12< mi- "”(t)—l— un” "”(t)) ( ) —

1 1-mj 1 _mi1- 1 1-
7 e m’(t))——u;," I (ua ™ () —

Ay
_m1 TYLj(t) ml mj (t) ml-— m](t) (5_102)
PO-mj-m: Pt " ©) = - (05T © = A "‘f(t)) (v ™o -

Mgy ™M @) + 2, (vlzl‘"”'(t) — W "”(t)) ( B ) -
A m1 m](t)> Al.ufl m]u;:gl mj (t)uml m](t) _

1 _
X M}nl mjustrgl mj (t)uml m](t) (5.103)

PO-s-mj: By ™ (©) = - (v () = 2wy S(t)) (v - Ul =) +

obs

("” (0 -l S(t)) ("” O -y S(t))

ALy i "” s (t)u"” S(t)— ‘"” Su"” s (®ug "” () (5.104)
Then, we set the output of the PCs to be:
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PC-Mj-s: [py_s(t) = =L} ™ = 1777 — i o(8) (5.105)

PC-M1-Mj: [y _mj(®) = —Li ™ = I — [y i () (5.106)
PC-mj-m1: Vppy () = Vit ™™ — Y™ — i (0) (5.107)
PC-s-mj: Vpy;_s(t) = VIS () — VI (6) — Liomj(®) (5.108)
where

0, if PPV75(t) =0

obs

Fjs(t) = gl B B (5.109)
st g e g dm U B () <0
Ky
le—mj(t)
( 0, if P () =0
-ml-mj
:{ Mg ¢4 L5 _m1 mj.B gml—mjﬁ . if P pmi- m](t) <0 (5.110)
\2 - zarm 2 "% 7 )dm Y Fons
ij—ml(t)
0, if PPIT™(1) = 0
- -ml-mj
- Hp a —ml m]ﬁ _m1 TY'L]B mj-m1 (5.111)
(2 mprre A A TR if Fops (1) <0
0, if 5 (@) =0
Li_mj(t) = G e B mjesB (5.112)
2—2-mf—s+€;nj S5 de i B (D) <0
b

Practically, the problem, input saturation, usually appears in an industrial control

system, which can be presented as follows:

7(t) = {T_” ©,if |ryj| < Ay (5.113)

Al}’lflrljl > Al]
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where A;; are the allowable maximum controller output. 7;;(t) are the output of the

proposed new control laws.
To compensate for the input errors At;;(t) = 7;;(t) — 7;;(t) caused by the input

saturation problem, the following adaptive controllers are introduced:
Uy (©) = cijhi; () + ¢;;;(8) (5.114)

|z, ||

hi't :_i'hi't - hi't —Al"t 5.115
j(©) = —cijhy;(0) ol O j () = At(¢) ( )

where 0 < ¢;; < 1.

The control laws of the overall teleoperation system are given as follows:

N
fml(t) = Gml(Zml) + Ellml—s(t) + Z - Ejlml—mj(t) - aéIml (t) - .Ble(t)
]=

- ml(t)

= Gml (Zml) + BEl (QS(t - Tz;nl_s(t)) — qm1 (t)>
e B8 (s (=7 0) = )
+ ak; (qS(t - Tl:nl_s(t)) - Qm1(t))

+ Z:I:Z aE; <5Imj (t — Tbml—mf(t)) - C'[ml(t)> — by A Ay (2)

+ ZV e <qm1 ®

—dm1 (t - Tfml_mj(t) - Tbml—mj (t - Tfml—mj (0))) - Elpml—s(t)

- ZN Ejlin1-mj () = Upna () = Yy () (5.116)
j=2
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fmj(t) = 6mj(ij) + (1 - El)imj—s(t) + Ell’/\ml—mj(t) - a‘.ij(t) - lgqmj(t)

~ Y (0

= Gy (Zmj) + (1= EDB (a5 (£ =T (0) = amy ®))

