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Abstract

In this paper, an adaptive motion/force controller is developed for unilateral or bilateral tele-
operation systems. The method can be applied in both position and rate control modes, with
arbitrary motion or force scaling. No acceleration measurements are required.

Nonlinear rigid-body dynamics of the master and the slave robots are considered. A model
of the flexible or rigid environment is incorporated into the dynamics of the slave, while a model
of the human operator is incorporated into the dynamics of the master. The master and the slave
are subject to independent adaptive motion/force controllers that assume parameter uncertainty
bounds. Each parameter is independently updated within its known lower and upper bounds. The
states of the master (slave) are sent to the slave (master) as motion/force tracking commands
instead of control actions (efforts and/or flows).

Under the modeling assumptions for the human operator and the environment, the proposed
teleoperation control scheme is Ly and L., stable in both free motion and flexible or rigid contact
motion, and is robust against time delays. The controlled master-slave system behaves essentially
as a linearly damped free-floating mass. If the parameter estimates converge, the environment im-
pedance and the impedance transmitted to the master differ only by a control-parameter dependent
mass/damper term. Asymptotic motion (velocity/position) tracking and force tracking with zero

steady-state error are achieved. Experimental results are presented in support of the analysis.
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Nomenclature

Subscript indicating the properties of the master robot (v = m) or the slave robot
(v = 5).

Diagonal positive-definite control parameter matrix.

Diagonal positive-definite matrix for force feedback, A = diag{A¢, A,}.

Diagonal positive-definite matrix.

Diagonal positive-definite matrix.

Diagonal positive-definite matrix for filters, C' = diag{Cy, C;}.

Diagonal positive-definite matrix.

Diagonal positive-definite matrix.

Diagonal positive-definite motion scaling matrix.

Diagonal positive-definite force scaling matrix.

Selective factor for unilateral flexible environment.

Selective factor for unilateral rigid environment.

Selective factor between position-force mode (6 = 1) and rate-force mode (§ = 0).
Contact force/moment from the slave robot toward the environment, Fs =
[FL, FEIT.

Contact force/moment associated with the flexible environment.

Contact force/moment associated with the rigid environment.

Contact force/moment from the master robot toward the human operator.
Operator Exogenous force/moment.

Upper bound of operator exogenous force.

Position/orientation of the slave robot, Py =Vs.

Velocity of the slave robot, Vs = [VI, VIT.

Velocity associated with the flexible environment.

Velocity associated with the rigid environment.

Design vector associated with the slave robot, Vsq = [Vg}d, Vg;d}T.

Design vector associated with the rigid environment.

Position/orientation of the master robot, Py = Vin.

Velocity of the master robot.

Design vector associated with the master robot.

Equivalent inertial matrix of the master or slave robot incorporating opera-
tor/environment.

Skew-symmetric matrix.

Equivalent vector.

Parameter vector of the master or slave robot.

Regressor matrix of the master or slave robot.

I Introduction

Teleoperation system control has been extensively studied, motivated by a large variety of ap-

[5] and medical applications [6].

plications [1] ranging from nuclear operations and space exploration [2, 3, 4] to forestry-related tasks

Teleoperation can extend a human’s reach to a remote site or can



enhance a person’s capability to handle both the macro and the micro world.

A typical teleoperation system consists of a master manipulator, a slave manipulator, the human
operator, and the operated environment. If only the master motion and/or forces are transmitted to
the slave, the teleoperation system is called unilateral. If, in addition, slave motion and/or forces
are transmitted to the master, the teleoperation system is called bilateral. Hannaford [7] proposed a
two-port teleoperation system model based on circuit theory. Ideal transfer functions are presented
and the system deviation from the ideal response is suggested to be the inadequate cancellation of
mechanism impedances. The use of observers is proposed to estimate efforts and impedances. This
approach addressed more issues of control architecture than design and no stability or performance
measures are given. Kosuge et al. [8] proposed an approach to control a single-master and multi-
slave manipulator system by using a virtual internal model. This approach is based on the complete
cancellation of robot dynamics. Goldenberg et al. [9] discussed control objectives by specifying
hybrid parameters with network theory. Anderson and Spong [10] addressed the time delay issue in
maintaining stability for bilateral teleoperation. They used scattering operators to design the controller
in such a way that the stability is guaranteed with strictly passive operators and environment. This
scheme recently led to a modular controller design applicable to complex robot systems [11]. Although
asymptotic stability is ensured [12], no motion/force tracking is provided. Leung et al. [13] eliminated
the passivity requirement for the operator and the environment, and designed a controller based on
H, theory via p-synthesis. This approach guarantees stability for a pre-specified time-delay margin.
Lawrence [14] revealed the conflicting issues between stability and transparency and proposed a unified
four-channel control structure. Perfect transparency with ideal kinesthetic feedback was achieved in
[15] provided that the master and slave manipulator dynamics are known and their accelerations
can be measured. Colgate [16] proposed an impedance shaping control scheme to deal with different
impedance and different geometric scales between the task and the human operator. Robust stability
criteria were discussed. Lee [17] applied telemonitoring force feedback to address the time delay
issue in teleoperation. The trade-off between robustness and performance was explored to achieve

optimization. Kazerooni et al. [18] and Yan and Salcudean [19] proposed two schemes based on Ho,



optimization which leads to high dimensional matrices with high computational load.

In this paper, a novel teleoperation controller design method is presented based on adaptive
motion/force control of the master and slave (see Fig. 1). The approach is applicable to unilateral
or bilateral teleoperation in position or rate control modes with arbitrary motion/force scaling. The
dynamics of the human operator and the dynamics of the flexible environment are assumed to be
second-order mass-damping-stiffness systems with known upper and lower bounds on otherwise un-
known parameters. A dynamic model of the human operator is incorporated into the dynamics of
the master, while the dynamics of the environment are incorporated into the dynamics of the slave.
Each of the master and slave robots are controlled by independent adaptive motion/force controllers.
Compared to previous teleoperation designs, this framework has four novel features. First, stability
is guaranteed with motion/force tracking, and is robust against time delays. Second, the parameter
uncertainties in the systems are well compensated by parameter adaptation and strong feedback con-
trol. Third, both rigid and flexible environments are considered. Forth, the full nonlinear dynamics
of the master/slave robots which consist of the dynamics of the links and joints, the dynamics of the
environment, and the dynamics of the human operator, are taken into account in a wvirtual decompo-
sition based adaptive control design [21], in which each unknown dynamic parameter can be updated
independently within its lower and upper bounds. Within a specified frequency range, the master-slave
system behaves like a free-floating mass plus a linear damper specified by control parameters, which
results in excellent motion tracking and asymptotic force tracking.

This paper is organized as follows: Section II presents the dynamics and adaptive control of the
master /slave robots. Bilateral teleoperation design with both position-force and rate-force control is
addressed in section III. Section IV presents experimental results. A discussion follows in section V.

Finally, conclusions are drawn in sections VI.

IT Adaptive Motion/Force Control of Master/Slave Robots

This section presents the adaptive control design of the master robot incorporating a human

operator and of the slave robot incorporating a rigid/flexible environment.



A. Dynamics of the Slave Robot Incorporating A Rigid/Flexible Environment

1) The Environment: Without loss of generality, assume that the environment is unilateral,
and is flexible in a ny dimensional space and rigid in a n, dimensional space, with ny +n, = 6. For
a case in which pure free motion is involved, the free motion can be considered as a special case of
flexible contact motion with zero contact force along the free motion subspace.

