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Abstract

This paper proposes a solution to stabilize a remote
manipulator robot (PUMA560) using IP network. A
method is described to control this remote manipula-
tor based on High-Order Sliding Mode so as obtain a
product time delay bandwidth constant. The stability
condition of this algorithm is studied. Some simula-
tion results illustrate the perfomance of the High-Order
Sliding Mode to dynamically force the remote system
according to the Network Round Trip Time (NRTT).

1 Introduction

There are situations when firms or laboratories have
to resort to remote manipulation. Such cases appear
when dangerous objects have to be handled [1] or/and
when the environment is too aggressive for humans.
Typical applications belong to the nuclear domain
(for instance in the dismantling of a nuclear plant),
deep-sea domain (work on underwater structures of
oil rigs) and spatial domain (exploration of distant
planets). Teleoperation has the supplementary advan-
tage of giving the possibility of sharing an experiment
between several operators located in distinct places.
This way, heavy outdoor experimentations could be
easily shared between several laboratories and costs
could be reduced as much. However, long distance
control of a remote system requires the use of differ-
ent transmission media which causes two main techni-
cal problems in teleoperation : limited bandwidth and
transmission delays due to the propagation, packeti-
sation and many other events digital links may inflict
on data [2]. Moreover bandwidth and delays may vary
according to events occurring all along the transmis-
sion lines. In acoustic transmission, round-trip delays
greater than 10s and bit-rates smaller than 10kbits/s
are common. These technical constraints result in one
hand in difficulties for the operator to securely con-
trol the remote system and, in the other hand, make

classical control laws unstable. Many researches have
proposed solutions when delays are small or constant
[3], but when delays go beyond a few seconds and vary
a lot as over long distances asynchronous links, solu-
tions not based on teleprogramation are fewer because
such delays make master and slave asynchronous and
the control unstable.

Since 1997, our team has begun a research project
on teleoperation. At this time, publications about
teleoperation methods when delays are small and/or
constant were numerous but there was a lack in long
distance teleoperation literature, when delays are pro-
hibitive and variable such as through Internet chan-
nels. Starting from an initial experiment with our
mobile manipulator, our first work consisted in high-
lighting practical difficulties inherent to teleoperation
of mobile manipulator.

We then began to develop a generic teleoperation
model which we inserted in a simulation environment
using Matlab/Simulink. Working with this tool, we
proposed an architecture and a method [1] consist-
ing in buffering data at its arrival in both master and
slave. Associated with an adaptive predictor we could
offer a real-time estimation of slave state over a virtual
constant delay transmission link. In order to validate
these results, we developed a software based on this
model, which we applied on our mobile manipulator.
The main drawback was that this buffering method in-
duced a very high global delay in short distance, due to
an unsuitable transmission period. Therefore, we com-
pleted our model by a real-time network round-trip
delay measure (Network Round Trip Time, NRTT)
and forward prediction in order to adapt the trans-
mission period (Network Delay Regulator, NDR) and
buffer parameters to small frequency network behav-
ior. First simulation results were presented in [4].

We propose in this paper an original remote decen-
tralized controller on the manipulator based on High-
Order Sliding Modes. This controller allows to adapt
the manipulator dynamics in closed loop according to
the (NRTT). We prove in the next section, under some



specific assumptions, that same stability level is ob-
tained if the product closed-loop bandwidth of the re-
mote system by the NRTT is constant. We then pro-
pose to force dynamically each axis of the robot to ver-
ify this condition using the High-Order Sliding Modes
algorithm whose the coefficients be adapted with re-
spect to the NRTT. Stability is also proved into 3rd
section. Afterwards, some simulations results are pro-
vided to illustrate the efficiency of this solution.

2 Study Case

In this section we introduce the model of the experi-
mental platform including the actuators of the manip-
ulator robot, the network and the base station. Some
assumptions are presented to reach the stability level
condition. We also describe an original method based
on HSOM allowing to force dynamically each actuator
as a first order linear system.

