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Abstract— One of the key challenges in mobile robot teleoper-
ation is master-slave kinematic dissimilarity: master device (e.g.,
joystick) has a bounded workspace, while slave mobile robot
can/should cover an unbounded workspace. A direct master-
position/slave-velocity coupling has been frequently used for
this, which, yet, in general, violates passivity of the closed-
loop system, since the master system with position output
cannot be passive. In this paper, we propose a new notion of
feedback r-passivity of general multi-dimensional Lagrangian
systems, which allows us to achieve such master-position/slave-
velocity coupling while enforcing passivity. Its applications to
tele-driving of dynamic and kinematic WMRs with constant
communication delay are also presented.

I. INTRODUCTION

Mobile robots are promising to achieve many power-

ful applications, not attainable by conventional fixed-base

robots: e.g., remote sensing/exploration, search/rescue, pay-

load transport, human assistive robots roaming around house,

etc. Some examples of mobile robots include: wheeled

mobile robots (WMRs), unmanned aerial vehicles (UAVs),

aquatic unmanned vessels (AUVs), serpentine robots, and

even humanoids. It is also very often that such mobile robot

applications take place in unknown, unmapped or dynamic

environments, for which fully autonomous control of mobile

robots is often infeasible, if not impossible, and, instead, their

teleoperation is desired/necessary.

Compared to the standard teleoperation between two fixed-

base robotic manipulators, that for the mobile robots is not

well-understood with less results available now. One of the

key challenges, overarching the teleoperation of those mobile

robots, is master-slave kinematic dissimilarity: i.e., master

device (e.g. joystick) usually has a bounded workspace, yet,

mobile robots can/should cover an unbounded workspace

(e.g., E(2) for WMRs; or E(3) for UAVs).

One of the most frequently-used way to address this

master-slave kinematic dissimilarity is to directly couple

the master position to the slave velocity so that a human

user can control the unbounded motion of the mobile robot

by operating the bounded motion of the master device

[1]. It may even be tempting to believe that master-slave

communication delay may also be incorporated into this

position-velocity coupling, simply by using the wave-coding

of the master position and slave velocity [2], [3]. This direct

position-velocity coupling, yet, with or without the delay,

is not compatible with the passivity of the master device,
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since its Lagrangian dynamics can never be passive with

this position output (and force input), due to the well-known

relative degree requirement for passive systems (i.e., relative

degree should be ≤ 1, yet, that from force to position = 2).

With passivity violated at this interface, the closed-loop tele-

operation system would not possess passivity either, the very

sought-after property in teleoperation to guarantee stability

with a wide range of human users and slave environments.

To address the master-slave kinematic dissimilarity of the

mobile robot teleoperation while enforcing passivity, in this

paper, we propose a new notion of feedback r-passivity

for general n-degree-of-freedom (DOF) Lagrangian master

haptic devices. More precisely, with a simple local static

PD-type feedback (i.e., feedback passiviation [4]), we modify

the device’s well-known (energetic) passivity property with

its velocity q̇ ∈ ℜn replaced by a new variable r := q̇+Λq ∈
ℜn with a positive-definite/diagonal Λ ∈ ℜn×n. This r then

contains position information q, thus, can be used instead of

q; yet, due to its substituting q̇ in the passivity property, can

be considered as usual velocity signal for deriving (passive)

teleoperation control. In other words, by coupling this r of

the master device to the slave mobile robot’s velocity, we

can achieve master-position/slave-velocity coupling in a way

very similar to the standard velocity-velocity teleoperation,

for which passivity-enforcing is not difficult (e.g. [5]).

To show the usefulness of this feedback r-passivity, we

also present its applications to WMR teleoperation, for both

the kinematic and dynamic WMRs, which allow a remote

user to stably tele-drive the WMR with constant communi-

cation delay and some useful haptic feedback (i.e., extended

physiological proprioception (EPP) [6]), while using the

haptic device much like as the gas-pedal and steering-wheel

of the familiar car driving.