+BE; (4 (£ = T (©) - 4y ®)

+ (1= Ea (4 (£ =TV ©) = 4y ©))

+ @By (G (¢ = 77V ©) = g ©) = (1 = E)b121 0 ()

E Aa
1b22 m] (t)

NIETTT
2

g (=10 -1 (1))
[f'lf< mj(t)

— Gy (t _ Tbml—mj(t) _ Tfml—mj (t _ Tbml—mj(t))>)

( El)['m] s(t) El mj— ml(t) mj(t) - ij(t) (5-117)

fs(t) = és(Zs) + vmj—s(t) - aéIs(t) - ﬁQS(t) - Ys(t)

= GS(ZS) + Zjlzl F}IB (qmj (t - Tfmj_s(t)) — qs(t))
+ Z;V:l Fia (c'zm,- (t — Tfmj—S(t)) — qs(t)> — /1;—:(?5(0

‘Z, 1;2 (qs(t) qs(t— T, -1 S(t—TJ”’S(t)))>

R A ORI AORA (5.118)
j=1

where Y,,,;(t) and Y (t) are the designed adaptive control laws as:
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qi;(t) . il
v = Ay 9 Flaa®l =0 (5.119)

0, iff|gy(®)] =0

la,; °

la:; @] Nla @Il # 0 (5.120)

@ij(t) =

where @ij(t) are applied to estimate the upper bounds ©;; the sum of FLs approximate

error and the bounded external disturbance F;;. Thatis, ©;; = ||€;;(Z;;) + Fy;

5.4.2 Stability analysis

Theorem 1. Consider the multi-user teleoperation system (5.83)-(5.84) with the
passive human and environment torques modeled as (5.121)-(5.122) which contain

position, velocity and acceleration information.
Thj(£) = —Knjqm;j(t) — Bpjdm;j(t) — MpjGm;(t) (5.121)
To(t) = K.qs(t) + Beqs(t) + M, qs(t) (5.122)

where K ¢, Byje: Mpj . are positive constants corresponding to mass, damping and
stiffness of human operator and external environment. If the control laws are
constructed by (5.116)-(5.118), and FLs adaptive laws are

0ij = Ayjsij(Zij)aij (5.123)

where /;; are the positive definite matrices. The position and velocity tracking errors
will asymmetrically converge to zero in the presence of arbitrary time delays.

Proof. Consider a positive semi-definite function V (t) for the system as:
V() = V() + V2(6) + V3(8) + Va(t) + Vs(t)

where
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j=2

1 N
h® =3 <E12 +) E- Eﬂ) 4T ()M, (g5)Ts(t)
1 N
Ez Tm}(t)Mm](qm])Tm](t)+ Z Etr(e m}.)

+ % <E12 + Z E(1- E1)> tr(67 A510;) (5.124)
j=2
v =1 ' (4 ® ~ 060) (g ® — 05(0)

N BE(1-Ey)
+Zj=2 2

N BE:E;
j=2 2

+ Z}_ mj mj(t))z

1 ~ 2
+ E(Elz + Z E;(1- E1)> (65 — 6,(1))

+ Z}_ = BT () (8)

(ams©® = 45©®) (4ms (O — 45(®))

(qml(t) - Qmj(t))T (qml(t) - qmj(t))

1
+5 <E12 + Z Ei(1- E1)> hI (£)hs(t) (5.125)
j=2
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V5(t)

BE? (° t BE? t
=T e L, e i iy + 5 f | axmaseandy
_T}nl—s(t) t+y Tgnl—S(t) t+y

BE (1~ Ey) |
+z] 2{ 1 f mJ S(t)—l; q;j(”)qmj(fl)dnd)’