2.1 Teleoperation Platform

We use a terrestrial vehicle equipped with a 6
degree-of-freedom manipulator (d.o.f) [1]. It consists
of a 6x6 vehicle fitted with a PUMA manipulator. Sev-
eral control laws are featured: global motion of the
whole mobile manipulator, force-driven control laws,
PID control law,... In this present work, we use a com-

uted torque method [5] to control the arm. A dSpace

DSP board is dedicated to the low-level control of
the 8 axis (6 for the arm and 2 for the vehicle) A lap-
top PC fitted with a wireless 2Mbps Ethernet network
board takes care of the transmission and of a global
control of the whole mobile manipulator. The opera-
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Figure 1: Transmission loop

tor sends and receives data to the remote site at least
through his lab network. This data roams through the
Internet if necessary, it reaches the remote site LAN

and, at last, it is sent at 2Mbps through at 802.11b-
like radio transmission link. Figure (1) pictures this
trip. We have chosen TCP versus UDP because TCP
is reliable: the received data is exactly the same as
the sent data (no packet loss or disorder). The main
drawback is an higher NRTT than with UDP, due to
packet checking and reordering.

2.2 Modeling

The modelisation step describes the dynamic model
including the network, the remote system and the base
station. We consider that the remote manipulator
robot as a set of linear subsystems. The nonlineari-
ties (Gravity, Coriolis) are included in the disturbance
term.
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0i e~ Trs ?* Sris D) [T

d;

Base Station: iNetwork! Remote Actuators

Figure 2: Transmission model

The linear model of the manipulator robot actua-
tors can be expressed as :

7iGi(t) + Gi(t) = kyi (ui(t) — di(t)) (1)

where u(t) = [us..ug]’ is the control vector, q(t) =
[¢1..q6]° the position output vector, d(t) the distur-
bance vector and 7; the time response of each actuator.
The base station is always controlled by an human op-
erator whose explicit modeling is complex. However,
the stability study needs an explicit model. Also, we
assume the base station as a proportionnal loop and
the network reacts as a constant delay: either we use
a channel that provides constant delay 7., or we use
our NDR wich provides a constant virtual delay 7.
We obtain the following equation :

u(t) = KoE(t)e Tr* (2)
with E(t) = qq(t) — q(t) the tracking error and a con-
stant global delay T.

2.3 Stability with constant time delay

The stability condition of the second-order system
with constant time delay described by the above equa-
tions (1) and (2), provides an equation where the



bandwidth of the remote system (8; = Ti) according

to the delay T is nonlinear [6]. However, in the case of
the remote system is composed by a set of first-order
systems such that :

7i; (1) + qi(t) = Kyiui(t) (3)

We then find the following stability condition :

1
T; arccos(—
T, < - ( KOik”i)l
Ko;ky; sinarccos(— Roke )

(4)

Assume that gains Ky; and k,; are constant, we can
rewrite the above equation (4) as :

T.B8; < Cj (5)

where C; is a constant positive value. In order to
verify the equation (5) when Tr takes different values,
the bandwidth §; has to be adapted according to 7.

3 Algorithm based on High-Order
Sliding Modes

One solution to dynamically force the response of
the remote actuators to react as a first-order is the
sliding modes control law [7]. This method, when
the sliding condition is verified, dynamically force the
response of the system such that the sliding surface
s = 0. However, the sliding condition is obtained with
a discontinuous control vector which causes a chat-
tering phenomenon at the equilibrium point. Several
works try to vanish this problem, but only one method
gives a satisfactory result. This method is called High-
Order Sliding Modes HOSM [8]. The main goal is the
constraint given by the equation s(z) = 0 has to be
a sufficiently smooth constraint function. The discon-
tinuity does not appear in the first (""1*h total time
derivative (cf. 6).