In general, every environment possesses a certain amount of flexibility. To determine an envi-
ronment as flexible or rigid is completely dependent on its mechanical impedance. If an environment
possesses comparable or lower mechanical impedance than that of the controlled robot, it is considered
as a flexible environment. Soft springs and soft tissues are flexible environments. If an environment
possesses much higher mechanical impedance than that of the controlled robot, it is considered as a
rigid environment. Table mounted aluminum and steel may be considered as rigid environments in
most cases.

Two binary selective factors oy and o, are defined by

o — 0 free motion

Fo= 1 contact with flexible environment ,
o - 0 free motion

T 1 contact with rigid constraints .

Let Fs = [.7-"2} FIT € RS be the contact force from the slave robot toward the flexible/rigid environ-
ment, expressed in a special task frame V¥, and let Vs = [Vg} VIIT € R® be the velocity expressed in
the same task frame ¥, where F,; € R"/ and V,y € R"/ are associated with the flexible contact, and

Fsr € R™ and V. € R™ are associated with the rigid contact. The rigid contact dynamics is

Vor = (1 - Ur) Vsr (1)
Fo = op Far; (2)
and the flexible contact dynamics is
of [My Xy + Dy X +6 Ky Xp+(1-0) ¢f] = Fo (3)
Xop = o5 Vs, (4)



where

54 { 1 position — force control mode
0 rate — force control mode

is a binary selective factor between position-force control mode and rate-force control mode, ¢; €
R™ N Ly is a bounded vector with known form and unknown parameters, My, Dy, and Ky are
ny X ny constant, time-invariant, symmetric, and positive-definite matrices associated with the in-
ertia, the damping, and the stiffness of the flexible environment, respectively, and &;; denotes the
deformation of the flexible environment, i.e. the error between the current position/orientation and
the position/orientation at contact.

Remark 2.1: The special task frame ¥ is completely application oriented. The choice of this
frame with special partition of flexible/rigid contacts requires a priori knowledge of what the operator
is attempting to achieve.

Remark 2.2: In modeling the dynamics of the flexible environment, only second-order linear
time-invariant (LTT) models are considered for simplicity. The extension of this model to a more
general case requires further research.

Remark 2.3: Euler parameter (quaternion expression) is used to represent all orientations in
SO(3) throughout this paper. For each quaternion expression, the unique singularity point corre-
sponding to a rotation of 7 from the reference orientation is assumed not to be reached. This means
that for large changes in orientation, the reference orientation should be changed by rate-force control.

Remark 2.4: The model (3) is able to incorporate pure free motion as long as the corresponding
elements of My, D¢, Ky, and ¢y are set to zero, while still maintaining symmetric positive-definite
property in the remaining flexible contact subspace.

Remark 2.5: In the model (3), no stiffness term is assumed when rate-force control is used. This
is true for some applications such as soil excavation where the position-dependent resistant force in
the sliding direction can be bounded. For other applications, if a stiffness term is necessarily involved
with rate-force control and the slave working range is limited, then this stiffness term is bounded and

can be included in ;.



2) The Slave Robot: A 6 x 6 reordering matrix [Sf S,] is formed such that
_ T
(o513
where Sy € R5*"s and S, € R%*™ contain unit, orthogonal, and constant vectors that span the
flexible contact subspace and the rigid contact subspace, respectively.
A frame O is located at the contact point between the environment and the slave robot, and is
fixed to the slave robot. The force/moment and linear/angular velocity of frame O and expressed in

frame O [21] can be written as

o = 1,7 [ Sr}lgizf] (5)

v = To[Sf Sr} [(1—?;)%1’ (6)
where T, € R6%0 is an invertible transformation matrix, e.g. the right-low 3 x 3 sub-matrix may rep-
resent the transformation between angular velocity and the time-derivative of quaternion expression,
and remains full-rank as long as the unique singularity point is not reached.

Based on the concept of virtual decomposition [21], only the dynamics of the links and joints
are required to represent the dynamics of a robot. Assume that the slave robot is a six-joint robot.
Joint j, j = 1,2,---,6, connects link j — 1 with link j. Link 0 is connected to the base and link 6 is
connected to the end-effector. Six auxiliary frames L;, j = 1,2,---,6, are each fixed to link j with

their z axis coincident with the jth joint.

The velocity transformation equation within the manipulator is
Ly =k UL B+ 75 4 (7)

where ¢; € R denotes the displacement of the jth joint, Z; = [0 0 1 0 0 0]7 for a prismatic joint
and Z; =[0 000 0 1]7 for a revolute joint, L~z € R%*6 denotes a force/moment transformation
matrix which transforms a force/moment measured and expressed in frame L; to that measured and
expressed in frame L;_1, and LV € RS denotes a generalized linear/angular velocity of frame L; and

expressed in frame L;. By setting ¢; = 0, (7) gives the velocity transformation within a rigid body.
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The dynamics of joint j is
T AL gt +dj =7 — 2] LF (8)

where I € R is the equivalent rotational inertia, §;(t) € R is the frictional force/torque, and d; € R
denotes a constant uncertainty, 7; € R is the joint control force/torque, and LiF € RS denotes the
exerting force/moment from link j — 1 toward link j, measured and expressed in frame Lj;.

The dynamics of link j can be written as

d ;. , ,
My, %(LJV) +CL, MV + G, =M E, (9)

where My, € RY%6 is constant, symmetric, and positive-definite, CL, € R6%6 is skew-symmetric,

Gr; € RS is a vector [21], “F denotes the net force/moment of link j and is governed by
Lip=tirp-Lig,,  LioF (10)

with L7F =0 F.
In view of (1)-(10), the dynamic model of the slave robot incorporating the rigid/flexible envi-

ronment can be written as

(T M T) Vi + (T C T+ TE M T) Vi + T G = T 7 — [ . Of ] . (1)

where

T
v, = [VL (a-e)Vi ],
T
Ts = [Tla"'aij"'aTG] )
M, = diag{M*,0; My},
Cs = diag{C*,0},

gs = [Q*T,[Df Xep+06 Ky Xgp + (1 0) SOf}T}T’
®J1T, [ S S ]

[ Iy Onpn, |
T, = Jrr,7T [Sf Sr} )

7



M* = diag{l{,---,I5,Mp,,---, M.},

C* = diag{oa"'vochla'"7CL6}a

g = [(gl(t) + dl)v N (gﬁ(t) + dﬁ)ngla o 'aGgg}T )
Jo= [ME 2 MG Zy - WUE Zs |
Is
A
d = LIUEQ A Zy
byt zy Ui Zy - Zs

A detailed procedure for obtaining (11) is given in Appendix A.

B. Dynamics of the Master Robot Incorporating the Human Operator
1) The Human Operator: Based on the research in [22, 23], the following two-order LTI model
is used for the operator.