Our r-passivity may sound similar to that for adaptive

control [7], [8], which is also adopted in [9], [10] for

teleoperation. Their r-passivity in [7]-[10], yet, is not so

suitable for the mobile robot teleoperation, since it often

produces time-varying/continuously-increasing perturbation

to human perception (from the inertial parameter adapta-

tion) whenever the human motion is not vanishing (e.g.,

see [9, Fig.11]). Even so, to commemorate these seminal

works, adopting terminology in [7], [8], we call our r-

passivity feedback r-passivity while that in [7]-[10] feedfor-

ward r-passivity. One may also argue the applicability of

rate teleoperation schemes [11], [12] for achieving master-

position/slave-velocity coupling. This, yet, is true only in a

very limited way, since, to our knowledge, the state-of-the-

art rate teleoperation schemes can neither handle multi-DOF

nonlinear haptic devices (e.g., [12]) nor enforce passivity
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with communication delay, both of which we can achieve

here with feedback r-passivity. This paper also extends the

results of [13], [14] to general multi-DOF Lagrangian master

haptic devices, kinematic WMRs, and a more car-driving like

tele-driving mode.

The rest of the paper is organized as follows. We derive

feedback r-passivity for general Lagrangian systems in Sec.

II. Its applications to kinematic and dynamic WMR tele-

operation with communication delay are presented in Sec.

III. Sec. IV summarizes the paper with comments on future

research directions.

Notations: For x ∈ ℜn, ||x|| :=
√
xTx. For A,B ∈ ℜn×n,

σ̄[A]/σ[A] are the largest/smallest singular values of A; A ≻
B (or A � B, resp.) implies A − B is positive-definite (or

positive semi-definite, resp.); Ap ∈ ℜp×p is the square matrix

starting from the (1, 1) component of A (p ≤ n); and In is

the n× n identity matrix.

II. FEEDBACK r-PASSIVITY OF LAGRANGIAN SYSTEMS

Consider a n-DOF (generic) master haptic device, with

the nonlinear Lagrangian dynamics:

M(q)q̈ + C(q, q̇)q̇ = τ + f (1)

where q, τ, f ∈ ℜn are the configuration, control, and

external force; M(q) ∈ ℜn×n is the symmetric/positive-

definite inertia matrix, and C(q, q̇) ∈ ℜn×n is the Coriolis

matrix. Using skew-symmetricity of Ṁ − 2C, we can show

its well-known open-loop (energetic) passivity: ∀T ≥ 0,

∫ T

0

[τ + f ]T q̇dt = κm(T )− κm(0) (2)

where κm(t) := q̇TM(q)q̇/2 ≥ 0. For (1), we also assume

that: 1) eigenvalues of M(q) are all bounded and strictly pos-

itive; and 2) |∂mij/∂qk| is bounded ∀q, which are satisfied

by many practical systems (e.g., revolute-joint robots [15]).

Let us write the control τ for (1) s.t.

τ := τlocal(q, q̇) + τ ′ (3)

where τlocal(q, q̇) is a local state-feedback (to be designed

below), and τ ′ is additional (outer-loop) control. Our goal

is to modulate (1) with the local control τlocal(q, q̇) s.t. the

modulated master system possesses feedback r-passivity:

∫ T

0

[τ ′ + f ]T rdt ≥ −d2, ∀T ≥ 0 (4)

where d ∈ ℜ is a bounded constant, and r ∈ ℜn is the new

output defined by

r := q̇ + Λq (5)

where Λ := diag[λ1, λ2, ..., λp, 0, ..., 0] ∈ ℜn×n is a diago-

nal matrix with λi > 0, i = 1, 2, .., p.

Since ri contains qi (i ≤ p), we may then use ri instead of

qi to tele-command the mobile robot’s velocity1. Moreover,

since r in (4) substitutes q̇ in (2), we may consider ri as

1The range of qi to control mobile robot’s velocity may be large, if λi

is small, since ri contains λiqi instead of qi. This issue can be addressed
by using motion scaling [16].
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Fig. 1. Feedback r-passivity with input-output pair (τ ′ + f, r).

usual velocity. This is very desirable, since, if so, we can

think of the coupling between ri and the mobile robot’s

velocity as velocity-velocity coupling, to which many passive

teleoperation techniques are applicable (e.g., [2], [5]).

The following Prop. 1 shows that this feedback r-passivity

(4) can be achieved with a simple/static PD-type local state

feedback τlocal(q, q̇). See Fig. 1. The Prop. 1 also extends

[13], [14] to general n-DOF Lagrangian systems (1).