=s"'=0 (6)

s=§=8=..
The relative degree r is defined as :

ds’

Oou
with ¢ = 1..(r — 1). In the case of r = 1 in order to
avoid the chattering phenomenon, the 2-sliding mode
control can be used and the time derivative of the plant
control 4(t) may be considered as the actual control
vector. In the 2-sliding mode the control vector u(t)
is continuous and the chattering phenomenon disap-
pears.

os”

3.1 Control Law Strategy

Let consider the state representation of the equa-
tion (1).

{ by =2 ®)

B = — 7 T2 + %kmuz(t)

Where z1; = ¢; with ¢ = 1..6 is the joint position of
the 3" actuators, 7; is the time response of the motor
and wu;(t) the control variable. We propose a first-
order surface equation with the desired output value
ZT14i = 0:

si(@i) = —x2 — N1 9)

The 2-sliding mode control considers the time deriva-
tive control variable u(t) as the control vector. One so-
lution is obtained expressing § with equation (8). The
second one is achieved considering the time derivative
state model (8) such that the time derivative of the
control variable 4;(t) appears within 5. We obtain in
the second case, the following model:

T1; = T24
i‘2i = T3; (10)
T3; = _.,.%1'31 + ikviuz(t)

Working on the new model defined previously (eq.10),
we propose a new sliding s, surface depending on the
s;(z;,t) function as :

Syi = Y2i + QiY1i (11)

where yo; = §; and y1; = s;. This sliding surface can
be expressed according to the state variables as :

Syi = —T3; — (ai + /\z)mh — aiAimli (12)

The time derivative control vector $;(t) can be written
as the sum of two functions :

Wi(t) = Uegi + At (13)
where 1.g; is the equivalent control to achieve §; =0 :
) T s
Uegi = k—l (ﬁ — (A +ag)xs; — ai)\iarg,) (14)
v T;

and Ad; is the discontinuous second term used to com-
pensate the unmodelled dynamics of the system :

Au; = Kisgn(sy:) (15)

where K; is the maximum input value of the actuators.
The 7-reachability equation defined below (16) is a
necessary condition for a finite time convergence.

Syzsyz < —77|5yi| (16)



The equations (14) and (15) verify the condition (16)
which ensures the finite time convergence. Integrating
equation (16), we obtained the following result :

0N T

tei <
' kK

(17)
where t. is the upper bound for the time convergence

such that the surface s;(t.;) = 0. Using equations

(13), (14) and (15), the global control vector u;(t) can
be expressed as :

wi(t) = ueqi(t) + /K,-sgn(syi)dt

This control vector is continuous and the chattering
phenomenon disappears.

3.2 Stability
Let define a Lyapunov function such that :
| J—
V(X,t) = §X PX

with X = [z1, 2o, z3]" the state vector and P a matrix
defined by :

0 0 —Ckz')\i
P= 0 aidi— 22 —(a;i+ )
—aiXi  —(ai +A) -1

The time derivative term of the Lyapunov function
can be written as :
1 9 ai)\i k‘m'K

Ai + ;,-)m% T s Tz|syi|

V = (—Oéz' —

where V is positive defined and V is negative defined
under the following condition :

Oéi)\i 1
< — 18
a; + A T; ( )

We therefore conclude, under the stability condition
(eq. 18) that the system is exponentially stable.

4 Simulation Results

First of all, we validate in simulation the theorical
results obtained previously (stability, finite time con-
vergence). Afterwards, we introduce global simulation
results made up of base station, network and remote
system using the HOSM control law whose the sliding
surface coeflicients are adapted according to NRTT,
verifying equation (5).

4.1 High-Order Sliding Mode Algorithm

A Simulink model based on the equivalent model
of the remote actuators defined by the equation (10)
allows to verify the stability equation. This condition
achieved in (18) can be rewritten as :

a; < L
¢ )\iTi -1
We have performed the model by tuning the coeffi-

cients A1 and a; in order to reach the stability limit.
We present the figure (3) these values. This simula-
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Figure 3: Stability limit

tion result is achieved with m, = 0,1s, K; = 15V and
kyi = 1rd/V. We also added the theorical points of
the stability condition. These curves show a similar
behavior between the simulator and the theorical re-
sult.