My, X, + Dy, X, + Kp, X, = Fo — Fr (12)

where My, Dy, and Kj are three 6 x 6 constant, time-invariant, symmetric, and positive-definite
matrices associated with the inertia, the damping, and the stiffness of the human operator, F,, € RS
is the reaction force/moment from the master robot toward the human hand, F; € RS denotes the

exogenous force/moment generated by the operator, subject to
[Frlloo < an < 400 (13)

where ay, is a positive constant, and A, = [z} ul]7 € RS denotes the position/orientation of the
human operator, where xj, € R? is the linear position and pj, € R® is the vector part of a quaternion
expression [{p, uf]T € R* between the current operator hand orientation and the reference orientation.

Remark 2.6: The dynamics of a real human operator is very complicated, is posture-dependent,
time-dependent, and subject-dependent. The LTI model (12) is only an approximation at certain
operation points within certain parameter ranges. Further research will take into account the adaptive

properties of the human operator with respect to object control dynamics.



Remark 2.7: The quaternion expression is used to express the operator hand orientation. Ro-
tation of 7w will not happen in most cases. Therefore, this quaternion expression is assumed to be
singularity free.

Assume that a frame T is fixed to the handle of the master robot. The velocity transformation

from X, to TV is
TR 0

1 -
0 [5 (€n I3 — (th)]}

where TV € RS denotes a generalized linear /angular velocity of frame T, expressed in frame Y, and

T, =

TR; € R3*3 is a rotational matrix which transforms a vector expressed in the inertial frame to that
expressed in frame Y. Matrix T}, € R6*6 remains full-rank as long as &, # 0.

2) The Master Robot: By setting
Prn=Xn, V=X, V=24, (14)

and following an approach similar to that leads to (11), the dynamic equation of the master robot

incorporating the human operator can be obtained as
(T M Tia) Vi + (T, Con Ton + Ty Min Ta) Vi + T G = Ty 7o — F (15)
where
M, = diag{M*, M},

Cm = diag{C*,0},

. T
G = (67, [Dn &+ Ky 27|
(e utm,

T =T
T, = J'T; 7,

Tm € RS is the control vector, M*, C*, G*, J, and ® have the similar forms as these in (11), except
frame Y is substituted for frame O.

Remark 2.8: 1t is clear from (11) and (15) that the dynamics of the flexible environment is incor-
porated into the dynamics of the slave robot and the dynamics of the human operator is incorporated

into the dynamics of the master robot.



C. Adaptive Control Design

The control laws for both the slave robot (11) and the master robot (15) are designed as

0
Oy A;l (0;1 1.jsrd + VSTd)

Tm = Im {7—’”7; Ym ém + K (de —Vm —A ﬁm) + ap, sign(de —Vn—A ﬁm)] 5 (17)

s = T [zTys és+

+Ks Vsg—Vs— A fs)] , (16)

where Vg = [Vg}d,vg;d]T € RS with Vsra € R and Vg € R™, and Vg € RS are two command
vectors, Ky € R*6 ~ = {s,m}, is a positive-definite feedback gain matrix, A = diag{Ays, A, } € R6*®
is a diagonal positive-definite matrix with small elements, where Ay € R"/ and A, € R"", -7:—7 € RS

denotes a filtered contact force governed by

Fo+CF =CF,, (18)

where C' = diag{Cy,C,} € R%*6 is a diagonal positive-definite matrix with Cy € R"/ and C, € R™,
(:)AY denotes the estimate of ©, which contains all constant dynamic parameters of the slave or master

robot, and ), is a regressor matrix defined by

| =

Vy Oy =M, [Tv(Vvd_Afv)]"‘CvTv(Vvd_Afv)"‘gv- (19)

U

t

The block diagonal property of M., and C, makes ), block diagonal. It follows that
T r 17
Vy Oy = {(yvl le) »"'a(yvk G)’Yk) ’} ) (20)

where ), O, corresponds to the kth subsystem which may be a rigid link (9), a joint (8), the
environment (3), or the human operator (12). The block diagonal structure of )., ©, allows parallel
calculations to take place in controller implementations.

Remark 2.9: The control laws (16) and (17) are typically model-based feedforward compensation
plus feedback control. The design philosophy is similar to the Slotine and Li controller [24]. The
first two terms in the right hand side of (16) and the first term in the right hand side of (17) are
feedforward compensation terms. The remaining terms in the right hand sides of (16) and (17) are

feedback correction terms.

10



Remark 2.10: The introduction of force signals into velocity feedback can be found in previous
publications [25, 26]. However, force signals are used differently in this paper. First, a filtered force
instead of the force integral is used; and second, a small gain matrix A is used as opposed to [25, 26].
As will be seen below, using a small gain matrix A is a key point in achieving a stability guaranteed
design.

Remark 2.11: In control law (16), the desired contact force in rigid constraint space is taken as a
feedforward term enabled by the rigid contact binary factor o,.. The value of o, can be determined by
the relationship between the velocity and the contact force, since in rigid contact there is zero velocity
with a considerable amount of force.

The parameter adaptation for both the slave and master robots is proposed as

Oyi = Pyi Kyi Syi, (21)

Swi:y'yTi Ty (V'yd_vv_Aﬁ“y)
0 (f)”ﬂ' < @;i and s,; <0
Ry = 0 @’Y’i Z @;—z and Syi 2 0
1 otherwise

where the subscript i is assigned to the ith parameter of either the salve (y = s) or the master
(y = m) robot, py; > 0 is the update gain for the ith parameter, ),; denotes the ith column of
Y,, and @;i and 92; denote the lower and upper bounds of the ith parameter ©.,;. By assuming
O, € [0, @fm, it is easy to check from (21) that

~

(©4i = ©yi) (syi — év/ﬂvi) = (04 — éw) Syi (1 —Fqyi) <0 (22)

A simple example of applying (16), (19) and (21) is given in Appendix B.

Remark 2.12: Parameter adaptation (21) can be performed with respect to each parameter
independently. Each parameter is assigned a pair of lower and upper bounds @,;i and @fyri, which can
prevent the parameter estimate from drifting. A large difference between the lower and upper bounds
means a large uncertainty of the parameter. For a known parameter, of course, its lower bound is
exactly equal to its upper bound.

Calculations of (16), (17), and (21) involve three steps as follows:

11



1) Step 1: Calculate 7, V, and T, (V,q — A .7:"7) This step is performed recursively.

2) Step 2: Calculate ), (:)7 in (20) and (i)7 in (21). This step is performed in parallel because of the

block diagonal structure of M. and C,, and in turn the block diagonal structure of ), (:)7.

3) Step 8: Calculate (16) and (17). A corresponding recursive calculation is required.

D. Stability

Substituting (16) into (11), and (17) into (15) and using (19) yield

T d F
7; MS a |:7.—S (Vsd_VS_Afs)}
- 0
J— _ T - - - )
= ~(TFCTo+Ks) Vea— Vs — A Fy) l op [A1 (C Vg + Vira) — Firl
+7;T Vs (05 — é)S) ) 23)

+T.F Vi (O — Om) . (24)
Two non-negative functions are chosen as

‘/s = {(Vsd_vs_Aﬁs)TETMsﬁ(Vsd_VS_Aﬁs)

N =

+o, (Vsrd — A, j:sr)T (A'r Cr)_l (szd —A, j:sr) + Z(Gsz - ési)Q/psi 5 (25)
1 ~ -
Vo = 5 |V =V = A F)" T Mun Tor Vina = Vi = A Fon)

For constant o and o,, the time-derivatives of (25) and (26) are obtained below in (27) and

(28), using (23), (24), (18), (22), and the fact that C, is skew-symmetric.

