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uncertain teleoperation systems can only deal with linearly
parameterized (LP) dynamic uncertainties.  Typical
teleoperation system dynamics, however, posses terms with
nonlinearly parameterized (NLP) structures. Stribeck friction is
an example of NLP terms in robot dynamics. If not compensated
for in the control scheme, uncertainties in the NLP dynamic
terms may lead to significant tracking errors. In this paper, for
a bilateral teleoperation system, adaptive controllers are
designed for the master and slave robots with both LP and NLP
dynamic uncertainties. Next, these controllers are incorporated
into the 4-channel bilateral teleoperation framework. Then,
transparency of the overall teleoperation is studied via a
Lyapunov function analysis. A simulation study demonstrates
the effectiveness of the proposed adaptive scheme.

1. INTRODUCTION

Master-slave teleoperation systems have been widely
applied in many specific areas such as outer space and
undersea exploration, minimally invasive telesurgery, nuclear
waste site or radioactive material management, and so on. For
precise teleoperation, transparency is essential, i.e., the slave
must exactly reproduce the master’s position trajectory and
the master must accurately transmit the slave-environment
contact force to the operator so that he/she has the same
sensation that the slave does. However, uncertain dynamics is
one of the important sources of transparency limitations in
teleoperation systems.

In order to address this problem, different adaptive control
methods have been sought to mitigate the parametric
uncertainties in the dynamics of teleoperation systems.
Adaptive control schemes for linear master and slave models
have been developed in [1]-[4]. On the other hand, since robot
dynamics are generally nonlinear, adaptive control for
nonlinear master and slave models is more desirable and
challenging compared to those for linear ones. For the
nonlinear dynamics case, adaptive control laws were
designed for the master and for the slave in [S]-[11].

In terms of the structure of model uncertainties, all of the
adaptive teleoperation control work to date have only
considered linearly parameterized (LP) dynamic terms (i.e.,
terms involving model parameters that appear linearly in the
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parameterized (NLP) dynamic terms. Such NLP dynamic
uncertainties in the master and/or slave robots of a
teleoperation system degrade position and force tracking and,
therefore, degrade transparency if they are not compensated
for in the control scheme. Friction, which is ubiquitous in the
joints of the master and slave robots, is an example of NLP
terms [12]. Indeed, at the i th joint of a robot, the friction
force can be
modeled as
-2
. . . qi
My SE(G;) + 1y + (fhg = ) 5gn(g;) exp(=—)
Si
where ¢; is the joint angle position, g, 4,;, M, are the
coefficients of Coulomb friction, viscous friction, and static
friction, respectively, and v, is the Stribeck velocity. Note

that g, , u,; , 4, and v, are potentially uncertain
parameters, and v; appears nonlinearly in the dynamics.

To compensation for uncertain NLP terms, Feemster et al.
[13] designed an adaptive controller to compensate for
uncertainties in the parameters appearing nonlinearly in the
friction model. However, the result in [13] can only be
applied to setpoint regulation. For trajectory tracking, Hung
et al. [14] developed an adaptive controller to compensate for
NLP uncertainties in robot manipulators. The approach in [14]
has only been applied to motion control of a single robot in
free motion. So far, there has been no attempt at simultaneous
motion and force control in a master-slave teleoperation
system with NLP uncertainties. Motivated by this fact, the
contribution of this paper is in adaptive control of a bilateral
teleoperation system encompassing both LP and NLP
dynamic uncertainties. The proposed adaptive controllers for
the master and for the slave are then incorporated into the
4-channel bilateral framework to achieve transparent
teleoperation.

