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Abstract: In many telerobotic tasks, robot manipulators interact with unknown environments. Moreover,
the manipulators are high-coupled Asymmetric nonlinear multi-degrees of freedom (DOF) systems that
present uncertainties and errors in modeling, which may affect safety and performance responses. In this
paper, a novel adaptive control scheme is designed to achieve a trajectory and force tracking performance
based on a three-channel teleoperation control framework. The adopted approach is based on an admittance
control law combined with an inverse dynamics control strategy that avoids the use of force control loop
and permits to deal with nonlinear terms. To cope with robots’ uncertainties, neural network compensators
(NNC) are implemented on both sides. Whereas the integration of weighted recursive least squares (WRLYS)
estimation method permits the identification of dynamic impedance of an unknown environment. Human
in the loop experiment using a real Omni phantom, remote virtual PUMAS560 and an environment show the

effectiveness of the proposed approach.

Keywords: Admittance control, Environment, Estimation method, Neural network, Teleoperation,

Workspace mapping.

1. INTRODUCTION

The considerable development of computer tools and
technological evolutions have allowed the evolution of locally
controlled systems to remotely controlled systems. Indeed,
bilateral teleoperation allows robotic systems to benefit from
advanced human problem-solving skills, which are necessary
in many scenarios such as performing difficult tasks in
inaccessible  environments.  Today, applications  of
teleoperation systems can be found in many areas including
space technologies, underwater exploration, nuclear/toxic
waste handling, surgery, and more recently training and virtual
reality (Manocha et al., 2001; Guthart and Salisburg, 2000;
Karan et al., 2018).

However, in many teleoperation tasks, robot manipulators
interact with unknown environments. Due to the lack of
dynamic information about the remote environment, the safety
and performance response of such systems is potentially
affected. Moreover, the presence of internal disturbances such
as the uncertainties in dynamic high coupled robots, human
operator, and communication networks of telerobotic systems
may degrade the tracking performance and stability of the
whole system either in free or constrained space.

Teleoperation control systems are designed for stable and
transparent  performance. The four-channel  control
architecture that was firstly proposed by Lawrence (Lawrence,
1993) offers perfect transparency under ideal conditions and
compromising goals with robust stability under given
communication delays.

In (Hashtrudi and Salcudean, 2002), the effect of local force
feedback is evaluated, and ideal transparency conditions are
revised. A global transparency analysis of Extended Lawrence

Architecture (ELA) is provided in (Naerum and Hannaford,
2009). In (Sakai et al., 2017), two channel F-P architecture
with compliance control is proposed to provide stability in
different modes with occurred small position error in the hard
environment. However, in a teleoperation system, perfect
knowledge of the leader and the follower dynamics may not be
available due to the models uncertainties. Moreover, due to the
existing time delays in the communication channel and under
disturbances due mainly to unknown characteristics of the
environment, stability and transparency are significantly
compromised (Hashtrudi and Salcudean, 2001).

In the recent years, another alternative for a better trade-off
between stability, robustness, and performance is the use of
adaptive controllers. This type of control design is deployed to
deal with uncertainties in the leader/follower model and
operator dynamics. It is also well suited for situations with
unstructured or time varying environment dynamics.

Considering linear models for both the leader and follower
robots, in (Hashtrudi and Salcudean, 1996) have proposed an
indirect adaptive controller that uses position, velocity, and
acceleration of master and slave robots, instead of the slave
robot force sensing. This architecture provides a good
parameter convergence for applications with slow time-
varying environments. Considering nonlinear models for the
leader and follower, (Ryu and Kwon, 2001) assumed to have
uncertainties in both robots. Moreover, by ignoring
uncertainties of the operator and environment in the adaptation
laws, position and force tracking performance were achieved.