Vs < _(Vsd_Vs_Aﬁs)T ]Cs (Vsd_Vs_Ajf‘s)

— 0Oy (Vsrd - Ar -7}57“>T (A;l) (Vsrd - Ar ﬁsr) 5 (27)
Vm < _(de_Vm_Aﬁm)T Icm (de_vm_Aﬁm) (28>

12



Theorem 1: Consider a slave robot incorporating a rigid/flexible environment (11) and a master
robot incorporating a human operator (15) subject to control (16) and (17), respectively, under the

parameter adaptation (21). It follows that

1>

Ps Vsd - Vs —A fs € L2 ﬂLoo ) (29>

1>

Pm Vid = Vm — A Fm € Lo )Leo (30)

for constant o and o,.

Proof: In view of (25)-(28), it follows that V; > 0, V;,, > 0, V. <0, and V,,, < 0 for constant oy and
or. This implies that ps € Lo and p,, € Loo. Furthermore, integrating (27) and (28) yields ps € Lo
and p, € Lo.

VvV

Remark 2.13: Note that (29) is valid only when o ( o is involved in M) and o, are constant,
either one or zero. When transition phases are considered, Vs can be uniformly continuous, i.e.
Vi € Loo, only when the flexible environment has zero mass (M; = 0 in (3)) and n, = 0. In other
cases of rigid contact (where the velocity jumps to zero at contact) and flexible contact with non-
zero environment mass (where the mass collision happens, which also leads to velocity jump), infinite
acceleration occur. Therefore V; € Lo may not hold. The stability analysis for transition phases of

rigid contact and of non-zero mass collisions remains an issue for further research.

IIT Teleoperation

Since both the slave robot incorporating the environment and the master robot incorporating the
operator are subject to independent adaptive motion/force control, the teleoperation design is greatly
simplified and involves specifying two design vectors Vsq and V,,4. In this section, both unilateral
teleoperation where only Vg4 is specified and bilateral teleoperation where both Vs and V,,q are

specified are addressed.

13



A. Unilateral Teleoperation
In unilateral teleoperation, commands only flow from the master to the slave. There is no force

information feedback to the master. The only design vector V,q is obtained from

Vsi +C Vsqg = C R(t) , (31)

where R(t) € Lo denotes the command from the master robot.
Lemma 1: Consider an equation & + ¢ x = u, where ¢ > 0 is a positive constant, and x is a
differentiable function. If u € L, then & € Lo, and x € Ly; and if u € Lg, then & € Lo and x € Lo.
VVV

Lemma 2: Consider an ordinary differential equation
MX+DX+KX=U,

where M, D, and K are n xn, n > 1, time-invariant symmetric positive-definite matrices. If U € L7,
then X € L%, X € L, and X € L.
VvV
In view of (31) and Lemma 1, it follows that Vg € Lo and Vg € Loo. From (29), (1)-(4), (18),
and Lemma 2, it follows that Vs € Lo, Vs € Loo, Ves € Looy Xsp € Loo, and Fy € Leg, where Q,
Qf = {Vsf, Xy}, is defined by @f + Cy Qf = Cy Qy. Furthermore, it follows that Vs € Lo, and
Xgp € Loo.

Substituting (16) into (11) and using (18), (19), and (29) yield

1‘)Sf * st
s , - y S 2
g l(l_JT)VST+UTfST] As l(l_ar)vsr+0rfsr B (3>
where
A T Iy, 0 0 0
As - (7; MS 7;) l 0 (1 _ 0'7-) Inr ] + [ 0 O',r. InT 5
x* A T\ of My 0
A A g My AC | ] UTIM],
Bsé(ﬁ%&ﬁ)O@+AC£—WAC[DWW+5&€M+O—®W )

14



0

T . T 5 . T T A .
+(7; M Ts + s Cs 7;) (Vsd A j:S) +7; Gs + o, A;l (C;l Vrd -f-vsrd)

+Ks Ps_(ﬁTCs 7;+7;TMS 7;) Vs—7;T Gs .

. . T
An algebraic loop about |:V87}‘ (1-0,) VI +o0, .’FT] is formed due to the first term in the

sr

right hand side of (32) which results from the control law (16) and (19). To preserve stability in a

discrete implementation, a necessary and sufficient condition is that
det (2 o + A" A7) =0 (33)

has solutions inside the unit circle. In view of A%, this can be insured if there exists a positive constant
o such that

[AC| <os. (34)

Since Bs € Ly, it follows that V, € Loo and Fs € Ls. In view of (23), ps € Lo is achieved.
Furthermore ps — 0 is obtained in terms of (29).

Theorem 2: For the slave robot incorporating a rigid/flexible environment (11) combined with
the adaptive controller (16), (19), (18), (21), and the unilateral teleoperation controller (31), under

the condition (34), it follows that

Vsra — Vsg — Ay fsf — 0, for constant o,
Vord —Vsr — 0, foro.=0,
Verd — Ay For —> 0, foro,=1.
\YAVAY,
This achieves impedance control for flexible environment contact, velocity tracking for approach mo-

tion, and force tracking for rigid environment contact within a frequency range [0, o (C,)/2n], where

a denotes the lowest singular value.

B. Bilateral Teleoperation

In bilateral motion/force teleoperation, the two design vectors Vyq € RS and V,,q € RS are
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specified as

Vi = fp Vi +APp) =6 APs— Ary F, (35)

Vina = #y" { Va0 APy — iy A P — A [+ (i — ip) Fl} (36)

where k, € R6*6 and Ky € R5%6 denote the motion scaling and force scaling matrices, respectively,
from the master towards the slave, § is a binary selective factor between the position-force control
mode (§ = 1) and the rate-force control mode (§ = 0), A € R%*® > 0 is a diagonal control matrix, P,
and P denote the position/orientations of the master and the slave, respectively, subject to P = Vi

and P, = V,. Let Q, Q = {Vin, Vs, Pm, Ps}, be obtained by first order filtering
Q+CQ=CQ. (37)

The diagram of the complete bilateral teleoperation control system is illustrated in Fig. 2.

Remark 3.1: The teleoperation design (35) and (36) makes Ve and Vg be functions of Vy,, Vs,
Fum, and Fs, in terms of (18) and (37). Therefore, no acceleration measurement is required by the
controllers (16) and (17).

Remark 3.2: Note that P; may involve Euler quaternions to express orientation. In order to avoid
the unique singularity point corresponding to rotation of m, rate-force control should be employed for
large rotations in free motion.

Substituting (35) and (36) into (29) and (30), and doing summation and subtraction yield

Ps = Kp pm = kp V= Vs + A [kp P =0 Ps] +p Vin — Vs + A [y P — 6P|, (38)
ps+ kp pm = Kp Vm — Vi) + Vs — Vs
+A p (P —Pr) + 0 A (Ps —Ps) =2 A (Fa + kg Fin)
N (npf)erf/SJrAnpfieréAf}S)
2 A (Fs+ 55 Fm) . (39)

Equation (38) can be rewritten as

i‘i‘i:ps_ﬁppma (4())
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where

[P
!

