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Abstract—This paper presents a passive bilateral feedforward
control scheme for linear dynamically similar (LDS) teleoper-
ated manipulators with kinematic scaling and power scaling.
The proposed control law renders the teleoperator as a passive
rigid mechanical tool with programmable apparent inertia to
the human operator and the work environment by utilizing
bilateral force feedforward and kinematic feedback control. The
passivity of the closed-loop system is robust to force measurement
inaccuracies and model uncertainty. Thus, interaction stability
of the teleoperator with any passive environment is guaranteed.
Coordination error and the overall motion aspects of teleopera-
tion are controlled individually. The proposed control law is also
applicable to general nonlinear robotic teleoperators if sufficiently
high kinematic feedback gains are used. The proposed control
schemes have been validated experimentally for both LDS and
non-LDS systems.

Index Terms—Apparent inertia, decomposition, dynamic simi-
larity, feedforward, kinematic scaling, passivity, power scaling.

I. INTRODUCTION

A teleoperated manipulator is a two-port system which inter-
acts mechanically with the human operator and the work

environment simultaneously. Ana priori requirement is that it
can interact and physically couple with a broad class of environ-
ments without becoming unstable. A teleoperator that is stable
on its own may not be stable when interacting with a stable envi-
ronment or human operator, as the interconnection between two
individually stable systems does not necessarily result in a stable
system. Arguably, coupling stability is even more important for
teleoperator with force or power amplification/attenuation capa-
bilities, when delicate environment is involved, or when safety
is a first priority (e.g., in robotic surgery). It is well known that
the coupling between a passive system and another strictly pas-
sive system with compatible supply rates is necessarily stable
(see, e.g., [1]). Moreover, most physical objects are strictly pas-
sive, and the mechanical impedances of human musculoskeletal
systems have been shown to be indistinguishable from that of a
passive object [2]. Therefore, many authors have used passivity
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to define safety for systems that interact with humans and phys-
ical environments [3]–[5].

The emphasis in many previous works on the control of tele-
operators (such as [6], [7]) is to transfer precisely the mechan-
ical impedance that the slave robot experiences to the human
operator. Suchideal transparencyis only possible when the
teleoperator does not present any intervening or apparent in-
ertia to the human operator or the work environment [7]. Con-
trols that attain ideal transparency generally require the knowl-
edge of human and environment impedances, either as a pre-
determined model [8] or by the use of an online impedance
estimator [6]. The range and the time varying nature of the
human and environment impedances [2] make it a challenge ei-
ther to model the environments by a single tractable mathemat-
ical model or to design an estimator that estimates the imped-
ances sufficiently quickly. Because of this, a control scheme was
proposed in [9] (and later adopted in [10] and [11]) which does
not require knowledge of the impedances of the human operator
and the work environment. Using both force and state measure-
ments, this control scheme achieves transparency in the low-fre-
quency range. However, as is pointed out in [12], passivity of the
system cannot be guaranteed when force measurement is inac-
curate. Even 5% error in force measurements can destabilize the
system.

Our control philosophy for bilateral teleoperators [13] is not
primarily to achieve ideal transparency, but to present the tele-
operator as acommon passive rigid mechanical tool, to both
the human operator and the work environment. As such, the
teleoperator should appear to the human as a mechanical ex-
tension of his/her body, much like a cane, a tennis racket, or a
passive prosthesis, which humans can learn to use dextrously,
and which often provide humans with an extended physiolog-
ical proprioception (EPP) [14], [15]. Unlike an ordinary passive
mechanical tool, such a teleoperator can also provide the de-
sired kinematic and power scalings, thus enabling the operator
to effectively change size, strength, and sensitivity. In addition,
the apparent natural dynamics of the “locked system” (i.e., the
rigidly coordinated system that results after the master and slave
manipulators have been rigidly coordinated according to the de-
sired kinematic scaling) can be designed to facilitate the task at
hand. For example, large apparent inertias can be programmed
for hammering tasks and small inertias for probing tasks; suit-
able natural dynamics can be programmed for path guidance or
obstacle avoidance, etc. By enforcing a suitable passivity prop-
erty that takes into account power scaling in the control design,
coupling stability between the teleoperator and the human and
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the work environments becomes less of an issue. For an envi-
ronment to destabilize a passive teleoperator, it has to be active
(nonpassive) and typically has to supply an infinite amount of
energy. Thus, teleoperators that mimic passive rigid mechanical
tools would be potentially safer.

Working independently, the authors in [16] also embrace a
similar control philosophy. Their concept oftask-oriented vir-
tual tool is essentially the same as our common passive mechan-
ical tool. The key difference lies in the controller structures. The
control law in [16] uses full information (including human and
environment force) feedback to exactly cancel the open-loop dy-
namics of the teleoperator first, and then installs the desired pas-
sive dynamics of the virtual tool. Although the control law is
easily understandable, passivity, which is related to safety, may
be compromised when the open-loop dynamics are not perfectly
canceled out, such as in the presence of model uncertainty or
inaccurate force measurements. Our approach in this and pre-
vious papers [13], [17], [18], is to enforce passivity in a robust
manner by an appropriate controller structure. Our intention is
to allow performance to degrade in the presence of model un-
certainties or force measurement inaccuracies, while ensuring
that passivity is still preserved.