Other adaptive control strategies are developed in the
literature, (Love et al., 2004) offered an impedance adaptive
controller using the RLS identification method to decrease
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operator energy for stability, based on the estimated
impedance. In (Liu and Tavakoli, 2011), the authors proposed
a four-channel adaptive control scheme for force and position
tracking based on the inverse dynamics approach, under the
assumption of uncertain dynamics in both robots, operator and
environment, and also without considering any
communication delay. In (Yang et al., 2019), an adaptive
admittance control approach combined with the radial basis
function neural-networks (RBFNN) is developed to deal with
uncertain robot manipulator interacting with human arms in
the absence of a force sensor. According to the Lyapunov
theory, a switching adaptive controller is designed to cope with
the input saturations and nonhomogeneous models of the
human operator and environment (Zhai and Xia, 2016). In
(Wang et al., 2017), authors developed an adaptive neural
control using radial basis function neural network
approximation capabilities to deal with the backlash
uncertainties. Under the four-channel architecture framework,
guaranteed trajectory and force tracking performance is
ensured. The control laws developed is based on adaptive
parallel force/position control and inverse dynamic control
strategies, under the assumption of uncertainties in follower
robot, unknown environment, and noisy force sensor
measurement (Adel et al., 2016). Later, in (Mohamed et al.,
2017), the authors achieved the same performance by applying
an adaptive external force control approach. Park and Lee
applied an adaptive fuzzy control and new workspace mapping
to improve the tracking performance on the discontinuous
trajectory resulting from the mode transformation of the
workspace (Park et al., 2020). In (Mellah et al., 2017), the
authors proposed adaptive Neuro-fuzzy techniques to enhance
teleoperation performance under the assumption of the
dynamics uncertainties of leader and flower system. In (Kebria
et al., 2020), an adaptive type-2 fuzzy neural-networks
controller is developed and verified their effectiveness to learn
the nonlinear model and uncertainties. In (Huang et al., 2019),
a novel adaptive sliding mode control laws based on RBFNN
is proposed to deal with nonlinear models when considering
transmission delays and uncertainties.

In this paper, a novel adaptive bilateral controller approach is
proposed for position tracking and force applied performance
with linear human operator model, uncertain nonlinear leader
and follower robots, and unknown linear dynamic of the
environment. The considered approach is based on an
admittance control law combined with inverse dynamics
control strategy incorporated into the three-channel bilateral
teleoperation control framework. The main advantages of this
contribution are:

» The proposed approach uses only position control laws
which is based on an admittance control strategy. It permits to
generate a modified position in the direction of the constraint
to overcome the absence of the force control law. The
parameters of the admittance model (Damper and Stiffness)
are obtained by using an online environment identification
method based on the WRLS algorithm.

* Integration of the NNC on both the leader and follower
controllers to cope with uncertainties due mainly to errors in
modeling of robots and effects of end-effector payload.

* The use of Butterworth filter and limit function of boundaries
permits to deal with the transient phase of the trajectories
generated by the WRLS algorithm.

» We consider asymmetric robots that involve the problem of
different scale and workspace mapping.

The reminder of this paper is organized as follows. In section
2, the mathematical formulation of the nonlinear multi-DOF
teleoperation system is presented. Section 3 describes the
methodology of the workspace mapping for the Omni
PHANTOM device with respect to the PUMAS560 robot. In
Section 4, control laws for both the leader and follower sides
using admittance controller and inverse dynamic approach are
developed. Additionally, NNC and WRLS identification
method are demonstrated in this Section. Human in the loop
experiment results using a real Omni interface and a virtual
PUMAS60 are carried out in Section 5 to show the
effectiveness of the proposed control method. Finally, a
conclusion is drawn in Section 6.

2. TELEOPERATED SYSTEM DESCRIPTION AND
MODELING

In this section, a presentation of a leader/fellow teleoperated
system is given in both the sense of intuitive and a
mathematical level. The system is composed of real haptic
PHANTOM Omni handled by an operator and a virtual
PUMADS560 robot interacting with a virtual environment, as
illustrated in Fig. 1.

winipsw

|

Fig. 1. The Leader/Follower system.
2.1 Human modeling

In general, the dynamic characteristics of a human arm in
interaction with a haptic interface can be modeled as a second-
order system (Tzafestas et al., 2008). However, in this paper,
the human arm impedance is approximately simplified as a
spring-damper system, described by the following equation:

Bh'Xl+Kh'(Xl_Xh) :Fh' (1)

where F,, is the force exerted by the human arm on the haptic
device, X, refers to the desired position issued from the
central nervous system, whereas X; and X, represent the posit
ion and velocity of the haptic interface, respectively.

