Robotica (2015) volume 33, pp. 61-86. © Cambridge University Press 2014
doi:10.1017/S0263574714000101

Nonlinear bilateral teleoperation using
extended active observer for force estimation
and disturbance suppression

Linping Chan,* Fazel Naghdy, David Stirling and
Matthew Field

School of Electrical, Computer & Telecommunications Engineering, University of Wollongong,
Wollongong, NSW 2522, Australia

(Accepted January 6, 2014. First published online: January 29, 2014)

SUMMARY

A novel nonlinear teleoperation algorithm for simultaneous inertial parameters and force estimation
at the master and slave sides of the teleoperation system is proposed. The scheme, called Extended
Active Observer (EAOB), is an extension of the existing active observer. It provides effective force
tracking at the master side with accurate position tracking at the slave side in the presence of inertial
parameter variation and measurement noise. The proposed method only requires the measurement
of robot position, and as a result significantly reduces the difficulty and cost of implementing
bilateral teleoperation systems. The approach is described and its stability is analytically verified.
The performance of the method is validated through computer simulation and compared with the
Nicosia observer-based controller. According to the results, EAOB outperforms the Nicosia observer
method and effectively rejects noise.

KEYWORDS: Teleoperation; Adaptive control; Extended active observer; Force estimation;
Disturbance rejection.

1. Introduction
In general, a classical bilateral teleoperation system consists of five interconnected elements: a
human operator that issues commands through a haptic interface or master device controlling
a remotely located teleoperator interacting with its surrounding environment via communication
channels connecting the master device and local teleoperator. Since different types of command
and feedback signals can be exchanged between the master and slave manipulators, a number
of bilateral teleoperation architectures may emerge: position—position, position—force, force—
position, and force—force architectures. Among these four teleoperation architectures, two common
bilateral teleoperation approaches are position—position and position—force architectures.! In the
position—position architecture, the master position is passed to the slave side, and the slave position
is fed back to the master side. This approach does not measure the force and merely attempts to
minimize the difference between the master and slave positions, and feed a force proportional to the
difference back to the user once the slave makes contact with an object. This kind of approach could
not achieve ideal force tracking. This approach suffers from a distorted perception in free-motion
condition and cannot produce ideal force tracking. Hence, the absence of a slave side force sensor
results in control inaccuracies produced by non-zero position errors, leading to proportional force
feedback to the user even when the slave is not in contact with the environment.

On the contrary, the position—force architecture requires a force sensor to measure the interactions
between the slave and the environment, and directly transmitting the force signal to the master side for
control. Compared with the position—position architecture, perfect force tracking can be attained in
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this approach. Furthermore, the distorted perception in the free-motion condition is largely decreased
by using position—force architecture.”> The increased performance, from a transparency point of
view, of the position—force architecture motivates research into teleoperation systems where force
is measured. Force sensors, however, are not always possible in practice. In some teleoperation
applications such as minimal invasive surgery, it is difficult to attach force and torque sensors at the
end of laparoscopic surgical devices. Furthermore, it is well known that force and torque sensors
amplify noise, which will result in noise control signals. As a result, using force and torque sensors
is not realistic and desirable.

To overcome such challenges, force observers have been gradually deployed in teleoperation
systems to estimate forces instead of using force sensors. Chen et al.? propose a nonlinear disturbance
observer for force estimation based on the idea of modifying estimation by the difference between the
estimated and actual output. Daly and Wang* apply sliding mode observer to a teleoperation system
to estimate the force rendered by the human operator and the environment based on position. Ahn’
deploy Nicosia observer® to evaluate reaction forces produced through the interaction between the
human and the environment in a teleoperation system. However, the majority of the force observers
reported in the literature can only effectively estimate the force rendered by the environment in the
absence of disturbance and measurement noise. Practical robotic systems are subject to different types
of disturbances, such as inertial parameter variations, frictions, and noises, that, when unaccounted
for, can cause poor force estimation in the observers.

In this work, we address this gap in design of teleoperation systems and propose an Extended
Active Observer (EAOB) that can simultaneously handle the problem of external force estimation
and disturbance suppression. Through the combination of the EAOB and the classical position—
force teleoperation architecture, a novel position—force architecture with hardware requirements of a
position—position architecture that provides the benefits of a classical position—force architecture is
developed. In this architecture, input signals of the master and slave controllers and all transmitted
signals between the master and slave manipulators are obtained by the EAOB. Furthermore, the
performance of the EAOB-based control scheme is compared with the Nicosia observer-based control
scheme for a typical 2-degree of freedom (DOF) nonlinear teleoperation system. The results show
that the EAOB outperforms Nicosia observer for a time-variant nonlinear teleoperation system, and
demonstrates better noise rejection properties. Most noticeably, the proposed approach offers the
following contributions compared with the previous work:

1. This work proposes an EAOB-based teleoperation scheme, which can achieve both accurate force
tracking at the master side and position tracking at the slave side by using the estimated position,
velocity, and force signals. This design significantly reduces the cost of the entire teleoperation
system.

2. The proposed EAOB for force estimation can be applied to time-variant dynamic systems. In
EAOB, we assume a time-variant model for the master and slave manipulators and update their
model parameters in real time to ensure accurate operator/environment-rendered force estimation.
This makes the proposed observer more reliable and effective in the real world applications
compared with current force estimators that do not consider inertial robot parameter variations
during the estimation process.

3. Given the imperfect measurement process in real world applications, the proposed EAOB also
takes into account the effect of measurement noise on force estimation and system performance,
and attains a better force estimation and accurate force and position tracking at the master and slave
sides respectively. This is a major characteristic of EAOB compared with other force estimators
that cannot function well in the presence of measurement noise.

4. The proposed EAOB deploys theoretical concepts behind Kalman filter (KF) to optimally design
the observer gain. This is also another advantage of our method compared with other force
observers in which the adaptive gains are determined through trial and error.

The remaining part of the paper is organized as follows: The dynamic model of a teleoperation
system will be studied in Section 2. This will be followed by presenting the proposed EAOB-based
position—force control architecture for the teleoperation system in Section 3. Application of EAOB
to a 2-DOF nonlinear teleoperation system through computer simulation is presented in Section 4.
Finally, a brief conclusion will be drawn in Section 5 and some future research directions will be
outlined.
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2. Dynamics of a Teleoperation System

Generally, a teleoperation system can be viewed as a pair of robotic subsystems known as master
and slave manipulators, modeled as a couple of n-DOF serial links. Taking into account the torques
exerted by the human operator and the environment on the master and slave manipulators, the
nonlinear dynamical model of a teleoperation system in the joint space can be formulated as

Mm (qu? 9m)ém + Vm (Qma Qm, em)q'm + gm (qn‘l’ em) = Tm + Th7 (la)
M; (g5, 05) Gs + Vs (45, G5, 05) 4s + 85 (g5, 05) = Ts — T, (1b)

where ¢, g, g« (x = m or s) are angular acceleration, angular velocity, and angular position signals,
M. (gx, 05) is the inertia matrix, V,(q«, g+, 04) is the vector of Coriolis and centripetal terms, g,(qx, 6x)
is the gravity torque, T, are input torques of the controllers, 0, represent inertial robotic parameters,
and T, and T, correspond to the torques exerted by the human operator and the environment
respectively.