+y

E(1—E t
ﬁ—( 2 f s f (n)qs(n)dndy}
t t+y

ﬁEl Lo
T Z 451 (M dma (M dndy
j=2 Tml m](t) t+y

BE.E; (° t .
-1 (@) Yty

192.3[512 f f
2 —T’”l‘s(t)—Tg“—S(t—T;"l—S(t)) t+y

N b,B E1 t _ .
* Z 21 f 1-mj i . f 41 (M) dma (M dndy
2 o g (e o) Jeay

t

N bzﬁ(l E))E; . .
+Z f - ~ - f G (M) Gy (M dndy
—T/Z’” ‘-1, S(t—T;n] S(t)) t

+y

t
4 (M s (M dndy

ZN 217 f m -m ft Qm (U)Qm (”) nay
2 ]A] 1- ]([) T}nl m]( Tml—m](t)) ] J

g2 (0 t
g
2by 4 _T;"J‘S(t)-rmf‘s(t—T;’”‘s(t)) t+y

4 ZN BE(1 - E) J
2 T O-17 (-1 ) Jevy

s (mMas(m)dndy

t
qs (Masm)dndy (5.126)
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Va(8)
_ak} 1
2 1— Tfml—S(t)

t
[ dhatDam oy
t=Tf 75 (0

aE? 1 ft
2 1=T @) Jeogmisy

+2N 0(E1E] 1 ft . T (), ()d
j=2 21— Tfml_mj(t) t—T}nl_mj(t) Am1\N)qm1(n)an

qs (Mas(mdn

aE4E; 1
2 1=

N ft T () dmy (1)
— M am(mdn
j=2 2 1— Tfm} S(t) t—T;nJ_S(t) mj mj

t
[ q;jm)qm,-(n)dn}
t-T, (1)

2 1-175()

t
[ . élsT(n)éIs(n)dn} (5127)
t-T," 175 (t)

N Kh' K N ) Mh' )
= ah O an®+aOF @+ ) qh© Lm0
]:1 ]:1
- T Me .
+45 () 545 () (5.128)
Using the control laws, the modeled human and environmental torques, the FLS

adaptive laws defined in this section, and considering the following inequalities,

t t
205 [ astndn= [ GEGadn < Tk Oan()

t—Ty(t) t-T, ()

t

27 [ gmmydn - f 4T imdn < TP T (0)45(0)

t-T4 (t) t-T1 (1)

the time derivative of V(t) can be written as:

. 2 _
V() < =Gy (6) (E2by Ay — B2 (TP 4 TS 4 8707 4 G075)1) Gy (6) —

i EiE; rmmiemi - —miemi . —miemi
?Izz qz;ll(t) (ElEjbllla_ﬁzl J(Tfml mj +Tbm1 mj _l_g;nl mj 4
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_ BA-EDE; r=mij
&) G () = T3 45 (8) ((1 EDEbydya — =L (T + T,V +

i A
g g S)I)qm,a) Sia iy () (B = SR (AT T 4

_mil-— 1— A, aE? ﬁE
g}n m]_l_gm m’)l)qm](t) (t)( 2Ly 1(Tfm1 s_l_Tl;‘nl s_|_ m1 s+

—m1 S)I) a.(t) — Z] L4 (t) (lza(lszﬂE] p(1- E1)E] (Tm] s _I_Tm] s _fm] Sy
7)) 0~ (3 ~ (e = 13570)) (s — (e -
179175 )) = B (400 — i (£~ 771 ©)) (400 — s (£ -

Tfml-S(t)))— 2 (s iy (= T D)) (i = oy (¢ -

1 ©)) = 20 2 (g (0 = i (£ = 77V © ) (s (© = i (£ -
m1 m](t))> N a(1- El)E]( (O — 4 (t— T S(t) > (éImj(t) — 4y (t—

T (@) ) y El)E’( () = Gmj (t—Tfmj_s(t)))T (qs(t) — Gy (-

)
)

1—
E:Ej }” ™ (H)a

2—- 27"11"1 ()

mj-s EfT}m_s(t)a . .T .
TV () + ey G Qdm (O + T, G5 () Gma (6 +

(1-EDE; T (O BB 1™ (0a .
i=2 212T]m1 = Gmi (Dm0 + X z;;;m—m,(t)q;,(t)qmj(t) +

(1 —EDE T (D
2— 2Tm’ )