2.2 Leader device

The leader device employed here is the PHANTOM Omni,
which is a positional and sensing haptic device developed by
SensAble Technologies. It is considered under actuated robot,
composed of 6 DOF revolute joints that have a reachable
workspace of 12cmx16¢cm. The initial condition corresponds
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to the posture shown in Fig. 2 (Silva and al., 2009). The
dynamic model of a leader robot in joint space establishes the
relationship between the driving torque and joint motion, and
it can be written in the following form

M, (q)d; + (g1, )@ + Gi(q) =7, + ][ Fy 2)

where the subscript “I” is used to indicate the leader. M,eR®*®
is the inertia matrix, C;eR®*® is the Coriolis and centrifugal
coupling matrix, and G,eR°® represent the gravity acting on the
joints, while q;, g, and ¢, eR® are the joint position, velocity
and acceleration, respectively. J7 is the transpose of Jacobian
matrix. Fj, is the force exerted by the human operator and t; is
the generalized torque control signal acting on joints.

Fig. 2. The initial posture of Omni (Silva and al., 2009).
2.3 Follower device

The virtual teleoperated robot employed here is the PUMA560
robot. It has 6-DoF revolute joints. The first three joints are
mounted in the arm which determine the position and the three
last joints are mounted on the end effector (spherical wrist)
which gives the orientation. The virtual scene is created by
using V-realm editor under Matlab/Simulink environment.
Table 1 gives the standard Denavit-Hartenberg (DH)
parameters considered in Matlab Robotics Toolbox that
represents the structure characteristics of the robot.

Table 1. Standard DH parameters of PUMA560.

Link; (8;)| d;(m) a;(m) a; (ra | Range of joint
(deg)
1(6,) 0 0 n/2 | -160to +160
2(6,) 0 0.4318 | 0 -225 0 +45
3(65) 0.15005| 0.0203 | —m/2 | -45t0 +255
4(6,) 0.4318 | 0 n/2 | -110to +170
5 (05) 0 0 —1/2 | -100 to +100
6 (04) 0 0 0 -266 to +266

The dynamics model of a follower robot in joint space could be
formulated as follows:

Mp(ap)ds + Ce(ar ar)dr + Ne(dpar) =7 —JfE. (3)

where the subscript ‘f " used to indicate the follower, M;eR®*®
is the inertia matrix, C;eR®* is the Coriolis and centrifugal
coupling matrix, and NyeR® represent the gravity and other
forces acting on the joints (Coulomb friction, load changes),
while g, g and G €R® are the joint position, velocity and
acceleration, respectively. J/ is the transpose of Jacobian
matrix. F, is the force exerted by the remote environment and
T, is the generalized torque control signal acting on joints.

2.4 Environment modeling

Different models have been proposed in the literature, in order
to provide a continuous representation of the contact level with
a follower robot. In this paper, we use the simplest and the
most common model (Fig. 3), which is the dynamic of a linear
damper-spring system.

F, = Byxy + K, (xf — x,) (4)

where x and x, are the cartesian position of the follower robot
and the contact position with the environment, respectively.
K, and B, are a (3 x 3) constant diagonal stiffness and damping
matrices, respectively.

Ke

Fig. 3. Damper-spring environment.
2.5 Communication channel

In this work, a delay in the communication channel was
neglected and considered very small, which is the case in many
applications in which the distance between the follower
manipulator and the operator is not too long. Also, in the case
where the communication infrastructure is very effective such
as fiber optics or 5G.

3. WORKSPACE MAPPING

The workspace of a robot manipulator is defined as the total
locus of points at which the end-effector can be placed.
Analyzing and mapping the workspace is extremely
significant for improving follower robot working reliability
and controllability, as it allows overlap between the leader and
follower workspaces as much as possible. Before applying the
mapping of workspace, it is necessary to adjust the frame axis
direction of the PHANTOM Omni device that is different from
the frame direction of PUMAB560. Also, to correct the shift
position of base coordinates of the Omni, the modified
transform matrix could be calculated by using the relation
below:

A'=R, (g) * R, (g) * (Tr,(L4) = Tr (L3) = A) * R,, (g) *
. 1 0 0
R, (5)*(0 -1 0) ®)
0 0 -1
where A is the homogeneous matrix of Omni device that gives
the relationship between the position expressed on end-

effector frame and base frame that could be formulated as
follows:
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A = 0T1 1T22T33T44T5 STG (6)
with

-1
T = DZi—1,diRZi—1,9isz—1,aini—1,0!i

c0; —sbOca; sOca; a;ch;

_|cl; cOica; —cOBica; a;so;
= 1% ™

sa; ca; d;

0 0 0 1
where ‘¢’ indicates the function ‘cos’ and ‘s’ is for ‘sin’.
1T, is obtained from the product of four basic

transformations based on DH parameters (Craig, 2009) using
the parameters of link (i) and joint (i).

