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ABSTRACT

A teleoperation system is a master-slave robotic system in which the master and
slave robots are at different geographical locations and synchronize their motions
through the communication channel, with the goal of enabling the human operator
to interact with a remote environment. The two primary objectives of bilateral teleop-
eration systems, position tracking and force feedback, are necessary for providing the
user with high fidelity telepresence. However, time delays in communication channels
impede the realization of the two objectives and even destabilize the system. To guar-
antee stability and improve performance, several damping injection-based controllers
have been developed in this thesis for two channel and four channel teleoperation
systems. For two channel teleoperation, an adaptive bounded state feedback con-
troller has firstly been proposed to address teleoperation with time-varying delays,
model uncertainties and bounded actuations. Next, a simplified and augmented glob-
ally exponentially convergent velocity observer has been designed and incorporated
in the conventional P+d control to obtain stable bilateral teleoperation without us-
ing velocity measurements. Then, the more challenging bounded output feedback
control problem has been solved by combining the bounded state feedback control
and output feedback control two techniques with more conservative control gains. In
four channel teleoperation, a hybrid damping and stiffness adjustment strategy has
been introduced to tightly constrain the master and slave robots and achieve robust
stability. Further, the nonsingular version is developed to conquer the singularity
problem in the hybrid strategy, which has been proved to avoid unexpected torque
spikes due to the singularity problem at zero velocities. Besides, this thesis has also
provided a reduced-order controller to guarantee position coordination for arbitrarily
large position errors and maintain the tight coupling between the master and slave
sites. After concluding all the research results, future study directions are pointed
out at the end of this thesis.
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Chapter 1
Introduction

In this chapter, a brief introduction of bilateral teleoperation systems is firstly pre-
sented. Then existing methodologies and available research results within damping
injection-based control are reviewed. Open control problems for bilateral teleopera-
tion systems are pointed out and the research objectives of this research project are

proposed.

1.1 Bilateral Teleoperation Systems

The word teleoperation with the prefix tele meaning at a distance indicates remote
operation. Therefore, a teleoperator naturally refers to a master-slave robotic system
that permits an operator to interact with a remote environment and finish from a
distance manipulation tasks that are inaccessible or hazardous. Generally, a teleop-
eration system consists of at least two robots: the master robot directly operated by
the user, and the slave robot interacting with the unknown remote environment. The
teleoperation system configuration is shown in Figure. 1.1.

From the point of view of the existing and potential applications of teleopera-
tion systems, the two main objectives of teleoperation systems are position tracking
and force feedback, i.e. teleoperation systems should be bilateral to provide telep-

resence [1-3]. For position tracking, the master and slave robot should follow each

= Communication [ .
Operator (4= Master < Channel > Slave [<«=P] Environment

Figure 1.1: Teleoperation system configuration.



other’s motion through control, that is, their motion should be synchronized through
the communication channel [4,5]. Then the user can control the movement of the
remote slave robot by manipulating the master robot. Particularly, in cases like
robot-assisted surgery, high-precision position control is a fundamental requirement
for the system [6]. If large position errors happened between the master and slave
sides, then the slave might move into unexpected areas and cause tissue damage, so
the position tracking performance is crucial for the effectiveness and safety of this ap-
plication [7]. Existing surgical robotic systems, such as the da Vinci surgical system,
have already obtained satisfactory position control, but cannot provide surgeons with
accurate force feedback during the surgical manipulation [8-11]. Because different
tactile and kinesthetic experiences are elicited when touching different textures and
when manipulating tissues with different stiffness, the teleoperation system should
provide high-fidelity force feedback to help the surgeon distinguish different types of
tissues through palpation and avoid unintended tissue damage due to large interac-
tion forces [12-14]. Further, the mental load of the human operator can be reduced
and their performance in assembly tasks in terms of task success rate and economy
of exerted forces increases when the teleoperator provides force feedback in response
to the user’s motion [15].

Force feedback, also called haptic feedback, is demanded by surgeons during
robotic surgery because it can improve the task performance significantly and thus,
advance the development of the next-generation robotic surgery systems [11]. How-
ever, time delays existing in the forward and backward communication channels be-
tween the master and slave robots would damage the bilateral teleoperation system.
As observed in [4], even small constant communication delays between the two sides
would degrade the system performance and possibly destabilize the system because,
at any moment in time, the forces applied to the operator are physically related to the
operator’s prior rather than current motion. The instability is more severe when the
delays are time-varying since variable delays foil prediction. When the teleoperation
system becomes unstable, the operator looses control of the slave robot and the sys-
tem might be damaged as a result of violent vibrations. In terms of task completion,
like the tele-surgery, the safety of the patient is also endangered since the physician
cannot stop the slave upon contact. Keeping a bilateral teleoperation system stable
and achieving the two main objectives, position tracking and force feedback, is a
trade-off for bilateral teleoperation control [1,16]. Therefore, an effective and prac-

tical control strategy is still needed for advancing the use of bilateral teleoperation



systems.

1.2 Damping Injection-Based Control

A large amount of work has been done to achieve stable bilateral teleoperation in the
presence of communication delays, in which nonlinear control techniques, especially
the passivity-based control strategy, play an important role. As an input-output
property of dynamical systems, passivity characterizes the exchange of energy among
interconnected systems. Specifically, a system is passive if and only if it can generate
only limited energy. From the perspective of passivity-based control, the source of
instability is active energy accumulation in the system. Therefore, the essence of
passivity-based control is: 1) finding the redundant active energy accumulated in sys-
tems; 2) using passivity controller to dissipate the redundant energy. Generally, the
redundant energy can be computed through measuring the system input-output pairs
or through Lyapunov-krasovskii energy analysis. Correspondingly, the passivity con-
troller consuming redundant energy by injecting varying or constant damping in the
system because damping is an elementarily dissipative component in all mechanical
systems.

Variable damping has been typically injected in bilateral teleoperation systems
based on the Time Domain Passivity Algorithm (TDPA) that uses a time domain
passivity observer to keep track of the energy generated in the communications and
a time domain passivity controller to inject the damping required to deplete it [17].
An energy-bounding algorithm has achieved robust stability by restricting the energy
generated by the sample-and-hold and communication time delays within the energy
dissipated by the master and slave in [18]. Based on the TDPA, a two-layer approach
has been proposed in [19] where the lower layer thwarts the generation of energy and
thus keeps the system stable. Limited control output has been considered in [20]
within the TDPA control scheme. A sufficient passivity condition has been derived
based on TDPA in [21] by rendering the communication channels passive. Encoding
position and velocity information to construct a composite signal, a feedback passivity
scheme in [22] has mitigated the position drift problem in [17]. Time domain passivity
has also been combined with scattering-based control in a nonlinear four-channel
controller for position and force tracking in [23].

Constant damping injection is primarily based on Lyapunov-Krasovskii energy

analysis. Using the simple Proportional-Derivative (PD) control in a passivity con-



text, the Lyapunov-Krasovskii technique has firstly been proposed in [24] to achieve
stable teleoperation in the presence of constant time delays. However, the stability
proof in [24] relies on the unverifiable assumption that the human and environment
are defined L.-stable maps from velocity to force. Replacing this assumption with a
passive external terminators assumption, [25,26] have verified the effectiveness of the
Proportional-Derivative plus damping (PD+d) control and have proposed a simpler
Proportional plus damping (P+d) controller for position tracking in bilateral teleop-
eration with constant time delays. In [27-29], a new stability condition of the P+d
control scheme for bilateral teleoperation systems with time-varying delays has been
derived. Considering joint flexibility and gravity compensation of manipulators, the
P+d controller was then extended by changing coordinates in [30]. A compensation
component has been added to the PD+d controller in [31] to improve the interaction
experience of the operator, but the additional control terms cause wave reflections
similar to scattering-based control. Starting from the Lyapunov-Krasovskii energy
analysis, stability conditions for bilateral teleoperation with time-varying and asym-
metric delays have been derived by a delay-dependent linear-matrix-inequality (LMI)
in [32]. Based on the delay-dependent LMI stability conditions, the P+d controller
has further been applied to teleoperation with no gravity compensation in [33]. To
achieve force feedback, a position-force strategy with P+d control at the slave and
with force transmission to the master has been adopted in [32-34]. However, the
force reflected to the master is the slave control force rather than the environment
force and the round-delayed master position signals would induce wave reflections

and decrease performance.

1.3 Open Problems

1.3.1 Bounded Damping Injection

Due to nonlinearities in the dynamics and torque output of robotic systems, the
control of robot manipulators with actuator saturation is a challenging topic with
a long history. When an actuator saturates, a controller designed without regard
for torque limits is executed only partially, i.e. it loses the control of the robotic
system. Thus, actuator saturation is a safety threat and needs to be considered in
the controller design.

For robotic systems with actuator saturation, global position regulation has been



achieved via Saturated Proportional-Saturated Derivative (SP-SD) control with state
feedback in [35-37], and with output feedback in [38,39]. Adaptive versions of the SP-
SD controller have been proposed in [40,41] to compensate gravity uncertainties, and
in [42] to compensate both kinematic and dynamic uncertainties. Less conservative
strategies, employing a single saturating function and extending the PD control have
been reported in [43-45]. A saturated Proportional-Integral-Derivative (PID) strat-
egy for semi-globally asymptotic position regulation has been introduced in [46,47]
using singular perturbation tools. Linear [48-50] and nonlinear [51] saturated PID
controllers have also been developed to achieve globally asymptotic stability. Anti-
windup has been applied in [52,53] to improve the speed of recovery from saturation.
Semi-globally asymptotic trajectory tracking has been achieved without velocity mea-
surements and with model uncertainties in [54] and [55], respectively. Global tracking
has also been obtained using PD plus dynamics compensation control in [56,57], adap-
tive control in [58] and robust integral of the sign of the error control in [59, 60].

In bilateral teleoperation, work considering actuator saturation has been largely
based on the classical P+d control strategy [25,29, 32], and has limited the pro-
portional term [61,62], the proportional and damping terms independently [63], the
sum of the proportional and damping terms together [64], and has injected dynamic
compensation [65]. Wave variable-based control and formation control with actuator
saturation have also been discussed in [66] and [67]. Unlike in single robot control,
where it needs to dissipate only kinetic energy, in teleoperation damping also needs to
consume the energy created by the time-varying delays in order to guarantee bounded
velocities of, and bounded position error between, the master and slave robots. When
an actuator saturates, a P+d strategy that disregards torque limits cannot inject suf-

ficient damping to guarantee safe teleoperation.

1.3.2 Output Feedback Damping Injection

Damping injection requires velocity information. Because most robots, including
those used in teleoperation systems, lack velocity sensors, practical teleoperators need
damping injection schemes that do not rely on velocity measurements. Velocity es-
timation through carefully designed observers has offered one approach to passivity-
based control with only position measurements. Namely, a PD strategy augmented
with a first-order estimator [68] has been developed for delay-free teleoperation. A

fast terminal sliding-mode observer and a high-gain observer have been employed for



output feedback P+d control of delayed teleoperation in [62] and [69], respectively.
A first-order velocity estimator has also been introduced for teleoperators with time-
varying delays and actuator saturation [63].

In teleoperation systems, the user and environment are part of the control loop.
Thus, the master and slave velocities are determined not only by the control inputs
but also by the user and environment forces. Even if assumed passive, the user and
environment may exert unexpectedly large forces during a short period of time. Such
large forces can lead to large master and slave velocities despite injecting only limited
energy in the teleoperation system. Therefore, one challenge facing the design of ve-
locity observers for nonlinear bilateral teleoperation systems is the need to guarantee
the convergence of velocity estimates without assuming bounded master and slave
velocities. Recently, the Immersion and Invariance (I&I) velocity observer [70,71]
has been proven globally exponentially convergent and has been used for trajectory
tracking in Euler-Lagrange systems [72,73]. A constructive version of it [74], with
simpler dynamics and computed based on the exact solution of a partial differen-
tial equation (PDE), has also been employed for output feedback tracking control of
Euler-Lagrange dynamics [75]. Another challenge when using observers in teleopera-
tion systems is that the estimation errors inject deleterious energy in the closed-loop
system. Practically, damping injection based on velocity estimates dissipates the
delay-induced energy but generates energy through estimation errors. For stability,
the observers should converge fast enough to guarantee that the energy they create

through estimation errors remains in a range that they can consume.

1.3.3 Four Channel Teleoperation

Stability ensures bilateral teleoperation safety, and transparency improves the user’s
telepresence. However, the two are generally in conflict with each other, especially
in the presence of time-varying delays. Keeping a delayed bilateral teleoperation
system stable and achieving precise position tracking and high-fidelity force feedback
simultaneously remains a challenging research topic. From the perspective of stability,
control of two channel teleoperstion in the presence of time-varying delays using
only system states, positions and velocities, is simpler than that of four channel
teleoperation, due to the fact that exchanging interacting forces in the two augmented
channels are not system states. However, in terms of transparency, interacting forces

can assist not only position synchronization but also human-environment interaction



telepresence.

Transparent teleoperation with time-varying delays has been sought through four-
channel time domain passivity controllers in [76-78]. To the best of our knowledge,
four channel teleoperation with static control has rarely been explored due to the
difficulty of guaranteeing passive force transmission. Yet, four channel control is
best suited to tightly constrain the master to the slave, and implicitly to the remote
environment, during slave-environment contact. Sending the external user and en-
vironment forces to, and directly applying them on, the slave and master robots,
respectively, is not the best method to exploit them. In general, the external forces
include desired components that assist the controller to coordinate the two robots
both in free motion and in contact, and undesirable components that damage the
coupling between the robots and can even lead to finite time escaping velocities.
Distinguishing the desirable from the harmful components and rejecting the latter
without knowing their bounds is not trivial. In P+4d control, fixed local damping in-
jection is effective because the disturbances in the proportional term are related to the
robot velocity at the other side. Considering the harmful components of the external
forces as bounded disturbances is not helpful because it is impossible to determine a

fixed damping sufficient to reject them without knowing their bounds.

1.4 Research Contributions

1.4.1 Bounded Damping Injection

A bounded P-+d control with projection-based adaptive gravity compensation strat-
egy has been developed to ensure the safety of bilateral teleoperation systems with
model uncertainties, time-varying delays and bounded actuations. It employs two
standard saturation functions: an inner saturation of the proportional term, and
an outer saturation of the sum of the damping and saturated proportional terms.
The outer saturation reserves sufficient actuator capability for gravity compensation,
which keeps the two robots at rest at any point in their workspaces. The inner sat-
uration limits the delay-induced disturbances to a range that leaves enough motor
torque to suppress those disturbances through damping injection. The projection-
based adaptive gravity compensation guarantees that the estimated gravity compen-

sations always staying within the reasonable range without destabilizing the system.



1.4.2 Output Feedback Control

Globally stable output feedback synchronization has been achieved for bilateral tele-
operation systems with time-varying delays by incorporating the simplified and aug-
mented [&] velocity observer in the conventional P+d control. Compared to the 1&I
observers with 3n+ 1 states in [70,71,79] and with 2n + 2 states in [74], our simplified
I&I observer guarantees globally exponential convergence of the velocity estimates
with only n 4 2 states, where n is the number of degrees of freedom of the robots.
Compared to [70,71,79], the observer design procedure for Euler-Lagrange systems
in this thesis is constructive and, thus, does not require an approximate solution of a
PDE. Compared to [70,71,74,79], the dynamics of the velocity estimates depend on
dynamic scaling factors in this thesis. This augmentation of the observer dynamics
increases the convergence speed of the velocity estimation and, thus, limits the energy
injected by the estimation errors within a range that the observers themselves can
dissipate. The integration of the new observer into conventional P+d control [29] per-
mits the development of a rigorous proof of the global stability of the output feedback

synchronization of teleoperation systems with time-varying delays.