Finite Time convergence
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Figure 4: Finite time convergence

The finite time convergence observation is carried
out with a; = 1rd/s and Ay = 20rd/s. Using previ-
ous values of the actuator model and equation (17), we



achieve t.; = 0,13s. This simulation result is showed
figure (4) where (te ~ 0,1s). Figure (5) presents
the sliding surface phase trajectory 31(t) = f(s1(¢)).
This sliding surface describes in the phase trajectory a
straight line such that 1 = —aq 51, with oq = 2rd/s.

Sliding Derivative Surface dS

Figure 5: Sliding surface phase trajectory

The time step response of the remote system is
then forced dynamically by the sliding surface sy1(t)
(eq.(12)). Reaching the sliding straight, the time re-
sponse is defined by the solution of the ordinary dif-
ferential equation sy (t) = 0.
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Figure 6: Position response

In the case of this step response (z14(t) = u(t)), the
time solution can be expressed as :

a1 “Ait M —ast
zir(t) =u() ({1— ————e ' 4 ———e™ ™
) =u() (1- -2 o)
If the coefficient a;; << A1, the time response of x17 is
equivalent to the first-order time response. This theo-
rical time response z17(t) is showed figure (6) versus
the simulation result.

The simulation time response 17 (t) is closed to the
theorical time response of the sliding surface. That
proves the position trajectory is always defined by the
sliding surface when ¢ > t.. It is an important result
given in the worst case when the operator sends brutal
step orders in a teleoperation task.

4.2 Switching of sliding surfaces

When the constant delay T'. is changed by the NDR,
the HOSM algorithm has to modify each «;. Figure
(7) shows a time step response of a sliding surfaces
switching with two values of a3 : a;1(1) = 0,4rd/s
and a;(2) = 2rd/s with Ay = 20rd/s.
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Figure 7: Position response

The experimental curve is very close to theorical
responses. This remark allows us to conclude that
the sliding condition is always verified even during the
switching period.
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Figure 8: Switching of sliding surfaces

Figure (8) presents the switching of sliding surface
with —mzl(t) = f(]. - .’L'u(t)).



4.3 Teleoperation with time delay

We have performed this control algorithm based on
HOSM method on a simulation of teleoperation task.
The operator sends some desired position steps (see
figure (9)) to the remote manipulator.

d
T T o HOSM [-2Ls
Op:__g..rator T,(k) ¥
q1
Base Station: :Network: Remote Actuators

Figure 9: Teleoperation task

We assume that the network delay (7)) takes two
different values during the simulation time : 7,.(1) =
1s, t < 12s and T;(2) = 250ms, t > 12s. This can
happen when the network behavior changes drastically
and the NDR has to switch to a new Tr to be able to
provide a constant virtual delay anew.
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Figure 10: Effects of the HOSM on ¢, (t)

The equation (5) gives a solution to keep a same sta-
bility level when the average delay changes. Choosing
C; = 0,2 for the base station, we obtain two values
of the sliding surface coefficient a;(1) = 0,2rd/s and
a1(2) = 0,8rd/s. Figure (10) illustrates a teleopera-
tion task using a HOSM algorithm. The bandwidth
of the remote system is adapted with respect to the
network delay. The operator has always a stable sys-
tem and if the mean delay tends to infinity then the
manipulator bandwidth («) will tend to zero.

5 Conclusion

The method we have proposed in this paper con-
cerns a global stable solution to remote control a ma-
nipulator robot via an asynchronous network such In-
ternet. This method assumes a slow step varying de-
lay. This way, it can be used as an upper layer of
previous low-level works such as our NDR, upon a
real network with jitter. This study should be im-
plemented on experimental setup in fews months to
validate these results. This control method associated
with the previous results (NDR), provides an efficient
tool for the telerobotics systems using TCP/IP net-
work.
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