The organization of this paper is as follows. In Section I,
the nonlinear model of a teleoperation system is developed. In
Section III, adaptive controllers which can deal with LP and
NLP dynamic uncertainties are designed for the master and
for the slave, and incorporated into the 4-channel bilateral
teleoperation control framework. Then, transparency of the
entire closed-loop system is studied by a Lyapunov function
analysis. In Section IV, computer simulations are presented
comparing the performance of the proposed adaptive
controller with that of a conventional adaptive controller. The
paper is concluded in Section V.
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II. MODEL OF A TELEOPERATION SYSTEM WITH NLP
DYNAMIC TERMS

When interacting with a human operator and an
environment, the task-space nonlinear dynamic models of
n-DOF master and the slave robots can be written as

_Nxm(qm’qm’“m):fm+fh (1)
MX,Y (qS )xS + CXS (qY > qS )xS + GXS (qé) (2)
_Nxs(qs’q:’ns) = fs _fe

1 .. ..
where q,, and q, € R™ are joint angle positions, x,, and
X e R®! are end-effector Cartesian positions/orientations,

positive-definite  inertia

and symmetric
C.’(”‘l (qm > qm )
C.(q,.q,) e ROE correspond to Coriolis and centrifugal

terms, G,,(q,,) and st(qs)eﬂf{6Xl

matrices, and
represent gravity
terms, f,,and f e R™ are force/torque control inputs, and
f, e R s the force/torque that the operator applies to the
master, f, e R®! is the force/torque that the environment

AlSO, Nxm (qmsqm’nm)

Nxs(qs,('ls,’m.)e‘ﬁ6X1 represent terms whose parameters

applies to the slave. and

1n,,and 7, are uncertain and appear nonlinearly in the model,
and are assumed to have the multiplicative form

N,;(q,9,m;) = R(q.9.m,)7;(q,4.m;) 3)
Here and after, the subscripts m and s (for master and slave)

are omitted in the properties for brevity. For the i joint of

each robot, R;(q,q,nm;) and T;(q,q,m;) are nonlinear
functions assumed to be

W, =l 1" € RP14]:
‘Ri (9,9,m;) - R (q,q,M; )H

Lipschitz in

Pi
< ZAgj(an) n; — M|,V €N
J=1
I7:(0.4.m)~ T;(q,4.9,)|
;
< Zzg/((LQ) n; — M|, vn,M; €M

=1
where 4;(q,q), Z;(q,q) 20 are continuous functions.

Property 1 [15]. The first three terms in the left sides of
dynamics (1) and (2) are of LP structure:
M, (@)% +C,(q.9)x+G,(q) = Y(q.4. %, X)a

nxr

where a € R is the dynamic LP parameter vector, and
Y e R™ is aregressor matrix.
[15].

skew-symmetric:

Property 2 The matrix Mx (q)-2C.(q,q) is

¢’ (M, (q)-2C,(q.9))5 = 0,VE e R™

Property 3 [14]. The NLP terms in (1) and (2) satisfy

s'N,(q.4.m) <5'N,(q.4.0) +5" Q(s.q.4)0

where s = AX+AAx, AX is the position error between the
actual position and the desired position, AX is the velocity
error, A is a diagonal positive definite matrix, and

0=[0 o .. o1 en!

Di Di
0, =1 my)° D my) e
Jj=1 j=1

Q(s.q.9) := diag{sgn(s) )W, (¢, 4).....
sgn(s, )W, (q,4)] € R
W, =[4,q.9Z,q.9) |7(q.9.0)|4,(q.9)
+|R (4.4.0)] Z;(q. )] e R™
,Ar@d

,,,,,

Zl(qaq) = X max Zy(qsq)
J=1.2,....p;

III. ADAPTIVE BILATERAL TELEOPERATION CONTROL

In an ideally transparent teleoperation system, through
appropriate control signals, the master and the slave positions
and forces will match regardless of the operator and

environment dynamics, i.e.,X, =X, f, =f . To achieve

this ideal response, the 4-channel teleoperation control
architectures is the most successful one [16]-[18]. Thus, the
basic idea of our proposed teleoperation control scheme is
based on incorporating two adaptive position controllers for
the master and the slave into the 4-channel teleoperation
architecture.