1.4.3 Four Channel Teleoperation

To the best of our knowledge, four channel teleoperation with static control has
rarely been explored due to the difficulty of guaranteeing passive force transmission.
Yet, four channel control is best suited to tightly constrain the master to the slave,
and implicitly to the remote environment, during slave-environment contact. Besides
sharing this advantage of the four channel architecture, by introducing nonlinear posi-
tion error-velocity coupling terms, our strategies render the closed-loop teleoperation
system provably input-to-state stable (ISS), with the hand and environment forces as
input and velocities and position error as state, without assuming passive operator
or environment. The nonlinear coupling terms have a two-pronged effect: (i) it mod-
ulates the stiffness of the coordination between the master and slave to maintain the
system ISS in the presence of non-passive input forces; and (ii) it injects additional
damping to dissipate the energy generated by perturbing non-passive forces. In other
words, the new strategies increase the robustness of teleoperation to the destabilizing
components of the user and environment forces and their transmissions instead of

assuming or rendering them passive.



Chapter 2
Two Channel Teleoperation

In this chapter, we first introduce the dynamics of bilateral teleoperation systems
with some properties, assumptions and lemmas. Accounting bounded actuations,
a bounded damping injection with adaptive gravity compensation control strategy
has been developed to achieve globally asymptotically stable bilateral teleoperation.
Then, a globally convergent velocity observer has been proposed and integrated into
the conventional P+d control to rigorously stabilize teleoperation systems with time-
varying delays. Further, the augmented &I observer has also been integrated in
the control with bounded actuations to achieve stable bilateral teleoperation with

time-varying delays.

2.1 Preliminaries

Considering the master and slave robots to be n-degrees-of-freedom (DOF) serial

manipulators with only revolute joints, their joint space dynamics are:

Ms(Qs)ds + Cs(q87 QS)QS + gs(Qs) =T: + T

where the index ¢ = m, s indicates master and slave quantities, respectively, and for
robot i: q;, q; and q; are the joint acceleration, velocity and position; M;(q;) and
Ci(qi,q;) are the matrices of inertia and of Coriolis and centrifugal effects; g;(q;)
are torques due to gravity; 7; are control torques; and 7, and 7. are the user and
environment torques.

The properties of the dynamics of robot i in Equation (2.1), i = m, s, that facilitate
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the stability analysis in the following sections are listed below.

P.1

P2

P.3

P4

The inertia matrices M; are symmetric, positive definite and uniformly bounded
by 0 < )\ﬂI <M, < )\lQI < 00, with )\2‘1 > 0, )\Z‘Q > 0.

The matrix Mz(qz) —2C;(q;, q;) is skew-symmetric.
There exists ¢; > 0 such that ||C;(q;, x)y| < allx] - ly]], Vai, x,y.

The gravity torques g; can be linearly parameterized by g; = Z(q;)6;, for i =
m, s, where Z(q;) is the regressor matrices of measurable system states and 6,

are unknown but constant vectors of system parameters.

The following assumptions on communication delays and external terminators are

assumed to be true:

Al

A2

A3

A4

A5

The time delays from robot i to robot j, d;, are non-negative and bounded,
0<d;<d; fori,j=m,sand i # j.

The derivatives of the communication delays are bounded, \dz\ < di, 1 =m,S.

The joint torques due to the hand and environment forces are bounded:

1The] < Thy  |Ter| <Tey VeE=1,--- 0.
The human operator and environment are passive:

t t
By — / T e >0, E,— / Tt > 0,
0 0

with £, and E, are positive constants.

The gravity joint torques are bounded by ~; that are component-wise strictly

smaller than the maximum actuator torques 7;:
gl < Yix <Tae, i=m,s, k=1 n,

i.e., the actuators can keep the master and slave at rest at any point in their

workspaces.

In the following sections and chapters, the stability analysis relies on the following

three lemmas.
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L.1 For any vector signals x, y, any variable time delay 0 < d(t) < d < oo and any
constant o > 0, the following inequality holds [29]:

t d(o) ¢ 32 t
2/ XT(J)/ y(o —0)dfdo < a/ |x(0)||*do + —/ ly(o)|*do.
0 0 0 @ Jo
L.2 For a positive definite matrix Y, the following inequality holds [32]:
t t 3
£2a7(0) [ b(@de - [ bTOThOde < da’ ()T a(t
t—d(t) t—d(t)

for all a(t), b(t) and 0 < d(t) < d.

L.3 For a convex set II = {# € R"|P(8) < 0)} with interior II, let us consider an
other convex set II, = {6 € R*|P(6) < ¢} with boundary layer O(e) around II

where P(-) is a smooth convex function, let I'(Z), 7(¢) be continuously differen-

tiable and @ = Proj{7}, 6(0) € II. where

T, éErorvéPT‘rgo

(I - c(é)I‘%) 7, 6 eI\ and V,PTr > 0

Proj{r} =

~ A~

with ¢(6) = min {1, @} and V4P the gradient of P(0). Then, on its domain
of definition, the solution §(t) remains in II, and —@TT''Proj{r} < —0"T 't
where 8 = 6 — 6, V0 € I1..,0 € 11 [80].

In teleoperation control, lemma L.1 and the time integration of lemma L.2 from
0 to t both suggest the fact that scaled redundant energy generated by the delay-
induced disturbances (left-hand side) can be upper-bounded by the energy consumed
by injected damping on master and slave sides (right-hand side). For lemma 1.3, the
role of projection operator is to render the estimation 0 in the feasible set II, and

protect estimation convergence.

2.2 Adaptive Bounded State Feedback Control

In the classical P+d control strategy, sufficient damping injection can suppress the
disturbances introduced in the proportional control term by the time-varying delays.

However, the conventional strategy does not account for the torque limitations of
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practical actuators and, therefore, is potentially dangerous. This section proposes
a bounded damping extension of the P+4+d control that suitably limits the propor-
tional term to reserve sufficient actuator torque for damping injection. Moreover, a
projection-based adaptive law has also been developed to dynamically compensate
uncertain gravities of the system.

For ease of understanding, the conventional P+d control with gravity compensa-
tion [25,32] is reviewed first before introducing the bounded state feedback control.
In the conventional P+d control strategy, the master and slave control torques 7,

and 7, are computed as

Tm:_qu_qS _Kmqm+ m
( d) | g , (2.2)
T, = — P(qs — qma) — KoQs + 85

where qsq = qs(t — ds(t)) and Qg = gm(t — d,,(t)) are the delayed slave position at
the master site and the delayed master position at the slave site, respectively; and the
gains P, K,,, and K, are constant positive definite diagonal matrices. The framework

of the bilateral teleoperation systems under the P+d control is shown in Figure. 2.1.

- +® il Master 1o _dm; x Slave - ®+ i
+ +
T, T,
QK e
E *'69- U -:ds" qmd'®+ E

Figure 2.1: Teleoperation system with the P-+d controller in Equation (2.2).

The velocities of, and the position error between, the master and slave robots are

analyzed by using the following Lyapunov-Krasovskii functional [25]:

1. ) 1. i 1
Va =§qLMmqm + §q5Tqus +5(am — as) " P(qm — qs)

t t
_ / AT dé + Ep — / qTrdé + ..

0 0

(2.3)

In Equation (2.3): the first three quadratic terms are the kinetic energy of the master
and slave robots and the potential energy stored in the proportional control term;

the two integral terms are the energies input by the operator and the environment.
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Therefore, from assumption A.4, V, is positive if the velocities of, and the position
error between the two robots are not zero. Further, V,, is bounded if the velocities of,
and the position error between the two robots are bounded, and vice versa.

After substituting Equation (2.2) in Equation (2.1) and using lemma L.1, the

derivative of V,, becomes

. 1. )
Vi ==& My + @) MGn + QP (G — ) — @) T

2
| .
+ 54, TMLds + 4] M + 41 Py(as — am) — 4 7
:éq;qqumqm - q;cmqm - q;gm - QLP(Qm - qs) - q;P(qs - qsd)

. o . . . 2.4
— 40, K + 4,8 + 4,7 + 4 Pdm — q5) — 45,7 24

+ §q—ersqs - ql—csqs - q;rgs - q—srP<qs - qm) - q:grP(qm - qsd)
- qusqs + q;rgs + qZTe + q:erP(qs - qm) - que

= - q;rnP<qs - q$d> - qTTnKQO - ql—P(qm - qmd) - q—ersqs

Equation (2.4) shows that the disturbances —P(qs — qs¢) and —P(qy, — Qma) in-
troduced by the time-varying delays in the proportional control terms of the master
and slave robots threaten the safety of the bilateral teleoperation system. Since only
the upper bound of the delays are known, the worst scenario needs to be consid-
ered, in which the time-varying delays continuously inject energy in the system, i.e.,
-4 P(qs — qsq) > 0 and —q!P(qm — Qma) > 0, V£ > 0. Therefore, if the energy
generated by delays can not be dissipated through damping, then V,, > 0 and V,, — 0o
as t — oo, i.e., the system is unstable.

Integration of both sides of Equation (2.4) together with lemma L.1 leads to:

Vu(t) — V,(0)

t
/qP/ %ww—/®KMMa
0 0

t
/qP uddds ~ [ ATK.qudo
0 —dm 0

—2
<P d, . : p : Ay | - .
<3 ( 1étmll2 + |!qu§> —Eplldmllz + 5 <5Hqs|!§ + FH%H%) — ka3

d, p d.
REN PP+

(2.5)

e 13,
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where: p is the largest eigenvalue of P; k,, and k, are the smallest eigenvalues of
K,, and K;; and o and 8 are positive constants. Selecting the damping gains K,,
and K sufficiently large with respect to the proportional gain P makes the last two
terms strictly negative and guarantees that V,, is bounded. In turn, a bounded V,
guarantees that the velocities of, and the position error between, the master and slave
are bounded.

The P+d control strategy (2.5) illustrates the fact: injecting sufficiently large local
damping in the system can suppress the instability induced by time-varying delays.
One of the most significant advantages of the P+d control over other approaches is
its simple structure and design criterion as shown above. The proportional control is
used for synchronizing the positions of the master and slave robots, which behaves
like a virtual spring connecting the two robots. As the proportional gain increasing,
the stiffness of the spring becomes larger and larger. In other word, the coupling
relationship of the two sites is kept through proportional control. It should be known
that, due to the special scheme of the system, the master and slave robots have no
other knowledge about the model parameters and motion information of each other,
except the the delayed position information. Therefore, the proportional terms can
only adopt the delayed position of the other sides, which contain the disturbances
induced by time-varying delays. Because the disturbances are related to the velocities
of the other side and the magnitude of time delays, the local damping terms can be
used to suppress instability caused by the disturbances.

To guarantee that teleoperation systems with actuator saturation can fully execute

the control action, this section proposes the following bounded P+d controller:

T :Satm( — Sat,, [P(qm — qsd)} — Kmqm> +8m

T :Sats< — Sat,, [P(qS - qmd)] _ qus) +é, g (2.6)

where:

Sat;(u) = [satﬂ(ul), e ,satm(un)} T,

ug, luk] < sik
sat; (ug) =

sgn(ug)sik  |ug| > six

and: Sat,(-) is the inner saturation of the P term on the master and slave sides;

Sat,,(-) and Satg(-) are the outer saturations of the P4+d term on the master and
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slave sides, respectively; g,, and g, are gravity estimates; k = 1,--- ,n is the joint
index; sgn(+) is the sign function. s;; are positive constants to be determined through

stability analysis and with ranges constrained by

Spk < Sik
e (2.7)
Sik T Vik < Tik

with ¢ = m,s and £k = 1,--- ,n to guarantee that control torques remain within the

actuator bounds at all times. The closed-loop bilateral teleoperation system with
dynamics Equation (2.1) under the control of bounded damping injection strategy

with adaptive gravity compensation Equation (2.6) is shown in Figure. 2.2.

G 4

T o+ Un dp,
Master q R

Uina

Figure 2.2: Teleoperation system under the bounded P+d control with adaptive
gravity compensation in Equation (2.6).

From property P.4 and assumption A.5, gravities are bounded and can be further
linearly parameterized as g, = Z(q;)0;, with Z(q;) are known regressor matrices
depending on position and 6; are unknown but constant vectors depending on robots’
physical parameters, masses and lengths of links, and 8; < 6; < 0;. Therefore, the
estimated gravity is designed by

& = Z(q,)0; (2.8)

with parameter update law 6; = Projs (wi) and w; = ~Z(q;)"qi, i = m,s. Since 0,
are vectors, the projection is element-wise. Define € a small positive constant used

for making the projection smooth and

¢ (0) = min {Lw} . cw(0) = min {I,M} )
€

€
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then we design the following smooth projection operator:

~

( (1 — clb(éik)> wir B <0 <O, +€e& wy <0
Wik 0. +€ <Oy < Oy — €
éik = Projy  (wix) = or 0, <0 <04 +¢& wy, >0. (29)
or Oy — e < 0y < 041, & wip < 0
< By < By

\ (1 — Cub(éik)) wir i — & wip, >0

The performance analysis is based on the following Lyapunov-Krasovskii function:

1 . dmk —Aqsk
V :aq;Mmqm + q sqs + Z/ Satpk pka)d
, (2.10)
. 1o -
- / Ay, T + By — / q, Tedé + E. + 59;0,” | 59208,
0 0
where py, is the k-th diagonal element of P and 6; = 6; — 0 = m, s, are parameter

estimation errors. Note that the function in Equation (2.10) uses the quasi-natural
potential function [35], >/, [ Imk 9k sat,r (pro)do, in place of the potential energy
2(dm — 95)"P(qm — g5) used in Equation (2.3). Because the saturation function is
odd, the quasi-natural potential function is positive definite and radially unbounded
in terms of the position error ¢,r — qs. Consequently, bounded V' is equivalent to
bounded velocities of, and bounded position error between, the master and slave
robots.

After substituting from Equation (2.6) into (2.1), the derivative of V' becomes:
S R . 1 . ) .
V =565 Mundn + 5 Myl + 56 Mds + 4 Mda — 65,7 — 4T,

k=1
1 . ~T A 1. . ) T A ~T 5
:§q ( - 2C > - q;rngm - B;I—nem + §q:§r (Ms - Cs> qs — q:srgs - 03—03

+ Z {dmrsatyr [Pr(Gme — qsi)1} + > {dsksatyr [Pr(gsr — gmn)]}

= - q;gm + q;satm (_Satp [P<qm - qsd)] - Kmqm) + q;rngm - g;rnem
qs gs + qs Sat ( Satp [P(qs - qmd)] - qus) + ngs - é;rés
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+ a7, Sat, [P(qm — q.)] + @] Sat,, [P(q. — qm)] -
Using lemma L.3,

- qing‘ + qiTgi - éiTéz‘ = —qiTZ(qz‘)Oi + Q;I—Z(qi)éi - éjéz‘
=— & Z(q,)0; — éiTPYOJ'éi (—Z(a)" &) = 6] [~Z(a)"q — Proj,; (—Z(q:)"a:)] <0,

then the derivative of V' can be upper bounded by

1% gq;satm( — Sat, [P(qm - qsd)] - Kmqm> + 4, Sat, [P(qm — qs)]

(2.11)
+alSat, ( - Sat, [P(a, — ana)| — K.0.) + a7Sat, [P(q, — ).