Moreover, the position related to modified cartesian axis
coordinates is given by:

Xy = A * X (8)

where X,' = [x;,y,,z]" represent the modified Cartesian
coordinates of the end-effector. X, is a Cartesian coordinates
of the end effector in the Omni frame.

3.1 Generating approximate workspace

The Monte Carlo method of random sampling is a widely used
method for its simplicity since it involves no inverse Jacobian
calculation. Especially well adapted for complex robots or
even in presence of kinematic redundancy (Zhao and al.,
2018). Consequently, in this work, the strategy considered is
inspired from (Ju et al., 2014), in which we use homogeneous
radial distribution to generate 7000 points to approximate
separately the workspaces of the leader/follower robots. Then
the cloud point that gives the volume ratio between the
leader/follower workspaces is drawn in Fig. 4(a). The result
indicates that the Omni workspace is of the order of one-tenth
from the PUMABS60 workspace.

As emphasized above, the aim is to let the workspace of each
other overlap as much as possible, without being near to
boundaries as it may cause singularity configurations. Toward
this end, a simple method for mapping process of a haptic
interface is employed, which includes scaling factors,
rotational factors and translations terms that are given by:

xf cos§ —sind 0 Sx 0 Ofm T
Yrl=|sin6 coss 0O|=||0 Sy Of|»]| +(Ty C))
zf 0 0 1 0 0 S|z T,

where [x;,¥;,2]" and [xg,yr,z¢]" represent the cartesian
coordinates of the end effector of Omni and PUMAS560
respectively. [S,,S,,S,]" and [Ty, T, T,]" represent the
scaling factors, and translations terms about the X, Y and Z
axes, whereas § is the rotation angle of a Z axis for the base of
a leader device. Thus, we get the matching parameters for the
PUMA560  robot as: [S,,S,,S,]" =[2.8,2.9,4.3]",
[T, Ty, T,]" = [0,0,0]" and & = 0. Hence, the results are
illustrated in Fig. 4(b) and indicate the overlapped area after
the mapping process obtained without being near to the
boundaries that may cause singularity configuration.

S T ay " T (b)
Fig. 4. (a) cloud point before workspace mapping,

(b) cloud point after workspace mapping.
4. CONTROL STRATEGY

In this section, an adaptive online admittance control approach
is presented for the follower device. The approach avoids the
use of a force control loop and uses the WRLS method and
boundaries function to generate modified trajectories that will
be fed to proportional-integral-derivative PID position control
law. Moreover, the position control laws in both leader and
follower devices are combined with the nonlinear dynamic
decoupling approach and integrated NNCs to cope with
uncertainties raised by errors in modeling and effects of the
end-effector payload. The scheme is based on three-channel
architecture, where the force applied by the operator, the
position of the leader robot after being converted by workspace
mapping is transmitted to the follower side, and the position of
the follower robot after being processed by inverse workspace
mapping is reflected to the leader.

4.1 Leader controller

The human operator manipulates the haptic interface by
applying a given force that is dependent on the voluntary
motion desired. the leader output trajectory is converted into
the desired trajectory through workspace mapping. Then all
signals, force, and generated trajectory are measured and sent
to the slave robot. On the other hand, the reflected trajectory
of the follower robot after being processed by the inverse
function of workspace mapping is used as inputs to subsequent
torque controller. This signal is useful in producing a haptic
sensation when interacting with an environment and also to
correct the errors in positioning between the leader and
follower robots. The adopted controller system is based on a
classic PID (Oudjida et al., 2014) controller combined with the
nonlinear dynamic decoupling approach and NNC based on
feedback error learning control. Fig. 5(a) shows the block
diagram of the leader controller.