Proposition 1 Suppose q̇ is bounded. Then, given λi > 0,

∃ large enough bj > 0 and ki > 0 (i = 1, ...p, j = 1, ...n),

s.t. the master system (1) modulated by

τlocal(q, q̇) := −Bq̇ −Kq (6)

possesses feedback r-passivity (4) with d2 := VP (0), where

VP (t) ≥ 0 is a storage function defined below in (9), and

B := diag[b1, ...bn] and K := diag[k1, ...kp, 0, ...0].

Proof: The modulated master dynamics (1) with (6) is given

by:

M(q)q̈ + C(q, q̇)q̇ +Bq̇ +Kq = τ ′ + f (7)

for which, we can show that:

[τ ′ + f ]T r = (q̇ + Λq)T [Mq̈ + Cq̇ +Bq̇ +Kq]

=
d

dt
VP (t) + sH(t) (8)

where

VP (t) : =
1

2
rTMr − 1

2
qTΛMΛq +

1

2
qT (ΛB +K)q

=
1

2
rTMr +

1

2
qT [K + ΛB − ΛMΛ] q

=
1

2

(
q̇
q̄p

)T [
M Mn×pΛp

ΛpM
T
n×p Kp +BpΛp

]

︸ ︷︷ ︸

:=P (q)∈ℜ(n+p)×(n+p)

(
q̇
q̄p

)

(9)

and

sH(t) : =

(
q̇
q̄p

)T [
B − 1

2 [MΛ + ΛM ] − 1
2Cn×pΛp

− 1
2ΛpC

T
n×p ΛpKp

]

︸ ︷︷ ︸

=:Q(q,q̇)∈ℜ(n+p)×(n+p)

(
q̇
q̄p

)

(10)

with q̄p := [q1, q2, ..., qp]
T ∈ ℜp, and Mn×p ∈ ℜn×p being

the “tall” block matrix composed of the first p-columns of

M (similar for Cn×p). Here, we also use the facts that
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d[yTMy/2]/dt = yTMẏ + yT [C + CT ]y/2 = yTMẏ +
yTCy, ∀y ∈ ℜn (from skew-symmetricity of Ṁ − 2C) and

yTCy = yTCT y = yT [C + CT ]y/2.

Now, suppose that bj and ki are large enough w.r.t. the

given (bounded) λi; and the assumption on M(q) after (2)

are met. Then, we have

Kp +BpΛp ≻ ΛpM
T
n×pM

−1Mn×pΛp = ΛpMpΛp (11)

implying P ≻ 0 [17, pp.472]. Moreover, from the as-

sumptions after (2) with bounded q̇ and the fact that C
is linear w.r.t. q̇ and ∂mij/∂qk, M and Cn×p in (10) are

also bounded. Thus, with large enough ki, bj , the diagonal

term of each row of Q in (10) will dominate the sum of

absolute values of all its off-diagonal terms, implying that

Q � 0 (Gersgorin’s theorem [17, pp.344]). Integrating (8)

with VP (t) ≥ 0 and sH(t) ≥ 0 (from P ≻ 0 and Q � 0),

we then have feedback r-passivity (4): for all T ≥ 0
∫ T

0

[τ ′ + f ]T rdt ≥ VP (t)− VP (0) +

∫ T

0

sH(t)dt

≥ VP (t)− VP (0) ≥ −VP (0).

Note that our feedback r-passivity (4) in Prop. 1 is state-

dependent, i.e., requires q̇ to be bounded. This boundedness

of q̇ may be enforced by the (outer-loop) mobile robot

teleoperation control τ ′ a posterior - see Sec. III. This state-

dependency is, in fact, due to the Coriolis matrix C (see

(10)) and can be eliminated if the system (1) is linear with

C = 0 as shown in the following Cor. 1.

Corollary 1 Suppose the master device (1) is linear with

C = 0 and constant M . Then, if B,K,Λ are chosen s.t.

B ≻ σ̄[M ]σ̄[Λ]In, Kp � 0 (12)

feedback r-passivity (4) is granted. Moreover, if the master

device (1) consists of n separate 1-DOF linear systems with

M = diag[m1,m2, ..,mn] and C = 0, such B,K,Λ can be

chosen s.t.2

bi > λimi, ki ≥ 0

for i = 1, 2, .., p with bj , kj ≥ 0 for j = p+ 1, ..., n.