In general, each motor has different capability, i.e. 7;, are different for i = m, s
and k = 1,--- ,n and its saturation state is uncertain and time-varying. Nevertheless,
for each pair of corresponding master and slave joints, there are only four different
scenarios: 1) satx(-) and satg(-) are both unsaturated; 2) sat,,x(-) and sate(-) are
both saturated; 3) sat,,,(-) is unsaturated while satg(-) is saturated; 4) sat,,x(-) is
saturated while satg () is unsaturated. Correspondingly, the derivative of V' can be
divided into four parts:

V = Vi + Vs + Vg + Vi, (2.12)

with subscripts wu, ss, us and su representing the cases 1)-4) above, respectively;
and k € k;, j = uu, ss,us, su indexing the joint pairs whose control torques belong
in the four groups.

In V, V,, collects all terms that correspond to joint pairs with unsaturated P+d
torques at both the master and slave sides, i.e., P+d torque pairs —sati[p(gmr —
Qsdk)] — KmiGmi and —saty,[pr(qsk — Gmar)] — kskdsk for all k € ky,,. Therefore, V.., can
be upper bounded by:

Vi = Z { — GkSatpk [Pr (Gmk — Gsar)] — Emk Qg + GrkSaton [Pr(@mk — qsk)]

- QSksatpk [}%(%k - dek:)] - ksquk + QSksatpk [pk(QSk — ka>]} (213)

<3 {liwslne [

kCkuu t—ds

t
t—dm

Note that, because s, < sy and sy, < sg by Equation (2.7), only the injected
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damping —k,,x¢mr and —kggs can saturate the P+d component of a joint control
torque and, therefore, sgn (sat;x(-)) = sgn(—¢;;) for any such joint.

In V, Vi, collects all terms that correspond to joint pairs with P+d torques satu-
rated both on the master and slave sides, i.e., P+d torque pairs sat,;(-) and sats(-)
for all k € k. Therefore, VSS can be bounded by:

V;s - Z {kasatpk ka(Cka - st)] + QSksatpk[pk(QSk - qu)] - |(..ka|5mk’ - |st|33k}
kekss

< Z { — |G| Sk + |dmr|spr — |dsk|Ssk + |qsk|8pk} <0.
kekss
(2.14)

Collecting in V,, all terms that correspond to joint pairs with P4d torques un-
saturated on the master side and saturated on the slave side, i.e., —satk[pr(gmr —

Gsdk)] — KmkGmr and satg(+) for all k € kys, V.., can be bounded by:

Vus - Z { - kasatpk [pk(ka - QSdk)] + kasatpk [pk(qu - QSk)]
kekus

— kmk Gy, — |dsk|Ssk + Gsksatpr [pk(%k - qu;)} }

. . . . . 2.15
S Z {|qu|3pk: - kmk’qznk + |ka|3pk‘ - quk‘|55k + |qsk|spk} ( )
k€kuys
< 3 {kkste = ldel(sox = )}
k€kuys
Because [satg ()| = sg and sg, > sk, the slave joint velocity ¢z, must satisfy:
Spk + K| dsk| > ssk & dsk| > ko) (Ssk — Spr)-
Then, selecting
Vkm
Sph <~ 5, (2.16)
kmk + ksk
guarantees that
Vs < Z {k;l}gsik — k! (ser — spk)Q} <0. (2.17)

Similarly, collecting in Vi, all terms that correspond to joint pairs with P+d

torques saturated on the master side and unsaturated on the slave side, i.e., sat,z(-)
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and —satpk [Pk (¢sk — Gmar)] — kskdse for all k € kg, and selecting

V ksk

Spp < ————————Smk» 2.18
" s e (2.18)

guarantees that
W < Z { (St — Sp1)2 + K 3ls pk} <0. (2.19)
€ksu
Equations (2.13), (2.14), (2.17) and (2.19) upper bound V by

t
V< 3 (il [ Vialde ~ bt + il [ lialde ~ bad ). 220

k€kuu

Integration from 0 to t of Equation (2.20) together with lemma L.1 yields

2
Pr 3 . .
V(t) < 3 {5 (lldmell3 + lduell3) = el
k€kyu
—2

+ 2 (Bl + 2 hia3) — Rl + VO)
2

;{[ k——(a+g)]||qun2 [k—%(m%i)}nqskné},

(2.21)
which implies that V(¢) is bounded and the system is stable if

Kk = <a+ 2)

kg > 5 (6 + f) . (2.22)

Theorem 1. For the teleoperation system in Equation (2.1) with bounded actuation,
system uncertainties and time-varying delays under the bounded P+d control Equa-
tion (2.6), if the proportional and local damping gains are selected to obey conditions
(2.7), (2.16), (2.18) and (2.22) and the daptive gravity compensations update follows
FEquations (2.8)-(2.9), then:

1 The wvelocities and position error are bounded, i.e., {qQm,qs,dm — As} € Loo,

moreover, {qm,qs}t € La.

2 The velocities and position error globally asymptotically converge to zero when
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the hand and environment forces vanish, i.e., {qm, qs, Am —ds} — 0 ast — co.
Proof. The proof is similar to that in [29], so it is omitted here. O

The performance of the proposed bounded P+d with adaptive gravity compen-
sation controller is verified through simulations on a planar 2-DOF teleoperation
system as shown in Figure. 2.3. The master and slave masses and link lengths are
my, = 0.1 kg, l;z = 0.5 m, ¢ = m,s and k = 1,2. The upper and lower bounds
of the unknown parameter vectors 8; are 6; = (0.6 1.1)T and 6, = (0.4 0.9)T,
1 = m,s, respectively. Then, their gravity torques are upper-bounded by ~; =
(1.7 0.6)T Nm. The maximum torques of actuators of the first and second robot
joints are 7;; = 2.5 Nm and 7, = 1 Nm. The asymmetric time-varying delays d,,
and d, are upper bounded by d,, = 0.2 s and d; = 0.1 s. The simulated environment
is a wall with stiffness k. = 1000 N/m, located at y. = 0.2 m. In the simula-
tions, the robots move in the vertical plane, starting at rest at the configuration
<q;0 q;O>T = (qlo q;))T = <0T OT>T with initial estimated parameter vectors
0,, =6, = (0.5 1)7, and under the user-applied vertical (along the y-axis) sinusoidal
force Fj,, = 0.5sin(0.27t) + 0.2 N.

Master

Figure 2.3: Teleoperation system based on 2-DOF arm robots.

After choosing o = = 0.2 and P,,, = P, = 101, condition (2.22) can be fulfilled
by selecting K,, = Ky = 2I. Further, conditions (2.7), (2.16) and (2.18) are met
by selecting the inner saturation of the proportional terms s,; = 0.4 Nm and s,y =
0.2 Nm and the outer saturation of the damping plus saturated proportional terms
s;1 = 0.8 Nm and s;o = 0.4 Nm for all joints of both robots.

To save space, only position, control torque and gravity compensation information

of the master and slave first joints are presented here. The master and slave positions
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Figure 2.4: Simulated position tracking along y-axis, under sinusoidal user force,
during interaction with a passive wall with stiffness k. = 1000 N/m.

along the vertical y-axis are presented in Figure. 2.4. This figure shows that, in free

motion (y < 0.2 m), the slave follows the master, with small fluctuations caused by the

time-varying communication delays. During slave-environment contact (y > 0.2 m),

the master continues to move forward and, similarly to the classical P+d control, the

position error between the master and slave increases.

Torque/(Nm)

I (PP P —e SP .. P _SPs i
(o] 2 4 6 é 16 1‘2 1;1 1‘6 1‘8 20
Time/(s)

Figure 2.5: Unsaturated and saturated proportional terms on master: P, SP,, and
on slave: Py and SPq.

Figure. 2.5 depicts the saturated proportional control terms on the master SP,, =
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Torque/(Nm)
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Figure 2.6: Unsaturated and saturated SP+d terms on master: SP-+d,,, S;,(SP+d,,)
and on slave: SP+ds and Sy(SP+dy).

Torque/(Nm)
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(o] 2 4 6 8 10 12 14 16 18 20
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Figure 2.7: Actual and estimated gravity torques ¢mi, Gm1, gsi, Js1 in master and
slave controllers.

Satp( — P(am — qsd)> and slave SP, = Satp< — P(qs — qmd)) sides together with
their unsaturated versions P, = —P(q,, — qs¢) and Py = —P(qs — qma). It il-
lustrates that the inner saturation functions Sat,(-) limit the proportional control
terms, especially during slave contact with the environment. Figure. 2.6 shows the
saturated proportional plus damping control terms of the two robots SP+d,, =
Satp( —P(qm — qsd)> - K,.q,, and SP+d, = Satp( —P(qs — qmd)> — K,q, together
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with their saturated versions S,,(SP+d,,) = Sat,, <Satp[ — P(qm — qsd)} — Kmqm>

and Sg(SP+dg) = Sat, <Satp [—P(qs —qmd)} —qus> . It illustrates that the outer sat-
urations Sat,,(-) and Sat,(-) have not been breached, which implies that the bounded
P+d strategy is conservative in the sense that it does not exploit actuator capabilities
fully.

The estimated gravity torques through the designed update laws in master and
slave controllers are compared with the real master and slave gravity torques in Fig-
ure. 2.7. It shows that the estimated gravity torques used in the controllers are close

to the system’s gravity torques with only observable estimation errors in g,,; at about
4 s and 14 s.

2.3 Output Feedback Control

Stable bilateral teleoperation with time-varying delays under the conventional P+d
control relies on master and slave velocity measurements. To stabilize the system
without using velocity measurements, a simplified and augmented 1&I globally con-
vergent velocity observer is introduced in this section, which can be integrated in the
conventional P+4d control to stabilize the system with exponential velocity estimation
convergence.

Rewrite the dynamics of the master and slave robots (2.1) in state space:

Yy =X

(2.23)
X; =M; (y:) [=Ci(yi, xi)%: — giy:) + wy]

where: y;, = q;, X;, = q;, W, = Ty + T, and u, = 7, + 7. with ¢« = m,s. Then the
simplified and augmented 1&I observers on the master and slave sides can be designed

as:
xX; =& + kyi(14,04)y:

. Okyi(ri, 0;) . Okyi(13,04) -
& =fi — kyi(ri, 00)%; — Mﬁ}’i - Mmyi
5’7‘7; 8ai
(2.24)
f == 2 ) - Bi(01,50) 6
Ty == 5 \Ti = Cry N Roil0i; 04)|04|T
2 Al

6’i :Proj&i (2 [}A{z—fl -+ km‘(fii, i, 6'1>5'2])
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where 1 = m, s and:

f; =M; ' (y:) [=Cilyi, %i)%i — gi(yi) + ui]

V1i+to,— 146

Am’(Uu&z‘) =G

- R # Aai(o-iva-i) > €g4
Nyi(0i,04) = o
_Beiloidi)  glga
|Agi—€xi|+|G]
) T 6;>0o0r7>0
Proj, (1) =
(1 — Cm'(a'i))T —¢ < &1 < O,T <0
. 1 — kr Q— o
k‘m(?"i, 0'2') =— |G 1 + o; + —(2)\11 + )\1'2 + 1) + €oi + —]{7;7“7;
il 4 2
2 /N2 (g: 6
i ) =he + 7 (S22 (00 )
T i1

with ¢4, k. and €,; positive constants and c,;(6;) = min{l, =} for 0 < ¢ < L.
1%,

The observer output x; and the observer state ; are estimates of x; and o; = ||x;
respectively, with corresponding estimation errors X; = x; — X; and 7; = 0; — 0;.

The main challenge in the design of observers for Euler-Lagrange systems is posed
by the Coriolis and centrifugal forces that appear as square nonlinearities in the
system dynamics. To dominate the nonlinear Coriolis and centrifugal effects, we
employ the dynamic scaling factor r; and the projection-based adaptive law o By
design, [¢.;, +00) is an invariant set of r;, i.e., if r;(0) > ¢,; > 0, then r;(¢) > ¢,y > 0,
vt > 0.

Compared with [70,71,74,79], the estimates of y; are removed in our observer,
so the dimensions of the new observers are reduced from 2n + 2 in [74] to n + 2,
which simplifies the observer design procedure. It is important that, to dissipate
the redundant energy generated by time delays and velocity estimation errors, the
gains k,;(r;, ;) adapt with dynamic scaling factors r;, indicating that faster velocity
estimation convergence is required for guaranteed stability of bilateral teleoperation
systems with time-varying delays. Further, the new constructive observers avoid using
approximation techniques to solve the PDE of the estimates dynamics [70,71,79].

Given the velocity observers in Equation (2.24), correspondingly, the conventional

P+d teleoperation control can be implemented using the velocity estimates qz = X;
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T+ Uy, A 6l q U, + T,
X Master L Slave X
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Figure 2.8: Teleoperation system under the augmented 1&I observer-based P+d con-
trol in Equation (2.25).

instead of the velocity measurements, as shown in Figure. 2.8:

Tm:_P m — Us _Kmim+ m
(A — dsa) Gm + &m. (2.25)

Ts = — P(qs - qmd) - Kséls + 8s

Compared to Equation (2.2), since the damping injection in Equation (2.25) is based
on estimated velocities, the estimation errors can also inject energy in the closed-loop
system and potentially lead to instability. The design methodology is then to use the
augmented [&I observers to consume the energy generated by the estimation errors.
To this end, the master and slave observers have more general dynamics than in [74],
with gains k.;(r;, ;) that depend not only on &; but also on the scaling factors r;.
The more general dynamics require additional care to be taken in the observer design
to reduce the partial derivative of k,;(r;, ;) with respect to r; in &

To prove the system stability and velocity estimation convergence, consider the

following Lyapunov-Krasovskii functional:
V=V,+V,+ V. +V, (2.26)
with

1. .1, .1 "
VZD :§q;Mmqm + _q—ersqs + _(qm - qs)TP(qm - qs) - / q;‘l'hdf + Eh
0

2 2
t 0 t 0 t
- [amaciE [ alQuandsass [ [ aluaagas
0 —dm J 40 —ds Jt+6
1 1
Vi :En;anm + inJMsnsa
1 1 ,

V;" :E(rm - crm)Q + §(Ts - Crs) y
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1
ZO’E.

v, :i&fn +
In Equation (2.26): V, has already been defined in Section 2.2; V,, V, and V, are
quadratic terms related to the observer states, with n;, = ’:— being scaled versions
of the velocity estimation errors, i.e., of the off-the-manifold coordinates according
to the I&I observer design methodology. The V,, V, and V, will be used to prove
both global convergence of the velocity estimates and that the observers themselves
dissipate the harmful energy generated by the estimation errors.

From Equation (2.4) and lemma L.2, the derivative of V,, is upper bounded by

1

4
: LS . 1= . _ .

- q;rqus + dsq:ersqs + deq;rPQmIPTqS

V, < — & KinGm + dn@t) Qi + ~doi) PQTP TG,y

(2.27)

: 1 = 1= _ : L. -
< - q;l; <Km - a_Km - dem - stPQs 1PT) qm + Zamq:nKmqm

. 1 = 1- . I -
o q—sr (KS - a_Ks - dst - dePQm1PT> qs + ZasquKqu.

And in Equation (2.24), the derivatives of x; are

akm’(rz’,&i) . 3kxi(7"z‘,6z‘) X
— 1Y T — (= 0:Yi
=f; — kyi (13, 00)X; + kyi(r3,00)y = £ + kui (13, 05)%;.

