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Abstract: This paper deals with the passivity-based synchronized control of teleoperation considering po-
sition tracking and power scaling. In the proposed method, the motion and the force relation between the
master and slave robots can be specified freely. Using a passivity of the systems and Lyapunov stability meth-
ods, the asymptotic stability of teleoperation with communication delay and power scaling is proven. Several
experimental results show the effectiveness of our proposed method.
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1. INTRODUCTION

Teleoperation system is the extension of a person’s
sensing and manipulation capability to remote envi-
ronment. A typical teleoperation system consists of
the master robot, the slave robot, the human oper-
ator, the remote environment and the communica-
tion line. If only the master motion and/or force are
transmitted to the slave, the teleoperation system is
called unilateral. If, in addition, the slave motion
and/or force are transmitted to the master, the tele-
operation system is called bilateral.

In bilateral teleoperation, the master and the slave
are coupled via communication lines and communi-
cation delay is incurred in transmission of data be-
tween the master and slave sites. The delay in a
closed loop system can destabilize the system. It is
well known that the scattering transformation ap-
proach guarantees passivity of the communication
line with any constant communication delay [1], [2].
As shown in [3], [4], this approach drives the velocity
errors between the master and slave robots to zero,
but can only guarantees the position tracking error
to be bounded. Additionally, the scattering trans-
formation is necessary to calculate the algebra loop.
It is difficult to mount on a computer.

In [5], it is shown that multi passive systems with
any constant communication delay can be synchro-
nized. Moreover, the practical applicability of the
result is demonstrated in the problem of teleopera-
tion with any communication delay. Therefore, this
approach guarantees position and velocity errors to
zero without using scattering transformation.

In several tasks involving bilateral teleoperations,
such as telesurgery and teleoperation of huge robotics
for extra-vehicular activity in space application, the
master and slave act at different scales and there-
fore, it is necessary that the motion and the force
are transformed. This transformation is called as the
power scaling [6]. In [6], it is shown that a scaling of
exchanged power can be performed without affect-
ing passivity. However, in this case, the asymptotic
stability of position tracking errors is not guaran-

teed, because the scattering transformation approach
is used.

In this paper, we propose the passivity-based syn-
chronized control of teleoperation considering posi-
tion tracking and power scaling. In the proposed
method, the motion and the force relation between
the master and slave robots can be specified freely.
Using a passivity of the systems and Lyapunov sta-
bility methods the asymptotic stability of teleopera-
tion with communication delay and power scaling is
proven. Several experimental results show the effec-
tiveness of our proposed method.

2. DYNAMICS OF
TELEOPERATION

Assuming absence of friction and other disturbances,
the master and slave robot dynamics for n-degree-of-
freedom are given as [7]

M (gm)dm + Cm(qm, Gm)dm + gm(‘]m) =Tm + Fop
M (QS)fjs + Cs(QS7 qs)(is + gs ((Is) =Ts — Fenw, (1)

where the subscript ”m” and ”s” show the master
and the slave indexes respectively, q,,, qs € R"*!
are the joint angle vectors, ¢m, s, € R™*' are the
joint velocity vectors, T,,, Ts € R"*! are the input
torque vectors, F,p, € R™*! is the operational torque
vectors applied to the master robot by human oper-
ator, Fen, € R™! is the environmental torque vec-
tors applied to the environment by the slave robot,
M,,, My € R" ™ are the symmetric and positive
definite inertia matrices, CpyGm, Csgs € R™*! are
the centripetal and Coriolis torque vectors and
Im, gs € R™ ! are the gravitational torque vectors.
It is well known that the above equations have
several fundamental properties as follows.

Property 1: The inertia matrix M(q) is sym-
metric and positive definite and there exist some pos-
itive constant mj; and ms such that
0<miI < Mg) <mol. (2)



Property 2: Under an appropriate definition of
the matrix C(q, ), the matrix N = M (q) —2C(q. §)
is skew symmetric such that
NT'=-N, z'Nz=o. (3)
where © € R™*! is any vector.

3. CONTROL OBJECTIVES

We would like to design 7, 75 in (1) to achieve
a synchronized teleoperation with power scaling.

We define the position tracking error with power
scaling between the master and slave robots as

em(t) =alqs(t —T) — qm(t) ()
es(t) = agm(t—T) — gs(t).
where a € R is positive and any scaling factors.
The teleoperation system is said to be synchronized
if
ei(t) =0 as t 00 i=m,s
éi(t)y—0 as t—>00 i=m,s.