E2TM5(t)
%q?(t)qs(t) + XL

QZ(t)QS(t) - EfQan (t)rml—s(t) -

El ]qml(t)rml m](t) 2 2(1 El)E'qznj(t)ij—s(t)_
,=zElEjC'1mj(t)ij_m1(t) E2qE (D) -1 (8) — 2)op(1 — EDE;G (D -mj(t) —

Zij

] 1 qm] (t) (BhJ lz)flﬁ) G ORHO) (B B m) qs(t) — Z} 1 5j <|—|Atmj(t)” _

i (OATy,; () + + Comj 4 () (£) +

cqu,ﬂj(t)qm,-(t)> S (cm,-hfn,(t)hm,-(t)
2 j=1 Ej 2

Y . T .
CmJQm](zt)Qmj(t)> (El + Z ZE (1 El)) (”ATS(t)H qz(t)ATS(t) + Csds (;)QS(t)) _

ShS hs SHS S
(B + X)-, B (1 — E) (%)“) T (O (6) + EE O ©) 4
252



. — * Qm(t) A
?,=1 qur'l;lj(t) (Emj(ij) + ij - ”qm—;(t)”@mj(t)> + (Elz + ij=2 E](l -

N . s 3 N o (A 3 l4m;®)l|”
E))gI(t) (es(zs) +E - @(t)) + 2J21 E(Bmj () — Opj) lamol +

~ 5 2
(7 + 2, B(1 - ED)(85(0) — 6,) 1L (5.129)

Substituting the upper bounds 0; of ||é;(Zs) + F;|| into (5.129), the final four terms
are zero. The Lyapunov approach requires V(t) to be negative semi-definite. In the
presence of constant time delays, Tf’f},j ), Tf’zl_mj ®, E;fl,f - e‘}f‘bl_mj are zero.
Also, the passivity controllers do not take effect so that I,;_s(t), Lpi—m;(t),
Lnj—m1(t), Ts—m;(t) are zero, V(t) can be guaranteed to be negative semi-definite by

properly tuning b, 5, 44, @ and 8 to make sure

bl > g(ff’"f‘s + TV (5.130)
bodya = b (Fmmi . pmimi 5.131
1ha 2 E( 7 + 1, ) (5.131)
la ot i =11
—;2 > g(Tf’"1 ™y T (5.132)
/126( ﬁ i i
D, 2 E(Tf"” S+ T,V (5.133)
b,p
>SS .
Biy 25 (5.134)
B
B, >—— 5.135
ej — Zblll ( )

When the time delay is varying and the channels passivity is not guaranteed by the
wave variable transformation, the PCs are launched by the POs, the positive biased
terms caused by the time varying delays in (5.129) are directly compensated by the
PCs. No extra parameters need to be tune when the time delays vary and V(t) is still
negative semi-definite.

Integrating both sides of (5.129), we get:
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+o00 > V(0) =V (0) —V(t)

> fot (%Elz (C'Iml(t) - qs(t - Tgnl—s(t))>T (qml )

— 45t -1 )

aE?

+= (qs(t) — G (£ = TP (t)))T (c‘zs ®

~ s (£ = TP )

+ Zjvz D s = oy (£~ T 0)) ()
=y (£ =T, (t)))

3 @ = (=77 O)) (dy®
I a0

’ le S (4m® = (e =77 ®)) (4

~ 45 (- ))

" ZN a1 —2E1)E,- (qs(t) — mj (t -1 ‘S(t)))T (qs(t)

j=2

. i N b,B\ .
=y (= TO)) 4 Y g (Bay = 53 ) s

. B \.