Define the model of position error as

ep1= q—qy (10)
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(a)  Leader side (b)  Follower side
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Fig. 5. Control diagram of whole teleoperated system.
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Considering PID control law as f(u]-) = —p_u (16)
1+exp™J
Tpipa =y + K et Kii| e dt+K, ey, (11) ot lyer
P- Hidden layer
. . . . .. q %
where Gy is the desired acceleration joints of the follower Output lsyer
robot, K, ;, K, ; and K;; are diagonal matrices with constants i —>
positives parameters chosen to approach zero asymptotically ) — >y
error e, ; between the desired and the actual endpoint >
positions. The controller law governing the system is A

expressed as
7, =M,(q)tpios + Ci(q,a,)a, + Gi(q,) +]lTFh -

Kniptng— Ky [Ty dt (12)
where M, C;, G, denote the nominal and available terms of the
dynamic model of Omni, F), is the available force applied by
the operator, ]IT is the Jacobian transpose, Ky; , and Ky, ; are
diagonal matrices with positives parameters and 7y ; is the
output of the NNC. Consequently, the closed loop control law
is given as

ép_l + Kv_lép_l + K,,_lep_l + Ki_l ep_l dt

~ —1 . . .
=M, (AMyd; + AC,(q;, @) dy + AG () + JFAFy)

—Kni pTn g — K f Ty dt (13)

where A(.) denotes the uncertainty terms.

The objective of the NNC compensator output 7y, is to
minimize the uncertainties in (13). It is done by taking the
desired trajectory as the input signal and the output of a
stabilizing feedback controller @, as a training signal for the
neural network.

(pl = ép,l + valép,l + Kpilepl + KU epil dt (14)

In the ideal case, the right-hand side of (13) becomes zero and
the output of the neural compensator is required to be

B
Kniptna+ KNufTNJ dt =M, (MM,

+AC,(q1, 4G + AG (q,) + ] AFy) (15)

as a result, the NNC realizes a nonlinear mapping between g,
4, G, and Frto Ty ;.

Fig. 6. Structure of NNC.

The inputs u; in each layer are connected through weights, and
the output of each layer is obtained by the following equation

}’=f<iuiwi+wo>

i=1

(17)

where w; are the weights of connections from the preceding
layer to this output, wy is the bias parameter. The function f(.)

is called the activation function where the type is depending

on the problem. Therefore, the input-output relationship of the
network is expressed as

Ne L (1- exp_(zﬁ";luiwilj+b}) ,
TN = z Wik 1 | T bk
=1 1+ exp_(zi=1u"wii+bf)

(18)

where N., N. present the number of neurons in input and
hidden layers respectively. Wilj , Wfk denote the weights of

connections from the input layer to the hidden layer and
connections from the hidden layer to the output layer. b} is the
bias of the j-th neuron in the hidden layer and b,zc is the bias of

the k-th neuron in the output layer. Training proceeds with the
back-propagation algorithm of the gradient (Mohamed et al.,
2017), which is based on the minimization of candidate
function of quadratic form calculated as

1

=-E"E
/=3

Wlth E = (Dl - TN_l

(19)

This algorithm consists of adjusting the output of Neural
Network ty, in the opposite direction to the derivative
function of the error, which yields a gradient of ] as :
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§] _SE" btn”
SW ™ SWT T W
Therefore, the weight adaptation law is updated by the
following equation at every sampling period.

(20)

T

B
AW(E) = n%z«r +pAW(t —1) (21)

where 1 is called the learning rate and p is the momentum
coefficient. Finally, the resulting weight adaptation
coefficients can be derived by making use of (20).

2
AWG(©) =10.5(1 = V1) w[Xko, EWji] + uaWi(e = 1) (22)

AWE(E) = nEY + pdWA(t — 1) (23)
AB}() =105(1 = V1)’ [Spoy EWE] + uab}(t = 1) (24)
Abg(t) =nEy + pdbi(t —1) (25)

4.2 Follower Controller

Fig. 5(b) shows the block diagram of the follower side, the
control system consists of a PID controller that is mounted on
the output of Selection Matrix, which gives the decision about
the type of desired trajectories input signals to be tracked,
according to each of a direction X, Y and Z. The input to
Selection Matrix is composed of two vectors: one indicates the
desired trajectories position, velocity and acceleration issued
from the online admittance model. The other vector is the
desired trajectories of position, velocity and acceleration
issued from the interaction of human operator on the Omni
interface after having been converted by the mapping process.
In the following, a proposed adaptive admittance model and
online parameter estimation method of an unknown
environment are presented.

4.2.1 Adaptive admittance model

Admittance control is developed to let a robot acts like
specified admittance model. In our case, the admittance model
is selected in adaptive fashion under the following form:

Fh=§e§cr+l?exr (26)

where B,, K, are the estimated damping and stiffness matrices,
respectively issued from an online environment estimation.
The function of the admittance model is to generate desired
robot trajectories in constrained space, which are passed
through a Butterworth filter and limiter function, then it passes
through inverse geometric and kinematics models to obtain
equivalent trajectories in joint space as needed to subsequent
control torque unit.