(5)

4. CONTROL DESIGN

To achieve the synchronized teleoperation system,
we design the master and slave controllers.
4.1 Passivity-based Nonlinear Compensation
The master and slave input torque are given as

[5],

Tm = =M (Gm)Adm — Comn (G, Gm) AGm
+ gm(qm) + Fn
Ts = —Ms(qs)Ads — Cs(ds, 45)Ags
+9s(qs) + Fs,  (6)

where F,,, and Fs are the additional input torque
required for synchronized control in next section and
A € R™" is a positive definite diagonal gain matrix.

Substituting (6) into (1), the master and slave
robot dynamics are represented as

Mm(Qm)'f'm + Cm(Qma Qm)rm =F, + Fop (7)
Ms(Qs)f's + Cs(st QS)TS = Fs - Fen’lM

where the vector 7, and rs are the new outputs of
the master and slave robots and are given as

F,,or -F,, qmorq.j. + porl
Master or Slave q orq, +O
—t Dynamics (1) m 3 A 4
BorE | +fg g =
Nonliner
Compensation (6)
Master+NC or Slave+NC

Fig. 1 The master and slave dynamics with nonlin-
ear compensation

{rm (t) = G (t) + Agm () (8)

Ts (t) = ds (t) + AQS (t)

There are defined by linear combinations of the joint
angle vectors and the joint velocity vectors. Fig. 1
shows a block diagram of the master and slave robots
with nonlinear compensation.

Then we have the following lemma.

Lemma 1: Consider the systems described by (7).
Define the inputs of the master and slave robot dy-
namics as Ty, = Fn, + Fop and 7s = Fs — Fep, and
the outputs as 7, and rs respectively. Then, the
systems with the above input and outputs (Fig. 1)
are passive such that.

/O rT(2)#(2)dz > -5, i=m,s. (9)

Proof: Define a positive definite function for the
systems as

Vitri(t) = 3o (OMi(ar(t), i=m,s. (10)

The derivative of this function along trajectories of
the systems are given by

V;

1 . )
grlTMiri + ’I‘ZTMi’I‘i

1 . P
= 5 ’I“ZT{]\Jz — 207,}1"1 -I-T‘lTTi
=0 property 2
=rl 7, i=m,s. (11)

Then the master and slave robot dynamics guarantee
the passivity as follows.

Armfﬁ@w = Vi(ri(t) — Vi(ri(0))

Y

(12)

Using nonlinear compensation as (6), the master and
slave dynamics are passive with respect to the output
(8) that contains both position and velocity informa-
tion. Thus the teleoperation can be controlled in the
passivity framework for position and velocity signals
by the new output.

4.2 Synchronized Control Law with Power Scal-
ing
We propose the synchronized control law with power
scaling as follows,

{Fm(t) = K(a 'ry(t = T) = rm(t)) 3)

Fs(t) = K(arm(t—T) —rs(t)),
where K € R™ " is a positive definite diagonal gain

matrix, T is a constant communication delay. This
control law has a very simple structure compared



Slave
+NC(7)

Master
+NC(7)

Fig. 2 The synchronization control architecture
with power scaling

with the scattering based control in [4]. Fig. 1 shows
a block diagram of teleoperation system with power
scaling. The "Master+NC” and ”Slave+NC” show
the master’s and slave’s reduced dynamics in (7).
The power scaling factors are located to both com-
munication lines. The proposed control structure is
also symmetric, i.e. the robots, the controllers and
the scaling factors are in same form.

5. STABILITY ANALYSIS

In this section we analyze the proposed synchro-
nized control law with a power scaling previously and
show that the control objectives are successfully ful-
filled. In the stability analysis that follows, we as-
sume that

1. The operator and the environment can be mod-
eled as passive systems with r,, and rs as inputs
respectively.

2. The operational and the environmental torque Fop,
and Fep,, are bounded by functions of the signals 7y,
and 7 respectively.

3. All signals belong to Lo, the extended Lo space.

Theorem 1: Consider the nonlinear teleoperation
with power scaling described by (7) and (13). Then
all signals in the system are bounded and the position
tracking errors given by (4) e,,,,es and its derivatives
ém, €5 are asymptotically stable. Therefore the tele-
operation system is synchronized and power scaled.

