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SUMMARY

In this paper, control of nonlinear teleoperator systems
where both the master and slave systems are kinematically
redundant robot manipulators is addressed. The controller
is developed under the assumption that the user and
environmental input forces are unmeasurable. Lyapunov-
based stability analysis is used to prove that the proposed
controller yields asymptotic tracking results and ensures
the coordination of the master and slave systems while
satisfying a sub-task objective. Numerical simulation results
are presented to illustrate the effectiveness of the proposed
controller.
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1. Introduction

Teleoperation, where a human operator implements a
task in a remote or hazardous environment, has been a
mainstream research problem for a long time. Typically,
a teleoperator system consists of a local site, where a
user operates the master manipulator/system to drive the
remotely located slave manipulator/system to implement a
given task. Teleoperator systems have significant impact
on some common applications including handling of
hazardous materials, maneuvering mobile robots, underwater
operations, and microsurgery.>~> Transparency,’ keeping the
human and the environment safe, proving the boundedness
of closed-loop signals, and tracking a desired trajectory are
important issues in teleoperation. The reader is referred
to ref. [7] for a comprehensive overview of research and
development in teleoperation over the last several years.

In several robotic applications, including teleoperation, the
desired task is usually defined in the Cartesian coordinate
frame attached to the robot manipulator’s end-effector, which
is commonly referred to as the fask-space. When a robot
manipulator has more degrees of freedom than required to
implement a task in its task-space, it is called a kinematically
redundant robot manipulator. The use of kinematically
redundant robot manipulators usually complicates the control

* A preliminary version of this paper has appeared in ref. [1].
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design; however, they provide greater flexibility to the end
user to execute sophisticated or complicated tasks such as
obstacle avoidance, grasping, and locomotion.® The fact, that
the number of joints of a redundant robot manipulator is
greater than the dimension of the task-space, results in joint
motion in the null-space of the Jacobian matrix that does not
affect the end-effector motion of the manipulator, generally
known as self-motion. A user can deploy the self-motion for
achieving a sub-task objective while the task-space controller
achieves the primary task for a particular application. As
noted in refs. [9—11], for redundant robots, given a desired
task-space trajectory, an infinite number of inverse kinematic
solutions exist that complicates the selection of a reasonable
desired joint trajectory, to satisfy the control requirements
as well as the sub-task objectives. The reader is referred to
ref. [12] for different sub-task objectives and to refs. [9, 13—
17], and the references therein, for some of the past research
related to the controllers for redundant robot manipulators.

Teleoperation with kinematically redundant robot
manipulators is an interesting open research area. Some
past work that discusses teleoperation with kinematically
redundant robot manipulators can be found in refs. [18,
19]. Hwang and Hannaford'® described the performance of
a teleoperator system where only the slave system was a
redundant robot manipulator. This work failed to provide
robustness when the robot operates close to its kinematic
singularities or for high joint velocities. In ref. [18], the con-
troller was developed for the primary task and the sub-task
objectives were considered as an add-on to the tracking
objective; hence, completion of certain sub-task objectives
such as joint-limit avoidance was not guaranteed. Das et al.'®
developed kinematic controllers for redundant teleoperator
system to avoid obstacle collision by utilizing visual display
of the slave environment system where just the task-
space control was applied. While addressing an interesting
problem, refs. [18] and [19] failed to make complete use of
the properties of the redundant manipulators.

This work aimed to develop a novel control scheme for
teleoperator systems where master and slave systems are
kinematically redundant robot manipulators. The control
objectives are to track a desired task-space trajectory, to
ensure the coordination between the master and the slave
systems and to utilize the self-motion of the redundant robot
manipulators to achieve sub-task objectives. The control
problem is further complicated due to unmeasurable user and
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environmental input forces. To achieve the control objectives,
first the dynamic models of the master and slave systems
are put together to form a combined dynamic model for
the teleoperator system. Then, robust integral of the sign
of the error terms are utilized in the design of a force
observer to estimate the unmeasurable input forces. Next,
a null-space decomposition is utilized to divide the control
input and the input forces into their task-space and null
space components; thus, the control development is separated
into two parts, namely task-space control and null-space
control. To facilitate the task-space control development,
an invertible transformation® is utilized to encode the
control objectives. Another continuous nonlinear observer is
designed to estimate the task-space component of the input
forces. The task-space controller is developed to meet the
task-space tracking objective and to ensure the coordination
of the master and slave systems. In the design of the task-
space desired trajectory, an optional strategy of encoding a
velocity field assist mechanism?? is provided to help the user
in controlling the slave system. The null-space component
of the controller is then designed to meet the null-space
velocity tracking objective. Finally, a sub-task controller
is developed to make use of the kinematic redundancy of
the master and slave systems. Lyapunov-based techniques
are utilized in the design of the controllers and the force
observers. The performance of the proposed controller and
the force observers is demonstrated by numerical simulation
results where singularity avoidance is implemented as the
sub-task objective.