Proof: For the first claim, with C = 0, it is easy to see that

(12) ensures Q � 0 in (10). Also, note from (11) that, with

Kp � 0, we will have P ≻ 0, if BpΛp ≻ ΛpMpΛp, which is

equivalent to Λ−1
p Bp ≻ Mp. Yet, from the diagonal structure

of B = diag[b1, ..., bn], (12) implies bi > σ̄[M ]σ̄[Λ], i =
1, .., n, which in turn implies bj/λj > σ̄[M ](σ̄[Λ]/λj) ≥
σ̄[M ], j = 1, ..., p. Thus, we have,

Λ−1
p Bp = diag[ b1

λ1
, ...,

bp
λp

] ≻ σ̄[M ]Ip � σ̄[Mp]Ip � Mp

implying P ≻ 0, where we use σ̄[M ] ≥ σ̄[Mp] [17, pp.419].

For the proof of second claim, see [13].

2The condition (12) is slightly more conservative than this (i.e., B in (12)
instead of Bp), since M is not limited to be diagonal for (12).
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Fig. 2. Master joystick, slave WMR, and constant delay, d1, d2 ≥ 0.

Our r-passivity is inspired by [7]-[10]. If we adopt the

terminology of [7]-[10], we may yet say that our r-passivity

is based on the (static PD-type) feedback action, while

that in [7]-[10] on the dynamic feedforward action. Due

to this reason, we call our r-passivity feedback r-passivity,

while that of [7]-[10] feedforward r-passivity. Also, from

its local feedback being static, our feedback r-passivity

does not suffer from the time-varying (i.e., confusing) and

monotonically-increasing (e.g., getting heavier) perturbation

to human perception, as observable when the feedforward

r-passivity of [7]-[10] is applied to the teleoperation with its

inertial parameter adaptation (e.g., see [9, Fig.11]).

Note that r in (5) contains not only q but also q̇, that

is, it will fully convey the q information only in steady-

state. Even so, we found this q̇ in (5) not so detrimental in

many cases, and, even, in some cases, quite useful, which we

believe is due to its predictive action (e.g., facilitated start

with an increase of q̇ preceding that of q). Note also from

Prop. 1 and Cor. 1 that the damping injection B is necessary

for our feedback r-passivity, and, the higher the intensity of

the q-inclusion is desired (i.e., a large Λ), the larger B is

necessary.

III. APPLICATION TO WMR TELE-DRIVING

A. The Setting

In this section, we apply the feedback r-passivity of Sec.

II to WMR tele-driving to show its usefulness for mobile

robot teleoperation. We consider a 3-DOF WMR as shown

in Fig. 2, with its configuration (x, y, φ) ∈ SE(2), where

(x, y) := (xo, yo) ∈ E(2) is the geometric center and φ ∈ S

is the heading angle, w.r.t. the global frame (O,X, Y ). This

WMR is under the nonholonomic constraint [18]:

d

dt





x
y
φ



 =





cosφ 0
sinφ 0
0 1





(
v
w

)

(13)

where v ∈ ℜ is the forward velocity of (x, y) and w := φ̇.

We say a WMR is dynamic, if it assumes wheel torques

as its inputs, with the following second-order dynamics:

D(φ)ν̇ +Q(φ, φ̇)ν = u+ δ (14)

where ν := [v, φ̇]T ∈ ℜ2, u := [u1, u2]
T ∈ ℜ2, and δ :=

[δ1, δ2]
T ∈ ℜ2 are the velocity, control, and external force3,

and D(φ) and Q(φ, φ̇) are the inertia and Coriolis matrices.

3This δ can be real environmental force (e.g. contact, friction, gravity,
etc), virtual force (e.g. obstacle avoidance), or their combination.
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Evolution of this dynamic WMR is then described by (13)

and (14). Using skew-symmetricity of Ḋ− 2Q, we can also

show its open-loop (energetic) passivity:

∫ T

0

[u+ δ]T νdt = κdWMR(T )− κdWMR(0) (15)

for all T ≥ 0, where κdWMR(t) :=
1
2ν

TD(φ)ν ≥ 0.