Proof: Define a positive definite function for the
system as

Vins (x(1))
—arl (t)M (@) (8) + 01T (5) Mo (g, (1)
+ael (H)AKen,(t)+a tel (t) AKe,(t)

*1/{ T (2)ra(2)} dz

+2a/0 {-Fl(2)rm(2)} dz

Jr/ {ar] (2)Krm(2) + o vl (2)Krs(2)} dz,
t—T

(14)

where M, and My are positive definite (by property
1), « is positive, K and A are positive definite di-
agonal matrices. The operator and the environment

are passive (by assumption). Hence
rs(z)}dz > 0, (15)
z)}dz > 0. (16)

Thus the function V,,s is positive definite. The
derivative of this function along trajectories of the
system with the property 2 are given by

Vins :2ar,7.:lFm + 20~ r TR,

+arl Krp, —a vl (t = T)Kr,(t —T)

+a I Kr, —arl (t = T)Krp,(t —T)
+20el AKé,, +2el AKeé,. (17)
Using the facts that
arl Krp, —a vl (t = T)Kr,(t —T)
={arm +rs(t—T)} ' K{r, —a lry(t—T)}

(18)
o 'r'Kry —ar? (t = T)Krp,(t —T)
={a7trs +rpm(t = 1)} K{rs —arm(t — 1)},
(19)
Then we have
Vins = 2art Fp, + 20 vl F,
—arg +r(t =T K{a 'rs(t = T) — rm}
—{a s o (t = T K{ar,(t —T) —rs(t)}
+20el AKé,, +2a el AKé,. (20)
Substituting (13) into (20), we get
Vins = —(@ gt = T) — ) TaK (a7 trg(t = T) — 70m)
—(arm(t —=T) — 1) a ' K(ar,m(t —T) —r5)
+20es, AKép, + 207 e AKé,.

Substituting (8) and using (4), it can be rewritten
as
Vins = —(ém + Aem)TaK (ém + Aey,)
— (s + Aes) o K (€5 + Aey)
+ 20l AKéy, + 207 el AKE,

= —¢él aKé,, — el aAKAe,,

—éla'Keé, —ela " 'AK Ae,. (21)
Thus the derivative of the Lyapunov function Vj, is
negative semi- definite. .

To show the uniformly continuity of Vs, we con-

sider the derivative of V,,s as follows,
Vins = —26L aKé,, — 261 aAK Ae,,

—2eTa ' Ké, —2¢Ta ' AK Aes. (22)
The V. is uniformly continuous, if the &,,, €s, €m, €,
em and ez are bounded. Since V,,; is lower-bounded



by zero and Vs is negative semi-definite, we can
conclude that,

rl aMpTm < Vins(2(0))

rla " 'Mgry <V, (2(0))

el aAKen, < V,s(2(0))
ela 'AKe, < V,,,(2(0)).
Using the fact that the inertia matrices M, and
M,,, are lower bounded by Property 1, the signals
Tm,Ts, €m and es are bounded. Note that Laplace
transform of (8) yields strictly proper, exponentially

stable, transfer function between r,,,rs and @m, gs
is given as,

1 0
s+A1
Qi(s) = R;(s) ,i=m,s, (23)
0 R S
s+An

where ”s” is the Laplace variable, the R;(s) and
Q;(s) are the Laplace transform of the r;(t) and
qi(t) respectively. Since 7,75 € Lo and (23), it
is casy to see that (), do(t), gm (1), @s(t) € Loo
and &,,,és € L. As the operational and the en-
vironmental torque are bounded by function of the
signals 7,,,7s respectively, Fop and Fep, are also
bounded. From (1), the master and slave accelera-
tion are bounded which given us that é,,,€s € L.

Thus V,,s is bounded and Vj, is uniformly con-
tinuous. Applying Barbalt’s Lemma [8] we can see
that V;,s — 0 as t — co. The signals e, es, €., and
é, are asymptotically stable. Therefore the teleop-
eration system is synchronized and power scaled. B

In the steady state, we can show that the contact
torque is transmitted to the master side.

Proposition 1: Consider the nonlinear teleoper-
ation with power scaling described by (7) and (13).
The following relationship is achieved in the steady
state

Gi(t) = qs(t) = 0,q;(t) = q;, i =m,s. (24)

Furthermore, we obtain that the scaled contact torque
is accurately transmitted to the master robot side as
follows

Fop = KA(aqm - qs) = Ol_lFenv (25)

Proof: In the steady state (24), the master and
slave dynamics (7) are reduced to

F,, =—-F,,
Fs = Fen'v

KA(aqm — gs)a™! = F,y
KA(aqm - q.s) = Feno.