The paper is organized as follows: in Section 2 the dynamic
and kinematic models of a teleoperator system are presented.
Section 3 deals with the force observer development that
accounts for the unmeasurable forces. Section 4 describes
the development for the task-space controller along with the
observer designed to estimate the task-space component of
the input forces and the stability analysis. Null-space and
sub-task controller developments are presented in Sections 5
and 6, respectively. Section 7 presents numerical simulation
results that demonstrate the efficiency of the proposed
controller.

2. Dynamic and Kinematic Models

The dynamic model for a 2n-DOF nonlinear teleoperator
system consisting of a revolute n-DOF master and a
revolute n-DOF slave system is described by the following
expressions

M(01)01 + Ni(01,00)0, = T\ (t) + Fu(r) (1
M5(02)02 + N2(02, 02)0, = Ta(t) + F(t) )

where 0;(1), 0;(t),0;(t) € R" denote the joint-space position,
velocity, and acceleration for the master and the slave
systems, respectively, M;(-), N;(-) € R"*" represent the
known inertia effects and other dynamic effects, respectively,
T;(t) € R" represents the control input vector where i
= 1 denotes the master system and i = 2 denotes the
slave system. In (1) and (2), Fy(t) € R" represents the
unmeasurable user input force applied to the master system,
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and Fg(t) € R" represents the unmeasurable input force
from the environment. The subsequent development utilizes
the property that the inertia matrices are positive definite,
symmetric and satisfy the following inequalities?!:

my EI* < ETM; ()& < my ||E| A3)

V& e R" and i = 1, 2 where my;, my € R are positive
constants, and || - || denotes the standard Euclidean norm.

Assumption 1. 7o achieve the control objectives, the
subsequent development is derived based on the assumption
that 0,(t), 0;(t) are measurable, and M;(-), N;(-) are second-
order differentiable fori = 1, 2.

Assumption 2. The unmeasurable input forces and their
first and second time derivatives, Fy(t), Fy(t), Fy(t), Fg(1),
Fg(t), and Fe(t) are bounded (see refs. [22] and [23] for the
precedence of this type of assumption).

The kinematic models for the master and slave systems are
described by the following expressions:

dm = J1(01)6, 4)
k= J2(02) 0, )

where x,, (1), x;(t) € R™ are the task-space positions of the
master and the slave systems, respectively, X,,(¢), x;(t) € R”
are the task-space velocities of the master and the slave
systems, respectively, and J1(0;), J»(02) € R™*" are the
Jacobian matrices for the master and the slave systems,
respectively. To facilitate the control development, x(t) €
R?" and 6(¢) € R*" are defined as follows:

x 2 [xI KT 6)
o207 o1]". )

After utilizing (4)—(7) the following expression can be
obtained

i=J(0)6 3)
where J(-) € R?"*?" is defined as follows":

]A Jl Om><n 9
2/, ) ©

mxn JZ

To facilitate the subsequent development, the dynamic
models of the teleoperator system given in (1) and (2) can be
combined as follows:

MO +NO=T+F (10)

¥ Throughout the paper, 0; ; and I; will be used to denote ani x j
zero matrix and an i x i standard identity matrix, respectively.
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where M(-), N(-) € R**?" T(.),and F(-) € R?*" are defined
as follows:

M 0n><n
ma| ! (11)
Onxn M2
Nl Onxn
N £ 12
|:On><n N2 :| ( )
T[] 1] (13)
F2[FF FIT. (14)

The kinematic model given in (8) can be written as follows:
x=Jby (15)
where 0 /(1) € R?" is defined as follows:
0= M (16)

and J;(0) € R?"x21 s a Jacobian-type matrix, defined as
follows:

JpEIM". (17)

The primary control design objective for teleoperator
systems is to ensure the coordination between the master
and the slave systems and to meet the tracking objective in
the following sense:

X (1) = x,, () ast — o0 (18)
X () — &, (1) ast — o0 (19)
where &,(t) € R™ is a subsequently designed desired
trajectory. Other control objectives are to prove the

boundedness of the closed-loop signals and accomplishment
of a sub-task objective.