Following [13], we design controllers based on linear
dynamically similar (LDS) teleoperators. A pair of-degree of
freedom (DOF) LDS manipulators can be decomposed, both
dynamically and energetically, into two -DOF mechanical
systems [13]. The decomposed systems, which we refer to
as shapeand lockedsystems, represent the coordination and
the gross motion, respectively. Thus, passivity of the overall
system and the two aspects of teleoperation (rigid coordination
and installing desired rigid mechanical tool dynamics) can
be achieved by controlling theshape and locked systems
separately, and by ensuring that they are individually passive.
This formulation allows the control law to be designed and
analyzed completely in the time domain, so that the main ideas
may be extended to general nonlinear manipulators. This is
unlike other previous works on teleoperators or haptic systems,
most of which also deal with linear models [3], [6]–[9], [11],
[19]–[21], but use frequency domain formulations that are not
easy to extend to the nonlinear setting.

The shape system concept enables coordination to be
explicitly specified as a control objective, similiar to other
coordination/synchronization control approaches prevalent
in machining and multirobot coordination (e.g., [22], [23]
and references therein), with the extra requirement that the
control must preserve passivity. The passive shape system
(coordination) control law in [13] was designed based on the
passive velocity field control (PVFC) technique [24]–[27]. It
assumes only kinematic feedback, so coordination degrades
in the presence of mismatched operator and environment
forcing. Moreover, the apparent inertia of the teleoperator is
not programmable. To remedy these problems, we propose
a passive feedforward control law that enables the rigid co-
ordination in the presence of arbitrary human-environment
forcing, and also allows the desired locked system dynamics
to have programmable apparent inertia. By measuring the
forces at the master and the slave systems, a feedforward
action compensates for any mismatched operator/environment

force to achieve perfect rigidity and programmable apparent
inertia. The feedforward action is implemented in a robustly
passive manner by the use of fictitious energy storages and the
skew-symmetric or negative semidefinite feedback structure.
The kinematic feedback portion of the controller has also been
redesigned from [13] to achieve a better convergence rate.

Although the proposed control law is derived for LDS
systems, it is also applicable to general multi-DOF nonlinear
teleoperators. Using sufficiently high kinematic feedback
gains, coordination error can be arbitrarily reduced. This
enables the teleoperator dynamics to be close to the desired
target dynamics. Recently, the ideas set forth in this paper
were extended in [28] and [29] to fully address the nonlinear
teleoperator control problem.

The rest of the paper is organized as follows. In Section II,
the control problem is formulated. In Section III, the decompo-
sition of LDS teleoperated manipulators into dynamically and
energetically decoupledshapeandlockedsystems is presented.
Control for the shape system is discussed in Section IV, whereas
control for the locked system is discussed in Section V. Appli-
cation of the proposed control to nonlinear robotic teleoperators
is analyzed in Section VII. Experimental results are presented in
Section VIII. Section IX contains some concluding remarks.

II. PROBLEM FORMULATION

A. Plant

Consider a teleoperated manipulator system consisting of two
linear -DOF manipulators with dynamics given by

(1)

where , are the control forces, , are the
environment forces that the master and slave systems encounter,
and and are the inertia matrices for the ma-
nipulators.

Let be the desired bijective linearkinematic
scaling. Ideally, we would like

(2)

so that the system achieves perfect coordination (locking).
We assume that the slave and master manipulators aredy-

namically similar with respect to [30] in the sense that there
exists a scalar , s.t.

(3)

The assumption that the teleoperated manipulator is LDS is an
idealization that the master and slave robots are similarly con-
structed when the relative dimensions, determined by the kine-
matic scaling , are taken into account. Any linear 1-DOF me-
chanical system automatically satisfies this property.

B. Energetic Passivity With Power Scaling

To ensure that both the human and the work environment
can interact with the teleoperated manipulator in stable fashion,
we require that the teleoperator be energetically passive with a
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power scaling . Let us define the supply rate to be the scaled
power input given by

(4)

which is the sum of the power exerted by the forceand
times of the power exerted by the force. We require that the
closed-loop controlled teleoperated system satisfy

(5)

for some , which would depend on the initial condition at
. We call such systems energetically passive with power

scaling to emphasize the fact that the supply rate in (4) is as-
sociated with physical power. Equation (5) expresses the condi-
tion that the amount of scaled energy that can be extracted by
the human and work environment is limited by the initial stored
energy .

The supply rate defined in (4) which incorporates power
scaling inspires the following definition of scaled kinetic
energy for the teleoperated manipulator system:

(6)

Our control objective is to design the control actionsand
so that: 1) the teleoperator system in (1) is rigidly coordi-

nated according to (2); 2) the overall motion of the teleoperator
mimics some desired dynamics with adjustable apparent inertia
(to be given later); and 3) the closed-loop system is energetically
passive with power scalingas in (4) and (5).

III. D ECOMPOSITIONINTO SHAPE AND LOCKED SYSTEMS

In this section, we decompose the dynamics of the teleoper-
ator system into two systems according to two aspects of the
teleoperation: gross motion (locked system) and coordination
(shape system). It will be shown that for LDS teleoperated ma-
nipulators, the two resulting systems can be individually con-
trolled, and as long as the individual controller is designed such
that each closed-loop system is energetically passive, the com-
bined teleoperator system is also energetically passive.