;(i :éi + kyi(ri, 00)y: +

Therefore, subtracting Equation (2.28) from Equation (2.23) and using property P.2

leads to

(y:)
:M;I(Yi) [w; — Ci(ys, )% — 8i(y:) + Cilyi, X)X + &i(ys) — W] — kui(rs, 04)%;
=M; ' (y:) [Ci(ysi, xi)%i — Ci(yi, xi)x: + Ci(ys X)X — Ci(yi Xi)Xi] — kai(rs, 65)%;
(vi) [Ci(yir xi)%i + Ci(yi, Xi)Xi] — Kai(ri, 64) %,
(2.29)

ICi(yi, %)%l < cillxill %l < eil|%illvVI+ oy
<cill%V1 + i+ cillxlVI+ o — V1 + 64l (2.30)
il %l V1 + 61+ Bai(os, )63 %l + eaill il
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because A;(0;,6;) < Ayi(0;,0;)|0i] + €. Further, given the derivative of n;,

R T SO
N =—Xi— 35X
oo N _(2.31)

— ~ A~ A~ TZ
= Mi I(Yz‘)c (mez) n: — —M ( )Ci(Yi;Xi)Xi - km‘(TmUz’)"?i - ;"72',

Z

the derivative of V,, can be bounded by

) 1 . 1 .
Vi :_anannm + n;MmT/m + 775 Msns + 1M Msns
. 1 ~n
= - _T] anm - kxi(ria O—z)n;anm - —’l’]mC (YZa Xm)xm

m

1 <\
- —'I']S Msns - krs(rsa Os)n Msns - T_nJCS(YS7 X5>Xs
1 . 1
+ §nm (Mm - QCm(YmaXm)> nm + 2775 < - 2C (}’s,Xs)> ns
T'm . 1 A
< - r_/\mln;nm — k(T Um>/\m1"7;lr-z"7m - r_n;cm(Yma Xin)Xm
Ts . 1 <\
- r_/\sln;rns - kms(Tm 0-5))\51"7;—775 - —773 C (YS) Xs)Xs'
It may appear that the nonlinear terms could be dominated by = ||n;[|[|C; (s, X:)%||
< ¢;||mil|?||%:]| for suitable gains k,;. However, because k,; are not independent of x;,
a term that depends on the partial derivative of k,; with respect to x;, %f{iyi, should
be included in the dynamics of %; in Equation (2.28) and also added in the dynamics
of &; for cancellation. This term makes the dynamics of & an analytically unsolvable
PDE. The difficulty caused by the dependence of k,; on X; can be avoided through

the additional observer state &; estimating [|%;||*:

V <cmV 1+ JmH”7m||2 + 6crm””?mH2 - _/\mlH'nm”2 — kam(Tm, &m))‘mlnanZ

TTL

eV TH 2 + eoallnal? = Xl = keslro 6 Al (232

+ Aom(gma &m)‘&m‘ HﬂmHz + AUS(U& &8)‘&5‘ HTISHQ-

From the dynamics of r; in Equation (2.24), it follows that

722‘ k;r ~ N ~
— r_/\“HmHQ < EMH"%HQ — Noi(04,64)|64]|mi)?

i
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_ o T k,
Doi(0i, 63) il [mil|* — ;>\z'1||77z‘||2 < 5/\1'1H"7z'||2'
Therefore, the derivative of V,, can be bounded by

. - k, R
Vi <tmv1+ 0m||"7mH2 + E/\mlurlm”2 + E(J’m“nm”2 = kam(Tm, Um))‘mluanQ (2.33)

- ko .
+ev/ 1+ 05H778“2 + E)\51H775H2 + GUSHTISHQ — ks (rs, 08))‘81"775H2'

In Equation (2.32), the Coriolis and centrifugal forces of each robot lead to three
nonlinear velocity terms, ¢;v/1 + &;||mil|%, €s:l|m:]|? and Ayi(03, 6:)|5:]||m:]|*. The dy-
namic scaling factors r; are used to dominate the third nonlinear velocity term at each
robot side, Ay;(0i, 5)|6:|||m:]|?. Then, —kui(rs,65)Ai||m:]|? can be used to dominate
the sum of ¢;v/1+ 6;[|mi||? and eg]|m;]|* with %X ||m:]|* in Equation (2.33), because
€, and %)\il are constants and k,;(r;, ;) depend on &;.

Although the dynamic scaling factors r; dominate the nonlinear velocity terms
Agi(oi,63)|04)||m:|%, they are potentially unbounded. Their boundedness can be ana-

lyzed by considering the derivative of V.

‘./; :(rm - crm)f’m + (Ts - Crs)fds

T'm * ~ ~ kr
:)\_ml(rm — Crm) Bom(Tm, Om)|Tm| — ?(Tm - C?"m)Q (2.34)
s x ~ ~ kr
+ ’ (TS - CTS)AJS(US7 Us)|05| - _(Ts - C?“S)Q'
As1 2

The sign-indefinite terms in Equation (2.34) can be bounded by

—(ri — Cm')2 Afm(az, 01)63, i=m,s. (2.35)
4 k )\221

Then, it follows that
o R A\ =2 a2 Ry 2 2
" )\ A (O O )Ty " )\ 2 (0s,05)05 — T [(Tm — Crm)” + (15 — Crs) } .
(2.36)
The projection-based adaptive laws in G help dominate ﬁA (04,6;)5% in Equa-
tion (2.36). Since o; = ||%;]|?, it follows that

v, =

= 2% X; = 2% £, 4 2% ki (ri, 63)%; (2.37)
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and, further, that

ag; :O'l — 5’1 = 2)A(;rfz + Zkzai(fci, T3, 61)61 — PI’Oj&i (Q[X;Ffz + kgi(f(i, T, &1)51])

(2.38)
+ 2% ki (ri, 60)%s — 2kioi (R4, 74, 64) 5.
From lemma L.3, the projection operator in Equation (2.24) guarantees that
[T — Proj,(7)]6 <0, VYo >0,06> —¢, (2.39)
which leads to
Vo— :§5m6m + 55'55'
Sa-mfczlkccm(rma a-m)fim - kom(&ma Tm, 5m)531 (240)
+ 5‘5)23—]{?953(7“5, &s)is - kas (f(sa rsy &5)55 .
Further, ;%] k.i(r;, 6;)%; in Equation (2.40) can be upper bounded by
2k2 (r;, 6, k
GiX, kyi(ri, 61)%; < MH)&AP@2 + ZTHmHQ, (2.41)

r

where “{/n;||? and %:J) %;]|?62 can be dominated by —kg;(r;, ;)N ||ms||* and

—kgi(Xs, 73, 0;)52, respectively. It can then follows that

. 2 .2 A 272 5
AR L R C S S el LELOVIN R
" . . " (2.42)
o (R 20 83)5 2+

Equations (2.28)-(2.42) show that the observer states r; and ¢; are used to dom-
inate the dynamic nonlinearities due to Coriolis and centrifugal effects. However,
because the velocity estimation errors generate potentially destabilizing energy that
cannot be dissipated by the P+d controllers through damping injection based on ve-
locity estimates, the designed 1&I observers need to be augmented to dissipate this
energy themselves.

Considering that the terms dependent on the velocity estimation errors in Equa-
tion (2.27) are bounded by

O~ 5 Q=
Zq;rKiqi < Zkiri2||ni|’2a (2.43)
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and adding Equation (2.33), (2.36), (2.42) and (2.43) leads to

S Kol + ARG+ V4V, 4+ T
. ok k.
< - 77Z}77m||"7m||2 - wnsnnsHQ - ¢am072n - %503 - Z(Tm - Crm)2 - Z(Ts - CT8)2
(2.44)
with
— ky .
77Z)7]m :kxm(rma a-m>/\ml — Cm 1 + a-m - Z(Q)\ml + ]-) — €om — %kmﬁ%@
/ kr s
¢ns :ka(T87 &S)Asl — Cg 1 + a-s - Z(Q/\sl + ]-) — €55 — %ksrg
2 AQ ~
wam :kam(f(ma Tm, OA-m) - r_m M + kii(rm, a-m)H}A(mHQ
kr )\ml
Ags(as7 Gs)

2
was :kas(f(sﬂ"saé's) - Z_S ( + kgzci(rsaa-8>‘|&8”2) :

2
)‘sl

For the observer dynamics with parameters properly selected as in Equation (2.24),

then Equation (2.44) can be rewritten as

PG Kol +

. . . . ) k.,
1 LUK+ Vy Vot Ve < = (V4 Vo V). (2.45)

Equation (2.45) indicates that the energy generated by the velocity estimation errors is

dissipated by the velocity observers through the augmented dynamics in the observer,
O51'7"2'2Ei 8]611‘(1”1',&1')
21 or; .
the dynamics of x; in Equation (2.24) behave like filters, i.e., x; = f; + ky;(r;, 0)X;.

i.e., by adding in ky;(r;, 6;) and reducing ;y: in &. More specifically,

Correspondingly, the estimation error dynamics in Equation (2.29) suggest that the

ai’r?ki

augmentations oy in ky;(r;,0;) increase the speed of convergence of estimation
errors. Hence, making the estimation convergence speed depend on the dynamic
scaling factors limits the energy generated by the estimation errors within a range
that the observers can consume.

After choosing the P+d control gains to obey

Km i EQO + %C_ZSPQs_lPT + th

B 4 (2.46)
K.~ d.Q.+;d,PQ,'PT + LK,

and combining Equation (2.26) and (2.44), the time derivative of V' is upper-bounded
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by
. k.
V:Vz)"“/n“‘vv""‘vaf—E(Vg-i-W,-l-W)SO. (2.47)

Theorem 2. For the teleoperation system in Equation (2.1) with time-varying de-
lays under the output feedback control Equation (2.25) with the I&I observer Equa-
tion (2.24), if the proportional and local damping gains are selected to obey condition
(2.46), then:

1 The wvelocities and position error are bounded, i.e., {Qm,qs,dm — s} € Lo,

moreover, {qm,qs} € La.

2 The velocities and position error globally asymptotically converge to zero when

the hand and environment forces vanish, i.e., {Qm, qs,Qm —qs} — 0 ast — oo.

3 The velocity estimations Qi globally exponentially converge to the robot velocities

qi, 1 =m,S.

Proof. The proof of the first two items in Theorem 2 is the same as in Theorem 1, so
it is omitted here. To prove velocity estimation globally exponential convergence, in
Equation (2.45), aquInKmqm >0 and %(ﬂKsﬁs > (), it follows that V, + V77 +V, <
—% (Vo +V,, +V,), and, further, that

Vi (£) + V(1) + Vi(t) < e 1 (V,(0) + V,(0) + V;(0))

which implies that V,, + V, + V. globally exponentially converges to zero. Because r;
are bounded and X; = r;m;, it follows that the velocity estimation errors x; globally

exponentially converge to zero themselves. The proof is complete. O]

The performance of bilateral teleoperation systems under the observer-based out-
put feedback P-+d control is verified through simulations on the same 2-DOF planar
teleoperation model as in Section 2.2. After choosing Q; = 10I, o; = 2 and P = 101,
the damping gains are selected K; = 3I to satisfy Equation (2.46). The observers
have parameters ¢, = ¢; = 0.1, k., = 50, ¢, = 0.01, ¢ = 0.01, and initial states
ro = 0.2, Xo = (0.02 0.02)7, 60 = ||X0|? and &, = X,.

For space saving reasons, Figures. 2.9-2.11 show only the results for the first
joints of the two simulated robots. In Figure. 2.9, the slave tracks the position of
the master in free motion. During slave contact with the environment, when ¢,,; >

0.06 rad, the slave robot stops in contact with the wall and the master continues to
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Figure 2.9: Master ¢,,,; and slave g4 positions of the first joint.

move forward, as it would under state feedback P+d control. In Figure. 2.10, the
force feedback to the master reflects the environment torque during contact, and is
noisy due to communication delays during free motion. In Figure. 2.11, the velocity
estimate converges to the master velocity right away and the estimation error remains
about zero even for relatively large initial velocity estimation error (0.02 rad/s). The
simulations illustrate that the proposed output feedback synchronization strategy
has similar performance as state feedback P+d control although it does not rely on

velocity measurements.

Environment torque
— Master torque i
20

14 16

1.2
6 8 10 12
Time/(s)

Figure 2.10: Environment 7.; and master 7,,; torques at the first joint.
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Figure 2.11: Velocity ¢,n1, estimated velocity G , and estimation error ¢uq — Gmi for
the first joint of the master robot.

Another advantage of the proposed strategy is the simple implementation of the
new constructive I&I observers at the master and slave sides. The new observers
require no state transformations of the robot dynamics and use only scalar gains,
kei(ri,04), koi(Xi,73i,04), © = m,s, in their dynamics. These gains and the partial
derivatives of k,;(r;, d;) with respect to r; and &; are independent of n, the number
of master and slave DOFs. In contrast, the I&I observers for Euler-Lagrange systems
in [70,71,79] and [74] require several matrices to be derived analytically, including
T(q) and L(q), where M(q) = TT(q)T(q) and L(q) = T *(q). They also require
the analytical partial derivatives either of an n-dimensional vector B with respect to
two n-dimensional vectors q and x in [70,71,79]), or of a n X n-dimensional matrix
K.(6,y) with respect to the n-dimensional vector y and the scalar ¢ in [74]. These
derivations can pose a significant practical challenge, especially for 6-DOF master

and slave robots.

2.4 Bounded Output Feedback Control

This section considers a more challenging problem: output feedback control of bi-
lateral teleoperation systems with time-varying delays and bounded actuations. The
augmented I&I observer has been incorporated in the bounded P+d control to esti-

mate velocities of the master and slave robots and to inject damping in the system.
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The observer dynamics are the same as in Equation (2.24) with parameters to
be determined through stability analysis, and the observer-based output feedback

controller is designed as:

Tm :Satm( - Satp [P<qm - qsd)} - Kmdm) + gm

_ , (2.48)
Ts :Sats< - Satp [P(qs - qmd)} - sts) + gs

where §; with i = m, s are estimated master and slave velocities by the designed I&I

observer.

Master

Slave X

Observer Observer

Figure 2.12: Teleoperation system under the observer-based bounded output feedback
P+d control in Equation (2.48).

Figure. 2.12 displays the closed-loop bilateral teleoperation system Equation (2.1)
under the observer-based bounded output feedback control Equation (2.48). The

system stability is proved by the following Lyapunov-Krasovskii functional:
V=V, +V,+V,+1,, (2.49)

where: V,,, V, and V,, defined the same as in Equation (2.26) and

dmk —4sk

1
VZD :quMQO + qs qus + Z/ Satpk pka>d

t
_ / o7 e — / QT d¢ + Ep + B,
0 0

The derivative of V, along Equation (2.1) controlled by Equation (2.48) is
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1 ) . i i
54s M., + /Mg, — af 7 — a7

s { Gt = )50ty [pr (@i — 0.6)] }

k=1

1 . )
V = q Mmqm + qLMmqm +

1.1 (v L . ~
:§q7Tn (Mm — 20m> A — A8 + Ay T + Z ImkSatp, [pk(qu - qskﬂ (2.50)
k .

Lor(y L . -
+ §qu <Ms - 203) qs — q:grgs + q—srTs + Z qsksatpk [pk(st - ka)]
k=1

_qmsat ( - Satp [P(qm - qsd)} - Kmdm) + q;rnsa’tp [P(qm - qs)}

+ qusatS< — Sat, [P(qs - de)} - Ksés) + qusatp [P(qs - Qm)}

Similar to the above section, in V}m V;,uu collects all terms that correspond to joint
pairs with unsaturated P+d torques at both master and slave side, i.e., P+d torque

pairs _Satpk [pk (ka _QSdk)] - kmkémk and _Satpk [pk(st _dek)] _kskésk for all £ € kuu
Therefore, V,,, can be upper bounded by:

Vouu = Z Z {qlksatpk (i — ajr)] — diesatpr [pr(gin — Gar)] — qzkkm@k}

k€kyqy 1=m,s

t
<> > {|qlk|pk /_ | |Gyl d€ — Fardiy, + kzk%kdﬂc}

k€Ekqyqy 1=m,s

b 1 o Vi :
Z Z {|sz|pk/ |G| d€ — (1 - ?> kindiy, + %kmqi},

k€kyqy t=m,s ¢

(2.51)
where: subscript k£ index the k-th element of the correspond vector or the k-th diag-
onal element of the corresponding matrix; v,, and 7, are two positive constants.