4.2.2 Butterworth filter and boundaries function

To suppress the jitter signals at the output of the admittance
model, third-order low-pass Butterworth filters is used to
adjust generating desired trajectories when passing the
transient phase of an online estimation of the environment
parameters. Hence, the transfer function can be expressed as
follows

H(s) = (27)

)+ 2Gy =)

where w, = 8Hz is the cutoff frequency.

This choice is made as part of general information states that
teleoperated system is mainly distributed in low frequency
bandwidth, while noises are in high frequencies, also as part of
work in (Geng et al., 2020), in which is concluded that a good
position tracking is localized between 2Hz and 8Hz
frequencies. Hence, the information above this limit should be
suppressed.

The limiter function aims to limit the upper and lower
boundaries of transient trajectories generated by the adaptive
admittance model in the constrained space. High and low
limits are chosen to avoid excessive contact when interacting
with a rigid environment. These limits are given as logic
conditions in the form:

« If transient position among the X direction exceeds a given
constant limit, the penetration beyond this value is not
considered and fixed within the upper limit. Furthermore, if
the transient position among the X direction is negative, the
position lower limit is fixed to zero. In similar manner, we
consider the limit boundaries of Y and Z axis of both position
and velocity transient signals.

To design a control torque that makes the follower (3)
dynamics behave like the proposed adaptive admittance model
(26). The nonlinear dynamic decoupling approach can be
adopted, based on a conventional PID controller that is widely
used to achieve complex position tracking.

Define the model of position error as

e f =494 (28)
Consider PID control law as
Tpipf = ql + Kp_fep_f + Ki_ff €p f dt + Kv_fép_f (29)

where ¢, is the desired acceleration joint, K, ¢, K, y and K ¢

are diagonal matrices with constants parameters for the
follower, the controller law governed the system is expressed
as

v =My (ap) tews + Cr(apa,) 4+ Np(apqy)

+]}‘ﬁe - KNf_pTN_f - KNf_i J TN_f dt (30)

where My, C¢,N denote the nominal and available terms of
the dynamic model of PUMAS60, F, is the force sensor
measurement, ]; is the Jacobian transpose, and ty f is the

output of NNC. Consequently, the closed loop control law is
given by

. . — -1
ep_f + Kv_fep_f + Kp_fep_f + Ki_f J- ep_f dt = Mf *
. o . . T
(aMyd, + 8y (apap) 4y +ANs (apq,) +J70F) -
(31)
By applying the same strategy as before, the NNC here is

minimizing the uncertainties in (31). It is done by taking the
desired trajectory as the input signal and the output of a

KNf_pTN_f — KNf_i J- TN_f dt
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stabilizing feedback controller ®(as a training signal for the ~ Using a Matrix Inversion Lemma
neural network (A+BCD)™ = A — A'B(C™* + DA"'B)~'DA™! (40)
@f = ép_f + K,,_fép_f + Kp_fep_f + Ki'f_f ep r dt (32) where

A=P1(t—-1),B=¢),C=1D =) (41)

In the ideal case, the right-hand side of (31) becomes zero,
and the output of the NNC is required to be

— —1 .
KNf_pTN_f + KNf_i f TN_f dt = Mf (Aquf +

+ACr(dr,Gr)dy + ANp(dr, ar) +J7AR) (33)
By applying the same procedure in the follower controller, the
NNC realizes a nonlinear mapping between q,, q,, g, and F to
TN_f-

4.2.3 Online environment estimation

In this paper, we use an online estimation technique based on
the WRLS method to identify unknown damping and stiffness
parameters of the environment model, which was described in
equation (4). The technique considered tracks and identifies
the location and dynamic characteristics of any constraints in
a robot workspace.