T __r
+ 4T (Be T /11) qs(t)> dt (5.136)
Therefore, from V(t) >0 and V(t) <0, it is true that 6;; €L, q;j(t) EL,.
dmi® = (E= T @) 1 40 = G (6= T/VO) Gy () = G (£~
™ (t)), 1 () = G (t—Tb””‘"‘f (t)) €L,. Using the fact that q,,(t) —

45(t = T2(0) = qm(®) = 4O + [_p (y 4s®dt () = qm(t = T2(D) =
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qs(t) — qm () + |, :_Tl(t) q.(t)dt and using  Cauchy-Schwarz inequality
i @® = a5 (E=TV°®) 1 45(0) = @y (E= T ©) G (©) = G (£ -

T (@), Gma (8) = g (¢ = T ™ (©)) € Lo,

This system’s dynamic model can also be written as:
Gij = Mij* (a0 7ij + Thje + Fj = Gi(Z47) = Cij(43, 45j) 4] (5.137)

Differentiating both sides of (5.137):
d d

7 du = a(Mil(qu)) 7ij & Thje + Fij = Gij(Zij) = Cij(aij0 4i) 4]
d
+ Mi_l(CIi)E [7ij & Thje + i — Gij(Zij) — Cij(aij» 4ij)as7] (5.138)
For the first term of the right side of (5.138), we have %(Ml-;l) = —M;'M;;M;;" =

—M;*(Ci; + C;)M;;*. According to Properties 1 and 3, %(Mgl) is bounded. Based

on Property 4, the terms in bracket of (5.138) are also bounded. Therefore, %éjij(t) €

Lo, and ¢;;(t) are uniformly continuous (fotq'l-j(n)dn = q;;(t) — q;;(0) ). Since

q;;(t) = 0, it can be concluded that ¢;;(t) — 0 based on Barbalat’s Lemma.

5.4.3 Experimental results

In this section, a series of experiments are carried out to validate the proposed
multilateral teleoperation systems. The teleoperation platform consists of four
Phantom haptic devices as shown in Figure 5.12 The four devices are connected by
two computers that are connected via the Internet. The network environment can be
set in the network-simulation block. The Matlab software is applied to establish the

proposed control system.
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Figure 5.12 Experimental setup for the multi-user system

The first experiment test the training mode of the proposed multi-user teleoperation
system, where Master 1 operated by the mentor fully controls the other three robots to
conduct a free motion. The dominance factor E; is 1, E, and E; are 0, F; =

Ef
EZ+5, E;(1-Ey)

=1, F, = F3 = 0. In this experiment, the time delays between every

two robots are set to be 400 ms with 10 ms slight variations. The position tracking
(m1» Gm2> 9ms, qs) and the torque tracking (T,,1, Tmz, Tms, Te) Of the three joints of
each robot are shown in Fig.5.13. 7,,,; is the control input of the j-th master which
represents the torque felt by the operator. After the 2 seconds, Master 1 starts to freely
move, and the other robot closely tracks its motion. During free motion, the
environmental torque is zero so that torque felt by the users are also close to zero.
Then, we did the same experiment without the FL controllers. The position tracking
(dm1, Gmz> 9ms, qs) and the torque tracking (7,1, Tmz, Tms, Te) Of the three joints of
each robot are shown in Fig.5.14 Due to the non-ignorable system uncertainty and
model errors, the system is damped and the position tracking has larger tracking errors
than that in Fig.4, especially in joints 2 and 3 where the gravity model errors take
adverse effects. The un-eliminated system uncertainties also affect torque tracking so
that the operators can still feel large feedback forces during free motion.