Let be the coordination error, and
consider the constant coordinate transformation of the velocity
space (i.e., tangent bundle)

(7)

Similarly, consider the compatible transformation of the con-
trols and forces

(8)

Here, and are the controls and and are the human
and work environment forcing on the system in the transformed

Fig. 1. For the teleoperator having two 1-DOF planar manipulators and with
� = 1 and� = 1, the locked system represents the passive rigid tool which
is obtained by connecting the two 1-DOF planar manipulators rigidly (locked),
whereas the shape system represents the coordination aspects of teleoperation
(i.e., rigidity of the tool). Notice that if� = 1, thenV = (1=2)( _q + _q )
and _E = (1=2)( _q � _q ).

coordinates. Under transformations (7) and (8), the dynamics of
the LDS teleoperator system (1) block diagonalizes into

(9)

(10)

where

(11)

The -DOF mechanical system in (9) is referred to as thelocked
system, since it represents the gross motion of the two manip-
ulators when they are perfectly coordinated (locked). The other

-DOF mechanical system in (10) will be referred to as the
shapesystem, since it determines the coordination aspect of the
two manipulators. and are referred to as the locked and
shape system inertias, respectively. Here, (, ) are, respec-
tively, the controls and the human and environment forcing on
the locked system, and ( , ) are those on the shape system.
Fig. 1 illustrates this transformation when for a pair
of 1-DOF teleoperated robots.

Remarkably, with the coordinate transformation (7), the
scaled kinetic energy (6) is the sum of the kinetic energies of
theshapeand thelockedsystems

(12)

Moreover, because of (7) and (8), the supply rate in (4) is the
sum of the usual individual supply rates of thelockedandshape
systems

(13)

The following proposition is a direct consequence of the fact
that the locked and the shape systems are a decomposition of



446 IEEE TRANSACTIONS ON ROBOTICS AND AUTOMATION, VOL. 19, NO. 3, JUNE 2003

both the dynamics (9) and (10) as well as the kinetic enegy (12)
of the LDS teleoperated manipulators.

Proposition 1: Consider the LDS teleoperated manipulator
in (1). If its lockedandshapesystems in (9) and (10) are in-
dividually controlled using and , respectively, such that
each system is individually passive, i.e., s.t. , ,
and

(14)

then, the teleoperator system (1) is passive with respect to the
supply rate in (4) (i.e., (5) is satisfied).

Proof: Integrating (13) and making use of (14), we have

Thus, it suffices to control thelockedandshapesystemin-
dependentlyso that they are individually passive, and that their
individual objectives are satisfied. The control objective for the
shapesystem is grid coordination, i.e., to regulate (, ) at ( ,

); while the objective for thelockedsystem control is to re-
alize some prescribed target dynamics which will be given in
Section V.

IV. SHAPE SYSTEM CONTROL

A. Shape System Controller Structure

From (10), the shape system dynamics are given by

(15)

where and are the transformed control torque and mis-
matched excitation by the human operator and the work envi-
ronment. We wish to design a control law for so that the
shape system dynamics is passive in the sense of (14) and the
coordination error ( , ) converges to (, ).

Since we assume that and (and hence, ) are avail-
able from the force sensors, the following control law, that has
a feedback and a feedforward component, would achieve coor-
dination:

(16)

where , are symmetric and strictly positive defi-
nite.

Unfortunately, direct implementation of (16) does not pre-
serve passivity in the sense of (14) robustly in the presence of in-
accurate measurements. We propose a control structure that
uses a negative semidefinite feedback and two fictitious energy
storage elements. As will be discussed in Section VI, the con-
trol structure also preserves passivity in the presence of model
uncertainty.

One energy storage is the potential energy stored in a ficti-
tious spring , and the other is associated with the
kinetic energy of a fictitious flywheel with dynamics

(17)

where and are the constant inertia and
the configuration of the flywheel, respectively, and is the
torque input (to be defined) to the flywheel. Energy stored in the
flywheel will be used to generate the feedforward cancellation
in (16) without violating passivity. The fictitious elements are
implemented in the controller.

Define the total energy of the shape system augmented by the
fictitious energy storages by

(18)

If and are defined to have the structure

(19)

where is negative semidefinite, then
differentiating (18) gives

Hence

Therefore, the control structure (19) guarantees passivity of the
shape system in the sense of (14) regardless of the accuracy of
the force measurements.

The negative semidefinite matrix is designed to be

(20)

where is a positive semidefinite matrix that provides
the damping effect with , and and

are responsible for the feedforward cancellation of
in (16). The controller structure (19), (20) ensures that energy
is not generated by the controller. The flywheel serves as an en-
ergy reservoir to generate the feedforward cancellation and is re-
plenished by the damping term. If (16) is implemented directly,
the damping term dissipates the energy and the energy required
for the feedforward action must be generated by the controller.
Thus, passivity of the closed-loop system will not generally be
preserved.
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The elements in are designed so that 1) they are always
well-behaved (bounded), and 2) that in (19) approximates
the ideal control (16), as follows.

and are defined s.t.

Hence, a constant damping effect with is achieved.
One possibility is to define

(21)

where

sign (22)

and is a threshold on the flywheel speed to ensure
that and are well behaved.

Unlike regular damping, the damping effect in the controller
is at least partially implemented using the flywheel. The ex-
tent of this depends on , and hence, the flywheel speed

. Instead of a damper simply dissipating the energy, the
energy developed in the damper is recaptured in the flywheel.
The stored flywheel energy is then used for the feedforward can-
cellation of without violating passivity.