Kp Vi — Vs + A [kp P, — 06 P, (41)

X+CX = CX. (42)
Substituting (42) into (40) and using Lemma 1 yield i € Lo Lo, X e L N Loo, and further
XeLy()Lo- (43)
In case of position-force control (§ = 1), it follows from (41), (43), and Lemma 1 that

A
Pp=FKp Vm —Vs € LgﬂLoo, (44)

pe 2 kp Pr—Ps € Lo()Loo- (45)

This guarantees Lo and L., stability for both velocity and position errors, regardless of free motion
or flexible/rigid contact motion.

In case of rate-force control (§ = 0), it follows from (41) that

=

pr = (Kp Vim + A kp Pp) — Vs € Lo ﬂLoo ) (46)

This guarantees Lo and L, stability for an error between the slave velocity Vs and a combination of
the master velocity and position denoted as kp Vy, + A kp Py

In view of (44)-(46), equation (39) can be re-written as

1 ~ ~ ~
5 P= ATV CT (s +A) Kp Vin + (Fs + 55 F) (47)

where
PéA_l [_5 C™h (s +A) pp— (1 —10) ct s pr+ (ps + Fp Pm)} )

s denotes the Laplace operator, p, and p, are governed by 5p +C pp =C pp and ﬁr +C pr=0C py

with p, and p, defined by (44) and (46). In view of Lemma 1, it follows that

p€Ly)Leo - (48)
Four cases are studied as follows.

17



Case 1: When the slave is in free motion with oy = 0 and o, = 0, we have F; = 0. It follows

from (12) and (47) that

pa:Ma ]}m‘i‘ﬁa 1}m‘i‘l)a Pma (49>
where

1 -
5 p—ny Fi,

At ot kp + kg My,

SIS
IS] IS}
> i

S
1>

ALt A kp + Kk Dy,

>
(1>

kf Ky,

and .732 +C Fr=C F;. In term of Lemma 2, it follows from 5, € Lo, that P € Lo, Vim € Loo, and

f}m € L. Furthermore, it gives

Vm € Lo, (50)
Prm € Lo, (51)
Fm € Leo, (52)
V, € L. (53)

Case 2: When the slave is in contact with the flexible environment with oy = 1 and o, = 0, it

follows from (44) and (46) that
Vs=kp Vm — 0 pp+(1—6) (A kp Pru—pr) . (54)

Furthermore, it follows from (47), (3), and (54) that

where
- A _ . I8 IS . ~ ~
Py = Pat dlag{vao} [5 Pyt (1 - 5) pr} + dlag{Df,O} [5 pp t (1 - 5) pr]
+0 dlag{Kfv 0} Pe — (1 - 5) [@?7OT]T s
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1>

M, + diag{My,0} k, ,

Dy + (1 —06) diag{My,0} A K, + diag{Dy¢,0} &, ,

|
>

|
I

K, + (1—90) diag{Dy,0} A k, + & diag{Ky,0} K, .

Note that 7, € Loo. It can be checked that equations (50)-(53) are still valid. Furthermore, it follows
from (47) and (48) that

F.€ Ly . (56)

Case 3: When the slave is in contact the rigid environment with oy = 0 and o, = 1, we have
Ver = [0,1n,] Vs = 0. In view of (44)-(46), it follows that [0,I,.] Vim € Lo and [0,1,,] Pm €
L. By following the steps of Case 1 and reducing dimension from 6 to ny, [I, f,()} Vin € Lo and
[Inf,O} P € Loy can be obtained. This yields F, € Loo from (12) and (14), and V, € Ly from
(44)-(46). Furthermore, it follows from (47) that F, € Le,. Thus, (50)-(53) and (56) hold.

Case 4: When the slave is in contact both the flexible and rigid environments with oy = 1 and
or = 1, results (50)-(53) and (56) are still valid by following the steps in Cases 2 and 3.

Lemma 3: Equations (50)-(53) and (56) hold for constant o and o,.

VVV
Substituting (16) into (11) and (17) into (15), and using (3), (12), (18), (19), (29), (30), (35),

and (36) yield

A 0 Vi A AR Vi B,
0 A, VSf == A* A* st + B* ,
(1_Ur) Vor + 0 For o ° (1_0'7*) Vor + 07 Fer 3
(57)

where As and A% have been defined by (32), and

An 2 (TF My To) € R,

A B (TD Mo To) Ky 5y A C My, € R

s A T 1 of My 0 66
Ams - (mMme)Hp AC{ 0 Urfnr‘|€R ’
M & [T M To) A C o+ 0p ding{0,1,}] wp My € R,
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of [Df Xsf+5Kf Xsf+(1—5) gof}
0

3
>

. 77 Mo T {npl AC l

—|-I<.7p_l IifAC(Dh Xh—l-Kh Xh—l—f;:)
iyt F)s—i-éAf)s—k;pAVm—i-AC(fs—i-mf Fa)l}
‘I’(Tnj; M, Tm"’Trg Com Tn) (pm+vm)+7;5 G + Ko Pm

+ay, sign(pm) — (TL Con Ton + T2 Moy Ton) Vin = Tok G — Fr € RS,
of [Df Xep 406 K; Xy + (1 —0) 5] ]

R
w %
(1>

—TIM, T, AC :

— (T M, T5 A C + diag{0,0, I,}) &y (Dp & + Kp Xy + F)

+TL Mo To [y Vi + A Vi) =8 A Vs + A C (Fo+ 1y F)|
HTS Ms To + T G To) (ps + V) + T G
+diag{0, 07 In,} [A™" Ky (Vi + A Prm) =0 A7H A (C71 Ve + Ps)] + Ko ps
(T C T+ T Mo To) Vs = T Gs € RS
In view of Lemma 3 and Lemma 1, B};, € Lo, and B} € L, can be ensured. Note that A}, A* ., and

A% are continuous about A C, and are zero when A C' = 0. Therefore, there exists a positive constant

op such that for

[AC| <oy, (58)
the solutions of
AL A AL A
det <z Io + A A Aglﬁg D =0 (59)

are within the unit circle. Thus, it follows that YV € Lo, Y, € Loo, Fin € Lo, and Fg € L. Finally,
it follows from (23) and (24) that ps € Lo and pp, € Loo. This indicates that ps and p,, defined by

(29) and (30) are uniformly continuous functions in Ly and L. This implies
ps — 0, (60)
pm — 0 (61)
for constant oy and o,. Consequently, it follows that
kp Vm—Vs — 0 (62)

20



kp Pm—Ps — 0 (63)

in position-force control and

(Kp Vm + A kp Pp) = Vs — 0 (64)

in rate-force control.

To study the transparency of the complete teleoperation system, (47) can be re-written as
- . B L - 1
— m:fﬁlflfs—f-ﬁflfipA 10 1(5+A) Vm+§ﬂf1p (65)

Remark 3.3: This equation summarizes the transparency properties of the complete teleoperation
system. Within a certain frequency range bounded by ¢(C)/2n, we have F,, ~ Fpn, Fs ~ Fs, and
Vi ~ Vin. Note that p — 0. The term in the left hand side denotes the force from the operator
toward the master. The first term in the right hand side devotes the contribution of the operator
force to the task execution. The second term indicates that the teleoperation system behaves as a
free-floating mass 5;1 kp A1 C~! plus a linear damper 5;1 kp A=t C~1 A, which are completely
specified by control and scaling parameters instead of system parameters. In fact, the equivalent mass
and damper contribute to transparency error. In order to reduce the transparency error, large A
and C are required. However, they are limited by (58) for maintaining the stability of an algebraic
loop specified by (57). Therefore, the choice of A and C' specifies the trade-off between stability and
transparency. Another way to reduce transparency errors is to use small motion scaling x, and large
force scaling x, subject to task specification.