The following experiment tested the guidance mode of the proposed multi-user
teleoperation system. In this mode, Master 1 leads the other two robots to
collaboratively control the slave robot. In this experiment, the time delays between

every two every two robots are enhanced to 500 ms with 200 ms variations. The
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Ef _
E2 43, Ej(1-Ey)

dominance factor E; is 0.5, E, and E5 are set to be 0.25, F; = 0.5,

F, = F; = 0.25. The position tracking (g1, 9m2, 9m3, 9s) and the torque tracking
(Tm1» Tm2, Tma, Te) Of the three joints of each robot are shown in Fig.6. After 2 seconds,
the users start to drive the three robots to conduct free motion, and after 5 seconds, the
slave robot comes in contact with the remote solid wall for four seconds. Then, all
master robots are driven back to the original position. In this experiment, the position
of the slave robot is controlled by the mixed signal of the three master robot’s position.
Due to the presence of time-varying delays, the PCs are launched by the POs to
guarantee the system stability by dampening the robots. Therefore, the position
tracking errors appear during free motion. The users can also feel feedback forces
during free motion because of the damping effects of the PCs. During hard contact,
accurate force tracking is derived as shown in Fig.5.15. The trainees felts the mixed
force of Master 1 and the slave robot.

The final experiment tests the evaluation mode of the proposed multi-user
teleoperation system, and the time-varying delays are further increased to 800 ms with
500 ms variation between every two robot. The dominance factor E; is 0, E, and E
are set to be 0.5, F;, =0, F, = F; =0.5. In this experiment, Master 1 is fully
controlled by the mixed signals from the other two master robots. The position tracking
(Gm1, Gmz> Gms, qs) and the torque tracking (7,1, Tmz, Tms, Te) Of the three joints of
each robot are shown in Fig.5.16. After 2 seconds, Master 2 and 3 control Master and
the slave robot to conduct a free motion first and during the 7 second to the 12™"
second, the slave robot comes in contact with a solid wall. After 12 seconds, all of the
robots move back to the origin. Due to the time-varying delays, large position tracking
errors are shown in Fig.7, and the users also feels large feedback forces during free
motion. The torque tracking during hard contact is still reasonable in Fig.5.16. When
all of the robots go back to the original locations and stop moving, all of the tracking

errors disappear.
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Figure 5.13. Position and torque tracking in training mode (red — Master 1, blue —
Master 2, green — Master 3, Black — Slave)
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Figure 5.14. Position and torque tracking in training mode without FLs (red — Master
1, blue — Master 2, green — Master 3, Black — Slave)
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Figure 5.15. Position and torque tracking in guidance mode (red — Master 1, blue —
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Figure 5.16. Position and torque tracking in evaluation mode (red — Master 1, blue —
Master 2, green — Master 3, Black — Slave)

5.5 Summary

In chapter, the proposed passivity-based approach was applied to multilateral

teleoperation systems. The reduced wave reflections architecture was applied to a

SMMS system to achieve accurate position synchronization and reasonable force

tracking. The wave-based TDPA was extended to guarantee the channel passivity of

the multilateral teleoperation systems in the presence of random time delays. A DMDS

system was proposed with variable dominance factors to enhance the system flexibility.
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A multi-user teleoperation system was proposed to allow one mentor to simultaneously
train multiple trainees in different locations to collaboratively control a slave robot.
Lyapunov functions were used to analyse the stability of the multilateral teleoperation
systems. The developed algorithms were validated by applying them to a multilateral

teleoperation platform consisting of multiple haptic devices.
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6 CONCLUSIONS AND FUTURE WORK

6.1 Overview

In the study reported in this thesis, a number of innovative passivity-based control
architectures for bilateral and multilateral teleoperation systems were developed. The
primary aim pursued was to simultaneously achieve high transparency and system
stability in the presence of arbitrary time delays. The stability and transparency of the
proposed method were analysed using passivity algorithms and Lyapunov functions.
The performance of the developed methods were validated using 1-DOF and 3-DOF
experimental platforms under different conditions. The major achievements of the

work are reviewed in this Chapter.