Our goal is to design a control scheme for a teleoperation
system with both LP and NLP dynamic uncertainties (i.e.,
uncertainties both in @, and a,, and in n,, and n,) such
that good transparency is achieved. To do this, the fixed
position controllers for the master and for the slave in the
original 4-channel teleoperation architecture are replaced by
two adaptive position controllers, respectively. Other
controllers in the original 4-channel teleoperation architecture
are still utilized as force feedforward and feedback controllers
in the proposed approach.

A. Design of Control Laws and Adaptation Laws

Similar to the definition of s in Property 3, define two
vectors §,,, S, € %™ in the task space for the master and for
the slave, respectively:

s, =AX,, +MXx,, =X, —X,,. @)
s, = AX; + MX, =X, —X,, 5)
where
Ax,, =X, —X,, AX; =X, —X,,

X,, =X, —MX,,, X, =X, —AX
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From (4)-(5), we get

X, =S, +X X, =S8, +X,, (6)

mr >

X, =8, +X,,, X, =§,+X @)
Substituting (6)-(7) into (1)-(2), the open-loop dynamics of
the master and the slave become
M,, (q,,)s, +C,,(q,,.9,)s, =f, +1,
Y, (s Qs K> K )0, + Ny (05 6,m,) )
M, (q,)8, +C,(q.9,)s, =f, 1,
-Y,.(q,,4,,%,,, X, )a, + N, (q,.9,,n,) (€
where

Y}'ﬂr (qm > qm > xmr > xmr )am

= Mxm (qm)xmr +me (qm’qm)xmr +me (qm) (10)
Ysr (qs > qs > Xsr > iisr )as
= st (qs )isr + st (qv ’ qs )Xsr + Gxx (qv) (1 1)

Now, the control laws and the adaptation laws for the
master and the slave are proposed as the following:
o Control laws:
fm = _Kmsm + Ymr&m - Nxm (qm ’qm ’0)

-Q,0, +C,(f, -f,)—f, (12)
fs = _Ksss + Ysras - Nxs (qa > qs > 0)
7Qs‘és +C3 (fh 7fe)+fe (13)

where K, , K, C, and C; are diagonal positive-definite
0
respectively. Note that Q,, ,

0 _ are

m> s

matrices (or positive constants), and @, , @
- 0,0
Q.. 0, and 0, have been defined in Property 3.

Each of the control laws (12)-(13) includes six terms. The
first term is a feedback law for velocity and position tracking
between the master and the slave, the second term
compensates for the LP dynamic uncertainties, and the third
and the fourth terms compensate for the NLP dynamic
uncertainties. These first four terms together perform
adaptive position control. The fifth term implements force
tracking between the master and the slave (i.e., force
feedback to the operator), and the sixth term cancels the
human/master or the slave/environment interaction force in
the corresponding dynamics. The estimated LP parameters

s

estimates of a0, ,

S5 m?> 52

d,, and @, , and the estimated NLP parameters 6, and 0,

are updated by the following adaptation laws:
® Adaptation laws for the LP uncertain parameters in
dynamics:

A T A T
o, = _ramYm, SpolOs = _ras Ysr Ss

(14)

where I',,, and I’ are constant positive-definite matrices.

S
® Adaptation laws for the NLP uncertain parameters in
dynamics:

A T A
9m = l_‘ngm(gmsm > es

= rﬁx fss (15)

where I',, and I',, are constant positive-definite matrices.