Given that the control design is preferred using the acceleration, velocity, position, and force
signals in the robot task space, the dynamic model in (1) will be further explored. The relationship
between the end effector coordinates and joint angles can be expressed through forward kinematics.
Meanwhile, the reaction torques 7, and 7, from the operator and the environment are also related to
the reaction force fj and f, at the end effector through the master and slave manipulator Jacobian
respectively. That is,

Ty = Jy (qn) fi- (2a)
T. = J! @) fe. (2b)

where J.(q4), (* = m/s) is the manipulator Jacobian matrix.
Thus, the dynamics of system (1) can be expressed in term of acceleration in state space form as

dm qm
S . . , , (3
qm Mm (Qm, Qm)(_vm (Qm, qm Qm)‘Im — 8m (q;n, 9m)+ Tm + Jm (Qm) fh)

ds ds
=1 S , : (3b)
qs M (g5, 0) (_VS (Gs, s, 05) g5 — 85 (g5, 05) + Ty — J; (g5) fe)

With the Computed Torque Method (CTM), the master and slave controllers are designed as

T = Mo (Gns ) Gm + Vin (s G On) Gon + & G On) = T, (Gm) i (4)
Ty = My (g5, 05) Gs + Vi (dss Gsr 05) s + 85 (g, 0) + I (q) fe. (4b)

The performance of the controller T,(* = m/s) depends highly on the accuracy of position
and velocity g, ¢x, inertial robot manipulator parameter 6,, and external forces fj, f.. Due to
measurement noise, feeding back of position ¢, velocity ¢,, and external forces f;,, f. to the master
or slave controllers will result in noisy control signals that in turn will destabilize the system. As
a consequence, developing observers to estimate these signals is an effective way to avoid these
challenges. Due to inevitable parameter variation of the system, an update law is also required to
estimate inertial robot manipulator parameters 6,. An extended KF in Gourdeau and Schwartz’ is
deployed to update these parameters in real time.

3. EAOB-based Control of Teleoperation Systems

In this section the position—force teleoperation architecture for a nonlinear teleoperation system
is presented first. Then the EAOB proposed to estimate external forces on the master and slave
sides is introduced and incorporated into the position—force architecture of a nonlinear teleoperation
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Fig. 1. Block diagram of the entire teleoperation system.

system. Finally, control laws for the master and slave sides are developed, and stability of the entire
teleoperation system is analyzed.

3.1. The position—force teleoperation architecture

Force feedback is a key element in bilateral teleoperation. It is what allows the operator to have a
sense of presence at the remote environment. The force feedback assists operator to manipulate the
remote environment more effectively. For example, in remote surgery, a surgeon can apply excessive
force with surgical tools and potentially injure the patient.® Force feedback traditionally requires force
sensors that in turn can add to the cost and complexity of the process by introducing measurement
noise.” Meanwhile, inertial robot parameter variations in the teleoperation system often cause the
obtained forces inaccurate. In order to overcome such challenges, a novel position—force architecture-
based control approach, achieved by using the estimated signals in communication channels and
controller design, is proposed in this work as illustrated in Fig. 1.

In this architecture, the inputs of the master and slave controllers and all the transmitted signals
between the master and slave manipulators are obtained by observers. The proposed architecture
deploys a force controller at the master side, responsible for transmitting the reflected slave forces to
the master manipulator. The master states (position, velocity, and acceleration) are transmitted to the
slave side for the tracking of master trajectory by the slave. The environmental force acting on the
slave is transmitted back to the master side. In this scenario, the slave manipulator is operated to track
the trajectory of the master manipulator, while at the master side, the control objective is to apply the
reflected force and make the environment force follow the desired operator force. When these goals
are accomplished, in the ideal case with no time delays, the master operator would experience the
same interaction with the environment as the slave manipulator.'”

3.2. Proposed EAOB
In this section the proposed EAOB for simultaneous system state, parameter, and force estimation is
presented. Then the stability of the EAOB is analyzed.

3.2.1. Extended active observer (EAOB). An Active Observer (AOB)'!>!2 is a variation of a KF, one
of the first estimators to include disturbance in the optimization process. The AOB concept relies on
adopting an extra relationship (auxiliary input) to estimate an equivalent disturbance referred to as
the system input. The active state p; describing the equivalent disturbance is defined by

N

. S!
pe=Y (=T ————p_; +5g,, (5)

g S =D

where the Sth-order derivative of py is randomly distributed, and 5~'& 18 a Gaussian variable with
Zero mean.
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Considering the continuous time of (5), when S = 1, we have py = px—1 + S’lgpk, then the
continuous time of (5) can be written as

. Pk — Pk-1 1
p=—— = 0+ E“g,,k. (6a)
Similarly, we can deduce:
.. 1,
when § = 2, p=O+F & (6b)
1
when S =3, p=0+ 725,,“ (6¢)

where T is the sampling period.

As indicated in refs. [11, 12], p can be used to estimate disturbance in a dynamic system, as
well as estimating unknown input functions. In this work, by treating the external forces acting on
a manipulator as unknown inputs (p = f;,/f.), these forces can be recovered by the active observer.
Meanwhile, considering that the robot dynamics is nonlinear with inertial parameter uncertainties,
by defining the state vector X,(x = m/s) as

qx
s
Sure |
0,

X, =

the teleoperation system model in (3) can be extended as follows:

C}* éq*
. My (Vi = 8o+ T = fige) &,
X* = f* (X*, T*) + G*%_X* = * w 8 fh/é’ + G* ! s (7&)
0 th/e
0 &,
qx
q
h/e
0

where Y, is the output of the system, G, is a unit matrix, and the state observation matrix
H.,=[1 0 0 0], and &, &, and nx, represent the process noises and measurement noises
respectively, & thje and &g represent the rates at which the vectors of external forces and inertial
robot parameters are estimated to vary.