Remark 1. The pseudo-inverse of the Jacobian Jg(0)
denoted by Jf+(0) € R¥"™2" js defined as follows:

N (20)

where J;[(G) satisfies the following equality:
Jpdf =D 21)

As shown in ref. [9], the pseudo-inverse defined by (20)
satisfies the following Moore—Penrose conditions:

JIfdy = Iy Tt =Tf

UFINT = 0fl T =T @)
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Additionally, the matrix (I,
properties:

— J;' J¢) satisfies the following

(bp = J 7)oy = JfJp) =Dy —JfJp (23)
(y = JFI)T =Dy = JfJ; (24

Jr(l, — J;_Jf) = 02 x2n (25)
(Ly = JFII | = Oapxam (26)
(I, — J;_Jf).](p =Jy 27)

where Jy(t) € R?">2 s defined as follows”:
Jo 20 Ip+17Jpdf . (28)

Remark 2. During the control development, it is assumed
that the minimum singular value of the manipulator Jacobian
matrix, denoted by o ,,, is greater than a known small positive
constant § > 0, such that max{llJ}r(Q)ll} is known a priori
and all kinematic singularities are always avoided.**?

3. Force Observer Development

In this section, a nonlinear force observer is designed to
compensate for the unmeasurable user and environmental
forces.

3.1. Closed-loop error system
Taking the time derivative of (16) results in the following
expression:

0p=MO+T+F—NO (29)

where (10) was utilized. Based on the assumption of the exact
model knowledge, the control input is designed as follows:

TE2u+(N-—MP (30)
where u(t) € R? is a subsequently designed auxiliary
control input. After substituting (30) into (29), the following
simplified expression can be obtained:

Op=u+F. 31)

The estimate of (31) is defined as follows:
b;2u+F (32)

where F(t) € R? is the estimate of F(¢) which is to be

designed, 0 £(t) is the estimate of 6 (), and 9f is the estimate
of 6 (¢). To facilitate the development of the closed-loop
error system, the observer error, denoted by & () € R?", is
defined as follows:

620, —6;. (33)

* The reader is referred to Appendix B for the proof of (27).
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After taking the time derivative of (33), the following
expression can be obtained:

Gj=F—F (34)

where (31) and (32) were utilized. A filtered observer error
signal, denoted by r((?) € R?", is defined as follows:

l’fééf—i-éf. (35)

The error system dynamics for r ¢ (¢) can be derived by taking
time derivative of (35)

Fp=F—F+r;—0y (36)
where the time derivatives of (34) and (35) were utilized.

Based on the subsequent stability analysis, the proportional-
integral like nonlinear observer F(¢) is designed as follows:

F2_—(K,+1 |:éf(t) —04(to) + / 0(t) df]

fo

—(B1+82) / sgn(f (1)) dr 37)

where K, B, B, € R are positive control gains, and sgn(-)
denotes the vector signum function applied to each element
oféf(t). In (37), the term éf(to) is used to ensure that F(to) =
05« 1. The time derivative of (37) is obtained as follows:

F= —(Ks + Dry — (B + Ba)sgn(@ f) (38)

where (35) was utilized. Substituting (38) into (36) results in
the following closed-loop error system:

Fr=—Kgos— (B +Bsgn@p) — F —0;. (39)

Rema{k 3. After utilizing (14) and Assumption 2, || F(1)]
and || F(t)|| can be upper bounded as follows:

IFOI<s,  1FOI<s, (40)

where ¢, ¢, € R represent positive bounding constants.

3.2. Stability analysis

Theorem 1. The observer given in (37) guarantees that all
signals are bounded and F(t) > F@t) ast — 00 provided
the control gain B, introduced in (37), is selected to satisfy
the following sufficient condition:

B1>¢1+6> 41)

where ¢ and ¢, were introduced in (40).

Proof. See Theorem 5 in ref. [12] for a similar proof.

https://doi.org/10.1017/5026357470900544X Published online by Cambridge University Press

Teleoperation with kinematically redundant robot manipulators with sub-task objectives

4. Task-Space Controller Development

To facilitate the task-space control development, an invertible
transformation that encodes the control objectives is defined
as follows:

- A Omxl
= Sx+ [ } (42)
&

where &,(¢) € R™ is an auxiliary signal that will be designed
subsequently, ¥ € R?", and S e R?"*?" is defined as
follows:

I, O
N I 43
[,m _,m] 3)

To meet the control objectives, a filtered tracking error signal,
denoted by r7(t) € R*", is defined as follows:

rr 2 S+ st (44)
where s7(¢) € R?" is defined as follows:
A
st =er +er (45)
where ez (1) € R*" is defined as follows:
er = £, —X. (46)

where & ,(t) € R is defined as follows:

g2 [0 &) 47)

where &,(¢) € R™ is the actual desired trajectory that will be
tracked by the master and the slave systems. After utilizing
(6), (42), and (47), the error signal e7(¢) can be written as

follows:
er £ [61:| Fl_ ] ()
e Xs — Xpm

where e1(r) € R™ represents the tracking error between the
master system and the desired trajectory &,(¢), and e, (¢) €
R™ represents the coordination error between the master and
the slave systems. From (48), it is clear that if |ler(¢)|| — O
then x,(t) — x,,(¢) and x,,,(t) — &,(¢).