On the other hand, many commercially available WMRs

only accept wheel velocities as their input (with low-level

velocity controller: e.g. Pioneer DX-3�). We shall call such

a WMR kinematic, whose motion is specified by the (first-

order) constraint (13) with the following input equation:

ν = u (16)

where u = [u1, u2]
T ∈ ℜ2 is the forward/turning velocity

commands. Similar to (15), we can also show its open-loop

φ-passivity: ∀T ≥ 0,

∫ T

0

uT ykWMRdt = VkWMR(T )− VkWMR(0) (17)

where ykWMR := [0, φ]T , and VkWMR(t) :=
1
2φ

2(t) ≥ 0.

In this paper, we assume constant master-slave commu-

nication delay. Without loss of generality, we also assume

q1 and q2 of the master device (1) are used to command

the WMR’s v and φ (or φ̇), much like as a gas-pedal

and a steering-wheel. Using the feedback r-passivity and

the PD-scheme of [5], we will design control laws for:

1) (q1, v)/(q2, φ̇) tele-driving of dynamic WMRs; and 2)

(q1, v)/(q2, φ) tele-driving of kinematic WMRs4, which en-

force two-port passivity of the closed-loop system (for dy-

namic WMR tele-driving), or master-passivity/slave-stability

(for kinematic WMR tele-driving), while providing some

useful haptic feedback over the communication delay.

B. Dynamic WMR (q1, v)/(q2, φ̇) Tele-Driving

First, using the feedback r-passivity, we convert (q1, v)
and (q2, φ̇) tele-drivings into those of (r1, v) and (r2, φ̇),
which can then be thought of as the standard velocity-

velocity teleoperation. For this, we define (6) with B =
diag[b1, ..., bn], K = diag[k1, k2, ..., 0] and r = q̇ + Λq
with Λ = diag[λ1, λ2, ..., 0], where bj , ki, λi (i = 1, 2,

j = 1, .., n) are chosen according to Prop. 1. We then design

the master (outer-loop) control τ ′ = [τ ′1, τ
′
2, 0, ..., 0]

T ∈ ℜn

and u ∈ ℜ2 for the WMR using the PD-scheme of [5] s.t.

τ ′1(t) := −kv(r1(t)− v(t− d2)) (18)

u1(t) := −kv(v(t)− r1(t− d1)) (19)

τ ′2(t) := −kφ̇(r2(t)− φ̇(t− d2)) (20)

u2(t) := −kφ̇(φ̇(t)− r2(t− d1)) (21)

where kv, kφ̇ > 0 are gains.

Theorem 1 Consider the master device (1) and the dynamic

WMR (14), with (6) and the tele-driving control (18)-(21).

4We found users prefer (q1, v)/(q2, φ̇) mode with body-frame perception

(e.g. onboard camera on WMR); and (q1, v)/(q2, φ̇) mode with global-
frame perception (e.g. cameras fixed to environment).

1) Suppose that (q̇(t), q(t), v(t), φ̇(t)) = 0 ∀t ≤ 0; and

human user and slave environment are passive, i.e., ∃c1, c2 ∈
ℜ, s.t., ∀T ≥ 0,

∫ T

0
fT rdt ≤ c21 and

∫ T

0
δT νdt ≤ c22. Then,

given λi, ∃ large enough bj , ki s.t. a) feedback r-passivity

(4) is granted; b) closed-loop tele-driving system is two-port

passive: ∃c ∈ ℜ, s.t.,
∫ T

0

[fT r + δT ν]dt ≥ −c2 (22)

for all T ≥ 0; and c) its interaction is stable with bounded

(q̇, q1, q2, v, φ̇).
2) Suppose (q̈, q̇, v̇, φ̈, φ̇) → 0. Then, for the (r1, v) tele-

driving, we have: a) haptic feedback of v, if δ1 → 0, i.e.

f1 → (k1/λ1)v with v → λ1q1; or, b) haptic feedback of

δ1, if v → 0, i.e. f1 → −(k1 + λ1kv)/(λ1kv)δ1; and, for

the (r2, φ̇) tele-driving, we have: c) haptic feedback of φ̇, if

δ2 → 0, i.e. f2 → (k2/λ2)φ̇ with φ̇ → λ2q2; or, d) haptic

feedback of δ2, if φ̇ → 0, i.e. f2 → −(k2+λ2kφ)/(λ2kφ)δ2.