Therefore, the EAOB for inertial parameter estimation and external force estimation for a nonlinear
robotic system (either the master or slave manipulator), modeled in (7), is proposed as follows (take
S =1, for example):

)A(* = f*()?*v T*) + P*HJRJI(Y* - H*)A(*)’ (83)
where
. 9 afr
* *
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and

R, = cov(nx,),

_COU(Sq*) 0 0 0 7
0.—| 0 v 0 0
* 0 0 cov(y, ) 0 ’
L0 0 0 cov(&,)
e G ]
S ()A(*vT*) = ?* = M;l(_v*q*_g*—i_T*_ﬁl/f) ,
fh/e 0
L 0. 0 ]

where cov(§,,), cov(&;.), ov(’¢ fwe)s cov(&y,),and cov(nx, )are respectively the covariance matrices
of the input stochastic, zero mean, and Gaussian noises &,_, &,., Oé fujes &p,, and the output stochastic,
zero mean, and Gaussian noise 7y, , and

0 1 0 0
_0fi | Faau(t) Fap(t) Fus(t) Faou(t)
F.(t) = z 0 0 0 0 , )
0 0 0 0

where

oM, .. aV. ".* 09 aJT s Ae
F*2](t):M*_1< K ey o M),

9. " 8. 9g. 94,
0Vig
3G
Fos (1) = M J] (G,

~ (aMH IV.ds 8§*>

Fin (1) = —M;"

*

El

Fou () = —M' [ —24, — + —
2% () Y IR AREFY Y

3.2.2. Stability analysis of EAOB. Since AOB extends KF by adding another estimated variable
along with the system states to estimate the disturbance, it can be viewed as an Extended Kalman
Filter (EKF). Similarly, the proposed EAOB extends AOB by further employing another variable to
estimate robot inertial parameters, so the EAOB can also be seen as another EKF.

In refs. [7, 13], an EKF is designed for nonlinear robot systems. Robot inertial parameters are
added into the estimated variables of the EKF, and a solid stability analysis for the EKF is provided.
The EAOB proposed in this work can be regarded as an extension of the EKF, and the stability
analysis of EAOB for nonlinear robot manipulators can be carried out based on Theorem 1, which is
an extension of the results produced in ref. [13].

Theorem 1 The filter described by Egs. (8) and (9) for the system modeled by (7) is locally stable,
provided that

1. OllI < Q*(t) < 0521’
2. a3l < R.(t) <ayl,and
3. the following is true:

t+o
asl 5/ [Fi3(t)  Faa(D)]" [Faas(t)  Fau(0)ldt < a6,
t
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where F,»3(t) and Fy4(7) are evaluated along X « and F*23(‘L’) and F*24(‘L') are bounded, with

Fi3 (T) = [:FM;ljJ]along X,

_ | -1 81\7* P 8V*@* 98+
F*24 (T) - M* ~ + A +
89* 89* 86* along X,

for some positive constants o, oo, o3, 04, 05, 0, 0, and all ¢ > 1.
Proof outline: The stability analysis of the EAOB is established based on Theorem 2.

Theorem 2 Assume that the model of a linear system is

uniformly completely observable,
uniformly completely controllable,

o < Q)| < az,

a3 < R < aa,

IFOI < as, GO = ae, IHO = a7,

SNREPDD =

then the following is true: The optimal filter (X = X — X)

X=FOX+POH R ' t)HX,

dX T -1 &
o =[F&)—P@®OH ()R () H®)]X

is uniformly asymptotically stable.

Proof can be found in Kalman and Bucy.'*

According to Theorem 2, the nonlinear robot dynamics in (7) should be first linearized. By using
the first-order Taylor series expansion and ignoring higher order terms, the nonlinear system can be
linearized as follows:

X* = F, (Z)X*‘FG*SX*, (103)
Y, = H X, + nNx.,, (IOb)

where F, () is described in (9). Then the stability of the EAOB can be achieved through the following
four steps: (1) Shows that under conditions 2 and 3 of Theorem 1 the system described in (10) is
totally observable, and (2) shows that under condition 1 of Theorem 1 the system described in (10)
is totally controllable. Then (3) states the results of Theorem 2, and (4) shows local stability even if
the linearization is not exact.

Proof: See ref. [13]. The different part between stability analysis in this paper and that in ref. [13] is
0 0

to replace “Fy3(7), x3 = 6, G, = | M7' 0 |” with “[Fip3(t)  Faua(D)], x3 = [fare 0], G =1"
0 1

in the paper, which does not affect stability analysis.

3.3. The teleoperation control laws
Using inverse dynamics,'” the driving torque for the master manipulator based on estimated signals
is proposed as

Tyw = MGy B)am + Ve Gns Gons On)Go + s On) — I (@) Fir, (11)

where a,, is the control law, and fj is the estimated operator force. Similarly, the driving torque for
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the slave manipulator is designed as
Ty = My(@s, 0)as + Vi(@s, 4, )4, + 8@, 05) + I @) fe (12)

where a, is the control law, and fe is the estimated environment force.
There are different options available for the control law a,(* = m/s) at the master and slave
sides.

3.3.1. Force controller at the master side. In this work the master robot manipulator of the
teleoperation system is controlled to track a given operator force, fj, assigned in the joint space.
Thus, in order to eliminate the force error at steady state, an integral action on the force error is
introduced. Furthermore, an inner loop at the end-effector position is added. Hence, the new control
input in (11) is chosen as

am = —KnaG + Knp(q@ s — Gn), (13a)

where

a5 = Knedp @) i = fo) + Kuic J5 I @n) (= fo)dz, (13b)
where K4, Kynp, Kine, and K. are force controller gain matrices.

3.3.2. Position controller at the slave side. The slave robot manipulator of the teleoperation system
is controlled to track the trajectory of the master robot manipulator ¢,,, and a position control
scheme of PD-type is chosen as the control method. Thus, the new control input in (12) is chosen
as

as =Gy + KsaGp — 4,) + Ksp @ — G5) (14)

where ém is the estimated acceleration of the master manipulator, (j* and g, (x = m/s) are estimated
velocity and position signals of the master/slave manipulator, and K4 and K, are position controller
gain matrices.

3.4. Stability analysis of a teleoperation system

A teleoperation system consists of five interconnected parts: operator, master device, communication
channel, slave robot, and environment. Since the operator and environment are commonly assumed
to be passive, these are stable. Furthermore, the communication between the master and salve sides is
assumed to be ideal in this work, so it is also stable. Therefore, we will show that under the proposed
control laws and EAOB the master and slave sides are stable using Theorem 3 in order to ensure the
stability of the entire teleoperation system.