Remark 4. The input force defined in (14) is decomposed”
as follows:

F 2 JFFr+ Ly — JF I Fy (49)

where Fr(t) € R¥ and Fy(t) € R*" are the task-space and
the null-space components of the unmeasurable input forces.

* The reader is referred to ref. [20] for a detailed explanation of the
transformation.

* In redundant robot control the control development is usually
done in two subsections,’*?° namely, the task-space control and
the null-space control; thus, the input forces affecting the system is
decomposed into its components where the null-space forces results
in null-space motion (see [30]).
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The auxiliary control input, u(t) is designed as follows:
w2 Jiur + by — Jf Jpuy (50)

where ur(t) € R and uy(t) € R*" represent subsequently
designed task-space and null-space components of the
auxiliary control input, respectively.

To compensate for the task-space component of the
unmeasurable input forces, a nonlinear force observer is
designed subsequently which is also utilized to drive the
target system. The desired trajectory & ;(¢) is generated by the

following second-order coupled dynamic target system?’:
: o)
f;d:y[o ‘]+nd (51)
mx1
g + Brng + Cria = Fr (52)

where 7,(t) € R?" is an auxiliary filter signal, By, Cr €
R?mx2m  represent constant, positive definite, diagonal
matrices, Fr(r) € R¥" is a subsequently designed nonlinear
observer to estimate Fr(t), ¢(-) € R™ is a velocity field
function®! that encodes the user assist mechanism, and y
is a constant gain that is either O or 1. It should be noted that,
when y = 1, the user assist mechanism is enabled and it is
disabled when y = 0. Also, in (52) the term A4(¢) € R>" is
defined as follows:

By [f 0(E1 (D) dr} | 5

0m><1

It is worthwhile to mention that when the user-assist
mechanism is disabled (y = 0), the target system defined
by (51) and (52) becomes a standard impedance model.

Remark 5. The velocity field function ¢(-) is assumed to
be designed such that, from (51), if n,(t) € Lo then & 4(1),
£,(t) € Loo. Subsequent analysis shows that Fr(t) € L.
These facts can be utilized along with the analysis in
Appendix G of ref. [12] to prove that all the signals in
the dynamic target system along with their higher order
derivatives are bounded.

4.1. Closed-loop error system
Taking the time derivative of (15) results in the following
expression:

¥=ur+Fr+Js0; (54)

where (21), (25), (31), (49), and (50) were utilized. After
taking the second time derivative of (42), the following
expression is obtained:

. : _ O x
F= S(ur + J,0,) + Fr + [ ; '} (55)
2

where (54) was utilized and Fr(¢) € R*" is defined as
follows:

Fr £ SFy. (56)
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To facilitate the closed-loop error system for rr(¢), the error
system dynamics for sy (¢) and er(¢) are derived first. After
taking the second-order derivative of (46), the following
expression is obtained

. @&y) A
ér =J/[O 11j| + Fr — Brn; — Crig

. = Omx
—S(ur + J;0,) — Fr — [ ; 1} (57)
2

where (51), (52), and (55) were utilized. The task-space

component of the auxiliary control input u7(¢) is designed as
follows:

ur & — jf 07+ s! :y |:<p (Sl)]

Omxl

Om><1
—Brnd—crxd—[ ! “+s—1aT (58)
2

where ii7(t) € R*™ is a subsequently designed auxiliary
control input. After substituting (58) into (57), the following
simplified expression is obtained:
ér = Fr — Fr —iir. (59)
The time derivative of s7(¢) can be obtained as follows:
st = Fr — Fr —iir +sr —er (60)

where (45) and (59) were utilized. Based on (60), the
auxiliary control input iz7(¢) is designed as follows:

l/_tT éST —er. (61)

After substituting (61) into (60), the following simplified
expression is obtained:

st = Fr — Fr. (62)

The error system dynamics for r7(¢) can be derived by taking
the time derivative of (44)

ir=Fr— Fr+rr — st (63)

where (44) and the time derivative of (62) were utilized.
Based on (63), the proportional-integral like nonlinear
observer introduced in (52) is designed as follows:

Fr2—(Kr+1 [ST(I) — s7(ty) +f ST(t)dTi|

fo

By + By) / sen(sy(v)) de (64)

where K7, 83, B4 € R are positive control gains. In (64), the
term s7(¢y) ensures that Fr(ty) = 05,,,»1. The time derivative
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of (64) is obtained as follows:

Fr=—(Kr + Drr — By + Bo)sen(ss)  (65)

where (44) was utilized. After substituting (65) into (63), the
following closed-loop error system is obtained:

ir = —Krrr — (B3 + By)sgn(sp)— Fr —sp. (66)

Remark 6. After L.t.tilizing (14), Assumption 2, (49), and
(56), | Fr(t)|| and || Fr(t)|| can be upper bounded as follows:

IErIl < g3 IFr@I < ¢4 (67)

where ¢, ¢4 € R represent positive bounding constants.