Proof: 1) Following [5], we can show controller passivity

[16] of (τ ′1, u1) and (τ ′2, u2) s.t.:
∫ T

0

(τ ′σrσ + uσ⋆)dt ≤ −W(rσ,⋆)(T ) +W(rσ,⋆)(0) (23)

for all T ≥ 0, where ⋆ = v if σ = 1 and ⋆ = φ̇ if σ = 2;

and W(rσ,⋆)(t) is the Lyapunov-Krasovskii functional [19]

defined by

W(rσ,⋆)(t) :=
k⋆
2

[∫ 0

−d1

r2σ(t+ θ)dθ +

∫ 0

−d2

⋆2(t+ θ)dθ

]

≥ 0

with W(rσ,⋆)(0) = 0 from (q̇(t), q(t), v(t), φ̇(t)) = 0 ∀t ≤ 0.

Then, integrating (8), with human/environment passivity,

WMR passivity (15), and controller passivity (23), we have:

VP (T ) + κdWMR(T )− VP (0)− κdWMR(0) +

∫ T

0

sH(t)dt

=

∫ T

0

[τ ′T r + uT ν]dt+

∫ T

0

[fT r + δT ν]dt ≤ c21 + c22

(24)

∀T ≥ 0, with W(rσ,⋆)(T ) ≥ 0, and q̄p = [q1; q2]. Note that

(24) does not require bounded q̇, modified r-passivity, or

judiciously chosen λ1, k1, bi as predicated in Prop. 1, since

(8) holds even if P � 0 or Q ≺ 0 (with Vp and sH in (24)

not necessarily positive-definite and positive semi-definite).

Re-arranging (24) with VP (0) = 0 (from q̇(0) = q(0) = 0),

we then have: ∀T ≥ 0,

VP (T ) + κdWMR(T ) ≤ c̄2 −
∫ T

0

sH(t)dt (25)

where c̄2 := c21 + c22, with κdWMR(0) = W(rσ,⋆)(0) = 0.

Now, note that, for a given λi, we can always find large

enough bj , ki to enforce (11). Then, from (9), we can write

VP as the sum of two positive definite functions:

VP (t) =
1

2
rTMr +

1

2
q̄p[Kp + ΛpBp − ΛpMpΛp]q̄p (26)

with M ≻ 0 and (11). On the other hand, to establish

Q � 0, let us temporarily assume sH(t) = 0 for (25) (this
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assumption will be removed below). Then, we can show

from (25) with (26) and (11) that: 1) ||q̄p|| is bounded, with

its bound γq̄p(Bp,Kp) decreasing, as bj , ki increase; and 2)

using rTMr/2 ≤ VP for (25),

||q̇|| ≤ 2c̄/σ[M ] + σ̄[Λp]γq̄p(Bp,Kp)

where we use ||q̇||− ||Λpq̄p|| ≤ ||r||. This implies that, for a

given λi, we can always find large enough bj , ki to enforce

Q � 0 in (10), since, as bj , ki increase, ||Cn×p|| in (10)

will decrease (from C being linear w.r.t. ∂mij/∂qk and q̇,

all bounded), while σ̄[MΛ] is bounded by a constant (see

the assumptions after (2)). Even if we put sH(t) back into

(25), this will still hold, since, with so chosen (B,K,Λ)
and sH(0) = 0, sH(t) in (25) will only further decrease

bounds of ||q̇|| and ||q̄p||, thereby, still enforcing Q � 0 and

sH(t) ≥ 0 for all t ≥ 0.