6.2 Reduced Wave Reflections Architecture Design

In Chapter 3, the properties of different wave-based systems reported in literature were
analysed and compared. Most of the wave-based systems developed previously had
two main drawbacks, wave reflections and position drift. Wave reflections caused by
imperfectly matched junction impedance can may send transfer useless information
back to the communication channels to and introduce signal cause disturbance and
vibration in the systems. Position drift happens when no position information is
transmitted in the wave-based systems. Hence, an innovative wave variable
transformation architecture was for the 4-CH linear teleoperation system was
developed to solve wave reflections and position drift. In the proposed wave variable
transformation, the outgoing wave variables do not contain any unnecessary
information from the incoming wave variables to the extent that the signal variations
caused by wave reflections can be effectively eliminated. By adding the hybrid signals
transmission containing position and velocity information, the position drift issues can
also be solved. The passivity analysis has been introduced to prove that the proposed
wave variable transformation architecture can robustly guarantee channel passivity

under arbitrary constant time delays. Compared with the wave transformation schemes
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in literature, the proposed wave transformation architecture does is not adversely
affected by the biased terms and can have higher time-delay-based transparency.
Unlike the previous wave-based systems, the proposed system can also accurately
transmit high frequency information. Most of the wave-based architectures reported in
literature do not work effectively under to deal with time-varying delay issues.

In this chapter, the proposed wave variable transformation architecture was further
extended to nonlinear teleoperation systems in the presence of time-varying delays. A
sliding mode algorithm was also applied to compensate for the dynamic uncertainties
in order to enhance transparency and guarantee the synchronization in finite time. The
optimal balance between system stability and transparency was achieved by the
proposed bilateral teleoperation system applying the deploying innovative wave
variable transformation in the presence of time-varying delay.

6.3 Wave-based Time Delay Passivity Approach Design

The main drawback of the passivity-based approaches proposed in the literature is low
transparency due to over-pursuing passivity under time delays, particularly in the wave
variable method. Those methods over-dissipate energy to guarantee the passivity of
the teleoperation system by considering the worst-case scenario. TDPA is a new
method with a superior performance compared the wave variable method in balancing
the trade-off between passivity and transparency in the presence of random time delays.
Although, the TDPA-based systems could guarantee system stability, largely reduced
transparency is their main drawback that cannot be ignored. Even under small constant
or no time delay where ideal transparency could be easily achieved by many non-
passivity based schemes, TDPA-based systems have large errors in tracking position
and force.

In Chapter 4, a novel wave-based TDPA with new passivity observers and passivity
controllers was applied to the 4-CH nonlinear bilateral teleoperation system. The
proposed system had three main contributions.

Firstly, under constant time delays, the approach could maintain the passivity of the
communication channels and ensure that the energy dissipation detected by the

proposed observer was positive so that the proposed passivity controllers had no
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influence on the torque and trajectory tracking. The new wave transformation also had
no biased terms by matching impedances so that the proposed system could achieve
higher transparency than the previous TDPA-based systems and wave-based systems
proposed in the literature.

Secondly, in the presence of arbitrary time-varying delays, the proposed passivity
observers could observe negative energy dissipation according to different time delays
and robustly guarantee the system passivity. The new wave-based TDPA could
adaptively dissipate energy to the extent that the proposed system was not as over-
conservative as the conventional wave-based systems.

Thirdly, the consistent problems of the wave-based system, i.e. wave-based reflections
and position drift were simultaneously solved in the proposed system.

Therefore, the proposed wave-based TDPA teleoperation system proved to have a
better performance than previous wave-based systems and TDPA systems in achieving
transparency and stability in the presence of arbitrary time-varying delays.

Moreover, since the original wave-based TDPA was mainly used to guarantee the
channel passivity and knowing that without proper control algorithm, extra energy still
could be injected into the master and slave side to jeopardize stability, the original
wave based TDPA was extended to guarantee the overall system’s passivity. This
method was also combined with an extended PPC to enhance the position, velocity
and torque tracking performances and to restrict the tracking errors in a pre-set
boundary.