4.2. Stability analysis

Theorem 2. The controller given in (58) and (61) and the
observerin (64) guarantee that all signals are bounded under
the closed-loop operation and that coordination between the
master and the slave systems, and the tracking objective are
met in the sense that

Xs (1) > x,, (t) ast — 00 (68)

Xp () > &, (t) ast — o0 (69)

provided the control gain B is selected to satisfy the sufficient
condition

B3z > 63+ G4 (70)

Proof. See Theorem 5 in ref. [12] for a similar proof.

5. Null-Space Controller Development
In this section, the null-space controller uy(¢) will be
designed to meet the null-space velocity tracking objective.
In the controller design, the redundancy of the master and the
slave manipulators will be utilized to perform certain sub-task
objectives required for a particular application. To integrate
this sub-task objective into the controller, an auxiliary control
signal, denoted by g(¢), will be introduced. This auxiliary
controller is designed through the joint motion in the null-
space of the Jacobian matrix.

The null-space velocity tracking error, denoted by éy(¢) €
R?", is defined as*?

en = (Ln—J}Jp)g—07) (71)

where g(t) € R*" is the subsequently designed sub-task
controller. After utilizing (31), (49), and (50) the following
expression is obtained:

O =Jjur +J;Fr+ Ly — I Jp)uy + Fy). (72)
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After taking the time derivative of (71), the dynamics of é(¢)
can be obtained as follows:

ey =y = I Ipg = (f T+ 0] g —67)
—(I, — J;_Jf)(uN + Fy) (73)

where (21), (23), (26), (71), and (72) were utilized. After
adding and subtracting the term

JiJpJfJ(g —0y) to the right-hand side of (73), the
following expression is obtained:

éN = (IZn - J]—J_Jf)(g - MN) + J;_FT — F
—Jp(g —05) = JfJren (74)

where (28), (49), and (71) were utilized. The null-space
component of the control input, uy(¢) introduced in (50),
is now designed as follows:

un = —Jp(g —07)+ ¢+ Kyéey — F (75)

where Ky € R is a positive constant. After substituting (75)
into (74) and utilizing (21)—(27) the following expression is
obtained:

én = —(ln — J} Jp)(Kyéy — F)
+J Fr = F = JfJseén. (76)

Theorem 3. The null-space component of the control input
described by (75) guarantees that the null-space velocity
tracking is obtained in the sense that ||é N (¢)|| — Oast — oo.

Proof: See Appendix A.

6. Sub-Task Controller Development
In this section, the sub-task controller g(¢) is developed.
The subsequent stability analysis shows that the sub-task
objective is met if the Jacobian-related null-space matrix
maintains full rank.

An auxiliary positive function y,;(¢) € R is defined as
follows:

Yai = exp(—kip;(6:)) (77)

where i = 1 and 2 for the master and the slave systems,
respectively, and k; € R is a positive constant, p;(-) € R
is a nonnegative function that is specific to a sub-task,
and exp(-) is the natural logarithmic exponential function.
To facilitate the sub-task controller development, a positive
function y,(¢) € R is defined as follows:

Ya = Va1 + Ya2- (78)

After taking the time derivative of (78), the following
expression can be obtained:

ya = JYQ (79)
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where (7) was utilized and J,() € R'*?" is a Jacobian-type
vector defined as follows:

0Va1  0Yq
Joa|Pa B (80)
00 00,
After utilizing (16), (79) can be expressed as follows:
ya = jsef (81)

where the term J; £ J,M ' € R is again a Jacobian-
type vector. After adding and subtracting the term J,(Ip, —
J}’J )(g — 0 ) to the right-hand side of (81) the following
simplified expression is obtained:
where (71) was utilized. Based on the subsequent stability
analysis, the sub-task controller is designed as follows:
8= —KgJ! va (83)
where K, € R is a positive constant. After substituting (83)
into (82), the following expression is obtained:

Vo = =Ko JsUon = JFINI ya = JJ [T 05 — LéN(.84)

Theorem 4. The control law described by (83) guarantees
that y,(t) is ultimately bounded in the following sense:

€
[ya()] < \/|y§(to)| exp (—2vr) + " (85)
provided that
1
K, > 3 (86)

where g, v, 8 € R are positive constants.

Proof. See Theorem 2 in ref. [12] for a similar proof.