Because of s, < min(spg, ssk) by Equation (2.48), only the pseudo injected damp-
ing based on estimated velocities —kmkémk and —kskc}sk can saturate the P4+d com-
ponent of a joint control torque and, therefore, sgn (saty,(-)) = sgn(—gix), i = m, s
for any such joint.

InV, V;,SS collects all terms that correspond to joint pairs with P+d torques

saturated both on the master and slave sides, i.e., P+d torque pairs sat,,;(-) and
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satsg(+) for all k € kgs. Therefore, Vpss can be bounded by

Z Z { - Qlksgn QZk‘>Slk + Q'Lksatpk [pk(qm - QJk)} }

k€kss t=m,s

< Z Z |Gire| spr — sz + sz)Sgn((Zk)Szk}

k€kss t=m,s

{
(-
(-

— [Ginlsin + |Ginlsix + \qzk|5pk} (2.52)

Yy

k€kss t=m,s

|qzk|51k + ‘qzk|(51k + Spk) + ‘Q1k|spk}

<22

k?ek?s,s i=m S

Di = 1
|Gire| (s — Spi) + 41%2]@ + ;(sik + Spk)2}
(2
where p,, and ps are two positive constants.
Because [saty ()| = six and s;; > spi, @ = m, s, the master and slave joint velocities

Gir must satisfy
Spk 1 kzk’dzkl > Sik, = @k| > k,}}ﬁ(smk — Spk), 1 =m,s. (2.53)

Then, selecting

_ Vo~V

N \/_ i=m,s (2.54)

Spk =

guarantees that

Ve <3 3 <— ~ —) (it + spk)” + pzqfk} <Y > RE e

k€kss t=m,s Pi Zk k€kss i=m,s

Collecting in V}ms all terms that correspond to joint pairs with P+d torques un-
saturated on the master side and saturated on the slave side, i.e., —satyi[pe(gmr —

Qsar)] — Ky Goe annd satg () for all k € kys, V;ms can be bounded by

‘./pus = Z {kasatpk [pk<ka - QSk> - kasatpk [pk<ka - quk)] - kakmkémk}
k€kys

- stksgn<ésk)ssk + q.sksatpk [pk(qsk - qu):| }

k€kys
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Gm

. . 1 -
S Z {2|ka|5pk - kmqu2nk + — kmkqu + — 4 kmk‘]?nk

k‘ekus Cm
- |ésk|ssk + |quk’53k + |qu1€ + ésk’spk}

Cm Cm 1 S ~
< 30 { T bt — il = ) + (ot s+ B
kEkus o ®

(2.56)

Because [satg(-)| = sgk, the slave joint velocity must satisfy Equation (2.53), and

y m82 . — 2 2
Vius < Z {(Cg—pk + C—mkmkq?nk _ (k= 5pk) + (Ssk + Sph) 4 Hs & }

s
K€k m 1>kmk 4 ksk s 4
if ) ) (s
(Ssk = spk)” | (S + 5pi) mSph
_ + + <0 2.57
ksk Hs (Cm - 1>kmk ( )
then C
. m s =
k€kys

Similarly, collecting in Vpsu all terms corresponding to joint pairs with P+d torques
saturated on the master side and unsaturated on the slave side, i.e., sat,;(-) and

—satyk [Pk (qsk — Gmar)] — ksk(jsk for all k € k,,, and if

(Smk - Spk:)2 (Smk + Splc)2 CSS;QDIC
_ + + <0 2.59
then C
: S /~Lm 9

Adding Equations (2.51), (2.55), (2.58) and (2.60) together leads to

V<> > {|sz|pk /j dgnldg — <1 - %) kszI?k}

kEkuu = m,s v

(2.61)
- Z [pi + & (G + ) + 1) & G-

zms

The last term in Equation (2.61) represent the energy generated by velocity

estimation errors, which is d1881pated by the augmented I&I observer. Because

QG = X, = mm; for i = m, s, then q q < r2||n;]|>. Therefore, the sum of Equa-
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tions (2.33), (2.36), (2.42) and the last term in Equation (2.61) becomes

1 _ U : .
Z Z[PH"%(Q—F%)-FM]qiTOIH-Vn—i-Vr—l-Va

i=m,s

o K
<-2 {%’HmHQ +Y0i07 + o5 (i Cm')2}

i=m,s

(2.62)

with ¢ = m, s and

Ky
Vi =kai(ri, 0i) Nt — cin/ 1+ 64 — Z(”\il +1) — €0

1 _
~ 1 i+ ki (G + %) 4 pa) 77
7“1»2 A?n(()‘l,é‘z)

Voi =koi(X, 74, 0;) — % (T + k§i<riaa—i)||§(i||2) -

Combining Equation (2.61) and Equation (2.62) and selecting all observer param-

eters the same as in Equation (2.24) except that

— kK 1 _
k?m(n,é'z) = [Ci 1+Ui+Z(2)\i1+/\i2+1)+60i+_ [,Oz—i-k:z(g—l—%)—i-,uz] 7’12:|

1
)\il 4
(2.63)

guarantees that

- . b 1 _

DD {|Qik|pk/ [djr:|d€ — (1 - —) kiszz‘Qk}' (2.64)
k€kyy i=m,s t—d; Vi

Then, integration of Equation (2.64) from 0 to ¢ using lemma L.1 shows

—2
D ) dg . . 1 .
V)= V(0) < Y a2 alldmall3 + = Ndall3 | = (1= =) Kol G|
2 o v

k€kuuy m

2 , (2.65)
+%<MMM+§WMw>—Q—£)mmmﬂ,
which implies that V' is bounded and thus the system is stable if
k Ymp d,
mk Z - _k (Oé + ﬁ)

Ysp a
sPk S
ks 2 500 (5 + E)
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Theorem 3. For the teleoperation system in Equation (2.1) with bounded actuation
and time-varying delays under the bounded output feedback control Equation (2.48)
with the I&1 observer Equation (2.24), if the proportional and local damping gains are
selected to obey conditions (2.7), (2.54), (2.57), (2.59) and (2.66), and the I&I ob-
server gains ky;(r;, ;) satisfy (2.57), then the system meets three the same properties

as in Theorem 2.

Proof. The proof is similar to the proof of Theorem 2, so it is omitted here. O

0.45
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Figure 2.13: Simulated position tracking along y-axis, under sinusoidal user force,
during interaction with a passive wall with stiffness k. = 1000 N/m.

The stability and performance of the bilateral teleoperation systems with the
bounded output feedback P+d control has been verified through simulations. The
parameters of the simulated teleoperation system is the same as in Section 2.2. After
selecting P = 10I, a = 8 = 0.2 and v; = 10, K; = 3I can be chosen to satisfy condi-
tion (2.66). Then, p; = 100 and s, = (0.4 0.2)7 can be selected from Equation (2.54).
To satisfy conditions (2.57) and (2.59), we can choose sufficiently large p; = 40 and
(; = 10. For I&I observer design, all parameters are the same as in Section 2.3 except
that k,;(r;,&;) are chosen to satisfy (2.63).

For saving space reason, only motion and control torque informations of the first
joint are presented. Figure. 2.13 shows the position synchronization performance of
the master and slave robots along y-axis. Compared with Figure. 2.3, Figure. 2.13

implies that the simulated bilateral teleoperation system behaves similarly under the
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Figure 2.14: Unsaturated and saturated proportional terms on master: P,,, SP,, and
on slave: Py and SPq.
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Figure 2.15: Unsaturated and saturated SP+d terms on master: SP+d,,, Sy, (SP+dy,)
and on slave: SP+ds and Sq(SP+dy).

two different controllers. Figure. 2.14 and Figure. 2.15 display the saturation details of
proportional control and saturated proportional plus damping control torques, which
are similar to Figure. 2.4 and Figure. 2.5. Estimated and real joint velocities of the
master robot are compared in Figure. 2.16. It shows that the estimated velocity is
almost the same as the real version, which implies that the designed observer achieves

velocity estimation convergence.
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Figure 2.16: Actual velocity g1, estimated velocity g1 of the first joint of the master
robot.

2.5 Conclusions

This chapter has explored the two representative open problems: bounded actuation
and output feedback control, in two channel teleoperation. An inner and an outer
saturations have been introduced for bounding the proportional control and bounded
proportional plus damping control, respectively, and a projection-based adaptive grav-
ity compensation law has also been integrated in the bounded state feedback control.
Lyapunov-Krasovskii energy analysis has shown that properly selecting control gains
guarantees stable bilateral teleoepration in the presence of model uncertainties, time-
varying delays and bounded actuations. For output feedback control, an augmented
[&1 observer has been proposed and integrated in the conventional P+d control, which
achieves not only stable position synchronization of time-delayed bilateral teleoper-
ation but also globally exponential velocity estimation convergence. For the more
challenging case, bounded output feedback control, this chapter has illustrated that
the developed bounding strategy in Section 2.2 and the augmented 1&I observer in
Section 2.3 can be combined together to solve the problem with more conservative
controller design criteria.

Two channel teleoperation with only position exchanges between the master and
slave sites can achieve position synchronization in free motion with simple P+d con-
trol. However, simulation results in this chapter have depicted that it cannot tightly

constrain the master and slave robots, i.e., the position error between the two robots
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increases in hard contact, especially in slave-environment contact. Beside, torque
spikes occur upon slave-environment contact could not be reflected to the master side
through two channel teleoperation. These two problems will be explored in the next

chapter through four channel teleoperation control.
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Chapter 3
Four Channel Teleoperation

To constrain the master and slave sites tightly and reflect interaction forces to the
master side, this chapter explores the control of four channel teleoperation with both
position and force exchanges in communication channels. A hybrid damping and
stiffness adjustment strategy has been firstly developed for ISS teleoperation, which
shows that the augmented force channels can reduce position errors and reflect in-
teraction forces during hard contact. Then, a nonsingular version has been proposed
to deal with the singularity problem in the hybrid strategy, thus unexpected torque
spikes due to singular control can be avoided. Further, this chapter also proposes a
reduced-order strategy to achieve guaranteed position synchronization for arbitrarily

large position errors and to main tight master-slave coupling.

3.1 Hybrid Damping and Stiffness Adjustment

Two channel teleoperation can achieve position coordination in free motion but large
position error and lack of interaction reflection during hard contact would damage
telepresence. To overcome the two problems, external interaction forces are necessar-
ily incorporated in the closed-loop without threatening system stability.

The hybrid damping and stiffness adjustment teleoperation strategy incorporates
nonlinear position- and velocity-dependent terms into conventional P4-d with gravity
compensation control [29], to which it also adds direct transmission of hand and

environment torques:

Tm = — q:n<qm - qsd)TBm(qm - qsd) - KQO - P(qm - qsd) + 8m + Ted

. , (3.1)
To = — (s — Ama) ' Bs(ds — Ama) — Ko@s — P(Qs — Qna) + &5 + Tha
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In Equation (31)7 Amd = qm(t - dm(t)) and Qsd = qs(t - ds(t))a Bia Kz and P are
T
positive diagonal gain matrices, ¢ = m,s; and q; = [q';l, _ ,q'l.*n] is a vector with

the property

T .
N = Gt 70 R 1 ¢ #0
g, = 4 1 ) — 4/ q = ,
0 =0 0 =0
where k = 1,--- ,n and [ is the number of joints with non-zero velocity.

In Equation (3.1), besides the disturbances introduced in the proportional control
terms P(q,, — Qma) and P(qs — qsq) by the time-varying delays, the transmitted hand
and environment torques T,q an T4 are not guaranteed passive. The delay-induced
disturbances and non-passive external forces may lead to energy accumulation in
the closed-loop teleoperation system, threatening its stability and safety. Damping
injection can be used to dissipate, or restrict in an acceptable range, the harmful
energy. As Equation (3.1) shows, this section proposes a damping injection scheme
based on a nonlinear control term dependent on the velocity at the local site and
the position error between the two sites. The nonlinear term has the two-sided effect
of adjusting the injected damping and/or the stiffness of the master-slave coupling.
The hybrid nonlinear term behaves as auxiliary damping because it always opposes
velocity. At the same time, it strengthens the proportional term when the velocity is
opposite to proportional control torque and weakens it when the velocity is in the same
direction as the proportional control torque. This behaviour is physically reasonable
because added damping slows down the robots and relaxed coupling between them

increases the stability robustness of closed-loop teleoperation.

“ M a

A
2o G [V e &
[\
T Tha
ds

Figure 3.1: Teleoperation system under the hybrid damping and stiffness adjustment
control in Equation (3.1).
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Figure. 3.1 shows the frame of the closed-loop four channel teleoperation system
with the hybrid damping and stiffness adjustment strategy. Sending the external
forces 7, and 7, to, and directly applying them on, the slave and master robots,
respectively, is not the best method to exploit them. In general, the external forces
include desired components that assist the controller to coordinate the two robots
both in free motion and in contact, and undesirable components that damage the
coupling between the robots and can even lead to finite time escaping velocities.
Distinguishing the desirable from the harmful components and rejecting the latter
without knowing their bounds is not trivial. In P+4d control, fixed local damping in-
jection is effective because the disturbances in the proportional term are related to the
robot velocity at the other side. Considering the harmful components of the external
forces as bounded disturbances is not helpful because it is impossible to determine a
fixed damping sufficient to reject them without knowing their bounds. The proposed
hybrid damping and stiffness adjustment offers an alternative approach for increasing
the robustness of the system to the bounded but unknown external disturbances. Be-
cause the nonlinear hybrid terms switch at zero velocity, the control torques are not
smooth but chattering and noisy. A modification of the hybrid strategy that aims to
avoid this chattering and lessen the noise in the control torques is introduced in the
nest section.

The stability of the system Equation (2.1) under the control of Equation (3.1) is

investigated using the following Lyapunov-Krasovskii functional:
V=Vi+VWh+1; (3.2)
with:
1.+ . Lo e
‘/1 :équmqm + §qs qus

1
Va =5 (am — as) "P(qm, — qs)

0 t 0 t
_ (=€) o T : —y(t—€) o T :
Vs = /_ - /H@e A (£) QG (£)dEdO + /_ . /twe =0 GT () Qqes(€)dedo.

Here, V3 is a measure of the energy introduced by the time delays in the forward and
backward communication channels. The exponential decay coefficient =7~ facili-
tates the construction of a function § € KL needed in the ISS proof and maintains

V3 > 0 with positive definite diagonal matrices Q;, i = m, s.
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Using property P2, the derivative of V; is computed as:

‘./1 = QLKQO - q:—nP<qm - qsd) - (qm - qsd)TBm(qm - qsd) + C‘l;<7-h + Ted)
— Q'Kqs — QTP(Qs — Ama) — (As — Q) ' Ba(Qs — Qma) + & (T2 + Tha)

t
t—ds
t
— (am — ds) "B (@m — 9s) + A, (Th + Tea) — 2(qm — qs)TBm/ as(&)de
t—ds
t
t—dm

- (qm - qs)TBs(qm - qs) + q-sr(Te + Thd) - 2(qs - qm>TBs /d qm(g)dg
" (3.3)

The terms coupling velocities and external torques can be upper-bounded by:

1
é(Th + Ted)TT;ll(Th + Ted);

(3.4)
To + Tha) X, (Te + Tha),

. 1. )
q;rn(Th + Ted) Siq;rn‘rmqm +

1 ) 1
qs qus + ~

T
4, (Te + Tha) < =3 2(

where Y,,, and Y, are positive definite diagonal matrices.