The proposed wave-based TPDA principally had two main drawbacks as it could
seriously degrade the position and torque tracking during worst-case scenarios with
large and sharply varying delays. Also, restriction on the rate of the time delays
significantly undermined the practicability of the proposed system. Therefore, a new
wave-based TDPA system was proposed with distinct passivity observers and
controllers to largely enhance the system’s tracking performance in the worst-case
where the rate of time delays were larger than one. Neural networks were also deployed

to eliminate the system’s uncertainty.
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6.4 Control Algorithm Design for Multilateral Teleoperation Systems

In Chapter 5, the concept introduced the multilateral teleoperation systems was studied
and a number of control algorithms for different configurations were developed.
Deploying the reduced wave reflections architecture, a SMMS teleoperation system
with characteristics of motion synchronization and force reflections under time delays
was developed. With the reduced wave reflections architecture, the slave robots could
accurately follow the master robot’s motion without large vibrations. Control force
signals were exchanged among all of the robots that could enforce the motion
synchronization. In the proposed system, in the event of sudden change in the motion
of one of the slave robots, the rest could be directly controlled using reflecting control
force information guaranteeing accurate motion synchronization.
A DMDS system was proposed with variable dominance factors to enhance the
flexibility of shared-control trainings. The variable dominance factors provided the
system with two main characteristics. That is, 1) the system provided the ability for a
second operator to correct the motion of the slave robots when necessary. 2) The three
mode of training guidance and evaluation could be freely interchanged dynamically
without the need to turn any parameter on or off.
A multi-user teleoperation system deploying the modified wave-based TDPA was
introduced in Chapter 5. The main purpose of the development was to allow one
mentor to lead multiple trainees in different remote locations to perform the remote
tasks in the presence of different time delays. The proposed system contained three
modes depending on the different values of the dominance factors, the training mode,
the guidance mode and the evaluation mode. In the training mode, the mentor’s master
robot fully controlled the slave robot as well as other master robots. The trainees could
only feel the dynamics of the mentor so that they could be trained by the motion of the
mentor’s master robot. In the guidance mode, all of the users cooperated to
collaboratively perform the remote task. The mentor received the mixed dynamics of
the slave robot and the other master robots while the trainees received the mixed
dynamics of the slave and the mentor. In the evaluation mode, the mentor’s robot was
fully controlled by the mixed control information of other master robots so that the
mentor could evaluate the performance of other users according to the received mixed
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dynamics of other master robots. Fuzzy logic algorithm was also used to deal with the

system uncertainties. An adaptive controller was designed in this system to address the

problem of input saturation.

6.5 Future Work

The work presented in this thesis can be continued in the following directions:

i)

The proposed algorithms in this thesis are applied to the 4-CH teleoperation
system where force information is transmitted in the communication channel.
The force signals containing acceleration information and noise can seriously
affect the system stability. Therefore, methods to strengthen the external force
transmission can be further explored and a less conservative stability condition
can also be considered.

In a telerobotic system the loss of data loss is a major drawback of the
communication channel that can seriously affect the system performance.
Unfortunately, there is no control method developed to effectively address this
issue. In the work conducted in this thesis, the loss of data in the
communication channels is ignored. As another extension of the current work,
the development of an effective method to analyze and control the data loss in
the communication channel can be considered..

In Chapter 5, multi-user teleoperation systems was designed and implemented
with enhanced user interaction featuring dominance factors that could adjust
the control of the mentor over the trainee in execution of a task. The dominance
factor is set manually based on the identified skills of the trainees. An online
scheme that quantify the skill of the trainee and adjust the dominance factor
automatically over the training period can improve the performance of a
telerobotic system. It was suggested in Chapter 5 that variable dominance
factors can enhance the flexibility of the system. Designing a variable
dominance factors that can simultaneously guarantee flexibility and accuracy

can be another important extension of this research.
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Balancing the optimal trade-off between transparency and stability is always
the top priority in the passivity-based teleoperation research. However, it is
difficult to further enhance the system transparency without sacrificing
stability in the passivity-based teleoperation research. Future work can be
considered to combine the passivity-based approaches with other methods to

improve system transparency in the presence of arbitrary time delays.
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