7. Simulation Results

A numerical simulation study was conducted to evaluate
the performance of the proposed task-space and sub-task
controllers using Mathworks Simulink program. A planar,
three-joint, revolute robot dynamic model was considered
for both the master and the slave systems>® where the entries
of M;(-) and N;(-) have the following forms":

mi11 = p1 + 2p4cin + 2pscinz + 2peciz miny = pa + 2psciz

Mo = P2+ pacio + ps5cinz + 2pecis  mixz = pr + peci3

m;13 = P2 + Ps5Cinz + PeCi3 mi33 = p3

* The notations Cij» Cijks Cijkn» Sij» Sijk» and s; i, represent cos(9;;),
COS(G,‘j + Qik)’ COS(Q,‘_,‘ + 6,-k + 9,'"), sin(@,-j), sin(@,-j +0ik)y and
sin(8;; + 0k + 0i,) Vj, k, n, respectively, where i = 1 denotes the
master system and i = 2 denotes the slave system.
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nip = —P4Si29i2 - Pssi239i2 - Pssi239i3 - P6Si39i3

nity = — (pasiz + pssin3) 01 + 012) — pssizzbiz
—2pesizbi3

niiz = — (pssioz + pesiz) Bi1 + 0i3) — pssinabin

nio1 = (pasia + pssinz) 01

nin = —pesiabis

niz = —pesiz(20i1 + 0ix + 0;3)
nis1 = (pssioz + pesia) 0

niz = pesia(20i1 + 0:2)

nizz =0

where M;(-) = (m; ji)3x3 and N;(-) = (n; ji)3x3 with i =1
and 2 for the master and the slave systems, respectively,
and the parameter p, Vz =1,...,6 has the following
values p; = 1.2745[kgm?], p, = 0.3946 [kgm?], p; =
0.0512 [kgm?], ps = 0.4752 [kgm?], ps = 0.1280 [kgm?],
and pg = 0.1152 [kgm?].

Since most real robot manipulators are required to avoid
the configurations that result in singularities that tend
to decrease the manipulability of the robot manipulator,
singularity avoidance is considered as an interesting sub-task
control objective. The objective of this sub-task is to keep the
configurations of the master and the slave systems in such a
way that neither of the systems reaches its singular position.”
For this particular sub-task, the auxiliary signal p;(0;) is
defined as the manipulability measure and is expressed by

the following expression'?:

pi =4/det[JiJT] Vi=1,2 (87)
where det[-] is the determinant of the Jacobian matrix for
i = 1 and 2 for the master and the slave systems, respectively.
It should be noted that when the robot is in a singular
configuration, p,;(-) = 0. For this sub-task objective, the
problem is set up to satisfy p;(-) > O0Vi = 1,2 which can
be achieved by keeping y,;(t) < 1Vi = 1, 2 or as seen from
(78), y4(t) < 2.Based on Theorem 4, it is clear that y,(t) < 2
if the following inequality holds:

5 )
lyz (o) + o< 2

which can be achieved by proper selection of the initial
conditions of the robot manipulators, control gains K,, ki,
k>, and bounding constants. From (77), (85), (87), and (88), it
can be clearly seen that p;(-) >0 Vi =1,2 Vt, provided
the sufficient condition (86) is met; thus, guaranteeing that
both master and slave systems avoid singular configurations.

(88)

“It should be noted that Remark 2 is essential for the
development and it is a standard assumption in redundant robot
control literature’*?® whereas, the singularity avoidance sub-
task guarantees that all singularities are avoided for all practical
purposes.
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The user and environmental input forces were set equal to
the following time-varying signals:

[ — sin(2r) — 0.18%,; — 0.3x,
Fy = | —cos(2t) — 0.18x,, — 0.3x,,
i 0
[0.185%,1 + 0.3x,;
Fg =]0.18%5 + 0.3x,
0

where the environmental force vector Fg(t) was set to be
a spring and linear damping-like force vector and x; (%),
x5(t) € R are the scalar Euclidean coordinates of the slave
system. The forward kinematics for the end-effector of
a planar three-joint robot manipulator'?> was utilized for
the master and the slave systems in the simulation with
link lengths as /; =0.40 [m], I, =0.36 [m], /3=0.32 [m] for
both the master and the slave systems. The target system,
described by (51) and (52), is simplified as follows:

E =veE)+ny (89)

0y = Fr. (90)
The following planar task-space velocity field function was
utilized**:

p(E) = —2K(E)f(E) F“} +2¢(8) [_5”‘]
Sly ‘éa:lx

where &, =[£,, &, y]T is the desired end-effector position,
and f(-), K(), c(-) € R are defined as follows:

fE)=¢1, +&, -1¢
-1
‘8f(§1) ‘ +€>

K(§1)=k0(\/f2(51) 35
1

coexp(—puy/ f2(§1) .