Further, the time derivative of V5 is given by
. _ T . T .
‘/2 - (qm - qs) qu - (qm - qs) qu> (35)

and, after some algebraic manipulation, V3 becomes

—p 1t YE ¢ 7t YE ¢
v —e / - /Hee (6) Qucln (€)dEd0 + / ) /J (6)Queta(€)dedo,
with derivative
Uy = — Vs + dnt!. Quacion — / G () Qi (€)1
L 44TQu — / T (€)Qud (€)de
t=ds (3.6)

S - ’VVE% + C_lmq;qum - e—ﬂm /d q;rn(g)QQO(f)df

44T Qué, — e /t_d AT () Quits(€)de.
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From the lemma L.2, it follows that

4P+ 2(an —a) Bu] [ @ — et [ qT(©)Quan()de
| I /.

—_4TP /td u(€)de — e /td a7 (€)Qua (€)de

: o (3.7)
(g — q.) By, / (g = (1= n)e / aTOQa (e
t—dg t—dg
d,erds - d,erds _
<~ 4 PQ P + 7 o 4:)" B, Q; B, (qm — q,)

with 0 < s < 1 a scalar constant, and similarly

t

- [P 2 -0 B [ an©i - [ al©Quans
L tmdm (3.8)

Ay T —1pT
1 — n (qm - QS) Bst Bs (qm - qs)

ameﬂm T 1T -
STQS PQ, P q,+

with 0 < 7, < 1 another scalar constant.

Based on the property P1, the sum of V; and V5 is upper-bounded by:

1 T 1. .. 1
‘/1 + VvQ Sé)\nﬂqz—nq?n + 5/\32q-srqs + §(qm - qs)TP(Qm - qs)- (39>

Defining the state of the closed-loop teleoperation system to be @ = [q) ] (qm—
qs)T]", the derivative of the proposed Lyapunov-Krasovskii functional can then be
computed by adding Equations (3.3), (3.5) and (3.6) and using the inequalities (3.4),
(3.7), (3.8) and (3.9):

V<=V —0"00 + x(1, T.), (3.10)

where the diagonal elements of the symmetric matrix ¥ = diag{ W, Wyy, W33} are

Y, - 1 d eV
Uy =K, — —2 — 4 Qum — =7 Aol — = PQ;'PT
2 2 4n,
Y, - 1 d,,eYdm
Wy =K, — —° — d,Q, — ~7hl — T PQIPT (3.11)
2 2 AN,
886')’&5 C_Zme')’am

‘Il33 :Bm - BnglB; + Bs -

1
B.Q 'BT — —~P
1—n, 1—nm Q. B, 27
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and the function (73, Te) is

1 1
X(Th, ) :§(Th + Toa) T (T A Tead) + 5(7'@ + T30a) T (T A Tha)-

Based on the above analysis, the following theorem serves as the design criterion
for the controller proposed in Equation (3.1) for teleoperation systems with asym-

metric time-varying delays.

Theorem 4. Consider the teleoperation system in Equation (2.1) with the controller
in Equation (3.1). If there exist positive definite matriz control gains K;, P, B; and
Y; and positive scalars n;, v with i = m, s such that the diagonal elements of matriz

W in Equation (3.11) are nonpositive, then

1 The closed-loop system is exponentially input-to-state stable with velocities qyy,
ds and position tracking error q.,, —qs as the state variables and the human and

environment torques, T, and T, respectively, as the inputs, i.e. {Qm,qs, (Qm —
Qs)} € Loo if {Th, Te} € Loo.

2 When the operator applies no force on the master and the slave is not in con-
tact with the remote environment, i.e. T, = T, = 0, the master and slave

velocities asymptotically converge to zero and position tracking is achieved, i.e.

{Qm7QS7 (qm - qs)} — 0 ast — 0.

3 In steady state with the slave in contact with the remote environment, i.e. Q, =
ds = 0 and 7, + 7. = 0, the position error between the master and slave robots

vanishes, i.e. q,, —qs = 0.

Remark. Similar to [34], the bounding of the derivative of the proposed Lyapunov-
Krasovskii functional in Equation (3.2) has not required any assumption on the op-
erator or remote environment. In other words, the proposed controller can maintain
the closed-loop teleoperation system ISS even when the user and the environment are

active.

Proof. Together, the condition that ¥ be negative semi-definite and Equation (3.10)
lead to:

V < =V +x(7h,T)
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for any state 8. Further, because Y, and Y, are gains selected through design, there
always exist constant positive scalars v; such that Y, L'< I, i = m,s. Then, the

function x (73, Te) is bounded by

1 1
X(Th, Te) S§Um<7'h + Toa) T (Th + Tea) + 51}5(7'@ + Tha) T (Te + Tha)

<(v + vs)(oizégt |70 ()] + sup, 7 (OI7)

=a( sup [T ()], sup [|Te(§)]])
0<e<t 0<g<t
and

V < =V +af sup ()], s, [T (E)]])- (3.12)

0<

Time integration of Equation (3.12) yields

_ 1
V < eV, + —al sup ||[m(§)l, sup [[Te(§)])),
7 osest 0<e<t

where V}, is the value of V' at time ¢, = 0. From its definition, V' is lower bounded by

1 . 1 ) 1
= 5/\m1||Qm||2 + 5)‘81||q8’|2 + 51_9||Qm - q8||2a (3-13)

where p is the smallest eigenvalue of P. Therefore, it follows that

. 2 [ _ 1 _
llal* < A—{e "Viy + —al sup |[T(E)]], sup I\Te(f)ll)}, i=m,s,
: 0<e<t

il Too<e<t

2[ 1
llam — asll* < —{6 Vi + —al sup |lm(EI], sup HTe(ﬁ)H)}
p Y 0<g<t

0<e<t

which shows that four channel teleoperation with the proposed hybrid damping and
stiffness adjustment is ISS with input (‘rhT 77 )T and state (q; 4! (gm — qs)T>T.

To prove the second part of Theorem 4, assume that hand and environment torques
are exerted on the system until some time instant 0 < t; < oo and become zero

afterwards. In this case, the time derivative of the proposed Lyapunov-Krasovskii
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functional is

. =V +a(sup [[m(Q], sup [[Te(OI]) 0<t<ty
V< 0<e<t 0<e<t

, (3.14)

which, after integration, yields V < e~ 7¢=*)V, |Vt > t,, where V}, is the value of the

functional at time instant ¢;:

_ 1
Viy=e "V + —al sup [|[m(8)], sup ||[Te(9)I])-
To0gg<h 0<g<ty

From the first part of Theorem 1, V;, is bounded. Hence, V' exponentially decreases
to 0 as t — oo. Since V' is also lower bounded as in Equation (3.13), it follows that

{dm, ds, (Am —as)} — 0 as t — oc.
For the proof of the last part of Theorem 4, assume zero master and slave velocities,
dm = 45 = 0. Then, the nonlinear control torques ¢! (qm — qsa) B (Qm — qsq) and
4: H(ds — Qma) 'Bs(gs — Qmg) and the master and slave accelerations are also zero.

The closed-loop system dynamics simplify to

Th + Tea — P(Qm — dsq¢) =0
Te + Tha — P(ds — Qma) = 0.

From 1, + 1. = 0, it follows that 7, + Teqy = Te +Tha = 0 and, further, that q,, —qsq =
ds — 9md = 9m — 9s = 0. That is, the position error tends to zero in steady state

when the hand and environment torques are balanced. O

The first two inferences in the theorem are similar to Theorem 1. They guarantee
that the master and slave velocities do not escape in finite time, and that the two
robots are coupled through the proportional control term. The third inference is
similar to a classical result in robot force control [81]: in static contact with the
environment, i.e., when both the master and slave have zero velocity and the slave
end effector is in contact with the remote object, the hand and environment torques
are also constant and, as a result, the external forces balance each other and the
position error is eliminated.

As in single robot control, the P4d strategy behaves as a virtual spring damper in
teleoperation without time delays: the spring connects the master and slave robots,

and the two local dampers connect each robot to the ground. In the absence of
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perturbations, the virtual spring tends to drive the robots to each other. The potential
energy stored in the spring is converted into kinetic energy of the two robots, which the
local dampers dissipate. As a result, the energy of the teleoperation system in closed
loop with P+d control asymptotically tends to zero and the two robots converge to
the same position. In the presence of perturbing forces, the motion of the two robots
is driven by the virtual spring, the local dampers and the external perturbations
themselves. If the perturbations inject only limited energy, or if the local dampers
can maintain the total energy of the closed loop teleoperation system bounded, then
the P+d control guarantees bounded velocities of, and position error between, the
master and slave robots. For teleoperation systems with time-varying delays, the
P-+d controller still builds local dampers on both the master and slave sides, but the
proportional control component behaves as a distorted spring. The delays introduce
disturbances in the master and slave proportional control terms P(q,, — qsq) and
P(qs — qma), disturbances that threaten stability by injecting energy in the closed
loop system. However, because the disturbances depend only on the velocity of the
other side, they can be dissipated through sufficient local damping injection and the
effective proportional control term can work as a spring connecting the two robots.
If the hand and environment torques are not assumed passive, they behave as
perturbations for the master and slave robots. In this paper, the external torques
and their transmissions to the other side 7,, 7,4, 7. and 7.4 are called perturbations
instead of disturbances to distinguish their effects from those of the distortions in
the proportional terms P(q,, — Qmq) and P(qs — qs¢). In the classical definition of
stability, a system is totally stable [82] if it is stable for every input-output pairs,
and it is asymptotically totally stable if the state asymptotically converges to the
equilibrium for every input. According to this definition, a teleoperation system is
totally stable if the master and slave velocities and positions are bounded. However,
it seems unreasonable to design a controller to guarantee bounded positions of the
master and slave robots over infinite time without assuming passive terminations.
If the user keeps moving the master along some direction, with bounded force and
without violating the physical constraints of the system, then the positions both of
the master and of the slave should increase to infinity as the time grows to infinity.
However, teleoperation systems work as human-environment interaction systems that
operate over finite time intervals. Therefore, this paper posits that it is practical to
consider finite-time stability for teleoperation systems under perturbing forces [83].

If the master and slave velocities are bounded, then over the finite time interval when
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the system is in use, the master and slave positions are also bounded.

The effectiveness of the proposed hybrid damping and stiffness adjustment strat-
egy is verified through simulations on a pair of 2-DOF planar manipulators with only
revolute joints, as in Section 2.2. Their link masses and lengths are m,,,, = 1 kg,
mg = 2 kg, lix = 0.5m, 7 =m,s and k = 1,2. The positive asymmetric time-varying
delays d,, and d, are upper bounded by d,, = 0.2 s and d; = 0.1 s. The master and
slave robots start to move from <qm0 qm0>T = (qso q80>T = (O O)T, under the
sinusoidal user-applied force Fj,,, = 0.5 + sin(0.17) N. The environment is located at
e = 0.5 m. Because the user and environment forces are along the y-axis, it can be
assumed that —5 < g;» < 7,7 =m, s, and it follows that A2 = 1.46 and A, = 2.92.
After selecting 1, =ns = 0.5, ¥, = Y, =1 and v = 0.01, ¥ can be made negative
definite by choosing K,, = K, = 11I, P = 10I and B,,, = B, = 0.11.
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Figure 3.2: Position tracking comparison between two channel (P+d) and four chan-
nel (hybrid damping and stiffness adjustment) teleoperation: ¢,,; and gs.

Case 1. Passive Environment

In the first simulation, the user interacts with a passive environment, a virtual wall
with stiffness k. = 1000 N/m and damping d. = 40 Ns/m, as widely used in haptic
interface design [84]. The proposed four channel controller with hybrid damping
and stiffness adjustment is contrasted to the classical P+d controller in Figures. 3.2-
3.4. Because the second joints perform similarly, Figures. 3.2-3.4 present only the
positions and torques of the first joints of the master and slave robots. Figure. 3.2

shows that four channel control with hybrid damping and stiffness adjustment can
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Figure 3.3: Two channel teleoperation with P4d control: 7.; and 7,,;.
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Figure 3.4: Four channel teleoperation with hybrid damping and stiffness adjustment:
To1 and Tp,1.

coordinate the master and slave positions effectively both during free motion and
during contact, whereas two channel P+4d control does not coordinate the master
and slave robots as tightly and incurs larger position error, especially during contact.
Figures. 3.3-3.4 illustrate that only the four channel controller with hybrid damping
and stiffness adjustment reflects to the master the large torques generated by the
environment upon contact. Large forces upon contact lead to large accelerations and

high fidelity force feedback [85] and, therefore, are expected to improve the operator’s
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perception of contact in remote rigid environments.
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Figure 3.5: Position tracking in joint space: ¢,,1 and qs;.
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Figure 3.6: Force tracking in joint space: 7., and 7,,1.

Case 2. Active Environment

To verify that the hybrid damping and stiffness adjustment strategy proposed in
this paper guarantees bounded velocities of, and position error between, the master
and slave robots even for non-passive operator or environment, the second simulation
examines the teleoperation within an active environment. The virtual wall at the

slave side has stiffness k. = 1000 N/m and damping d. = —10 Ns/m. The simulation
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results in Figure. 3.5 show that the active environment induces master vibrations
upon contact, but the vibrations remain bounded during the interaction with the
active environment. Figure. 3.6 illustrates that maintaining the interaction with an
active environment ISS requires large control torques, as the controller aims to reflect
the environment torques to the master. Such large torques may impose a heavy

burden on the actuators and may damage them.

3.2 Nonsingular Spring-Damper Adjustment

When a joint velocity nears zero in the presence of non-zero position error in (3.1), the
nonlinear term opposing the joint velocity overwhelms the other terms along the joint
space direction and stops the motion of the joint. When the joint velocity becomes
zero, the nonlinear term becomes zero along the kth joint space direction and the
other control terms drive the kth joint again. The controller in Equation (3.1) then
leads to spikes in the control torque and chatters in the joint velocity.

To overcome the limitation of the controller in Equation (3.1), this section proposes

the following singularity-free nonlinear controller:

Tm = — Sm(qm)<qm - qsd)TBm(qm - qsd) - Kmqm - P<qm - qsd) + gm + Ted
Ts = — Ss(qs)(qs - qmd)TBs(qs - qmd) - qus - P(qs - qmd) + 8s + Thd

(3.15)
where:
sat(din)sgn(dn) || sat(din)sen(ion) ] |
(&) = i)sgn(din) in)S80(Gin
Si (ql) ngi1 ’ ’ Ngin ]
. dik il < 4
sab(gn) =9
q;5gn(Gir)  |die| > ¢
and sgn(-) is the signum function, i = m,s and k = 1,--- ;n. The new controller

in Equation (3.15) replaces the singular terms ¢, and ¢} in Equation (3.1) with

the nonsingular terms S,,(q,,) and Ss(qs). When a joint velocity ¢; nears zero in

sat(dir)sgn(di) _ sgn(dix)
ngik n

the presence of non-zero position error, and the singularity is
eliminated.
A teleoperation system with the nonsingular springer-damper adjustment con-

trol is shown in Figure. 3.7. Stability of the system is analyzed using the following
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Master

Figure 3.7: Teleoperation system under the nonsingular spring-damper adjustment
control in Equation (3.15).