The results of bilateral teleoperation control in both position-force control mode and rate-force
control mode can be summarized into the following theorem:

Theorem 3: For a bilateral teleoperated system in which both the master and the slave are
subject to independent adaptive motion/force control and satisfy (29) and (30), applying the teleop-
eration controller design (35) and (36) results in:

a) Ly and L stability for both free motion and flexible/rigid contact motion in the sense of (44) and

(45) with position-force control and (46) with rate-force control;
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b) asymptotic motion (velocity /position) tracking for both free motion and flexible/rigid contact mo-
tion in the sense of (62) and (63) with position-force control and (64) with rate-force control; and
c¢) within a certain frequency range bounded by g (C') /27, the overall teleoperation system is equivalent
to a free-floating mass n}l kp A7t C~! plus a linear damper 14;]71 kp A7 C~1 A, specified by control
and scaling parameters.
VVV
Remark 3.4: In case of no parameter uncertainty, it is obvious that exponential stability and

convergence can be achieved in terms of (25)-(28).

C. The Issue of Time Delay
When time delays appear in the communication channels between the master and the slave, (35)

and (36) have to be modified to

Vg = e T Kp (f/m + A 75m) —SAP,—e T A Kf Fon s (66)

Vma = w0 {e™ T (Vo +8 AP) =y A P — A le™T Fo + (5 — 1) Fnl} - (67)
Substituting (66) and (67) into (29) and (30) yields

Vit 6 AP+ AF, = e [k Vm+APm)—Aks Frul = ps (68)

p Vm +APn)+ Ak Frn = L (Vs+6 APs—AF) — Ky pm (69)
where T is the one way delay. Assume that

Fs = 2.V, (70)

Fom = Zp Vi +Fp, (71)

i.e. no rigid contact is considered. It follows from (68) and (69) that

le(s) ('ﬁs) = g25(3) eisT (ﬁme) -pP

s’

Gim(s) ("Gpﬁm) = Gom(s) e st (755) —kKp P, > (73)
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where

1>

P, ps—l—e_STAFcf .7:"2,

b 2 pm+Arg et F
Gis(s) 2 (s+0A)(Cls+I)+AZ s,
Gas(s) = (S+A)IG—AI€fI€;13hS,
Gim(s) 2 (s+A) (Cils-i-I(;)-i-Alif/i;ths,
Gom(s) 2 (s+6AN) Ig—AZ.s.

Combining (72) and (73) yields

Ps - gls(s)_l QQS(S) glm(s)_l g2m(s) e_QST 758 - PZ 9

Kp 75m = glm(s)_l g2m(3) gls(s)_l g2s(3) e_QST (Hp 75771) —P:n 5
where

Pt = Gi(s)! p,+ G1s(5) 7L Gau(s) Grm(s)™t e™sT Kp P, »

p:(n = glm(s)_l Hp Bm +g1m(3)_1 g2m(8) gls(s)_l e_ST P

g
The sufficient condition to ensure stability for any time delay is

1G15(jw) ™" Gos(jw) Grm(jw) ™" Gam(jw)lloo < 1
Hglm(jw)il g2m(jw) gls(jw)il QQS(]W)HOO <1.

Two examples are given below.

The first example is free motion of both the master and the slave, i.e. F = F,, =

Therefore, Zp, = Z. = 0. It follows from (76)-(79) and (82) that

”gls(jw)_l g2$(jw) glm(jw)_l g2m(]w)H00 = Hglm(jw)_l ng(]w) gls(jw)_l g2$(jw)Hoo

= |l(jw Is+C)7 C (jw I + C) " Clle

< 1,

since C' is a positive-definite diagonal matrix.
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The second example is a one-dimensional case with

k

Z, = mhs—i-bh—k?h, (84)
ke

Ze = M S—f-be—i—? . (85)

It follows that

||gls(jw)71 g2$(jw) glm(.ﬂ”)il ng(Jw>||OO = Hglm(jw)il g2m(jw) gls(jw)il gQS(jw)HOO
(Jw+dA)—Ajw Z,
max .
@ wHo A (E+1)+Ajw 2,
(jw+A)—:—£ A jw Zp
(jw+ M) +1)+ 2L Ajw 24|

(86)

The sufficient conditions to ensure (82) are given by

ke < 2C b,

me < 1 be + A

© 20 ° 4AC?’
kn < QCbh,

1 Alip kp, kp, 2 kp Kp
Mh < 20bh+4/<;fA02+CA+\/(CA> T AT Ry

These conditions can be satisfied by appropriately choosing control parameters providing that the
damping coefficients b, and by, are positive. A large C satisfies the constraints for k. and kj, while a

small A satisfies the constraints for m,. and my,.

IV Experiments

A. System Set-up

A photograph of the experimental set-up is shown in Fig. 3. It consists of a one-axis master
and a one-axis slave driven by MAXON Motors RE 035-071 with 4,000 pulse encoders. A planetary
gearhead with 10:1 ratio and a harmonic drive with 50:1 ratio are mounted at the master site and at
the slave site, respectively, to increase torques. Two force sensors UFS 3012A25 U560 by JR? Inc.

are used at the end-effectors of both the master and the slave. The distances between the centers
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of the force sensors to the motor driving axes are 65mm for the master and 132mm for the slave,
respectively. A handle for the operator is mounted on the force sensor of the master. An aluminum
bar with a 25mm diameter is mounted to the base for rigid contact experiments with the slave. When
soft tissues, e.g. a person’s hand, are put between the aluminum bar and the slave, a flexible contact
is realized. The friction forces reflected at the end-effectors of the master and slave robots are of the
order of 0.4N and 6.0N, respectively. The feedback gains in (16) and (17) are set as KC,;, = 80.0 and
ICs = 800.0. The estimates of d; in (8) result in strong integrals of (29) and (30), see (21). The integral
gains are set as pg; = 2,400.0N/m and p‘jlj = 20,000.0N/m. The control system is running with two
sampling frequencies on a SPARC 1E VME board by FORCE COMPUTERS Inc. using the VxWorks
operating system. The high sampling frequency of 500Hz is used to calculate (16), (17), (35), and (36),
while the low sampling frequency of 100Hz is used to calculate (18), (21), and (37). The sampling
frequency for feedback control must be high to achieve good dynamic performance, while the sampling
frequency for filter calculations may be lower. The experimental results are illustrated from Fig. 4 to
Fig. 10. In these figures, solid lines represent the scaled motion/forces of the master and dashed lines

represent the exact motion/forces of the slave.

B. Position-Force Teleoperation with Rigid/Flexible Contact

Fig. 4 illustrates experimental results for position-force teleoperation with x, = 1.0 and ky =
10.0. Control parameters are set to A = 0.0005, C' = 50.0, and A = 1.0, which yield an equivalent
mass of 4kg and an equivalent damping of 4Ns/m in terms of (65). The control parameter C is chosen
such that C/2m ~ 8H z represents the interested control frequency range. The motion scaling s, is
chosen in terms of the task requirement. After x, and C are specified, the force scaling ¢ and the
force control gain A should be chosen as large as possible to reduce the equivalent mass and damping,
while maintaining reasonably good kinesthetic feedback, and subject to (58). The system starts in free
motion and then contacts the rigid aluminum bar around ¢ = 5.5s. Fig 4a) shows excellent position
tracking in both free motion and rigid contact. Fig 4b) shows very good force tracking during contact.