The matrices and are responsible for the feed-
forward cancellation. They are designed so that

(23)

where is a skew-symmetric matrix to en-
sure that the feedforward action preserves passivity, and

is a binary switching function to turn on/off
the feedforward action according to the energy level of the
flywheel, and is defined as

if at time
otherwise

(24)

where is a nearly invariant region
(Fig. 2) to be defined later. Roughly speaking,is defined to
ensure that once ( , , ) enters , the feedforward action
will remain turned on at all future times without depleting the
flywheel energy.

A possible set of definitions for and is

if
otherwise

The purpose of the thresholding function in (22) and the
switching function in (24) are to ensure that the matrix

in (19) remains bounded, when the flywheel energy is
low. Therefore, we should have

, where is the threshold flywheel speed in (22). Typically
( , , ) would belong to if is sufficiently large,
and/or the error ( , ) are sufficiently small.

When force sensor measurement is accurate, the dynamics of
the shape system (10) under the control law (19)–(23) become

(25)

Fig. 2. V (t) versus� (t) = (1=2) M _x , whereV (t) is the Lyapunov
function in (27),� (t) is the flywheel energy, and�V is the ultimate bound
in (29). Four sample paths of (� (t), V (t)) are shown. In Paths 1 and 2,
V (t) ! 0, and in Path 3,V (t) becomes ultimately bounded by�V . In Path 4,
V (t) ! 0 but it is not guaranteed.

Clearly, if at all times, exponentially.
Therefore, the remaining issue is to define a nearly invariant
region so that if the state enters this region, the feedforward
cancellation will be permanently turned on without depleting
the flywheel energy.

B. Nearly Invariant Region

We now analyze the shape system control presented above,
and determine the nearly invariant regionin (24). The desired
property of is that once the state ( , , ) enters into , it
remains in its closure. This implies that the feedforward func-
tion remains turned on and the energy in the flywheel will not
fall below the desired threshold. Readers who wish to skip the
derivation can go directly to (30) and (34), where the definition
of is given.

Proposition 2: The shape system (10) under the control law
(19)–(24) has the following properties.

• If the mismatched human/work environment force
is bounded, then and are ultimately bounded.

• If the feedforward action is turned off (i.e., ),
then the energy in the fictitious flywheel given by

is nondecreasing.
Proof: The closed-loop shape system dynamics are given

by (25). Since and are strictly positive definite, it is a linear
exponentially stable system driven by . Hence,
when is bounded, and are ultimately bounded.

Differentiating the kinetic energy of the flywheel, and using
the control law (21), we have

(26)
when . Hence, the kinetic energy of the flywheel does
not decrease when the feedforward action is turned off.

Remark 1: Notice from (26) in the proof ofProposition 2
that when , converges implies , since

.
Remark 2: The ultimate bound inProposition 2, when

, can be estimated by a Lyapunov function. The
closed-loop shape system (25) represents an exponentially
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stable system with as input. Thus, we can define positive
definite matrices and , and a
Lyapunov function

(27)

so that, for some and

(28)

where is the exponential convergence rate (which may be es-
timated from , where and
denote the minimum and maximum singular values of their ar-
guments, respectively). Let be the upper bound of
so that , . From (28), the ultimate bound for
the Lyapunov function is found to be

(29)

Therefore, if , then
for all . Otherwise, for any , and for

any , there exists , so that
whenever .

The ultimate bound in (29) represents the guaranteed coor-
dination performance under kinematic feedback only. However,
satisfactory coordination cannot be guaranteed solely by kine-
matic feedback, since the ultimate bounds are often unreason-
ably large in practical cases with feasible gain settings (often
limited by sampling rates). This highlights the importance of
feedforward cancellation to achieve good coordination perfor-
mance.

Subregion : Let us define a subregion
in Fig. 2 as

(30)

where is the Lyapunov function in (27), is the
threshold in (22), is a positive scalar (given below), and
is the bound on .

Proposition 3 (Invariance of ): Suppose that in (24) con-
tains and that . If
at , then, for the shape system (10), under the control law
(19)–(24), .

Proof: Since , at time implies
that . Therefore, from (25), the shape system dynamics
are given by

Using the Lyapunov function (27) inRemark 2, there are
and so that

Consider now the energy stored in the flywheel. We have

Because is an open set, this inequality can be integrated to
at least up to some without the state leaving . Using
the fact that on the integral, we have

(31)

On the other hand, since at as defined
in (30)

(32)

Comparing (31) and (32)

which says that at time . Since can be
arbitrary, is invariant.

Intersection With the Ultimate Bound:Define to be the
threshold for the flywheel energy, s.t.

(33)

where is a small number. The rationale for the definition of
is that the boundary of intersects with the ultimate bound

in Remark 2when . The regions , , and the
relationships with the threshold , and the ultimate bound
are illustrated in Fig. 2.

Nearly Invariant Region : We are now ready to define the
region to be

(34)

Theorem 1: Consider the shape system (15) under the control
law (19)–(24), where in (24) is given by (34).

1) The closed-loop shape system is passive in the sense that
there exists such that for all and for any
mismatched environment force

2) Suppose that . For any initial
condition , the Lyapunov function

in (27) will be ultimately bounded by in (29).
3) Suppose again that for all . If the

state ( , , ) lies in the region defined in (34) at
time , then for all , it will remain in , the closure
of .
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4) Furthermore, if , then
, , and .