Let us define a regression vector ¢(t) = [X(t),X(t)]T, and a
parameters vector 8 = [K, B]”. The linear equation with real
parameters (4) is written as:

f@® = @70 +v(t)
with

(34)

© [Xf(t),Xf(t — 1, X (=0

Xe (), Xp(t — 1), ..., Xc(t — k)
Ke (0)1 Ke (1)1 L] Ke (k)
Be (0)1 Be(l)l L] Be(k)
where index k denotes the number of measurements, v(t) is
measurement noise at time t assumed to be sequence
independent with zero mean and constant variance
v~N(0, V), and the equation of error in parameters estimation
can be expressed by

E()=f@) —p®78(t)

Considering the cost function is given in quadratic form

o) =

(35)

I TN 2 1%
V(0,6 =3 ) [FD —e@IO] =5 ) ETWE®)  (36)

The objective here is to obtain the optimal solution for the
parameter minimizing the cost function so that it can be
calculated by differentiating it as

oV

—=0 37
5 (37)
Therefore, the minimum is given by

8 =[p® p®]  P® f(t) (38)

Then, the following covariance matrix is defined as

P =[O O] (39)

By applying the details derivative method [Ljung, 1999], we
get the recursive equations rather than the butch mode
equations calculated in (38).

0 =0(t—1)+L® (f ®— ¢ ® - 1)) (42)
with

~ _ p(t—De®)
HO = POPO = 35T 0pe - Do @
p(k) =p(t— DI - LT () (44)

Furthermore, in order to discard older data in favor of recent
data that permits to track the variation in parameters, the
concept of forgetting factor is established, and the equations
(36) and (42) can be rewritten as:

_ 1w _
Vw¢)=52;wﬂﬂo—¢%omof (45)
) =0(t—1D+L® (f ®—¢" bt - 1)) (46)
where A is called the forgetting factor, with :
~ _ pt=De®
HO = PO = T o - Do @7
pk) = 7 'p(t — (I - LT (D)) (48)

5. HUMAN IN THE LOOP EXPERIMENT

To evaluate the efficiency of the proposed method, two
dissimilar robots are considered in the sense that they are
geometrically asymmetric with different scales. The leader is
a real robot (Omni) whereas the follower is a virtual
PUMAS560 robot whose parameters are taken from a real
PUMAS60 arm [Armstrong et al., 1986], which is interacting
virtually with an unknown environment. Both virtual models
are illustrated in Fig.7 which are built using V-realm editor
under Simulink/ Matlab environment. In this paper, we assume
that only the first three links of Omni and PUMAS560 are
considered. The environment is composed of three objects
suspended separately over three directions X, Y, and Z.
Accordingly, the environment torque is exerted at the end
effector only in one direction for each object. On the
assumption of an unknown dynamic of environment objects
that can be defined as

Object (1): F, = 10x; + 500(x; — 0.60) (49)
Object (2): Fe = 900 (y, — 0.23) (50)
Object (3): F, = 2057 + 2000 (z — (—0.284)) (51)

In order to calculate an online estimation of their parameters
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(Stiffness and damping), we apply a WRLS method with
P(0) = 10000, 8(0)=0, and A=090. The
matrices M,(q,).C:(q,, q,) and G,(q,) for the leader robot and
My (qf), Cs (qf, qf), Ny (qf,qf) for the follower, are the

known dynamic parameters forming the nominal Models of
the robots.

Fig. 7. Virtual scene of follower side.

Modeling uncertainties include 5 Kg Mechanical tool attached
to the end-effector of follower robot, Coulomb friction, and
viscous friction torques 74(q) added to each joint where 7, =
0.8¢ + 0.5sign(q). The NNC used on the leader side
controller is composed of 12 neurons in the input layer and 9
neurons in the hidden layer. The backpropagation algorithm
parameters for the leader side are: 7 = 0.008 , u = 0, Ky, , =
5x 1, Ky;; = 0.07 x I. Whereas the NNC in the follower side
kept the same number of neurons in each layer and the
backpropagation algorithm parameters are: n = 0.008, u = 0,
Knrp=15X1, Ky;;=0.01x1 . Initially, weights are
randomly selected and then are adjusted every sampling time.
The gains of human impedance and controller laws on each
side are fixed experimentally and respectively as

Kp,=160x1, B,=5x1
K, ; =400 X1, K,;=01x1I, K, ;=0xI
Kp_f =800 x I, Kv_f =40 X% I, Ki_l =0x]I

In the beginning, the robots are situated at different positions,
depending on the last configuration setting. Then, the operator
starts moving the virtual PUMADS60 in free space by applying
a variable force Fj, on the haptic interface, until it reaches the
object to interact with. At that time, the operator keeps the
same level of force intensity or decides to increase or decrease
the applied force and that by pushing the integrated buttons on
the Omni link according to the task to be performed and the
direction of the interaction. In our case, we considered an
arbitrary force profile for each repeated experience. And lastly,
the operator exits the object under interaction and returns to
the free space. Moreover, we repeated the experiment under
different conditions by taking advantage of NNC integrated
into the controllers with the presence of perturbations on the
follower robot and without perturbations (ideal case).