The rigid contact is very smooth. There is no bouncing during contact. The large force error in free
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motion results from the fact that the teleoperation system behaves as a mass of 4kg plus a damping
of 4N's/m. Note that the force of the master (solid line) is scaled by a factor of 10.

Fig. 5 illustrates experimental results for position-force teleoperation in flexible contact. A
human palm is put between the slave and the aluminum bar. The contact occurs just after t = 6s.
Scaling parameters are s, = 1.0 and xy = 2.0. Control parameters are A = 0.002, C' = 50.0, and
A = 1.0. The tracking results for both position and force are quite comparable with Fig. 4.

Fig. 6 and Fig. 7 illustrate position-force teleoperation results in rigid contact with different
scaling parameters. Fig. 6 is with s, = 0.5 and sy = 5.0; while Fig. 7 is with x, = 2.0 and sy = 20.0.
Control parameters are the same as Fig. 4. The large force noise in Fig. 7b) results from high force

scaling. These results are quite comparable to Fig. 4.

C. Rate-Force Teleoperation with Rigid/Flexible Contact

Fig. 8 and Fig. 9 illustrate experimental results in rate-force teleoperation with rigid and
flexible constraints. Fig. 8 gives results in rigid contact. Scaling parameters are x, = 1.0, A = 10.0
and ky = 10.0. Control parameters are A = 0.0005 and C' = 50.0. Fig. 8a) shows the velocity tracking
error, while Fig. 8b) shows the force tracking error. Excellent velocity tracking is achieved in both
free motion and rigid contact occurred after ¢ = 5.0s. Force tracking is still very good. There is
no bouncing during transition phases from free motion to rigid contact. The solid line in Fig. 8(a)
denotes a combination of velocity and position of the master, i.e. V,,, + AP,,. Therefore, the position
of the master goes to zero after rigid contact, while a non-zero contact force is applied.

Fig. 9 shows experimental results in flexible contact. Scaling parameters are x, = 1.0, A = 10.0,
kf = 2.0 and control parameters are A = 0.002, C' = 50.0. A human palm is put between the rigid
aluminum bar and the slave. The tracking performance for both velocity and force is quite comparable
to Fig. 8.

Remark 4.1: The experimental results match the theoretical results very well despite of using very
simple second order LTI models for both the flexible environment and the human operator. Although

the issue of transitions between free and contact motion has not been addressed theoretically, the
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experimental results demonstrate very smooth and passive behavior at these transitions. The following
two experiments demonstrate this point. In the first experiment, the slave is controlled (by the master)
to touch the rigid bar. Then the master handle is released by the operator. The slave is still in contact
with the rigid bar with almost zero contact force. In the second experiment, the master handle is
released. The teleoperation system behaves exactly as a free-floating mass plus a damper. When a
pulse force is applied to the handle, the teleoperation master and slave move in the same direction
as the pulse force. After contact with the rigid bar, the teleoperation system is reflected back, but it

does not reach the original position because of damping.

D. Time Delay

A fixed time delay was implemented for both motion and force transmission from the master
site to the slave site and vice versa. Experiments reveal that stability is maintained for any time delay
in both free motion and contact motion. The motion/force tracking ability is maintained until the
one-way time delay reaches approximately 0.1 (100ms) seconds. For larger dealys, the tracking ability
decreases quickly. The teleoperation system behaves as a wave-reflector with less damping when the
one-way time delay reaches 0.2 seconds. For one-way time delays of over 10 seconds, the system
behaves as two independent motion/force controlled subsystems. Fig. 10 illustrates the experimental
results of position-force teleoperation when the one-way time delay is 0.1 seconds. The results are still

comparable with Fig. 4.

V Discussion

Lawrence [14] suggested to use a four-channel communication structure for transparent teleop-
eration controller design. It is worthwhile to view this proposed scheme from the point of view of
Lawrence’s structure.

In view of (35)-(36) and Fig. B1(b), the block diagram of an 1-DOF teleoperation system is

illustrated in Fig. 11, where

Cm = Km+__(l;h+_)7 (87)



R K,
Gt = (Mm+mh)s+Km+TmI, (88)
a o AC b
G = 75 O (89)
Cs - Ks + s - (be %) ; (90>
b ~ ~ KsI
G, = (Ms+me) s+ K+ p (91)
AC b
o _ 2
GS s + C GS ? (9 )
_ (s+AMC b
1 = 8(8 + C) kp Gg (93)
1
= —_— Qe 4
02 Hp Gm7 (9 )
Cs = ry GY, (95)
A 1
c, = M lyel) (96)

s(s+C) K, ™
The constant disturbance d, in Fig. Al(b) is not included, since it can be completely compensated

by integral control. By defining

A
G:, 2 My 5+ Cm + — Gpp (97)
A
G 2 Mss+Cs+%G’;, (98)
it follows from Fig. 11 that
1+ — = — /- _
Cm Vm+< +/<ap Gm) m kp s(s+0O) G Vs Kp s—i—CGm Fs (99)
* a o (5 +A)C b _ AC b
Gy Vs+(1+GY) Fs = Ky G O) G2 Vi Hfs+CGS}_m' (100)
Note that
s (Grn+2n) = (s+A)Gp+&, (101)
s (Gi+2.) = (s+0A)Gh+¢&, (102)

where Zj, and Z, are defined in (84) and (85), while

1>

&n (Mm-}-mh—Mm—ﬁlh)82+(bh—i)h)8+(kh—]%h),

~

(Mg +me — My —1i1e) 8% + (be — be) s+ (ke — ke) -

>

€e
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Assume F} = 0, i.e. that the exogenous force is completely compensated by oy, sign(pp,). Applying

(101) and (102) into (99) and (100), and using F,, = 25, V, and Fs = Z. Vs lead to

s+ A AC _ [((s+6N)C  AC Kp
(Hp B + Kf st O Zh) Vm = < S(S T C) s+C Ze> Vs ? gh ) (103)
s+6A  AC B (s+A)C AC 1
< s + S +C Ze) Vs == < D m K',f 5—}——0 Zh> Vm ; ge . (104)

Changing the sides of (104) and summing with (103) yields
(s+2C)(s+A) kpVm=(5+2C)(s+0A) Vs + (s +C)(& — Kp &) - (105)

When the effects of &, and &, are compensated by parameter adaptation, i.e. &, = & = 0, it follows
that

(s+0A)Vs=(s+A) £V, . (106)

This equation is consistent with (44)-(46) and (62)-(64).
Meanwhile, when &, = & = 0 (i.e. the effects of parameter uncertainty are compensated by

parameter adaptation), multiplying (103) by (104) results in

kp s+A Kp s+ A
_z, P 2T P . 107
h K s+0 A et kp AC (107)
This equation is consistent with (65). —Z, = —F,,/V;, denotes the impedance of the teleoperation

system viewed from the operator site. The first term on the right hand side represents the environment
impedance reflected to the operator site. When in position-force control, where § = 1, the first term in

the right hand side becomes (k,/k¢) 2., i.e. the impedance of the environment reflected to the master

s+A

through motion and force scaling. When in velocity-force control, where § = 0, it becomes :—; = Z.,

which reflects scaled environment impedance (x,/kf) Z. only at high frequency, where (s +A)/s — 1.
The second term on the right hand side indicates that the teleoperation system behaves as a mass
%}’j ﬁ plus a damper %}’j ﬁ. Note that the transparency error is completely characterized by this
term, which is independent of the control modes used.