5) If and , then .

Proof:

1) Passivity has already been demonstrated for the controller
structure of the form (19).

2) This is just a restatement ofProposition 2andRemark 2.
3) Proposition 3shows that the subregion is invariant. If the

initial state belongs to but does not belong to , then:

1) until the state enters ;
2) eventually, where is defined in (33).

The first result is due to the fact that and that
if ever at some time , feedforward action
is turned off, and byProposition 2, the flywheel energy is
nondecreasing. Thus, as illustrated in Fig. 2, the state will
not cross to the left of the line. The second result is
due to the ultimate boundedness result (Remark 2) so that
the state must enter the ultimate bound while maintaining

before entering . Because of the way that
is defined, the state must eventually enterand remain

there (see Fig. 2).
4) Since the state enters eventually, the feedforward action

will be permanently turned on and expo-
nentially from then onwards.

5) If , then the state does not enter. FromPropo-
sition 2, this means that would be ultimately bounded,
and the energy in the flywheel would be nondecreasing and

for all . Since the state
does not enter, . Being an upper bounded, non-
decreasing signal, must converge. FromRemark 1
following Proposition 2, this implies that .

Roughly speaking, the shape system control presented above
consists of a spring/damper term for stabilization, and the feed-
forward action to cancel out the effect of so as to achieve
rigid coordination. The innovation of the controller lies in the
fact that it makes use of the energy stored in the fictitious fly-
wheel to ensure that the closed-loop system is energetically pas-
sive with the feedforward control. As such, passivity is ensured
by the controller structure, and does not depend on the accu-
racy of the force measurement. Also, when the flywheel energy
is appropriately initialized (so the initial state lies in), perfect
coordination can be achieved for mismatched human/work en-
vironment forces of arbitrary bandwidth.

In Theorem 1, we can only show that if
the system state enters the region. Otherwise, would only
be ultimately bounded. In reality, however, the state is likely to
eventually enter or if the shape system is
constantly being excited by time varying mismatched environ-
ment/human force . The reason is that if excites the
system (25) perpetually, it is not likely that , which
by Theorem 1, Item 5, is a necessity for . Thus, an
operator can shake up the teleoperator first in order to cause the
state to enter before using the teleoperator for manipulation.
Hereafter, if the measurement of is accurate, then will be
invariant, and the teleoperator will become rigidly coordinated.

V. LOCKED SYSTEM CONTROL

We now consider the control that installs some desirable,
target dynamics for the common rigid mechanical tool that the
teleoperator aims to mimic.

A. Target Locked System

The target locked system dynamicsspecify the desired dy-
namics of the common rigid mechanical tool and how it inter-
acts with the human and work environment forces. Expressed in
the units and dimension of the master robot (robot 1), they are
given by

(35)

where is the desired power scaling, is the apparent
inertia scaling factor, and is the unscaled apparent
inertia of the teleoperator in (9). Since the apparent inertia has
effects on transparency and how the operator uses the system,
the ability to adjust is useful. The skew-symmetric
matrix

specifies the unforced natural dynamics of the system. This de-
fines formally an affine connection [31]. It can be designed to
facilitate the accomplishment of tasks, and for path guidance or
obstacle avoidance.

The target system (35) can also be “pulled back” to be ex-
pressed in the units and dimensions of the slave robot (robot 2).
In this case

(36)

where , , and
.

Our goal is that when is identified by

(37)

then the target dynamics (35) is achieved. Note that .
Moreover, if , .

B. Locked System Control Law

A control law that would achieve the target locked system
dynamics is

(38)

Similar to the shape system control, when , direct im-
plementation of (38) does not robustly preserve passivity of the
closed-loop system.

To remedy this problem, we augment the locked system with
dynamics of a fictitious flywheel for temporary energy storage,
as in the case of the shape system control

(39)
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where and are the inertia and the con-
figuration of the flywheel, respectively. Define the total energy
of theaugmented locked systemby

(40)

Consider the following locked system control law:

(41)
where and

(42)

is a threshold function to ensure the matrix does not be-
come unbounded.

Clearly, in (41) will be exactly (38) when the flywheel
speed is above threshold , since flywheel en-
ergy is used to generate the control action to scale up/down
the apparent inertia. Notice, however, when no inertia scaling
is needed , the flywheel augmentation in (41) is not
necessary to preserve passivity.

Theorem 2: The augmented locked system (39) with the con-
trol law (41), (42) has the following properties.

1) The closed-loop locked system is passive in the sense of
(14) regardless of the accuracy of the force sensor mea-
surements .

2) Suppose that the operating speed is bounded and
the flywheel speed has been initialized so that

(43)

where is the threshold in (22), and is the
upper bound that satisfies

. Then, thetarget locked system dynamics
(35) is achieved when the locked system coordinate
is defined as in (37).

Proof:

1) Differentiating the augmented locked system energy func-
tion in (40), and using the fact that in
(40) is skew symmetric, we have

(44)

The passivity property in (14) is obtained on integration.
Since the measurement of is only used in which
is skew symmetric regardless, passivity does not depend on
the measurement accuracy of .

2) Since (41) generates the ideal locked system control (38)
when the flywheel speed is above the threshold, it suffices
to show that for all .