We are now in a position to find the closed-loop system
dynamics. Substituting the control laws (12)-(13) into the
open-loop dynamics (8)-(9), the closed-loops dynamics for
the master and the slave are obtained as

M, (@8 +C o (-9,

= _Kmsm + YmrAam + Nxm (qm’qm ’“m)

_Nxm(qm’qm’o)_Qmém +C2 (fh _fe) (16)
st (q\ )ss +st (qs’qs‘ )ss

= _Ksss + YsrAas + Nxs (qs ’qs’ns)

7Nxs(qsﬁqs’0)7Qsés +C3(fh 7fe) (17)

where Aa,, =@, —a,, and Aa, =a, —a,. Multiplying both
sides of (17) by C2C37l , subtracting the result from (16), and
using s, = —s,, gives us a unified closed-loop equation for

the entire master-slave system as
(Mxm (qm ) + C2C3_1Mxx (qs‘ ))sm

+(me (qm ’ qm ) + C2C3_1st (qs ))sm
=—(K, +C,C;'K,)s,, +Y,,Aa,,

+Nxm(qmaqm7nm)7Nxm(qm3qm=0)7Qmém (18)

- C2C3_1Yser‘s - C2C3_1Nxs (qs 5 qs My )
+C,C;'N,(q,.4,,0) + C,C;7'Q,0,

Remark 1: In the controllers (12)-(13), switching activities
may exist because of the discontinuous function sgn() in
Q,, and Q,, which may be undesirable. This can be
alleviated by replacing sgn() with a smooth saturation
function, e.g.,

1 if s;>¢

if s;<¢

S; .

- if —eg<s;<¢
£

where ¢ is a small positive constant.

B. Transparency of the Closed-loop Teleoperation System

In this section, we will use a unified Lyapunov function to
study the transparency of the entire teleoperation system.

Theorem 1: Consider that the nonlinear teleoperation system
(1)-(2) has both LP and NLP dynamic uncertainties and is
controlled by the adaptive controller (12)-(13) using the LP
dynamic adaptation laws (14) and the NLP dynamic
adaptation laws (15). Assume the matrices C, and C;are
invertible. Then, s Aa A0 Ao, and A@ are

bounded. Moreover, the position tracking error
Ax,, =X, —X, converges to zero as { — « . Also, the force

m m m

tracking error Af =f, —f_ is bounded. m

Proof: Consider the Lyapunov function candidate

1331



1 _
V= _Szwn (Mxm (qm) + C2C3 le (qv ))sm

1
+—Ao T} Aa, +— AOTFHIAO
2 2

(19)
+ie,ca T lA
2 A a o
1
+EC2C3*'Aefr;jAes

where A9, = ém -0, and AO, = 65 —0, . Differentiating V'
along the trajectory of the unified closed-loop system (18),
using Property 2, and s, =-s,, gives

V==K, +C,C;'K,)s,, +s.Y, Aa,
83, (N (@ s M) = N (6,5 4,,0)
-Q,0,)+s C,C;'Y, Aa, +s7C,C; !
(Nm(qs,qs,m)—Nm(qs,qs,m—Qsés)
1 AdlT; 6, +AOT T, 6

m= am=—m

(20)

+C,C;'Ad T, +C,C,7'A0TT) es
Using Property 3, (20) becomes
V<-s (K, +CyC;'K,)s, +s' Y, Aa,,

-s7'Q,,A8, +s'C,C;'Y, Aa,
-s7C,C;7'Q A0, + AT a

m am m

ey
+A07T, 0, +C,C,7'AdTT a,

+ C2C3_1A07F9\03
Substituting the adaptation laws (14)-(15) into (21), we obtain
V<’ (K, +C,C;'K,)s,, (22)
From (19) and (22), we find that V' is positive-definite and
Vs negative semi-definite. Therefore, V' is bounded. Hence,

Aa,,, AB, , Aa, and A8 are bounded.