The above equations give
F,p = KA(agm — qs) = a ' Fopy. (26)

Therefore the scaled contact torque is accurately trans-
mitted to the master robot side. |

Remark 1: From Theorem 1 and Proposition 1,
we can conclude the following properties
e a > 1 : The motion/force of the slave robot is
scaled up
e < 1: The motion/force of the slave robot is
scaled down
e a = 1: The slave robot is operated in a same scale
Additionally the asymptotic stability is guaranteed
when the scaling factors is finite. Hence the pro-
posed method can specify the scale of the motion
and the force relationship between the master and
slave robots freely.

6. EVALUATION BY CONTROL
EXPERIMENTS

In this section, we verify the efficacy of the pro-
posed teleoperation methodology. The experiments
were carried out on a pair of identical direct-drive
planar 2 links revolute-joint robots as shown in Fig.
3. We also measure the operational and the environ-
mental torque (i.e. Feny, Fop in (1)) using the force
sensors. The inertia matrices, the Coriolis matrices
and the gravitational torque are identified

o 01 + 203 cos(qz) 02 + 05 cos(gz)
Mi(g:) { 02 + 05 cos(g2) 02
oy |—0ssin(g2)g2  —0O3sin(q2)(d1 + G2)
Cz(q“%) |: 0 Sin(q2)q1 0
gi(¢;) = 0, i=m,s.

The parameters of robots are given as follows
6, = 0.3657[kgn?]
02 = 0.0291[kgm?]
05 = 0.0227[kgmn].
Fig. 4 shows the experimental setup with a hard en-

vironment on the slave side. As a real-time operating
system, we use RT-Linux and 1 [ms]| sampling rate

Fig. 3 Experimental setup



Fig. 4 Slave and environment

is obtained. All experiments have been done with a
constant communication delay of 0.5 [s].

The controller parameters K and A are selected
as follows

3 0 1.5 0
wop goali Y

The scaling factor is selected as
o= 2.

Hence we expect that the motion/torque of the slave

robot is twice as much as those of the master robot.
Two kind of experimental conditions are given as

follows.

o Case 1: Free space

o Case 2: Contact with environment

All experimental results show that the stability is
guaranteed as Figs. 5-10.

Figs. 5 and 6 show the results of Case 1. From
Fig. 5, The joint angle responses of the slave are
about twice as much as those of the master as ex-
pected. Fig. 6 shows the result that the master re-
sponses are multiplied by two and the slave responses
are shifted to 0.5[s] to cancel the communication de-
lay. From Fig. 6, the joint angles of the slave ac-
curately track those of the master and the synchro-
nization with power scaling between the master and
slave robots is achieved.

Figs. 7 - 10 show the results of Case 2. As shown
in Figs. 7 and 8, when the slave robot is pushing
the environment (2.5-12.5 [sec]), the contact torque
is faithfully reflected to the operator. The opera-
tor can perceive the environment through the torque
reflection. The environmental torque responses are
about twice as much as operational torque responses
as expected. Figs. 9 and 10 show the results that
the master responses are multiplied by two and the
slave responses are shifted to the left. From Figs.
9 and 10, the environmental torque on contact are
accurately transmitted to the master side. When
the slave dose not contact with environment and the
operator forcing is negligible (12.5-18[sec]), the syn-
chronization with power scaling between the master
and slave robots is achieved.

In Fig. 9, there are some errors in the torque,
but it is seems to be due to the substantial devise

F
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— — — Slave
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S
T
~
-

o
~
\
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!
N
o

T

1st joint angle [deg]

|
EN
S

50

Master
= — = Slave

2nd joint angle [deg]

0 5 10 15
Timels]

Fig. 5 Case 1: Time response in free space

40 T

E Master x 2
= — — = Slave
2
Z o
-
=
2 -20
'Z‘) _40 1 1 1
5 10 15
Timels]

50 T
Master x 2
= = = Slave

2nd joint angle [deg]

0 5 10 15
Timels]
Fig. 6 Case 1: Time response in free space
(Master response x 2)

coulomb friction of robots. These errors were not
observed when a simulation without such a friction
[9] is performed.

7. CONCLUSION

In this paper, we proposed the passivity-based
synchronized control of teleoperation considering po-
sition tracking and power scaling. In the proposed
method, the motion and the force relation between
the master and slave robots can be specified freely.
Using a passivity of the systems and Lyapunov sta-
bility methods the asymptotic stability of teleoper-
ation with communication delay and power scaling
was proven. Several experiments results showed the
effectiveness of our proposed method.
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