Theorem 3 In the teleoperation system described by Eq. (7) with the control laws (11)—(14) and the
EAOB (8) and (9), the velocities g,,, g5, and position error ¢,, — g, are bounded (¢, 4s, gm — qs €
L, N L), provided that

MGy On)s My(ds, 05), Jn(Gm), and J5(§y) are positive definite matrices;

fn, fe are bounded and continuous;

Ka,Ksp, King, Kinp, Kpie, and K, are bounded and positive definite matrices;
arl < 0,0) <al, Bl < Q) < Bal;

a3l < Ryu(1) < ayl, B3l < Rs(1) < Bul;

the following is true:

ARl e

t+o
asl < / [Fu23 (T)  Foa (O [Fos (t)  Fuoa (0)1d7T < a6,
t

where F,;53(t) and F,»4(7) are evaluated along X m, and ﬁm23(r) and Fm24(r) are bounded, with
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~ S

Fns (7)) = [_M);l le]alongf(m ’

(M. VG, 08
Finoa (t) = |:—Mml ( G, + ’Zq + éi >:|
89m 8Qm 3Qm along)?m

for some positive constants «, o, o3, a4, 05, &g, 0, and all ¢ > #y; and
7. the following is true:

BsI < [1TO[Fu3(t)  Faoa (0] [Fia3 (t)  Fioa (1)ld7 < Bel,

where F>3(7) and Fj4(7) are evaluated along )A(S, and Fm(t) and F324(r) are bounded, with

Fs23 (T) = [MgljST]along)A(x ’

~(OMy. Vg, 08,
Foou (1) = [—M;l <—AL?S+ xEg gA)}
0 Hs el Qs 0 Hs alongX,

for some positive constants S, B2, B3, B4, Bs, Be, 0, and all t > t,.

Proof: Define

e:CIm_QS,g*ZQ*_g*aC}*ZQ*_&Wq*ZQ*_qA*ae*20*_é*,flz/e=fh/e_fh/e’

where % = m/ 5. If ACOI](AiitiOIlSN 4,A5, A6, and 7 of Theorem 3 are satisfied, then according to
Theorem 1’ Q‘ma qmv va fh7 qw qsa exi fe e L2 m LOO

(1) We first consider the master side, and show that ¢, ¢, ¢ € L2 N L. The master system is
given by

Tm = Mm (Qm, Qm)(:l.m + Vm (Qm7 q.ma em)(/?m + &m (me Qm) - Jy,{ (Qm) fh =Y (('Inu q.m, éjm)xks
where x; = [6,,, f»17, and the master controller is given by

Tm = Mm(q,\m7 ém) - Kmdc.?m - Kmqum + Kmp (ch‘]”{ (ém) (f}t - f;)

+ Komie /0 I @Gm) (fr — ﬁ)dr)}

+ Vi Gms Gons 0D + Gy O) + IT (Gm) Fi
= Yl(@m, ém? dm)xAk

+ Mm(ém’ ém){ - Qm - Kmdém - Kmp@m + Kmp(chJ,:(gm)(fh - ﬁ)

+Kmic/(; Jrz;(@m)(ﬁl - fe)df)}

Then one can get
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Mm(‘?my é\m) - Qm - Kmd(:jm - Kmpém + Kmp (ch-]yz;(Qm)(ﬁl - fe)

t
+ Kmic/ Jnf(Qm)(fh - fe)d‘[) } = Yl (Qm, Qm’ ém)xk - Yl(gm, @m, ém)x,\kv
0
which gives us

t
Kmp <chjn:(Qm)(fh - fe) + Kmic/ J,z;(‘?m)(fh - fe)dr> = Myzl(Qm» em) {Yl (qm’ q'mv C'].m)ik
0

+ (Y1 s G ) — Y1 Qs )5k}
+ M,ZI(Qm» ém) {qm + Kmdq.m + Kmpqm - Kmdq;m - Kmpém} .

Now, if Gus @ Oms fn € L2N Log and My (Gm» Om)s Jn(Gm)s Kmds Kinps Kme, and Ko are
positive definite, then we have M,;l(c}m, ém){—Kmﬁm — KupGm} € Loy N Lo, Yi(Gm, Gms Gm) €
Loo, Yi(qm, Gm> Gm)Xr € Ly N Ly, and because PI control is exerted on the force error
and fj, f, are bounded and continuous, K,(KucJI(Gu)(fa — fo — fu + fo) + Kuic fot I (Gm)
(fa = fo. — fa+ fo)d7) € Ly N Lo. Furthermore, Yi(¢m, Gm, Gm) is continuous in g, ¢m, has
continuous and bounded partial derivatives with respect to ¢, §n, and satisfies a local Lipschitz
condition:

’

1Y1 G Gons Gim) = Y1 @ons G )| < K H [‘."” :?m}
Qm ql‘f’l

for some O <k; <oo. Hence, Yi(qm:qm>Gm)— Y1(Gm, é}m, gm) € Ly N Ly, X € Ly, and
[Yl ((/Ima q-m’ Qm) - Yl (ém’ @m, ('Im)]x,\k € L2 N Loo Therefore,

q'm + Kmdq.m + Kmpqm € L2 N LOOa

which implies that ¢, i, gm € L2 N Loo. (2) We now consider the slave side, and show that g, e =
gm — qs € Lo N L. The slave system is given by

T, = M, (QSa es)és + Vi (qS’ q's’ es)q's + g (Qsa Gs) + JsT (QS) fe =Y (QSa QS, éjs)xla

where x; = [6;, f.]7, and the slave controller is given by

Ty = MGy, 05) {3y + KsaGo — 4,) + Kip(Gm — 49} + Vi@ Gy 09, + 855, 05)
+ JST(st)fe = Y2(é§7 (.?s, 6.I.s)x}\l + Ms(@s, és) {(C?m - Qs) + st(ém - 673) + Ksp(ém - é.&‘)} .

Then on can get

M;(Gs, 0) {(¢ — G) + Ksa(é — Gy + G,) + Kyple — G + G5)}

= YZ(CIM q.m q\‘)xl - YZ(quv és’ q\‘)-fly

which gives us
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€+ Kgqe + Kype
= M5 00 (Y2(qs. G5 GIx1 = V2G5 Gy G051} + G + Ksa@n = 3,) + Kip(Gn = G5)
= M@ 0 {Y2(ds G5 GOF + (V2G5 4o G5) = Y2(@s. G GDR} + G + Ksa@ — G)
+ Ky (G — Gs)-

NoW, if G, s Gom» sy G5 O fo € L2 N Loo and M,(gs, ;). Kyq, and K, are positive definite,

we have st(qm - qs) € L2 N Loo» Ksp(qm - ‘73) € L2 N L()Ov Y2(q‘v, qs-’ Qs) € Loo, Y2(qA&*s C}s, CIV)
X1 € LyN Ly, and Ya(qs, gs, ¢s) is continuous in ¢, ¢s, has continuous and bounded partial
derivatives with respect to g, ¢;, and satisfies a local Lipschitz condition:

’

1Y (G5 s» Gs) — Ya (Gss Gy» dis) | < ko H[" B q]
qs qs

for some 0 < k, < oo. Hence, g, Z}S, o, f; € Ly N Ly imply that Y2(qgs, g5, gs) — Y2(Gs, és, gs) €
L2 N Loo, xAl € Loo’ and [Y2(QS’ C}s’ Qs) - Y2(és, ‘?51 Qs)])el € L2 N Loo- Therefore»

e+ sté + Kspe € LyN L,

which implies that ¢, e € Ly N L. Since ¢, € Ly N Loo, g5 = g — € € Ly N L.