Remark 5.1: The structure of the proposed approach, see Fig. 11, is similar to Lawrence’s

structure [14]. They all have four communication channels. However, as can be explained in Fig.
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1, the principle used in designing these channels is different. The communication channels Cj to
Cy4 in Lawrence’s approach perform inverse dynamic control. C; to Cy are designed to cancel the
dynamics of both master and slave robots so as to achieve a perfectly transparent block. However,
inverse dynamic control is very sensitive to uncertainties. Therefore, a small time delay and any
dynamic uncertainty, such as joint friction, may considerably deteriorate system performance and
may further cause instability. In the proposed approach, the master together with the operator,
and the slave together with the environment, are treated as two separate blocks. Each block is
subject to independent adaptive motion/force control. Therefore, the uncertainties in each block
are well compensated by strong feedback control together with parameter adaptation. Compared to
Fig. 2 in [14], there are two additional local force feedback loops in Fig. 11 formed by :ip G¢, and
G%, respectively, to enhance force control ability. The communication channels only transform the
motion/force information from the master toward the slave and from the slave toward the master.
Therefore, the method proposed here is robust against uncertainties including time delay. Within
a pre-specified frequency range, the teleoperation system is equivalent to a linearly-damped free-
floating mass, specified by control and scale parameters only. This feature produces excellent motion
(position/velocity) tracking and very good force tracking. The force tracking accuracy can be improved
further by using a large force scaling ~¢. The motion/force tracking is a new and important feature of
the proposed controller, which is not achieved by previous stability-guaranteed designs [10], [12], and
[13].

Remark 5.2: In contrast to transparency-based rate control [27, 28], the adaptive motion/force
control presented here does not return the derivative of the environment force to the master. Although
transparency is lost, the method does not have the drawback of transforming unilateral contraints into
bilateral ones (“sticking” behaviour) [27, 28]).

Remark 5.3: The teleoperation controller design is simpler than in many other methods. The
only design vectors are V,,q and V,q with scaling parameters ,, £ and control parameters A, C, A.

Remark 5.4: This approach is robust against time delay. However, for applications with large

time delay, e.g. 5 to 7 seconds, no motion/force tracking is provided. A local simulator is then required
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Remark 5.5: The results presented in this paper strongly support other works like hand controller

design for virtual worlds [29, 30], since transparency is important regardless of real or virtual subjects.

VI Conclusion

In this paper, a novel controller design method has been proposed for unilateral/bilateral tele-
operation systems in both position and rate control. The approach guarantees stability, does nt
use acceleration measurements, and can be used with arbitrary motion/force scaling. This approach
possesses four advantages relative to previous teleoperation controllers. First, its stability is guaran-
teed and robust against time delays so as to provide a solid basis for achieving good transparency.
Within a pre-specified frequency range, the overall master/slave teleoperated system is equivalent
to a free-floating mass plus a linear damper specified by control and scaling parameters, which al-
lows asymptotic motion tracking and force tracking. Second, structured system uncertainties are well
compensated by applying independent parameter adaptation and strong feedback control. Third, this
approach is applicable to both rigid and flexible environments. Fourth, the controller design takes care
of the nonlinear dynamics of the robots and incorporates reasonable human operator and rigid /flexible
environment models. Benefitting from the use of the virtual decomposition approach [21], only the
dynamics of rigid links and joints and the dynamics of the environment and the operator are required
to construct the dynamics of the master/slave robots. Experiments have shown excellent results in
motion tracking and very good results in force tracking. Topics for further research include perfor-
mance evaluation for doing real-world tasks, development of more accurate operator and environment

models, and theoretical analysis addressing the transitions between free and contact motions.
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Appendix A
In view of the definitions of Vs, T5, M, Cs, G, and (3), (6), (7)-(9), it follows that

M (Ts Vo + T Vi) +Cs T Vs + G

[ I i+ &) +da (71 ]
I§ G + &6(t) + ds Ts
= | M, £("V)+Cp, MV 4+ Gy, =| e | . (A1)
M, %(LGV) + CLG.LGV +Gr, L6E
| op [My Xep+ Dy Xep+0 Ky X+ (1-6) ¢f] | L Fer |
It follows from (5), (8), (10), and the definition of T that
F ]
Te 0
= T Ly
. 7; . £t [ or Fsr ] ‘ (AQ)
Lop
L fsf J
Combining (A1) and (A2) yields (11).
Appendix B

A simple example is taken here to show the block diagram of the control law (16). This is a
two dimensional system with point mass M, see Fig. Bl(a). The x direction is subject to a flexible
constraint characterized by mass m, damping b, and stiffness k. The y direction is subject to a
rigid constraint with zero velocity. The control forces are F for the x direction and F, for the y
direction. The contact forces from the point mass toward the flexible/rigid environment are f., and
fey, respectively.

1) Control of x Direction: The dynamics in the x direction can be written as
M Vo + dy = Fy — fex , (B1)

where V, is the velocity in the x direction, d, is an unknown constant which has the same role as d; in

(8). Assume that the update gain for dy is particular larger than those for M , m, l;, and k. It follows
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from (21) that

t
dz = Kxf/(vxr_vx)dta (Bz)
0

1>

de - Achx ) (BS)

where K,; > 0, V.4 denotes a reference signal. The variable fcm is defined by

_C
s+C

1>

fex fea - (B4)

In view of (B2) and (B3), it follows from (16) that
N . ~ R t t
Fy = (M +m)Ve + 0V, + / Vodt + K,y / (Var — Vo)t + Ko (Vi — V)
0 0
N . t t . R t
= (VT + ) Vay + K Vir + Kar / Vipdt — K,V + Kar / Vidt — bVy — / V,df] (B5)
0 0 0

with K, > 0. From (B3) to (B5), the block diagram of the control system in the z direction is

represented by Fig. B1(b) with

c, — Km+KxI—B—§, (B6)
9 A Kac]

Gy, = (M+m)s+ K, + p (B7)
AC

a = : B

¢ Gbs—I—C (BS)

2) Control System in the y Direction: The dynamics in the y direction can be written as
dy = Fy—fey, (B9)
v, = 0, (B10)

where d,, denotes an unknown constant and Vj, is the velocity. In view of (21), the estimate of d,

results in

t
dy = Kyt [ (Vi = V)i, (B11)
0

1>

‘/y'r' Vyd - Afcy ) (B12)

where Ky; > 0, V,4 denotes a reference signal. The variable fcy is defined by

c

FoA
fcy_s—i—C

fey - (B13)
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The control law (16) employs

N t
By, = MVyT"'KyI/(%T_Vy)dt"'Fyd"”Ky(Vyr_%)
0

Ny t
= MV, + K,V + Ky1 / Vypdt + Fyq (B14)
0
A 1 1 .
Fya = (5 Vyd+Vyd> : (B15)

The block diagram is illustrated in Fig. B1(c).
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