Lyapunov-like functional:
V=Vi+V,+ Vs, (3.16)

where:

Vi __qumqm + 2q M.,

1
Vs = —q.)"P(qm — qs)

vy — / / JEotgT Q, mdedd + / / It TQq.dedo
dm Jt+0 ds Jt+0

with ¢ = max (o, 05) and o; = %Zzzl sat(qgix)sgn (g ), © = m, s. Different from the
stability analysis in Section 3.1, the integrands in V5 are bounded by non-constant
exponentials in this section.

Similar to Section 3.1, using property P.2, the derivative of V; satisfies:

t
T2 <47 (7 + 7o) — A Koclon — 61 P / &udé — TP (am — q)
t—ds
t
- Um(Qm - qs)TBm(qm - qs) - 20m(qm - qs)TBm/ qsd§
. tds (3.17)
4T (4 o) — 47K s — TP / o€ — TP (ds — Q)
t—dm

t
- Us(qs - qm)TBs(qs - qm) - 2Us(qs - qm)TBs/ qmdga
t dm
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and the derivatives of V5 and V3 are

% = q;P<qm - qs) + QSTP(QS - Qm)a (318)

ot
Uy < — 0Vs + Al Qutiyn — 7 / AT Quionde
t—dm

o, (3.19)
+ 8sq;r(gsqs - edsg/ ququsdfa
t—d,
where & = max{q,,, G, }. According to the lemma L.2, we have
t ot t
P [ ade- e [ Qe — 20 an - a) By [ que
N Ji-d, t—d, _— t—d, (3.20)
50,677 _ s€7 T
<ﬁ(qm - QS)TBsz IB;rn<qm - qs) + 477 q;rnPQs 1lj-l—qm

t _ ot t
- q-srP/ qmdf - e_dmg/ q;ranqmdf - 203(Qs - qm)TBs/ qmdé
t t—dm t—

—dm, dm,
dpo2etn? - d,,edm7 . B ,
_1—(QS - qm)TBstlB;r(qs - qm) + qIPQmIPTQS
— Tim 477m
(3.21)
with 0 <n; < 1, ¢ =m, s, two scalar constants.
From the property L.1 and the definition of V; and V5, we conclude that
1 T 1. .1 1 T
Vit Ve S5 A2 + 5226545 + 5 (An — ds) Plam — ay), (3.22)

then, adding Equations (3.17)-(3.19) together and using Equations (3.20)-(3.22), the

time derivative of V' can be bounded by:

g ,dsT
* . . -3 . . S s . _ . ]- . .
V < — 4 Knlm + Ao, Qulm + o A PQ, Pl + 50 Ama Ly
S
T dyop, e’ T —1RT
— 0m(Am — As) B (dm — ds) + ﬁ(qm —as) B,Q, B,,(an — qs)

d,,edm®

AN,

i i - . ) ) _ i 1 T
— QT K, + do] Qua, + . PQ,'PTq, + 50&2011%

T amafea"ﬁ T AT
—05(qs — am) Bs(qs — qm) + (s —am) BsQ,, B, (qs —am)

1—7m
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1 . .
+50(am - as) ' P(Qm — q5) — oV + & (Th + Tea) + & (7o + Tha)- (3.23)

Consider

Ay, (Th + Ted) = quk(Thk + Tear), QL (Te + Tha) = quk(Tek + Thak),
k=1 k=1

if |Gr] < Gy, Vb =1,-++ ,n, then

n

G (Th 4 Tea) <D Lo (Tt + Tear)| < 10 (T +7e) < o (Th + 7o),
k=1

else if |Gpi| > ¢,,, I3k =1,--+ ,n, then o > 7,,, > %am and

) 1. ) 1 B
ar, (Th + Tea) S%QLTQO + §U(Th + Tea) "X (Th + Tea)
n . ) 1 _
STq;qum + QU(Th + Toa) O (T + Ted),
dm
so we conclude

) n . . 1 _ _
QL(Th + Teq) < QTQLTQO +o (é(Th + Ted)TTml(Th + Tea) + 1(Th + Te)) :
" (3.24)
Similarly, if |G| < ¢,, Yk =1,--- ,n, then

n

A (e + Tha) <D Gk (Ter + Thaw)| < n0s(Tn +7e) < no(Tp + 7o),
k=1

else if |gg| > ¢y, Ik =1,--+ ,n, then 0 > 0, > 14, and

) 1 . ) 1 B
al (1. + Tha) S%QSTTSQS + 50(7} + 7ha) "X (T + Tha)

n . . 1 _
SQTqIqus + §U(Te + Tha) "X (T A Tha),

s

so we conclude

) n . ) 1 _ _
as (7o + Tha) < 2T.q5Tqus +o (5(7'@ + 7Tha) "X (T + Tha) + n(Th + Te)) . (3.25)

S



29

-
Defining © = |4, a7, (qm — qs)T] and substituting Equations (3.24)-(3.25) in
Equation (3.23), then the derivative of V' can be bounded by

V< —oV-—0"¥0 + ox(m,, T), (3.26)

where ¥ = diag{\IlH, \1122, \1133} with

_ as dso 1

Uy, =K, — 4, Qn — = —PQ,'PT — oAl — —T,,
4ns 2 24,,

- dyeln? 1

Uy =K, — d,Q, — ™ PQ'PT — —ohpl — —T, (3.27)
4 m 2 2(]5
ES 2 _d.o 3m 2 dmT
‘1133 :O'mBm LBnglB; + UsBs - LBSQ;}BI - EP
1 —n; 1—nm 2

and the function (73, Te) is

1 _ 1 _ _ _
X(Th, Te) :§(Th + Ted)TTml (Th + Tea) + 5(1'@ + Thd)TTs 1(7'e + Tha) + 2n(Th + Te).

In W33, 0,,+ 05 upper bounds o = max (0,,, 05). As they represent the master and
slave velocity magnitudes, o,, and o are time-dependent. Then, for ¥ to be positive
semi-definite (i) the gains appearing in W;; and Wy, should be selected to make them
positive semidefinite, and (ii) W33 should be positive semidefinite for any o, and o;.
Since W33 is quadratic in o, and o,, and zero when o,, = o, = 0, proper choice of B,,
and B, renders B,,, — %P and B, — %P positive definite and the other solution (&,,, d5)
for the quadratic positive. Then, selecting sat(¢g;;) such that 0 < @ < min (6,,, 75)

makes W33 positive semi-definite.

Theorem 5. Consider the teleoperation system in Equation (2.1) with the controller
in Equation (3.15). If the control gains (B;, K; and P), the parameters (Q;, n;, X;)
and the nonlinear functions S;(q;), i = m, s are selected such that the diagonal matriz

W is positive semi-definite, then the system possesses three the same properties as in
Theorem 4.

Proof. Assuming that ¥ is positive semi-definite, i.e. — QWO < 0, VO then Equa-
tion (3.26) can be rewritten as V < —aV + ox(7, 7). Further, Y, are positive
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definite diagonal matrices,
xmem) <a( s il su (1),
0<g<t 0<g<t
where a(-) is a K function. Then the solution of V becomes
V< 5 s (s Il s ().
0<g<t 0<g<t

where V}, is the value of V' at time ¢ = 0.

From the definition of V' and the property P.1, one further has

1 . 1. 1
1% 2§Aml||qm||2 + §A81||015||2 + 5pllam - as||%,

where p is the minimum eigenvalue of P. Using the property that all three terms are

non-negative, we get

. 2 _te
P < 2 Ve Bt o (sup lml. sup )
i1 0<g<t 0<g<t

(3.28)

2 (e
o — a2 < 2 [v 5 d€+a(sup rall, sup Hren)] ,
2_9 0<g<t 0<g<t

. . . _ t . o,
t = m,s, and o is non-negative, so Ve Joodé < Vi, Besides, under the condition

that assumption A.3 holds, 7, and 7. are bounded, the second term in the above three
inequalities are bounded, i.e., « ( sup ||mhl|, sup ||Te||) < 00. Therefore, velocities
0<e<t 0<¢<t

of the master and slave robots and the position error between the master and slave
robots all are bounded, i.e. {Qm,ds,dm — Qs} € Loo, the proof for the first part of
the theorem is completed.

To prove the second part, let us first look at the first two inequalities in (3.28).
Under the condition that the hand and environment torques disappear from the time
instant ¢ = ¢;, they can be rewritten as

Il < = Vise™ a7 < v e

7 21
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1 =m, s, where

t
‘/tl = %e_foladg + T( sSup ||Th||7 sup ||Te||’?h’?e>‘
0<€<ts 0<€<ty

t
Obviously, V4, is bounded from the above analysis and the function e Jey i€ g de-

t
Jeyomde and

creasing with time t as long as q,, # 0 or ¢, # 0. If the functions e
e Jiy oo do not tend to zero as t — oo, we must have fttl 0;d§ < 00,1 =m,s. The
derivative of o; is %(ai) = %Zzzl (sat(|qik])/|qik]/(jik). Return to (2.1), given the
proof for the first part of the theorem, q,,, qs and q,, — qs all are bounded, it is
obvious that the right side of (2.1) is bounded, with the property P.1, we conclude

that q,, and g, both are also bounded. From the fact that q,, and g, are bounded

and
N gl <4y . 1 G > 0T
sat(|gix|) = R T , :
0 |g| > 4, -1 G <0

SO %(ai) is bounded. Using the Barbalat’s Lemma, we have o; — 0, ¢ = m, s, which
equals that {q,,,qs} — 0. To discuss the convergence of position error q,, — qs, it is
clear from (2.1) that the convergence is guaranteed if we can prove that {G,,,qs} — 0
as {qm,qs} — 0. Because we have concluded that {q,,,qs} — 0, we assume that
from the time instant ¢ = 5 both q,, and qs converge to the linear section of sat(g),
i.e. S;(q;) = +sgn(q;), then the closed-loop system (2.1) can be rewritten as

. ) ) 1 )
AMq;, = - ACq — AK,q, — AiP<qi - (de) - ﬁAngn(qi)(qi - (de)TBi((Ii - de)

where A; = diag{|Gi1|, |dia|, - - ; |Gin|} With i, 5 = {m, s} and i # j. With A;sgn(q;) =

q;, the derivative of the closed-loop system is
(AM; + A;M)d; + AiMids
=—(AC+AC)g — ACia, — Ki (A4, + Aiq,) — ﬁqm(qi — qja) ' Bi(q; — qja)
q; d

—P [Ai(q; — qja) + A (qz‘ - %%d(l - dj))} - E%[(Qi — qja) ' Bi(ai — qja)]

Since all other terms are bounded and the derivative of time delays d; are bounded, it

is obvious that ; are bounded. Combined with the conclusion that q,, and qs tend
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to zero, one can conclude that {q,,,dqs} — 0 according to the Barbalat’s Theorem.
Therefore, the position error converges to zero when 7, = 7. = 0, the second part is
proved completely.

The proof of the third conclusion is the same as in the proof for Theorem 4, so it

is omitted here. Then the whole theorem is proved completely. O

For simplicity, we use the system model as in Section 2.3 with the same robot
parameters and communication delays. After choosing @ = ¢, = 0.1, X; = 0.0011,
1n; = 0.5, Q; = 10I, ¥ can be made negative semi-definite by selecting K,, = K, =
121, P,, = P, = 10I and B,, = B, = 3I. The master and slave robots start
from (q! ql)" = (qf ¢1)T = (0T 0")T, under the sinusoidal user-applied force
Fyy = 0.7sin(0.17t) 4 0.3 N. The environment with stiffness k. = 1000 N/m is located
at y. = 0.5 m.

0.5

0.45 T

0.4

0.35

0.3

0.25 i

0.2 - T

Joint Position/(rad)

Hybrid . Nonsingular a4

——— Hybrid g, ——— Nonsingular g_,

o] 5 10 15 20 25 30 35 40
Time/(s)

Figure 3.8: Position tracking in joint space: ¢,,1 and qs;.

The performance of the proposed nonsingular controller is compared with that
of the hybrid controller in Section 3.1 in Figures. 3.8-3.10. From Figure. 3.8, both
controllers have similar joint space position tracking performance, thus we conclude
that the position tracking performance of the new controller is not worse than the
previous singular controller. Nevertheless, the master and slave torques are quite
different for the two controllers. Compared with Figure. 3.9(a), the control torque
applied on the slave robot in Figure. 3.9(b) is smoother when the slave robot is
interacting with the remote stiff wall. While the force feedback 7,,; is smoother than

the slave torque in Figure. 3.10(a), it is clear that the control torques applied on the
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(a) Hybrid damping and stiffness adjustment. (b) Nonsingular damping and stiffness adjust-
ment.

Figure 3.9: Hand and the slave control torque comparison between the hybrid and

the nonsingular controllers: 75,1 and 7.
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(a) Hybrid damping and stiffness adjustment. (b) Nonsingular damping and stiffness adjust-
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Figure 3.10: Environment and the master control torque comparison between the

hybrid and the nonsingular controllers: 7.; and 7,,1.

master robot are noisy both in free motion or in contact. On the contrary, the new

nonsingular controller provides force feedback 7,,; in Figure. 3.10(b) that is noise-

free and almost the same as the environment torques, 7.1, when the slave robot is in

contact with the remote wall.

3.3 Reduced-Order Coupling Control

In Section 3.2, a nonsingular controller is introduced to achieve smooth force feedback.

However, when the position error is unexpectedly large such that the velocity- and

position error-dependent control term overwhelms the proportional control term and
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the master and slave robots cannot be synchronized, which is named sticking. In
practical situations, before telemanipulation tasks, the master and slave robots should
be initialized to start from the same position. Therefore, potential sticking should be
avoided in controller design. This section introduces a new non-sticking controller.
It also provides stability analysis of the closed-loop teleoperation system with the
non-sticking controller and the controller parameters selection method.

For stable and sticking-free teleoperation with time delays, this section proposes

the following controller:

Tm = — [P + S(qrm qQm — qsd)] (qm - qsd) - Kmqm + Ted + m
: (3.29)

Ts = — [P +8(4s, s — qmd)} (4 — Gma) — Koo + Tha + 8

where: S(q;, q; —qjq) = ysgn(q;)sgn(q; —q;q)" and sgn(u) = [sgn(uy), - - - ,sgn(un)]T
and sgn(-) represents the signum function; 7 is a positive constant scalar; P, K; are
positive diagonal gain matrices, i,j = {m, s} and i # j.

In Equation (3.29), the nonlinear term, S;(q;, q; —q;q), together with the diagonal
gain matrix, P, forms a new gain matrix, P 4+ S;(q;, q; — q;ja). One can find that the
product of the new matrix and the position error generates a position synchronization
term, —pg(qik—ajar) —y5gn(dir ) ||di—djall1, for each joint. For the joint with the largest
position error, if p; > nvy, then the conventional proportional part(—py(gix — ¢jax))
weighs more than the other part(—ysgn(¢ix)||d; — q;jql|), and thus the controller tends
to limit the position error along this joint space direction. Therefore, position tracking
can be achieved even the initial position error is large. This is the main advantage
of the controller in Equation (3.29) over the nonsingular controller in the previous
section.

Figure. 3.11 displays the teleopration system under the control of the reduced-
order damping and stiffness adjustment strategy. To analyze the stability of the

system, we use the following Lyapunov-like energy function:
V=Vi+V+Vj (3.30)
with

1. 1. .
i =§qLMmqm + §ququs
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Figure 3.11: Teleoperation system under the reduced-order coupling control in Equa-
tion (3.29).