4. Simulation Study

In this section computer simulations will be carried out to illustrate the effectiveness of the proposed
control scheme. The performance of the EAOB-based control scheme is also compared with a typical
Nicosia observer-based scheme. Both the master and slave robots are considered to be planar two-link
manipulators.

4.1. Dynamics of master and slave robot manipulators
In this work the master and slave robot manipulators for the teleoperation system are chosen as a

typical 2-DOF nonlinear robotic manipulator. The dynamic model of a 2-DOF nonlinear teleoperation
system in the joint space is defined as

Mm (Qma em) C.I'm + Vm (Qm: l?m, em) Qm + 8m (Qma Qm) = Tm + Jnf (q;n) fha (153)
M, (g5, 6) Gs + Vs (45, Gs. 05) ds + & (g5, 05) = Ty — J] (q5) f, (15b)

01 m*llil
b | | mel |

9*] + 29*2 + 29*2COS(q*2) 9*2 + Q*ZCOS(Q*Z):|

where

M, (g, 9* -
(q ) |: 9*2 + G*ZCOS(C]*Z) 9*2

. —20,0q.0810(q40)  —6x2G2510(g+2)
Vi (Q*a(bu 0.) = .. ,
0:2G+151n(gx2) 0

L1 €08 (g+1) + Li2c0s(gy1 + G+2) l,0c08(gs1 + g+2)

_l*l sin (('I*l) - l*ZSin(CI*l + ('I*2) _l*2Sin(q*1 + Q*Z)
J* (Q*) = El
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x =m/s, L, = [, are the lengths of the first and the second links, m,; and m,, are the masses of
the first and the second links, and we assume the robots operate in a horizontal plane, and as such
g« (g4, 04) 1s zero. Meanwhile, the forward kinematics connecting the end effector coordinates with
joint angles can be expressed as

7. = Z _ l*lc?S(q*l) + Z*QC'OS(Q*I +q.2) , (16)
Z*Z l*ISIH(CI*l) + Z*ZSln(Q*l + q*2)

where (Z,1, Z.) is the position of the end effector in the robot task space. We define system state
vector X, as

- g T
g2
C?*l
X* _ qx2
fh/e]
Jnje2
6*1
L 9*2 -
Thus, according to EAOB (S = 1), the master or slave side of the teleoperation system can be written
as
i Q*l ] B 4*1 ]
Q*Z 4*2
wo (el o [2] - 1)
. q 2 * . T *
X, = . ' = f* X+, Ty) + G*g* = @2 2 fh/eZ
Tnjer 0
Tnje2 0
é*l 0
B 9*2 _ L 0 _
B gﬁ]*l 7
sqﬁ
El?*l
vG.| 5| (17a)
th/el
sfh/cZ
EG*I
L ge*z -

qx2 N2

where &, &,.,, .., &;., and 1.1, 1. are Gaussian noise signals representing the process noises
and the measurement noises respectively, &5, .., §y, ., and &,,, &, represent the rates at which the

https://doi.org/10.1017/50263574714000101 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714000101

Nonlinear teleoperation using EAOB for force estimation and disturbance suppression 73

vectors of external forces and inertial robot parameters are estimated to vary, and

G, =diag{l,1,1,1,1,1,1,1},

by 1 000 0O0O0O
1o 100000 0]

4.2. The observers
In this section EAOB and Nicosia observers for a 2-DOF nonlinear teleoperation system are presented.

4.2.1. EAOB. According to Section 3.2, by defining
B Q*l
qA*Z
('?*l
qx2
fih/el
Jnje2
é*l

~

9*2

the EAOB (S = 1) is given by

X, = £ (X.. T.) + P.H' R (Y, — H,X,), (18a)

where

S5 dfs 8f*T T T p—1

P*— A P*+P* A +G*Q*G*_P*H*R* H*P*s (]Sb)
0%, 0%,
where O, and R, are variance matrices of the process noise &, and the measurement noise 7,

respectively, and P, represents the estimate of the variance of error of the system states’ estimate,

and
) 0 1 0 0 0 0 0 7
0 0 0 1 0 0 0 0
Fia1r Fugo Fas Fas Fas Fas Fiar Fisg
F— 8{* _ Fui Fu Fuas Fas Fus Fus Far o Fuag ’ (19)
0Xy 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
) 0 0 0 0 0 0 0
where

Fa1 Fao | _ M 31‘?*5*_‘_ 3Vté* - 3J*T(C?A*)fh/e ’
Fi1  Fun 04+ 04« 94,

Fi3 Fuu Z_M_laqu**’
Fuz  Fag
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F*SS F*36
Fis  Fie

Fui7  Fiss _ (81{4*@* n 8Vi5*> .
Fu7  Fuag 0, 0,
4.2.2. Nicosia observer. By defining
X*] = {q*l}’x*zz {q*l} ’
gqx2 qx2

the Nicosia observer® for the master or slave side of a 2-DOF teleoperation system is formulated as
follows:

} =M I @G,

A A

X*l = X*Z + K*l (X*l - Xv*l) s (2021)

A

X*Z = M;1 (_V*)A(*Z + T* + K*Z (X*l - X*l)) . (20b)

Thus, the estimated forces are written as

R Fujer - X
Jnje = |: A/e = +J KX — Xa1), (21)
h/e2

where K, and K, are symmetric positive definite matrices.

4.3. Simulation
In this section the performance of the EAOB- and Nicosia observer-based control schemes in
teleoperation systems are studied and compared through computer simulation.

4.3.1. Initial conditions. In order to compare EAOB and Nicosia observer algorithms, their
parameters, including controller feedback gains, desired operator-rendered force, the environment-
rendered force, and pre-filter for desired operator force are kept the same. According to the guidelines
well justified theoretically in Section 3 for the implementation of the proposed teleoperation scheme,
the choice of design parameters is made as follows.

The operator-rendered forces f;1, fi2 in Z,,; and Z,,, directions are respectively assumed to be a
step signal with a peak value of 2 N, which is pre-filtered with a critically damped second-order linear
filter with a bandwidth of 2 rad/s and a transfer function of -———, while the environment-rendered

s24+45+4°
forces in Z;; and Z;, directions are respectively assumed to be

fa=5%(Zg —1.0)and f,, = 5% (Zs — 1.0).