Then, with P ≻ 0 and Q � 0, integrating (8), we have

feedback r-passivity (4). Also, from (24) with controller

passivity (23); sH(t) ≥ 0; and Vp(t) ≥ 0, κdWMR(t) ≥ 0,

and W(rσ,⋆)(t) ≥ 0 with equalities hold at t = 0, we can

show two-port passivity (22):

∫ T

0

[fT r + δT ν]dt ≥ −
∫ T

0

[τ ′T r + uT ν]dt ≥ 0 =: −c2

for all T ≥ 0. Interaction stability is a direct consequence of

(25), with sH(t) ≥ 0 and P ≻ 0 for (9) with q̄p = [q1; q2].
2) With (q̈, q̇, v̇, φ̈, φ̇) → 0 and (6), the closed-loop dynamics

of WMR (14) and master device reduce to







f1
δ1
f2
δ2







→







k1q1 + kv(λ1q1 − v)
kv(v − λ1q1)

k2q2 + kφ(λ2q2 − φ̇)

kφ(φ̇− λ2q2)







showing that: a) if δ1 → 0, v → λ1q1 and f1 → (k1/λ1)v; b)

if v → 0, δ1 → −kvλ1q1 and f1 → −(k1+λ1kv)/(λ1kv)δ1;

c) if δ2 → 0, φ̇ → λ2q2 and f2 → (k2/λ2)φ̇; and d) if

φ̇ → 0, δ2 → −kφλ2q2 and f2 → −(k2 + λ2kφ)/(λ2kφ)δ2.

Note that the closed-loop passivity (22) requires hu-

man/environment passivity. This contingency is due to the

state-dependency of the feedback r-passivity (4), and can

be removed if a linear device is used (with C = 0: see

Cor. 1). The assumption (q̈, q̇, v̇, φ̈, φ̇) → 0 of Th. 1 is

used to describe steady-state of the tele-driving. Note also

that our human r-passivity assumption in Th. 1 is different

than the usual “energetic” q̇-passivity assumption (i.e. fT r
instead of fT q̇). Yet, we believe this r-passivity assumption

would be likely as suitable as the q̇-passivity assumption

here, since: 1) human q̇-passivity is validated only for very

specific tasks (e.g., [20]) quite different from the WMR

teleoperation with local feedback (6) and the communication

delay; and 2) we also observed that, during the experiments,

human users usually try to control q and q̇ to be bounded

and eventually retract them back to zero, just like they

would do with q̇ during the usual teleoperation. See also [21]

for a similar human/environment r-passivity assumption. A

rigorous validation of human r-passivity for the WMR tele-

driving with the local feedback (6) and the communication

delay is a topic for future research.

C. Kinematic WMR (q1, v)/(q2, φ) Tele-Driving

Observe that φ serves in (17) similar to q̇ in (2). This

implies we may consider φ as the usual velocity signal; and,

utilizing feedback r-passivity, we may convert (q2, φ) tele-

driving into that of (r2, φ), which then can be thought of

as the standard velocity-velocity teleoperation. On the other

hand, for (q1, v) tele-driving, we will utilize its algebraic

relation v = u1 in (16) to bypass feedback r-passivity.

For this, we define (6) with B = diag[b1, b2, ..., bn] and

K = diag[0, k2, 0, ..., 0], and r = q̇ + Λq with Λ =
diag[0, λ2, 0, ..., 0], where bi, k2, λ2 (i = 1, .., n) are chosen

according to Prop. 1. Extending the PD-scheme of [5], we

design the (outer-loop) control τ ′ = [τ ′1, τ
′
2, 0, ..., 0]

T of the

(modulated) master (1) and u = [u1, u2]
T for the kinematic

WMR (16) s.t.

τ ′1(t) := −bdq̇1(t)− kdq1(t)− kv(q1(t)− v(t− d2)) (27)

u1(t) := q1(t− d1) (28)

τ ′2(t) := −kφ(r2(t)− φ(t− d2)) (29)

u2(t) := −kφ(φ(t)− r2(t− d1)) (30)

where kd > 0 is the local spring to provide haptic feedback

of v when q1 → v, bd > 0 is the damping injection to passify

the delayed kv action (kv > 0) set to be

bd ≥ (d1 + d2)kv (31)

and kφ > 0 is the D-control gain.

Theorem 2 Consider the master device (1) and the kine-

matic WMR (16), with (6) and tele-driving control (27)-(30).

1) Suppose the human operator is r-passive (see Th. 1) and

(q̇(0), q(0)) = 0. Then, given λ2, ∃ large enough bi, k2 s.t.:

feedback r-passivity (4) is granted; closed-loop tele-driving

system is one-port passive, i.e., ∃c ∈ ℜ, s.t.,
∫ T

0

fT rdt ≥ −c2 (32)

for all T ≥ 0; and its interaction is stable with bounded

(q̇, q1, q2, v, φ̇, φ).
2) Suppose (q̈, q̇, φ̇) → 0. Then, we have haptic feedback of

v with (q1, v) coordination, i.e. a) f1 → kdv with q1 → v;

and b) haptic feedback of φ with scaled (q2, φ) coordination,

i.e. f2 → (k2/λ2)φ with φ → λ2q2.