Using the control law (41), (44), and the definition for
, we have

(45)

Suppose that has been initialized appropriately as in
(43). Then, there exists so that ,
and . Integrating (45) with , we have

Given the initialization (43) and from the above, the flywheel
energy does not deplete below the thresholdfor all .

VI. ROBUST PASSIVITY

In Sections IV and V, it has been shown that the shape system
control law (19)–(24), where in (34), and the locked system
control law (41), (42) ensure that the closed-loop shape and
locked systems are passive in the sense of (14), even in the pres-
ence of inaccurate force measurements. Therefore, byProposi-
tion 1, the complete closed-loop system is passive in the sense
of (4) and (5). We now show that the proposed control also pre-
serves passivity in the presence of model uncertainty, i.e., when
the transformation in (7) is inaccurate.

Suppose that is an estimate of in (7), and let

(46)

be the estimated locked and shape systems coordinates, and the
actual control efforts given to the master and the slave robots.
The estimated shape and locked system control,, and
are computed according to (19)–(24), and (41), (42) using

and .
Using the scaled kinetic energy function (6) as the storage

function, and from (1), we will have the desired passivity prop-
erty (4) and (5) if there exists some such that the control
inputs , satisfies

(47)

The condition in (47) means that the amount of energy generated
by the controller is limited. Using (46), (47) is equivalent to

(48)
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Recall that the shape and locked system controls are of the
form

(49)

(50)

where is negative semidefinite, and is skew sym-
metric.

Proposition 4: Suppose that the shape system (19)–(24) and
the locked system control (41), (42) and the actual control ef-
forts are computed and generated according to (46), where

is an invertible, but possibly inaccurate estimate ofin
(7). Then the closed–loop dynamics of the teleoperator is pas-
sive in the sense of (4) and (5).

Proof: Consider the controller storage function

Differentiating and using (49) and (50), we have

Integrating this last inequality, and using the fact that ,
we obtain (47) with .

Therefore, the proposed controller structure enforces pas-
sivity property of the closed loop even in the presence of
inaccurate force measurement and model uncertainty. These
nonideal situations affect only performance in terms of co-
ordination or the accuracies in duplicating the target locked
system dynamics. In fact, the control law structure will also
preserve passivity fornonlinear teleoperators, as long as they
are open-loop passive in the sense that there exists such
that for all , and , , ,

VII. A PPLICATION TO NONLINEAR

TELEOPERATEDMANIPULATORS

Although the LDS assumption in Section II can be thought of
as an idealization and approximation of a more general class of
nonlinear teleoperated manipulators with similar inertia distri-
bution property, strict adherence is very restrictive. In this sec-
tion, we discuss what happens when the control law designed
based on the LDS assumption is actually applied to a multi-DOF

nonlinearteleoperated manipulator system. Let a pair of-DOF
nonlinear manipulators be of the form

(51)

(52)

where is the power scaling factor, , are
the upper and lower bounded nonlinear inertia matrices, and

and are the associated Coriolis matrices.
Without loss of generality, assume that both robots share the
same configuration spaces, i.e., ,
and the coordination requirement is given by (i.e.,
is the identity map). In general, if the coordination requirement
is given by where is a smooth
invertible map, the above assumption can be achieved if we use

instead of as the coordinates when deriving
(51).

An approximateLDS system can be obtained by choosing a
positive definite constant matrix and a scalar
so that

(53)

for all in the operating region of interest. A pair of nonlinear
manipulators is said to be dynamically similar after coordina-
tion, if for all .

Let and be the shape system and the locked system
control determined in Sections IV and V, respectively. Notice
that they require knowledge ofbut not specifically. They
are converted to actual control inputs and via (8) with

.
Consider first the dynamics of the nonlinear manipulators,

supposing that (51) and (52) are rigidly coordinated with
. Using the transformation (8), and imposing the

holonomic constraint , the resulting nonlinear
lockedsystem dynamics are given by

(54)

where

are, in fact, the inertia and the Coriolis matrices if (51) and (52)
are under the holonomic constraint .

Notice that (54) does not depend on the shape system control
. With the LDS locked system control given by

when the locked system flywheel speed is above the threshold,
the resulting dynamics are given by

(55)
Equation (55) should be interpreted to be the nonlinear target
locked system dynamics. Thus, if coordination can be achieved,
the effect of the LDS control law on the nonlinear teleoperated
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manipulators is to scale the nonlinear locked system inertia by
and alter the Coriolis matrix. Note that the matrix

which characterizes the passivity property of the closed-loop
locked system is skew symmetric.

We now consider the dynamics of the coordination error
and investigate whether (, ) can indeed

be made small as assumed in the locked system analysis above.
The LDS shape system controller in Section IV virtually couples
the two robots (51) and (52) via a set of constant spring and
damper, and imperfectly cancels the effect of external forces
and . The shape system dynamics are given by

(56)

where

and

Using the Lyapunov function

(57)
where is a suitably small scalar, and

, it can be shown that

for some . Here, , and the operator norm
of are all bounded when are bounded. Also,
is bounded when are bounded. Furthermore,

, and do not depend on and . Therefore,
and will be ultimately bounded if are

bounded. Moreover, the bound can be made arbitrarily small
by choosing and sufficiently large. Alternatively, sliding
mode-type robust control as suggested in [18] can be used to
eliminate the coordination error. In other words, by using high
gain or sliding mode control, the coordination error can be
arbitrarily small, so that dynamics of the nonlinear teleoperated
manipulator will be close to the nonlinear locked system
dynamics (55).