The sampling period T is set to 0.001 s. The initial angels and angular velocities of the joints of
the master and slave robot manipulators are set to zero: g. — inital = 0, Gx2 — initial = 0 G«1 — initial =
0, ¢«2 — initim = 0, (x = m/s), implying that robot manipulators are initially at rest. The actual inertial
parameters for the master and slave robot manipulators are chosen identically as 6, = 1.0, 6,, =
2.0; I, = l,, = 1.0. The force controller gains of both approaches for the master system without

. 05 0 14 0 200 0 5000 0
measurement noise are K,c =[5 5], Kmic =1 141 Kma =7y 00l and Kpp =7 500015
) L . 20 0
while these for the master system considering the measurement noise are K,,c = [y .01, Knic =
14 0 200 0 5000 0
0 141 Kma =17 a0l and Kpp =174 s000]-
.. . 40 0
The position controller gains of both approaches for the slave system are K3 =[") 4], and

K, = [480 480] despite the presence of measurement noise.
The specific initial conditions for the EAOB-based control scheme are chosen as follows.
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The initial conditions for the EAOB at the master and slave sides when there is no disturbance in
the entire teleoperation system are

1.0e — 7 0
Rm = s
|: 0 l.Oe—7j|

QO = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.3, 0.3, 0.025, 0.025},
Py, = diag {1.0e —4,1.0e —4,1.0e — 4, 1.0e —4,1.0, 1.0, 1.0e — 2, 1.0e — 2} ;

10e=7 0
RS:[ 0 1.0e—7:|’

Q, = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 5.0, 5.0, 3.0, 3.0},
Py; = diag {1.0e — 4,1.0e —4,1.0e —4,1.0e —4,5.0,5.0,5.0, 5.0} .

The initial conditions for the EAOB at the master and slave sides when only inertial parameter
variations (20% of the actual parameters) exist in the master and slave sides of the whole system are

1.0e — 7 0
B 0 1.0e —7 |’

QO = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.3, 0.3, 0.025, 0.025},
Poy = diag {1.0e —4,1.0e —4,1.0e —4,1.0e —4,1.0,1.0,1.0e — 2, 1.0e — 2};

1.0e — 7 0
Rs = ,
0 1.0e — 7

Q, = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0, 1.0, 0.08, 0.7} ,
Pys = diag {1.0e — 4,1.0e —4,1.0e —4,1.0e —4,1.0,1.0, 1.0, 1.0} .

3

The initial conditions for the EAOB at the master and slave sides when only measurement noises
(N ~ (0, 1.0e — 5)) are considered in the master and slave sides of the teleoperation system are

1.0e — 5 0
Rm = s
|: 0 1.06—51|

0O, = diag{1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.3, 0.3, 0.025, 0.025},
Py, = diag {1.0e —4,1.0e —4,1.0e — 4, 1.0e — 4, 1.0, 1.0, 1.0e — 2, 1.0e — 2} ;

1.0e — 5 0
R, = ,
0 1.0e = 5

Q, = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.55, 0.5, 0.08, 0.7} ,
Py = diag {1.0e — 4,1.0e —4,1.0e —4,1.0e — 4,1.0, 1.0, 1.0, 1.0} .
The initial conditions for the EAOB at the master and slave sides when both measurement noises

(N ~ (0, 1.0e — 5)) and inertial parameter variations (20% of actual parameters) are considered in
the master and slave sides of the teleoperation system are

1.0e — 5 0
Rm = ,
|: 0 l.Oe—5j|

QO = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.3, 0.3, 0.025, 0.025},
Poy = diag {1.0e —4,1.0e — 4, 1.0e —4,1.0e —4,1.0,1.0,1.0e — 2, 1.0e — 2};
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(a) Force tracking error in 21 direction (b) Force tracking error in 2 direction
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Fig. 2. The master side performance of the EAOB-based approach without measurement noise and parameter
variation.

10e=5 0
&=[ 0 L%—J’

Q, = diag {1.0e — 10, 1.0e — 10, 1.0e — 10, 1.0e — 10, 0.55, 0.55, 0.08, 0.7},
Pys = diag {1.0e —4,1.0e —4,1.0e —4,1.0e —4,1.0,1.0, 1.0, 1.0} .

In all situations, the specific observer gains for the Nicosia observer-based control scheme are chosen
as follows.
By trial and error, the observer gains for Nicosia observer on the master end are chosen as
20 0 200 0
K = [() 20] and K =1 0 20()]-
By trial and error, the observer gains for Nicosia observer on the master end are chosen as
20 0 200 0
K = [() 20] and Ko =1 0 200 ].

4.3.2. Simulation results. The results for the EAOB-based control scheme under different noise
conditions and parameter variations are illustrated in Figs. 2-9, whereas the results for the Nicosia
observer-based control scheme under the same conditions are shown in Figs. 10-17.

Figures 2-9 show simulation results of the EAOB-based approach under different situations,
and demonstrate good performances of the EAOB-based approach in the presence of different
measurement noises and parameter variations. Figures 2, 4 ,6, and 8 depict the master side performance
of the EAOB-based approach, while Figs. 3, 5, 7, and 9 show the slave side performance of the EAOB-
based approach. Specifically, Figs. 2a, 2c, 2e, 4a, 4c, 4e, 6a, 6¢, 6¢, 8a, 8c, and 8e show the trajectories
of the error between desired operator force and estimated environment force in the Z,,; direction, the
error between actual and estimated operator force in the Z,,; direction, and parameter-1 of the master
robot manipulator, while Figs. 2b, 2d, 2f, 4b, 4d, 4f, 6b, 6d, 6f, 8b, 8d, and 8f provide the trajectories
of the error between desired operator force and estimated environment force in the Z;, direction, and
the error between actual and estimated operator force in the Z, direction, and parameter-2 of the
master robot manipulator. Meanwhile, Figs. 3a, 3c, 3e, 5a, 5c, Se, 7a, 7c, 7e, 9a, 9c, and 9e show the
trajectories of the error between actual position of the master and slave robot manipulators in Z,,;
direction, the error between actual and estimated environment force in Z,,; direction, and parameter-1
of the slave robot manipulator, and Figs. 3b, 3d, 3f, 5b, 5d, 5f, 7b, 7d, 7f, 9b, 9d, and 9f provide the
trajectories of the error between actual position of the master and slave robot manipulators in Z;
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5 ,g®  (a)Position tracking errorin Z; direction 5 {b) Position tracking error in Z, direction
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Fig. 3. The slave side performance of the EAOB-based approach without measurement noise and parameter
variation.

(a) Force tracking error in Z; direction
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Fig. 4. The master side performance of the EOAB-based approach with only parameter variation: 20% of actual
parameters.

direction, the error between actual and estimated environment force in Z;, direction, and parameter-2
of the slave robot manipulator.

In Figs. 2 and 3, the simulation results are obtained in the absence of both robot parameter
variations and measurement noises at the master and slave sides of the teleoperation system. As
observed in Fig. 2, on the master end, the desired operator forces rendered in Z,,; and Z,,, directions
are accurately tracked by the environment forces rendered in Z,,,; and Z,,, directions, and the operator
force estimations are also accurate. The trajectories of the master robot parameter-1 and parameter-2
adaptation almost remain at 1.0 and 2.0 respectively. Similarly, on the slave end, as depicted in Fig. 3,
positions of the master robot manipulator in Z;; and Z, directions are accurately tracked by the
positions of the slave robot manipulator in Z;; and Zj, directions respectively, and the environment
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Fig. 5. The slave side performance of the EOAB-based approach with only parameter variation: 20% of actual
parameters.