Proof: 1) Following [22], we can show one-port controller

passivity of τ ′1: for all T ≥ 0,
∫ T

0

τ ′1q̇1dt ≤ −(bd − d̄kv)

∫ T

0

q̇21dt− ϕ1(T ) + ϕ1(0)

≤ −ϕ1(T ) + ϕ1(0) (33)

where we use v(t−d2) = q1(t−d1−d2) from (16) with (28),

and the condition (31), along with ϕ1(t) := (kd/2)q
2
1(t) ≥ 0.

We can also show controller passivity of (τ ′2, u2): ∀T ≥ 0,
∫ T

0

(τ ′2r2 + u2φ)dt ≤ −W(r2,φ)(T ) +W(r2,φ)(0) (34)
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where W(r2,φ) is defined similar to that in Sec. III-B.

Then, similar to (24), integrating (8) with WMR φ-

passivity (17), controller passivities (33)-(34), and human

r-passivity, we have: for all T ≥ 0,

VP (T ) + VkWMR(T )− VP (0)− VkWMR(0) +

∫ T

0

sH(t)dt

≤
∫ T

0

[τ ′ + f ]T rdt+

∫ T

0

u2φdt ≤ c21 +W(r2,φ)(0) (35)

with r1 = q̇1, W(r2,φ) ≥ 0, and ϕ1(0) = Vp(0) = 0.

This inequality (35) is similar to (24) and can be rearranged

similar to (25) as well. Thus, following the same argument

in Th. 1, we can show that, given a bounded λ2,∃ large

enough bi, k2 s.t. P ≻ 0 and Q � 0 for (9)-(10). Feedback

r-passivity (4) then follows by integrating (8); and one-port

passivity (32) from (35) with (33)-(34). From (35), we can

also see the followings are bounded: q̇ and q2 (from bounded

Vp); q1 (from bounded ϕ1); v (from bounded q1 with (16) and

(28)), φ (from bounded VkWMR), and φ̇ (from (16) and (30)

with bounded φ and r2). This proves interaction stability.

2) With (q̈, q̇, φ̇) → 0, the closed-loop dynamics reduces to






f1
v
f2
φ̇







→







kdq1 + kv(q1 − v)
q1

k2q2 + kφ(λ2q2 − φ)
−kφ(φ− λq2)







implying that: a) q1 → v and f1 → kdv; and b) with φ̇ → 0,

λ2q2 → φ and f2 → (k2/λ2)φ.

In contrast to Sec. III-B, here, we have one-port master

passivity (32) with slave (state) stability (instead of (22));

and have no haptic feedback of WMR’s external force δ
(cf. item 2 of Th. 1). This is because the kinematic WMR

(16) has only one interaction-port (u, ykWMR) and contains

no external force δ in its modeling (16). Utilizing algebraic

relation v = u1 in (16), we can also achieve (q1, v) tele-

driving without relying on feedback r-passivity.

Similar to other “time-invariant” techniques (e.g. wave [2],

[3], PD [5]), which blindly applies “worst-case” passifying

action all the time, our (essentially PD) control laws in

Secs. III-B and III-C also exhibit significant performance

degradation with longer delay. See [23], [24] for some

results to overcome this conservatism by utilizing passive set-

position modulation (PSPM [25]), which selectively activates

passifying action only when necessary, thereby, provides

better performance. Refer to the authors’ website for experi-

mental results, which were omitted here for page limitation.

IV. CONCLUSIONS

In this paper, we propose a new notion of feedback r-

passivity of general n-DOF nonlinear haptic devices as a

means to address master-slave kinematic dissimilarity, one

of the fundamental problems in mobile robot teleoperation.

To show its usefulness, we present its application to the

kinematic/dynamic WMR teleoperation with constant delay.

Some future research includes: 1) applications to other types

of mobile robots; 2) experimental verification of human r-

passivity; and 3) further relaxation of Prop. 1.
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