A full analysis of the nonlinear teleoperated manipulators is
beyond the scope of this paper and is treated in [28] and [29]. In
fact, the somewhat unwieldy Lyapunov function (57) is inspired
by the nonlinear analysis in [28].

VIII. E XPERIMENTAL RESULTS

The proposed control law was implemented on the 1-DOF
LDS teleoperator system, as well as a pair of 2-DOF nonlinear
(non-LDS) teleoperated manipulators, with one robot being

Fig. 3. V (t)-flywheel energy trajectories and the invariant regionC of the
two sets of initial conditions. See Fig. 2 for interpretation. The enlarged figure
contains the trajectories of the first initial condition. Notice the ripples after
enteringC due to noise, actuation ripples, and discretization.

simulated on a computer, and the other being an actual robot.
This is done partly due to hardware limitations, and partly to
demonstrate the suitability of the proposed control law for
haptic display and virtual reality applications. The flexibility
of computer simulation also allows experimentations with very
different inertia properties.

A. 1-DOF LDS Teleoperation Experiments

The 1-DOF LDS system is equipped with a force sensor
on the master robot, and a custom-built semiconductor-type
strain gage force sensor on the slave robot. 50 and 150-Hz
low-pass filters are used for the slave and the master force mea-
surements. Control is implemented using MatLab Real-time
toolbox at 500-Hz sampling rate. Both kinematic scalingand
power scaling are set to be unity.

Shape and Locked System Control:Consider first the exper-
iment when the inertia scaling is , and the human oper-
ator manipulates the teleoperator while the slave robot is uncon-
strained. To illustrate the role that the invariant regionplays,
consider two sets of initial conditions: a) both the shape system
flywheel energy and coordination error are initially zero (i.e.,
starts at the origin in Fig. 3); b) the initial state lies outside of the
invariant region with nonzero flywheel energy and nonzero
coordination error.

The displacement trajectories in both cases are shown in
Fig. 4. Fig. 3 shows the trajectories of the Lyapunov function
(27) and of the flywheel energy in relation to the invariant
region .

From the first set of initial conditions, the human operator
excites the system to generate sufficient energy so that the state
of the augmented shape system eventually enters, and feed-
forward cancellation is then activated. Before the system enters
into , only kinematic control is used and the coordination per-
formance is poor (error around 5) due to the mismatched oper-
ator/environment force . After the augmented shape system
attains enough energy, feedforward cancellation is activated and
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Fig. 4. Position trajectories of the master and the slave manipulators with the
two initial conditions. Note that in the first initial condition, the teleoperator
achieves locking after the augmented shape system has gained some energy from
the human operator.

the coordination error decreases significantly (error less than
0.5 ).

From the second set of initial conditions, both the flywheel
energy and the coordination error are set to be nonzero initially.
The system starts outside region, as pointed out in Section IV,
the shape system flywheel energy increases when the feedfor-
ward is turned off (unless ). This causes the state to enter
the invariant region quickly (after 0.2 s) and the locked system
becomes nearly rigidly coordinated thereafter.

The trajectory that results from the first case exhibits some
small ripples inside of the invariant region(see inset of Fig. 3).
We suspect that these are due to measurement noise, actuation
ripples, and discretization.

The ultimate bound for the Lyapunov function as predicted by
Remark 2is too large to be shown in Fig. 3. This
highlights the practical limitation of using kinematic feedback
alone, and the necessity for feedforward cancellation to achieve
good coordination performance.

Similar tracking errors of less than 0.6are also obtained with
the inertia scalings being or (not shown). It is
interesting to note (not shown in plots) that when the apparent
inertia is decreased , the unmeasured friction causes
the locked system flywheel energy to decrease, and when the
apparent inertia is increased , the flywheel energy in-
creases. For this reason, the locked system flywheel speed may
need to be saturated or reset occasionally.

Hard Contact and Inertia Scaling:In this experiment, the
subject is asked to teleoperate the slave robot to hit an aluminum
wall, first with a short impact force and then with a steady force
level. The timing is determined by the rhythm of a background
music. The target impact and steady force levels are 13–14 Nm.
The slave force trajectories are displayed to the subject during
the experiment. This simulates a task typical of piano playing (a
staccato note followed by a tenuto note). The subject repeats this
experiment 40 times. Inertia scalings of and

Fig. 5. Master and slave force profiles during hard contact experiment,� =

0:5.

Fig. 6. Master and slave force profiles during hard contact experiment,� =

1:5.

are used. Control gains are tuned so that the coordination perfor-
mances are similar for all’s so as to eliminate the differences
due to different coordination performance and to focus on in-
ertia scaling only.

Figs. 5 and 6 show the sample force profiles for the apparent
inertias of and . Notice for small apparent in-
ertia , the master and slave force profiles have similar
shapes, compared to . This indicates a more transparent
system with a smaller intervening inertia.

B. Two-DOF Non-LDS Nonlinear Teleoperators

In order to validate the applicability of the proposed control
to multi-DOF nonlinear systems, the proposed control is ap-
plied to a pair of planar 2-DOF nonlinear manipulators. The
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Fig. 7. A 2-DOF planar master robot equipped with a force sensor. The 2-DOF
slave robot is implemented as a virtual environment which is simulated in real
time.

master (Fig. 7) is equipped with a force sensor with 120
Hz low-pass filter. The slave robot is a real-time computer sim-
ulated virtual environment. The MatLab xPC Target system is
used to implement the controller and the virtual environment
using a 2 kHz sampling rate.