=Ax, +2Ax,, isa
BIBO stable system with a pole at —A , the boundedness of

s,, results in the boundedness of Ax,, . With s,, and Ax,,

bounded, it is imperative that Ax,, is also bounded. Moreover,

In terms of position tracking, since s,

from (22), we have
eigmin (K,,)8,8,, + €igmin (C cs‘IK.V 1S

s (K, +C,C;'K,)s 23)

m s
where eig,.. (K, ) and eigmin(CZC{lKS) denote the
minimum eigenvalues of matrices K, and C,C; 'K, ,

respectively.
Integrating both sides of (23), we get

eigmin (Km )J.Ot ||sm ||2dt + eigmin (CZCS_IKS )J.(: "ss ||2dt

< _J.ot Vi =V(0)—-V () <V(0) < oo (24)

Hence, s, =AX, +AAX, €L, and

Ax,, € L, . According to Barbalat’s Lemma [15], we can get

followed by

Ax,, >0 as t —> .

In terms of force tracking, we already have that
oA, A8, Ao, AB  are bounded and, according to the

umﬁed closed-loop dynamics (18) and Property 3, we have
(M., (@,,)+C,C5"' M (q,))s,,
~(C 1y (€5G,,) + C,C57'C (4, )8,
-(K,,+C,C; 'K ,)s,, +Y,, Aa,, —Q, A8,
—C,C,7'Y, Aa, +C,C,7'Q A0,

Thus, s,,is bounded. Furthermore, according to (16) and

(25)

Property 3, we have
CZ (fh - fe) < Mxm (qm)sm + me (qm’qm)sm
+K,s,, — Y, Ao, +Q, AOQ

—f, is bounded as ¢ — o .This concludes

(26)

Therefore, Af =f,
the proof.

IV. SIMULATION STUDIES

In this section, simulations are done to demonstrate the
validity of the proposed adaptive control scheme. We take
two identical rotational-prismatic (RP) manipulators as the
master and the slave robots, shown in fig. 1. The inertial,
Coriolis and centrifugal, and gravity terms and Jacobian
matrix of a RP manipulator are [19]:

Vi
®(x,))

.
&

4q,

"><

Fig. 1. Rotational-prismatic robot

ml? +mydy® 0
M(q) — |: 1°1 242 :I ,
0 m,
. 0 2mydyq
C<q,q)={ TR 1},
—myd, gy 0
L +m,d
G(q) = {(’”1 | Ty ?)g COS(‘]])} ’
m,gsin(q;)
Jo —d, sing, cosgq
| dycosq, sing |’
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where /| is the length of the first link, m; and m, are the
point masses of the links, g is the gravity constant, g, is the
joint angle corresponding to the rotary joint, d, is a variable
distance corresponding to the position of the prismatic joint,
and q =[q,,d, ]T. After transforming the dynamics from the
joint space to the Cartesian space, the LP parameter vector
can be found as @ = [mlll2,m2,mll1 g,m,g]" . Then, according

to Property 1, Y can be found.
For the NLP term, we consider the Stribeck friction effect,
2
ie., (1 — 1) sgn(g;)exp(— ‘1_21') . The NLP parameter vectors

i

0,, 0, canbe foundas 0,, =0, :[91,92,93,04]T , where

1 1
O =05 = (1 — Moy + Mo — Heo +_2+T)2

Vst Vs2

1 1

Oy =04 = g = Hoy + By = Hea +—+—
Vsi Vs2

Then according to Property 3, Q,, and Q, can be found.

The robot parameters [19], the friction parameters [14], and
the controller parameters are shown in Table 1.

TABLE 1: PARAMETERS OF THE ROBOTS, FRICTION TERM

AND CONTROLLER
m my kL g
4.6kg 2.3kg 0.5m 9.8kgm/ s>
M HMei Vsi A
3.5 0.49 0.189 0.11
Km’Ks Fam’ras r@m’rﬂs C25C3
101 0.051 0.051 3001

In the simulations, the human operator and environment are
modeled as

f, =1, —(m, %, +b,x,, +kX,),
f, =m,X +b,X; +k,X,,
where
my, =3.25kg, b, =20Nsm™" ,k, =300Nm™",
m, =1kg,b,=40Nsm™" ,k, =1500Nm ™"

are coefficients corresponding to the mass, damping, and
stiffness of the operator’s hand and the environment,

respectively. Besides, f; =[sin¢, O]T denotes the exogenous

forces of the operator.
According to Table 1, the true parameter vectors are

a, =0, =[1.15,2.3,22.54,22.54]"