|2

c(§) = D

In 91), 79 = 1[m], ko = 1[ms~'], e = 0.005[m3], ¢y =
1fms~'], and i = 1 [m~'] were selected. The control gains
were tuned based on trial and error approach, and were
selected as follows:

K, =100 B+ B, =50

Kr =50 B3+ B, =10

K, =70, Ky =50, k1 =1, kp = 1.
The master and the slave systems were set to be initially at
rest with the following joint configurations”:

6 (t) =[0.5 0.0 3.01" [rad]

0, (o) =[0.5 0.1 0.0]" [rad].
* The initial joint configurations (in degrees) in the simulation study
were chosen as [28.6, 0, 171] for the master system and [28.6, 5.7,

0] for the slave system. It is clear that both of these configurations

are very close to the workspace-interior singularities® [28.6, 0,
180] and [28.6, 0, 0], respectively.
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[m]

[m]

Fig. 1. End-effector positions: (a) desired end-effector position
&,(t) with user assistance (when y = 1); (b) desired end-effector
position £,(t) without user assistance (when y = 0); (c) end-
effector position of the master system x,,(¢#) with user assistance
(when y = 1); (d) end-effector position of the slave system x,(z)
with user assistance (when y = 1).

The initial configuration of the master and slave systems were
intentionally selected to make p;(0;(#)) ~0 Vi=1,2to
demonstrate the performance of the sub-task controller. The
desired end-effector position &, (¢), with (y = 1) and without
(y = 0) user assistance is presented in Figs. 1(a) and 1(b),
respectively. Figures 1(c) and 1(d) show the end-effector
positions for the master and the slave systems, respectively.
From Figs. 1(a) and 1(b), it can be clearly seen that the user
assist mechanism provides great improvement to the desired
end-effector position. It is worthwhile to mention that any
desired trajectory can be converted into a velocity field; thus,
user assist mechanism can always be used.?! Figures 2(a) and
2(b) show the master system tracking error and coordination
error, respectively. It can be easily inferred from these figures
that the errors go to zero within few seconds enabling
the master system to track the desired system accurately,

82 i i i i i R
0 5 10 15 20 25 30 35 40
[s]

Fig. 2. Tracking errors (when y = 1): (a) master system tracking
error e1(t); (b) coordination error e,(¢) between the master and the
slave systems.
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03 ! ! ! : ! ! :

0.3+

0251--1-

02

018

0.1

7% SRR R SN S S S S N -

5 10 15 2 2% 30 35 40
[s]

Fig. 3. Manipulability measure p(f) for the master and the slave
systems.

o 5 10 15 2 25 30 35 40
[s]

Fig. 4. Auxiliary positive function y,(¢).

3% ! ' ! ! : : :

3

[rad)

10 15 20 25 30 35 40
(]

Fig. 5. Joint-space coordination error, 6, = 6,,(t) — 0,(t),
between the master and the slave systems (when y = 1).

and ensuring accurate coordination between the master and
the slave systems. The sub-task controller’s performance is
demonstrated through the manipulability measure (i.e. p;(-))
in Fig. 3 where p;(-) > 0 Vi = 1, 2 for both the master and
the slave systems; thus, avoiding the singular configurations
even when the initial rest positions of both the systems
were selected so as to have both the systems very close to
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40
20
0
20

-40
0

[Nm]

20

[Nm]

Lo i i i E
0

[Nm]

- R S S N N
1] 5 10 15 20 2% 30 35 40
(sl

Fig. 6. Control input T(¢) for the master system (when y = 1).

[Nm]

[Nm]

[Nm]

5 I S I SN N
0 5 10 15 20 25 30 35 40
s

T
=
B
Z
B
=
€
Z
“o 5 10 15 20 25 30 3 40
[s]

Fig. 8. The output of the nonlinear force observer Fr(r) for the
task-space component of the unmeasurable force (when y = 1).

their respective singular configurations. Figure 4 shows the
measure of the positive auxiliary function y,(¢). The joint-
space coordination errors are shown in Fig. 5. The control
inputs for the master and the slave systems are provided
in Figs. 6 and 7, respectively. Figure 8 shows the observer
designed to estimate the task-space component. Figures 9 and
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[Nm]

[Nm]

[Nrm)

“o 5 10 15 20 25 30 3 40
[e]

Fig. 9. The output of the nonlinear force observer Fy(t) for the
unmeasurable user input force (when y = 1).

[Nm]

[Nm]

[Nm)

~o 5 10 15 20 25 30 3 40
[s]

Fig. 10. The output of the nonlinear force observer F(t) for the
unmeasurable environmental force (when y = 1).

10 present the output of the nonlinear force observer for the
unmeasurable user and environmental forces, respectively.