Three cases are considered:

1) the slave robot has different inertia structure from that of
the master (not dynamically similar) with the feedforward
cancellation in (16) (Not DS with FF);

2) the slave has the same inertia as case 1) except that the
feedforward cancellation in (16) is deactivated (Not DS
no FF);

3) and the slave robot inertia structure is identical to the
master and the feedforward cancellation is used (DS with
FF). The robots are said to be dynamically similar after
coordination, but not linear, in this case.

For cases 1) and 2), the inertia matrices of the master and
slaves are, respectively, (in )

(58)

(59)

where 2 is cosine of the relative angle between the first and
second links. For case 3), is set to be the same as .
Thus, for case 3), . For the other two cases, is
used, which minimizes the two-norm error between the two sets
of inertia parameters, and .
Power scaling and inertia scaling are as-
sumed with kinematic scaling being unity.

Unconstrained Coordination Performance:In case 1), the
controller gains are tuned so that coordination errors in both
links are less than with typical master position commands.
The same gain setting is used in case 2) except that feedfor-
ward cancellation is turned off. In case 3), the control gains are
detuned and reduced from case 1) to achieve the same level of
coordination error as in case 1).

Fig. 8. Coordination error for the tracking experiment with nonlinear
teleoperator consisting of two 2-DOF robotic systems for the three cases
discussed in the text.

Fig. 9. Motion of the master and slave robots inx � y space with the
feedforward cancellation. The slave is a non-dynamically similar system. A
circular virtual object is implemented in the slave work environment. A human
operator moves the master from the starting point, traces the contour of the
virtual object twice, and pushes against the virtual object.

The tracking error for all three cases are shown in Fig. 8. The
oscillation during 0–2 s is due to initial position error between
the two robots. The steady-state coordination errors in all three
cases are very similar. This suggests, at least for small envi-
ronment forces, that the feedforward control in case 1) is not
helpful without a good model, and the coordination performance
is achieved by the sufficiently high kinematic gains. Notice that
the size of the kinematic gains are limited by sampling rate.
When the assumption of dynamical similarity is meaningful,
e.g., in case 3) with , feedforward cancellation is effec-
tive, since similar level of coordination error is achieved using
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Fig. 10. Force history that the master and slave encounter. For the explanation
of normal and tangential force components, please refer to Fig. 9.

Fig. 11. Coordination error with the virtual object for the three cases. The
importance of feedforward cancellation is highlighted by the remarkably worse
coordination of case 2) when the human is pushing the teleoperator against the
object.

significantly smaller kinematic feedback gain (70% in terms of
sum of two eigenvalues of and in (16)).

Force Reflection Performance:A circular virtual object of
radius 20 cm is installed in the workspace of the slave robot
(Fig. 9). The stiffness of the object is 7000 N/m to the normal
motion and the damping coefficient is 105 Ns/m. Fig. 9 shows
the trace of the slave robot end-effector during a maneuver in
which the human operator moves toward the object, follows the
contour of the object twice, and pushes the robot against the ob-
ject using as constant a force as he can. Notice the deformation
of the virtual object while the operator is pushing against it.

Fig. 10 shows the normal and tangential force histories in the
master and the slave robots for case 1) (non-dynamically similar
with feedforward control). It shows a force scaling factor of ap-
proximately two while the operator is pushing against the object.

This is consistent with power scaling when the teleoper-
ator has negligible movement. The tangential force when the
operator is moving around the object is generated by damping.
The force reflection performances for cases 2) and 3) are sim-
ilar. So plots are omitted.

Although all three cases have force reflection performances
similar to Fig. 10, Fig. 11 shows that during constrained contact,
there is a significant degradation in coordination performance
when feedforward control is not used [see case 2)], especially
when slave contact force is large.

Summary: The proposed control is effective even for
non-LDS nonlinear teleoperator. Specifically, feedforward
control is useful in reducing the need for high kinematic gains
when there is a meaningful dynamical similar (not necessary
linear) model for the teleoperator [case 3)]. Moreover, when
the environment forces are large (such as in constrained/contact
experiments), feedforward control is very important in main-
taining good coordination performance between the master and
slave robots [case 1) versus case 2)].

IX. CONCLUSIONS

In this paper, we have proposed a passive feedforward con-
trol scheme for LDS teleoperator systems to achieve both kine-
matic and power scalings. The control law renders the teleop-
erator as a common rigid mechanical tool to both the operator
and the work environment with an adjustable apparent inertia.
Passivity of the closed-loop system is robustly guaranteed, even
in the presence of force measurement inaccuracies and model
uncertainties. The key ideas of this paper are: 1) a simultaneous
dynamic and energetic decomposition of the teleoperator into
the shape and the locked systems, which can be controlled sep-
arately; 2) a control structure that robustly preserves passivity.
Although the proposed control law is derived based on the LDS
assumption, it can also be used for general nonlinear teleoper-
ator systems with sufficiently high feedback gains. Furthermore,
the passivity of the closed-loop teleoperator is also guaranteed
for the nonlinear systems. The control laws have been validated
experimentally. Future papers will extend these ideas to non-
linear teleoperators.
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