(a) Force tracking error in Z; direction (b} Force tracking error in Z;, direction
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Fig. 6. The master side performance of the EOAB-based approach with only measurement noise: N ~ (0, 1.0e —
5).

force estimations are also accurate. The trajectories of the slave robot parameter-1 and parameter-2
adaptation almost remain at 1.0 and 2.0 respectively as there is no parameter variation in the system.

Figures 4 and 5 depict the performance of the EAOB-based approach only with parameter variation:
20% of the actual parameters at the master and slave sides of the teleoperation system. In this situation,
at the master side, as depicted in Fig. 4, the trajectories of force tracking in Z,,; and Z,,, directions
are still accurate, the operator force estimation is still good, and the trajectories of the master robot
parameter-1 and parameter-2 converge from (1.2, 2.4) to (1.0, 2.0) respectively. Meanwhile, in Fig. 5,
the trajectories of position tracking in Z; and Z,, directions at the slave side are also accurate, the
environment force estimation is still satisfactory, and the trajectories of the slave robot parameter-1
and parameter-2 converge from (1.2, 2.4) to (1.0, 2.0) respectively.
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(a) Position tracking error in Z; direction

(b) Position tracking error in Z, direction
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Fig. 7. The slave side performance of the EAOB-based approach with measurement noise: N ~ (0, 1.0e — 5).
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Fig. 8. The master side performance of the EAOB-based approach with measurement noise: N ~ (0, 1.0e — 5)
and parameter variation: 20% of actual parameters.

Figures 6 and 7 provide the performance of the EAOB-based approach when only measurement
noises are considered in the teleoperation system. As shown in Figs. 6 and 7, it is easy to observe
that when Gaussian noise (N ~ (0, 1.0e — 5)) are added at the master and slave sides, the trajectories
of force tracking in Z,,; and Z,,, directions at the master side and position tracking in Z;; and Z,
directions at the slave side are still good, while the accuracy of the operator and the environment
force estimations is still acceptable. The trajectories of the master and slave robot parameter-1 and
parameter-2 adaptation almost remain at 1.0 and 2.0 respectively.

In Figs. 8 and 9, the performance of the EAOB-based approach with measurement noise (N ~
(0, 1.0e — 5)) and parameter variation: 20% of the actual parameters at the master and slave sides of
the teleoperation system is examined. It is easy to see in Fig. 8 that the trajectories of force tracking
in Z, and Z,,, directions on the master end remain accurate, and the operator force estimation still
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Fig. 10. The master side performance of the Nicosia observer-based approach without measurement noise and
parameter variation.

remains satisfactory. Furthermore, the trajectories of the master robot parameter-1 and parameter-2
adaptation converge from (1.2, 2.4) to (1.0, 2.0) respectively. Meanwhile, in Fig. 9, the trajectories
of position tracking in Z;; and Z,, directions on the slave end remain accurate, the environment
force estimation still maintains satisfactory, and the trajectories of the slave robot parameter-1 and
parameter-2 adaptation converge from (1.2, 2.4) to (1.0, 2.0) respectively.

Figures 10-17 illustrate simulation results of the Nicosia observer-based approach under different
situations, and show that the performances of the Nicosia observer-based approach deteriorates when
the effects of measurement noise and parameter variation are taken into account. Figures 10, 12, 14,
and 16 depict the master side performance of the Nicosia observer-based approach, while Figs. 11,
13, 15, and 17 show the slave side performance of the Nicosia observer-based approach. Specifically,
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Figs. 10a, 10c, 10e, 12a, 12c, 12e, 14a, 14c, 14e, 16a, 16c, and 16e show the trajectories of the
error between desired operator force and estimated environment force in the Z,,; direction, the error
between actual and estimated operator force in the Z,,; direction, and parameter-1 of the master robot
manipulator, while Figs. 10b, 10d, 10f, 12b, 12d, 12f, 14b, 14d, 14f, 16b, 16d, and 16f provide the
trajectories of the error between desired operator force and estimated environment force in the Z,,,
direction, the error between actual and estimated operator force in the Z,,, direction, and parameter-2
of the master robot manipulator. Meanwhile, Figs. 11a, 11c, 11e, 13a, 13c, 13e, 15a, 15c, 15e, 17a,
17¢c, and 17e show the trajectories of the error between actual position of the master and slave robot
manipulators in the Z;; direction, the error between actual and estimated environment force in the
Z;1 direction, and parameter-1 of the slave robot manipulator, and Figs. 11b, 11d, 11f, 13b, 13d, 13f,
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Fig. 14. The master side performance of the Nicosia observer-based approach with only measurement noise:
N ~ (0, 1.0e —5).

15b, 15d, 151, 17b, 17d, 17f provide the trajectories of the error between actual position of the master
and slave robot manipulators in Z;, direction, the error between actual and estimated environment
force in Zj, direction, and parameter-2 of the slave robot manipulator.

In Figs. 10 and 11, simulation results are obtained in the absence of both robot parameter variations
and measurement noises at the master and slave sides of the teleoperation system. As observed in
Fig. 10, on the master end, the desired operator forces rendered in Z,,; and Z,, directions are
almost tracked by the environment forces rendered in Z,,; and Z,,, directions, and the operator force
estimations are accurate. The trajectories of the master robot parameter-1 and parameter-2 almost
remain at 1.0 and 2.0 respectively. Similarly, on the slave end, as depicted in Fig. 11, positions of
the master robot manipulator in Z;; and Z;, directions are accurately tracked by the positions of the
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Fig. 16. The master side performance of the Nicosia observer-based approach with measurement noise: N ~
(0, 1.0e — 5) and parameter variation: 20% of actual parameters.

slave robot manipulator in Z; and Z;, directions respectively, and the environment force estimations
are also accurate. The trajectories of the slave robot parameter-1 and parameter-2 almost remain at
1.0 and 2.0 respectively as there is no parameter variation in the system.

Figures 12 and 13 depict the performance of the EAOB-based approach only with parameter
variation: 20% of the actual parameters at the master and slave sides of the teleoperation system.
In this situation, at the master side, as depicted in Fig. 12, the trajectories of force tracking in Z,,;
and Z,,, directions deteriorate a little bit, the operator force estimation also becomes poor, and the
trajectories of the master robot parameter-1 and parameter-2 do not converge from (1.2, 2.4) to
(1.0, 2.0), and remain at (1.2, 2.4) as there is no parameter adaptation in the Nicosia observer-based
control scheme. Meanwhile, In Fig. 13 the trajectories of position tracking in Z;; and Z;, directions
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Fig. 17. The slave side performance of the Nicosia observer-based approach with measurement noise: N ~
(0, 1.0e — 5) and parameter variation: 20% of actual parameters.

at the slave side are also accurate, but the environment force estimation starts to lose the accurate
performance, and the trajectories of the slave robot parameter-1 and parameter-2 do not converge
from (1.2, 2.4) to (1.0, 2.0), and remain at (1.2, 2.4), the same as trajectories of the master robot
parameter-1 and parameter-2.