1
Vo = —q;) ' P(qn — qs)

Vv, = / ) /% I TG () Qi (€)dEdD + / ) /w Ji g T () Qi (€)dedh,

where: ¢ = min (7, 0, + 05) with

_ maX(lkal)maX(|qu - qsk‘)e _ maX(‘QSkDmaXquk - QSk‘)E
" ’ ’ %(qm - qs)TP(qm - qs)

%(qm - CIS>TP(qm - q$)

and: min(a,b) is the minimum of a and b; max(uy) is the maximum of u; for all
possible k; @ and € are two positive constants.
With the property L.2, the time derivative of V; is

t
‘/1 = - q;Kmqm + q;(Th + Ted) - q;,r—LP(qm - qs) - qLP/ qs(g)dg
t—ds

' (3.31)
- qs qu + qs (Te + Thd) -srP<qs - qm) qs P/ qm (g)dg '
t—dm
— &) S, A — Qsa) (A — Asa) — AT S (s, s — Qna) (As — Arma)-

The derivatives of V, and V3 are
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Vy <] Quiclon — ¢ / (6) Quucn ()€
(3.33)

+ dsqs qus —e / q qus f)df - UVZ’)'

Further, from the definition of S(¢;,q; — qjd), we have

- q;rns(qrm am — qsd) (qm - qsd)

= - ’nglsgn(qm)sgn(qm - qsd)T(qm - qsd) = -7 (Z |qu|> (Z |ka - QSdk|>
k=1 k=1
k=1 k=1 k=1 t—ds

(3.34)

and similarly

— 4 S(ds, s — Uma) (As — Amd)

- <§ |st’> (; |Gk — ka|> +’Y:Zl (’flsk!T /tidm ’flm(§)|df)

(3.35)

-
where q;, = [qz-k, Giky *  * ,q’ik} , 1 =m,s. Using the lemma [.2,

(—qInPﬂZlquF) /td Qs (€)dg — e~ /td a1 (§)Qua(€)de

k=1

:—'TP t .S de — X —ods ' T s's d
alP [ aga—net [ aloaao

) (|qu|T / rqs<f>|d§) (1) / TOQAEE (330

O'ds

od
s’Y e
_773 =1 j5=1
nds,72 ods I a ead ‘ R
S—traee(Qs )qmqm+ quQs P qm
A(1 = n,) 4ns



67

where trace(Q; ') is the trace of Q' and 0 < 7, < 1. Similarly,

(—qIPﬂDqsm) /td & (€)dE — 77 /td U (§) Qi (€)d€

N _ k= L (3.37)
nd,,y2edm CINAT- A€ 1 T,
<—————trace(Q,, )4, qs + q.PQ,.'P'q,
41 — np) Q) AN,
where trace(Q,,!) is the trace of Q! and 0 < 7, < 1, and
1 T 1 T
O-VYI Sﬁg/\qumqm + 50-/\52(13 qs, (338>
Vo <5 (0 + 02) (G — 4) Pl — )
g >50m Os){Am — Qs An — 4s
272 (3.39)

Smax(|ka|)maX(|ka - QSk|)€ + maX(MSkl)maX(Mmk - QSk|)€-

Because ¢ is a state-dependent function, it is varying and switching between &
and o0, + 05 with time. We discuss the two cases independently as following.

Casel. o0=o0,, +o0,

) 1. ) o _

Q. (Th + Teq) < %q;—brmqm + §(Th + 7o) "X (T A Tea)

VP (X ey Goie) Qe [Gmn — 4si]?)
o 46 maX(MmkDmaX(l(Jmk - qsk’)

Um]_? n . n
<P <Z|qu|) (z e - qsk|> .
k=1 k=1

/Um]_? - " . 0' B
T 4e Z Z |Gl |Gy — @55 + E(Th + Tog) X (T F Tea)
i=1 j=1

o
+ §(Th + Ted)TT;l(Th + Ted)

3.40
(Th + Ted)TT;Ll (Th + Ted) ( )

IS

where Y, is a positive diagonal matrix and v,, is its maximum eigenvalue; p is the

maximum eigenvalue of P. Similarly,
(7. + ) < 2 i En: il |G — @l + 2 (e + Tha) XN (T + Tha), (341)
S — 46 pri J J 2 S

where Y is a positive diagonal matrix and v, is its maximum eigenvalue.
Adding Equations (3.31)-(3.33) together and using Equations (3.34)-(3.41), the
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derivative of V' can then be bounded by

V S —oV + JX(Th7 Te) - q;;rq‘IlmIQm - q-sr‘Ilslqs

- wml Z Z ‘szquJ - qu’ - %1 Z Z ‘qsqumJ - qu’

i=1 j=1 i=1 j=1

where X (75, 7e) = 5(Th + Tea) ' Y0t (Th + Tea) + 3 (Te + Tha) "X, H(7e + Tha) and

- 1 ndy2e"%trace(QoY) . dyet® o
U, =K, —d,,Q,, — —oAI — s )y PQ- P,
! Q= 57Am2 A(1— 1) T
- 1 ndy2e’mtrace(Q;t) dpedm
U, =K, — d.Q. — o\ — m)y_ PQ'PT,
! Q. = 50A A(1 — 1) Iy 19
e UmP e UsP
Ym1 =7 — € 1 Y1 =77 — € "

Therefore, if we choose proper parameters such that ¥;; > 0 and ¢;; > 0,7 = m, s,

then the derivative of V' can be simplified to
V < —oV +ox(th 7).
Case 2. o0=7

) 1. ) o _
q;(Th + Ted) SQ_q;qum + §(Th + Ted)TTml(Th + Ted),
g (3.42)

) 1. . o B
qu(Te + Tha) S%QIT&S + E(Te + Thd)TTs 1<Te + Tha)

where Y, © = m, s, are the same positive diagonal matrices as in case 1.
Adding Equations (3.31)-(3.33) together and using Equation (3.42), then the

derivative of V' becomes

V S —oV + O'X(’Th, Te) - q;‘Iijqm - qu‘I’s2qs

n n n n
- ¢m2 Z Z |q.mz'||Qmj - qu| - 1/}32 Z Z |QSi||Qmj - q$j|

=1 j=1 i=1 j=1
where x (75, Te) = %(Th + 7o) "X (T + Teg) + %(Te + Tha) "X (T + Thg) and

- 1 d,eo% ndyy2e”®trace(Q 1)
U, =Ky — 40 Qp — —X,,, — ——PQ'PT — — :
? Qn =57 An, Q. 4(1=n,)

1
I- 50’)\m21,
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_ 1 5 _odm 3 2 _odm —1
U, K, d.Q.— 1, dpye PQ-IPT — nd,,y*e?*mtrace(Q,')
20 AN, 4(1 — 1)

1
- oAl
wmQ :7%2 =7 —€

Therefore, if we can choose proper parameter such that ¥;, > 0 and ;, > 0,

1 =m, s, then the derivative of V' can be simplified to
V < —oV +ox(mh 7).

Although o is a state-dependent function that switches between & and o, + o,
with time, from the analysis of the above two cases, if we can select parameters

properly such that
U, =min{W;;, ¥} = W = 0

Yy =min{y;1, Yio} = ¥y >0

with ¢ = m, s, then the Lyapunov-like function satisfies

(3.43)

V< —oV+ oX(Th, Te)

for each case of o.

Theorem 6. Consider the teleoperation system in Equation (2.1) with the controller
in Equation (3.29). If the control gains(K;, P and v), the parameters(Q;, n;, X,
T, €) are selected properly such that Equation (3.43) is satisfied, then the system
possesses three the same properties as in Theorem 1 and avoids sticking and noisy

control torques.

Proof. The proof is similar to the proof of Theorem 4 and Theorem 5, for saving

space, it is omitted here. O

The parameter selection is carried out as follows:(1) select P; (2) choose v, € and
Y, small enough to satisfy the second condition in Equation (3.43) and v < npy;
(3) select Q;, @ and 7; such that the damping K; can be selected small enough to
guarantee the first condition in Equation (3.43). The parameter selection procedure
is more straightforward than solving the matrix in the parameter design procedure in
Section 3.2, which is second contribution of this section.

Simulation results are presented to verify the effectiveness of the reduced-order

coupling control in Equation (3.29). The simulated robots with communication delays
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are driven by the sinusoidal user force and interact with a stiff environment, of which
parameters are the same as in Section 3.2. After choosing P = 5I and Y,, = Y, =
0.0001L, ¢ = 0.1, v = 0.05, ,, = ns = 0.5 and Q,, = Qs = 101, ¥, and ¥, can
be made nonpositive by choosing ¢ = 0.1, and ¥,, and ¥, can be made negative
semi-definite by choosing K,,, = 5I and K, = 10I.

0.5

o ©
w N
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o
¥

. . . . . |
o] 5 10 15 20 25 30 35 40
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Figure 3.12: Position tracking in joint space: ¢,,; and gs;.
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Figure 3.13: Hand and slave control torques: ¢,,; and qs;.

Figure. 3.12 shows that the master is tightly constrained to the slave when the

slave is in contact with the remote wall and that position tracking is achieved both in
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Figure 3.14: Environment and master control torques: ¢,,; and ¢g;.

free motion and in hard contact. Figure. 3.13 illustrates the controller torques applied
on the slave robot, 7,1, track the hand torques, 7,1, in contact, but they are a little
bit noisy in free motion, which is caused by time-varying delays and is harmful for the
actuators. Figure. 3.14 shows the force feedback performance of the system along the
first joint space direction. Upon slave contact with the remote environment, torque

spikes in 7,,; indicate to the user the beginning of interaction on the remote side.

3.4 Conclusions

This chapter has introduced a hybrid damping and stiffness adjustment strategy to
guarantee ISS bilateral teleoperation when hand and environment forces are incor-
porated in the closed control loop. It has shown that four channel teleoperation
can maintain a tight coupling between the master and slave sites, and hence a tight
user-environment coupling. However, since the nonlinear hybrid adjusting terms in
controller become singular at zero velocities, chattering problem may damage the
system performance and even destroy actuators. The nonsingular version employs
a saturation function to avoid the singularity problem, and, thus, torque spikes due
to controller singularity are eliminated. Because the nonlinear velocity and position
error coupling terms is quadratic in position error, sticking problem occurs when
the position error becomes unexpected large. The reduced-order strategy has been

developed to solve the sticking problem, i.e., to guarantee position coordination for



72

arbitrarily large position errors, and maintain the main advantages of four channel
teleoperation.

Simulation results have shown the effectiveness of the proposed strategies for four
channel teleoperation. However, all these results are still needed to be experimentally
tested. ISS teleoperation is not the best choice from the perspective of control, so
deeper research efforts are expected to exploit the transmitted forces, distinguish the
harmful components from the wanted part and reject the disturbing transmissions.
Four channel teleoperation requires precise force measurements, which is hard to be
achieved because force sensors exposed to environments are easily to be disturbed

and destroyed.
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Chapter 4
Conclusions and Future work

Time-varying delays in communication channels damage bilateral teleoperation sys-
tem performance, and, more importantly, threaten the safety of the system. To
improve performance and guarantee stability of time-delayed bilateral teleoperation
systems, this thesis has explored several damping injection-based controllers of two
channel and four channel bilateral teleoperation systems to provide a systematic con-
trol strategy.

Within the scheme of two channel teleoperation with only position exchanges,
a bounded state feedback with adaptive gravity compensation controller has firstly
been proposed to tackle the teleoperation control in the presence of time-varying de-
lays, model uncertainties and bounded actuations. By incorporating an inner and an
outer saturation functions to bound the proportional control and saturated propor-
tional plus damping control, respectively, the designed controller can reserve sufficient
damping injection and adaptive gravity compensation capabilities for stabilizing the
system. Then, an augmented 1&I velocity observer has been designed and incorpo-
rated in the conventional P+d control to obtain stable teleoperation with time-varying
delays with no velocity measurement and to achieve globally exponential velocity es-
timation convergence. The main advantage of the augmented 1&I observer over other
related observer designs is that it dramatically simplifies observer design procedure
and satisfies the specific requirement of teleoperation systems on global velocity es-
timation. For the more challenging bounded output feedback control, this thesis has
also proved that the former developed techniques, bounded state feedback control
and globally convergent 1&I velocity observer, can be combined together to globally
stabilize bilateral teleoperation system in the presence of time-varying delays without

using velocity measurements through more conservative gains selections.
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In terms of four channel teleoperation, a hybrid damping and stiffness strategy
has been introduced which employs the user and environment force transmissions and
applies them on the slave and master robots directly to keep tight master-slave cou-
pling. The nonlinear velocity and position error coupling terms are adopted to vary
the stiffness of proportional control and/or to adjust the injected damping, which
guarantee ISS teleoperation with no assumption on external terminators passivity.
Further, the nonsingular version avoids unexpected control torque spikes due to sin-
gularity at zero velocity of the hybrid damping and stiffness adjustment strategy and
achieves stable teleoperation by introducing a saturation function in the singular non-
linear control term. However, the nonlinear velocity and position error coupling terms
in the two strategies are quadratic in position errors, so sticking problems occur when
the position errors become unexpected large. To this end, a reduced-order controller
has been proposed to ensure effective position synchronization for arbitrarily large
position errors and maintain the tight constraints between the master and slave sites.

The above research results discussed in this thesis provide several theoretical
methodologies for achieving stable bilateral teleoperation with time-varying delays
and some other constraints, which has been verified through Lyapunov-Krasovskii
energy analysis and numerical simulations. Nevertheless, they are not necessarily the
best options from the perspective of performance.

In the bounded state feedback with adaptive gravity compensation control, only
the worst cases are considered in each saturation scenarios. For example, in the sit-
uation that only the outer saturation function on one side is breached, the derived
stability criterion employs the minimum possible velocity of that saturated side. An-
other example is that the gravity compensations have not been incorporated in the
outer saturation functions and the bounds of outer saturation functions are limited
to stay within the linear actuator output section when maximum gravities occur.
Therefore, the actuator capabilities have not been fully exploited and the designed
controller is conservative. For the output feedback control, the designed I&I observer
guarantees globally exponential velocity estimation convergence under the assumption
that the model of the system is exactly known and the exerting user and environment
forces can be precisely measured, which is obviously impractical for teleoperation
realization.

In four channel teleoperation control, the three proposed damping and stiffness ad-
justment strategies employs the user and environment force transmissions and applies

them on the slave and master robots directly. It is known that the communication
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delays are time-varying and might randomly jumping within a certain range, so the
transmitted forces are disturbed by the communication delays and become noisy as it
can seen in simulations. It is worth mentioning that the reduced-order strategy over-
comes the sticking problem of the other two strategies by using the sign of velocities
and position errors. Therefore, the reduced-order velocity and position error coupling
terms would switch signs around zero velocities and/or zero position errors, which
varies the master-slave coupling stiffness and thus deteriorates human-environment
interaction experience. Another problem in four channel teleoperation is measuring
force. Most commercial robots are not equipped with force sensors, of which the
reason is that external force sensors can be easily disturbed and destroyed.

As discussed above, several open problems are still remained to be addressed.
Future directions to continue this research can be given in the following different

areas:

1. Less conservative state feedback control for fully exploiting actuator capabilities

and improving position synchronization performance.

2. Adaptive output feedback control of two channel teleoperation in the presence

of model uncertainties without using velocity measurements.

3. Filtering noisy force transmissions or decreasing the sensitivity of the system to

transmission noises without destabilizing four channel teleoperation.

Besides, it is interesting that the developed techniques for stable bilateral teleop-
eration with time-varying delays in this thesis can be easily extended to consensus
control of multi-agent systems in the presence of time-varying communication delays
if the network topology is undirected and connected. Therefore, future study can
also explore more general applications in multi-agent systems with different types of

network topologies and physical constraints.
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