8. Conclusion

A controller for nonlinear teleoperator systems where both
the master and the slave systems are kinematically redundant
robot manipulators was presented. Lyapunov-based stability
analysis was used to show that the proposed controller
yields asymptotic results despite the unmeasurable user and
environmental input forces. Also, the kinematic redundancy
of the teleoperator system was utilized to integrate a
sub-task controller. The proposed controller ensured that
the master system accurately tracks a desired task-space
trajectory, coordinates the master and the slave systems, and,
additionally, satisfies sub-task objectives. An optional user
assist mechanism was also presented that assists the user
of the system to complete a predefined contour with the
slave system. Numerical simulation results were presented
to demonstrate the efficiency of the proposed task-space
and sub-task-space controllers. Future work will focus on
implementation of the proposed controller on real robot
manipulators.
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Appendix A. Proof of Theorem 3

Proof. To facilitate the proof, a nonnegative function V (¢) €
R is defined as follows:

1
A .T .
VE _eley.

Al
5 (AD)
The time derivative of (A1) is given as follows:
V =éyl—U — I I)(Knéy — F)
+J Fr — F — Jf Jpey] (A2)

where (76) was utilized. After utilizing the definition of é (¢)
given in (71) and the pseudo-inverse property given in (24),
the transpose of é,(¢) can be written as follows:

ey = (g =0 (L = JfJp). (A3)

After utilizing the property given in (23), the term é% (, —
Jf+ Jr), can be written as follows:

enUon = JfJp) = (g =07 Iy = I Jp)
= ek (Ad)

where (A3) was utilized. Postmultiplying é{(-) by J/(-)
results in the following expression:
NI =@ =0 by = J[INI. (A

After utilizing the property given in (26), (AS5) can be
simplified as follows:
éﬁf;r = 01x2m- (A6)

After substituting (A4) and (A6) into (A2), the following
simplified expression is obtained:

V=—Kyéhéy+enF (A7)
where F(r) € R*" is defined as follows:
F2F—F. (A8)

The right-hand side of (A7) can be upper bounded as follows:

. |
Vf_(KN_81)||éN||2+8_||F“2 (A9)
1
where the following inequality was utilized:
. - . 2 1 =2
llen Fll < dullenll” + I F1 (A10)
1


https://doi.org/10.1017/S026357470900544X

Teleoperation with kinematically redundant robot manipulators with sub-task objectives

After integrating (A9), the following expression is obtained:

/ T Vyyde < —e f T len @l de

t fo

1 [ .
+—/ | F(o)|*dt (A11)
81 Iy

where ¢ = Ky — 8; € R. The expression given in (A11) can
be rearranged as follows:

; f Jen(oldr < f |F )| de
FV() — V(o). (A1)

Since V(0c0) is nonnegative, the expression in (A12) can be
rewritten as follows:

s/oo lex (@) dr < ;—1/00 |F @I de
+V(tp). (A13)

After utilizing the fact that F(t) € £,, the following
expression can be obtained:

OO ~
/ | F(0)|I*dr < 8s.

fo

(A14)

After utilizing (A14), the expression given in (A13) can be
written as follows:

. / len(OIP dr < (2—2 + vao)).
1

fo

(A15)

From (A15), it is clear that éy(t) € L£,. From the result of
Theorem 3, it can be seen that g(¢), ¢(t) € L. Further, it
is clear from the result of Theorem 1 that 6 ¢(t) € L and
from the result of Theorem 2 that J ¢ (-), J;“(-) € L therefore
from (71), éy(t) € Loo. As seen from the result of Theorem 1,
F(t) € L. It is clear from (75) that uy(7) € Lo, therefore
it can be easily concluded from (76) that éy(¢) € L. The
facts that ey (t) € £, N Lo and éy(t) € Lo can be utilized
along with Barbalat’s Lemma!? to prove that
t — oQ.

len@ll — 0 as (A16)

Appendix B. Proof of pseudo-inverse property
given in (27)
The following expression can be obtained for (27):

(lon = T I ) g = 7Ty + T F eI Ty = T T

+Ip I (B1)

* From the proof of Theorem 1, it is clear that g £(t) € Lo. Then,
from (34) and (A8), it can be concluded that F(¢) € £,.
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where (28) was utilized. After utilizing the pseudo-inverse
property given in (21), the term J ¢ J f* JeJ ;’ on the right-hand
side of (B1), can be written as follows:

Jpdfdpdf =g} (B2)
Substituting (B2) into (B1), results in the following
expression:

(I = I I g = JF I+ TF I I Ty

—JFUpIf I I (B3)

The expression in (B3) can be rewritten in a simplified form
as follows:

. . d
=Jf I+ I Iy~ Jfa(lflj)lf. (B4)

Utilizing the pseudo-inverse property given in (21), results
in the following expression

(Lo = J7 Iy = 7 s+ d7 I 07y

=J, (BS)

where (28) was utilized.
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