0, =0, =[3845.2,62,3845.2,62]" .
The initial estimates of a,, ,a,,0,,and 0, are randomly set
as

a, (0)=a,(0)=[0.92,1.84,18.032,18.032]"

0, (0)=0,(0)=[1922.6,31,1922.6,31] .
Also, the robots initial positions are set as
x,,(0) =x,(0) =[0.4,0.6928]" .

The proposed adaptive control scheme is compared with a
well-known conventional adaptive control scheme [6] that
can only deal with LP dynamic uncertainties. The simulation
results in x-direction are shown in Fig. 2 and Fig. 3. From Fig.
2, we can see that for the proposed adaptive control, the
position trajectories of the master and the slave are very close
to one another, and the force tracking error is bounded and
quite small, as the method is meant to compensate for
uncertain a,,, o,, 0, and 0,. Comparatively, from Fig. 3,
we can see that for the conventional adaptive control, the
position tracking is not perfect and the force tracking error is
bigger, as the method cannot compensate for the NLP
uncertainties in @, and @ . Note that since the exogenous

force in the y-direction is zero (f: =[sinz,0]"), the positions
and forces are not shown in that direction.
0.43,

Master
== Slave

e §
a &
B
)

o
»
o

Positian trackingim]

0365 2 a [ [] 10 12 14 16 18 0
Time{sec]

Fig. 2 (a) Position tracking

0 . . . - — - : .
7 Y asler W
s f f \ Stwve £ \ f4
/ / i
ny \\ Fo
= { / \
T 0 / \ [ \
§ \ / \
8.0 \
& \
-40
| \ -
0 / o .
"/ N/ NS
-Bq] 2 4 L} B 10 12 14 16 18 20
Time{sec]

Fig. 2 (b) Force tracking
Fig. 2 Proposed adaptive control scheme, which deals with both LP and
NLP dynamic uncertainties.

Master

0.425 -]
£ 042
g
0415
E
§ 041
3
& 0405
0.4
0395 ri [ [ 10 12 4 18 8w
Tinejeec|

Fig. 3 (a) Position tracking
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Master

Saave
60
i
40 .'I
EwW
m O
]
£ 20
40
40
% 2 ] [} 10 2 ] 18 i =
Tinedsec]

Fig. 3 (b) Force tracking
Fig. 3 Conventional adaptive control scheme, which merely deals with LP
dynamic uncertainties.

Remark 2: It is worth noting that the estimated parameters
a, ,6,,, , 6S do not need to converge to their true values
a,,a,,0, .0 . A key point in adaptive control is that the

tracking errors of the system may converge to zero regardless
of whether the parameter errors converge to zero or not.

V. CONCLUSIONS

In this paper, for a bilateral teleoperation system, adaptive
controllers are designed for the master and slave robots with
both LP and NLP dynamic uncertainties. The controllers are
incorporated into the 4-channel bilateral teleoperation
framework. Transparency of the overall teleoperation is
studied via a Lyapunov function analysis and demonstrated
by simulation studies. Compared with the conventional
adaptive control scheme which cannot deal with NLP
dynamic uncertainties, the proposed control scheme has
better position and force tracking performance despite there
are deviations both in the LP and NLP uncertain terms.

With respect to position tracking, we have achieved that
the position tracking error Ax,, = X,, —X, converges to zero

as ¢ — oo , while for force tracking, we have shown the force
tracking error Af =f, —f, is bounded. Improving the

present control algorithm to ensure that the force tracking
error can converge to zero remains as future work. In addition,
time delay is assumed to be negligible in this paper, therefore
accounting for communication time delay especially variable
delay will also be addressed in our future work.
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