Figures 14 and 15 provide the performance of the EAOB-based approach when only measurement
noise is considered in the teleoperation system. As shown in Figs. 14 and 15, it is easy to observe
that when Gaussian noise (N ~ (0, 1.0e — 5)) is added on the master and slave sides, the trajectories
of force tracking in Z,,, and Z,,, directions at the master side become poor, while the trajectories
of position tracking in Z;; and Zj, directions at the slave side remain accurate. The accuracy of
the operator and environment force estimations also becomes unacceptable. The trajectories of the
master and slave robot parameter-1 and parameter-2 adaptation remain at 1.0 and 2.0 respectively.

In Figs. 16 and 17 the performance of the EAOB-based approach with measurement noise:
N ~ (0, 1.0e — 5) and parameter variation: 20% of the actual parameters at the master and slave
sides of the teleoperation system is examined. It is easy to see in Fig. 16 that the trajectories of force
tracking in Z,,; and Z,,, directions on the master end remain poor, and the operator force estimation
is still very poor. Furthermore, the trajectories of the master robot parameter-1 and parameter-2 do not
converge from (1.2, 2.4) to (1.0, 2.0), and remain at (1.2, 2.4). Meanwhile, in Fig. 17, the trajectories
of position tracking in Z;; and Z, directions on the slave end remain accurate, but the environment
force estimation is still unsatisfactory, and the trajectories of slave robot parameter-1 and parameter-2
do not converge from (1.2, 2.4) to (1.0, 2.0), and remain at (1.2, 2.4).

4.3.3. Comparison and analysis. The diagrams illustrated in Figs. 2, 3, 10, and 11 clearly demonstrate
that both EAOB- and Nicosia observer-based approach can effectively perform during force and
position tracking as well as operator and environment force estimation when there are no parameter
variation and measurement noise in the entire teleoperation system.

However, as depicted in Figs. 4, 5, 12, and 13, when parameter variations of 20% of the actual
robot parameters are added to the initial estimated robot parameters at the master and slave sides
of the teleoperation system, the performance of the EAOB-based approach is nearly maintained.
This is possible as the parameters of the robot are adapted in EAOB as seen in Figs. 4 and 5. In
contrast, the Nicosia observer-based approach begins to lose its accurate performances on operator
and environment force estimation. These results show that the EAOB-based approach could achieve
accurate force and position tracking as well as good force estimation in the presence of robot
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parameter variations, while the performance of the Nicosia observer-based approach becomes poor
as the parameter variation increases.

On the other hand, when measurement noise is considered in the teleoperation system, the EAOB-
based approach performs better compared with the Nicosia observer-based approach in terms of
force tracking, and especially force estimation at the master and slave sides of the teleoperation,
as seen in Figs. 6, 7, 14, and 15. When the Gaussian noise (N ~ (0, 1.0e — 5)) is added into the
master and slave sides of the system, the EAOB-based approach can still obtain accurate force and
position tracking and approximate force estimation, while the Nicosia observer-based approach can
only attain approximate position tracking, but force tracking at the master side and force estimation
at both sides cannot be provided any more. These results indicate that the EAOB-based approach can
yield good performance for force and position tracking as well as force estimation in the presence of
measurement noise, while the Nicosia observer-based approach does not perform well in any respect,
especially in terms of force tracking and force estimation.

Finally, the simulation results for the EAOB- and Nicosia observer-based approach with both
measurement noise: N ~ (0, 1.0e — 5) and parameter variation: 20% of actual parameters at the
master and slave sides are depicted in Figs. 8, 9, 16, and 17. It is easy to see that the EAOB-
based approach still functions well in terms of force and position tracking, force estimation, and
parameter adaptation, while the Nicosia observer-based approach not only provides approximate
position tracking but also loses its performance on force tracking and estimation. These results imply
the robustness of the EAOB-based approach.

In summary, the analysis of simulation results presented in this section illustrates well that the
proposed EAOB-based position—force control architecture for a teleoperation system can achieve
accurate force and position tracking at the master and slave sides respectively, as well as simultaneous
operator and environment force estimation and parameter adaptation for nonlinear master and slave
systems in the presence of robot parameter variations and measurement noises. The success of the
EAOB-based method is attributed to the following factors.

First, as non-adaptive robot dynamic models use a fixed set of parameters that are no longer valid
when the operating conditions change, the EAOB-based method has tunable inertial parameters that
need to be adjusted in real time for optimal performance. Second, it is relatively easy to select optimal
values for entries in the process noise covariance matrix corresponding to the estimated states, and
there are no significant performance losses for reasonable perturbations in tuned parameters. On the
contrary, the Nicosia observer-based method does not update the inertial parameters in real time,
and hence loses its ability of estimating force. Meanwhile, since the EAOB deploys the theoretical
concepts behind KF, it possesses good measurement and process noise rejection ability, which also
make EAOB superior than the compared Nicosia observer.

5. Conclusions

This paper presents a novel EAOB-based position—force control algorithm for a nonlinear bilateral
teleoperation system that provides the benefits of a position—force architecture in terms of accurate
force tracking. However, similar to the position—position architecture, it does not require the use of
force sensors. The results obtained show the ability of the EAOB-based approach to simultaneously
estimate position, velocity, inertial parameter, and force based on measured position in the presence
of measurement noise and parameter variation at the master and slave sides of the teleoperation
system. Through comparison of EAOB against a typical Nicosia observer applied to a typical 2-DOF
nonlinear teleoperator, two major advantages of the proposed method were demonstrated.

First, in EAOB, variation of the model parameters is compensated for in real time, ensuring
accurate force estimation. In contrast, the Nicosia observer (or other force observers) was not able to
accommodate robot parameter variations and did not produce accurate force estimation. This makes
the proposed observer more reliable and effective in the real world applications compared with others.
Second, the proposed EAOB-based approach also considers the effect of the measurement noise on
system performance, and can effectively estimate force and track position in spite of measurement
noise. On the contrary, the Nicosia observer (or other force observers)-based approach proved to be
incapable to function well in the presence of measurement noise.

While the performance of the EAOB-based scheme has been explored through computer
simulation, the experimental verification of the proposed approach is also outstanding. This will be
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the goal of the future work. Meanwhile, the proposed scheme mainly considers the inertial parameter
variations and environment noise at the master and slave sides of the teleoperation system when
estimating the external operator or environment force. In reality, however, a teleoperation system also
suffers from communication delay between the master and slave sides,'® which could result in poor
force estimation and even instability of the entire teleoperation system. Thus, a further development
of the scheme for the teleoperation system is to study how EAOB can deal with communication delay
issue.
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