The obtained results consider the interaction with Object (1)
and they are classified into two sets. The first set illustrated in
Fig. 8 considers the ideal case. It presents the tracking
trajectory among three axes (a), the performance of applied
force during the direction of interaction (b), the trajectory

errors that occurred during the interaction and among X,Y,Z
directions (c), the force errors during interaction (d), and
finally, the quality of estimated impedance of the unknown
environment (e). Whereas, the second set illustrated in Fig. 9
takes into consideration the presence of perturbations, which
are organized in three Subsets (A), (B), and (C), and that to
show clearly the effects of integrated NNC separately and
jointly in leader and follower controllers.

The results show that the proposed adaptive controller under
ideal conditions has less errors than the others either for
trajectory tracking or compared force applied Fig. 8 (c), (d).
Thus, the responses converge to a small neighborhood of zero,
even though a presence of applied force delay. These errors
occur when a human develops higher or lower force intensity
Fig. 8 (b) and, consequently, they are reflected as errors in
tracking trajectory that does not exceed 0.01m.

In terms of interpreting results of tracking trajectory, Fig. 8(a)
shows that the Omni and modified trajectories are completely
identical in free space, which is not the case for the constrained
space. This difference is due to the role of the admittance
model and matrix selector in giving priority to the force
applied to the Omni than to the tracking of its trajectory.
Therefore, it determines the depth of penetration that should
be taken into the object. However, we can point out here that
they are very close and the errors are still within the limits as
illustrated in Fig. 8(c). Moreover, in Fig. 8(e), results indicate
the quality of estimated impedance against real impedance in
both free and constrained space, under the assumption of
unknown characteristics of the object.

Considering the case where the perturbations are included, Fig.
9(A) shows the feasibility of integrating NNC on both sides to
improve the performance of the PID controller and therefore
obtain results much closer to the ideal case.

To highlight the potential usefulness of this concept and to
conclude the effect of their absence, we have separately
integrated into the controllers of the leader and follower sides
and drawn results as given in Fig. 9(B) and (C). In subset (B),
the responses show the efficiency of integrated NNC in
compensating the tracking errors between the leader and
follower trajectories when interacting with an object (a). On
the other hand, the negative effect of'its absence in the follower
side causes failure in replicating the human force on the object
and permanent error on it (b). Whereas in the subset (C), which
represents the opposite case, it shows the efficiency of
integrated NNC in follower controller to gain accuracy in
replicating human force on the object as illustrated in (b). On
the other hand, the negative effect of its absence in the leader
controller generates a significant shift between trajectories of
both sides, especially when interacting with the object (a), (c).

6. CONCLUSIONS

In this paper, a novel approach of adaptive admittance control
laws combined with inverse dynamic strategy is designed for
asymmetric nonlinear teleoperated arm robots, subject to
dynamic uncertainties and interacting with an unknown
environment. The proposed scheme is incorporated into the
three-channel teleoperation control framework and uses only
position control laws.
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Fig. 9. Results with perturbations: subset (A): implemented NNC in both leader and follower controllers
subset (B): implemented NNC in leader controller subset (C): implemented NNC in follower controller




CONTROL ENGINEERING AND APPLIED INFORMATICS

106

The follower robot controller is based on an admittance control
strategy that permits the generation of a modified position in
the constraint direction, and therefore, it overcomes the
absence of the force control law. In order to interact with an
unknown environment, the desired admittance model is
obtained by online estimation of environment impedance
parameters based on the WRLS method. Additionally, the
NNCs are developed and added as auxiliary controllers to the
leader and follower dynamic controllers that act as
compensators of uncertainties effects on position and force
tracking, raised by errors in modeling and effects of the end-
effector payload. To verify the effectiveness of our proposed
approach, a comparison of human-in-the-loop experiments
interacting with a real Omni haptic interface and virtual remote
robot and environment have been performed. The results
illustrate that the whole system is stable. Moreover, position
tracking errors are guaranteed to be ideally small in both free
motion and situations when force contact is established, so
satisfactory performance of position tracking and forces
applied between the leader and follower robots.

For future works, we propose to test and validate our proposed
approach by using a real remote robot, as well as developing
other advanced control approaches to compare performances.
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