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Abstract

In this paper a modified Smith predictor for linear de-
layed haptic interaction is presented. The objective is
to design a feedback law which compensates the time
delay by its somehow elimination from the character-
istic equation of the closed loop system. This method
is robust within a certain safe prediction interval. The
applicability of Smith predictor in the case of haptic in-
teraction using computer haptic algorithms is shown.

1 Introduction

We are primarily concerned with stability analysis of
systems that involves haptic devices used for interac-
tive manipulations within virtual environments (VE).
In figure 1 a general schematic of such systems is shown.
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Figure 1: Haptic interaction system

VE haptic systems is similar with some extend to the
well known master-slave teleoperation systems. Tele-
operation systems synergistically combine humans and
machines and this man-machine link is what makes
them particular. In order to make the slave robot repli-
cates operator desired trajectories in the one hand, and
to convey the Kinesthetic slave robot-environment in-
teraction as a feedback to the operator via the master
robotic system in the other hand. A bilateral coupling
control scheme which makes, in the ideal case, the mas-
ter and the slave tracking each other is designed. As
for teleoperation, VE haptics provide important infor-
mation issued from synthetic virtual objects interac-
tions within the VE. However, as for teleoperation, it
is well known that small communication delays may
destabilize the system using conventional bilateral con-

trol methods. In the frame of teleoperation, Anderson
and Spong [1] have proposed a control law for teleop-
erators with time delay based on passivity and scatter-
ing theory [2]. This method allows a stable behavior
for any non-varying time delay. Niemeyer and Slotine
[3] elegantly reformulate Anderson and Spong’s work
by introducing “wave variables” notion on the basis of
network theory. The major problem when using wave
variables still, up to date, the performances degrada-
tion as the delay increases. Several recent works extend
the previous techniques for the time varying delay, as
in the case of Internet [4], such as Stramigioli [5] and
Yokokojhi [6] and for the enhancement of performances
using a wave predictor [7].

Other approaches are based on the H., optimal con-
trol and p-synthesis, Leung [8]. Fiorini [9] analyzes the
stability of a simple PD-type state feedback controller
for a teleoperation system over Internet, using stability
conditions derived from a proposed Lyapunov function.

For the use of Smith predictor to stabilize a linear time
delayed system, several controller synthesis were pre-
sented. In [10], Smith and al. have proposed a delay
compensation method which uses a model of the pro-
cess in the feedback loop around a conventional con-
troller. It is shown that using this technique the time
delay can be eliminated from the characteristic equa-
tion of the system. Other approaches based on Smith
predictor using state space equations have been pro-
posed for treating the robustness towards initial condi-
tions problems and disturbances [11] and [12]. Never-
theless, Smith predictor has never been implemented,
from a pure control point-of-view, on time delayed tele-
operation systems. This is due to the fact that it is not
feasible to predict hazardous remote environments be-
havior. Indeed, it is difficult to actually predict when
contact will occur, the contact interaction parameters
when it occurs, the operator behavior and operator de-
sired trajectories, etc. However, practical implemen-
tations have been made using various graphic predic-
tors i.e. a VE (augmented reality based vision feed-
back, teleprogramming schemes, supervisory control,
etc.) and discrepancies recovery strategies.



The paper is organized as follows. We first define the
model of the haptic interaction: a position-force based
kinesthetic feedback scheme. We then briefly review
the definition of Smith predictor and solutions for ini-
tial condition problems and disturbances problems. In
the same section we discuss the applicability of the pre-
dictor in the case of haptic interaction. In section 4,
we develop a controller in nominal case. Finally, simu-
lation results on actual 1 DOF force feedback interface
is presented and results about robustness of the control
scheme are dropped.

2 Previous Work in Haptic Simulation

In Previous works on haptic systems has made the as-
sumption that the operator and the virtual environ-
ment are passive, focusing on other aspects of the sys-
tem to ensure stable haptic interaction. In fact, most
of the proposed control strategies are typically vari-
ous adaptations of the proposed bilateral controllers
developed for force reflecting teleoperation systems.
All these strategies are translated and adapted for the
VE haptic interacts context mainly in a discrete form.
Since Smith predictors have not been investigated for
teleoperation systems, to the best authors knowledge,
there seems to be no work addressing their implemen-
tation in the frame of VE haptics. Moreover, the lim-
itations which inhibit the use of prediction for teleop-
erators do not hold in the VE haptics context since,
contact prediction and involved virtual objects param-
eters are known thanks to the available computer hap-
tics algorithms.

Adams and al. [13] presented an approach using the so
called “virtual coupling” network between the haptic
device and the held virtual object. The virtual cou-
pling allows the environment design to be separated
from the sampled-data control issues associated with
haptic display. Though this solution has been already
proposed in the context of teleoperation [14]. The main
advantage of such a control design is that the param-
eterization of the virtual mechanism used for the cou-
pling between the haptic interface and the manipulated
virtual object can be elaborated so that the passivity
of the whole system is preserved using linear intercon-
nected networks theory.

Consider a one degree-of-freedom (DOF) haptic display
shown in figure 2 with the haptic device M(s), virtual
coupling C(z) and virtual environment E(z).
If the condition :
1 1—cos(LZOH(z))
Re
C(z) Re(M(z))

holds, the unconditional stability of the haptic interac-
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Figure 2: Model of one DOF haptic display

tion is satisfied. In other words, the haptic display ap-
pears passive, as seen by the operator [13]. The choice
of the parameters of the virtual coupling should satisfy
some performance properties.

If we interact with a remotely located VE (such as con-
current engineering design software or simply a shared
VE) the communication channel is then located be-
tween the virtual coupling and the virtual environment
as it is shown in the figure 1. In this case, the commu-
nication time delay will indubitably destabilize the sys-
tem since the passivity of the system is compromised
and no longer preserved. One could compensate the
time delay by a global reformulation of the controller
using previously cited teleoperation force reflecting ap-
proaches. The solution proposed here, and formulated
using Smith-based prediction, consists in keeping the
virtual coupling as a local controller and compensates
the communication time delay by a separate VE-based
Smith prediction-type control. The detail of the con-
troller design is explained in section 4. In order to
better understand the proposed method we will recall
the Smith prediction principle .

3 Smith prediction method

Consider the following mono-variable system described
by:
z(t) = Az(t)+ Bu(t—1) 2)
Cux(t)

<

—~
~

~—

z(0) = zg, u(h) =uo(h) —-7<h<O0

where u is the control input, x is the state variable,
y is the output, 7 is the delay, and wug is the initial
function of the input. A, B and C are constant ma-
trices of appropriate dimensions for the process. It is
assumed that (A, B) is controllable and (C, A) is ob-
servable. The transfer function of the closed loop sys-
tem using a static unit feedback relating the output,
y(t), to the desired input yq(t) (see figure 3) is given



by :

Y(s) = C(sI—A)y~'Be™*"

Ya(s) 14 C(sI — A)~1Be—s7
where s is the Laplace transform variable. In this equa-
tion, note that the characteristic equation of the closed
loop system contains the time delay element leading to
an infinite number of eigenvalues. Controlling an infi-
nite number of eigenvalues is not practically feasible.
Using Smith prediction method the time delay element
can be eliminated from the characteristic equation of
the closed loop system. The design problem for the
process with time delay can be transformed to the one
without delay.

Y4 € u )i

—{P :T G(s)e ™
G(s) - G(g)e™ J

Figure 3: Smith predictor based control architecture

In figure 3, ¢ is the error, y, is the input signal, y is
the output system and wu is the control signal.

The Smith predictor control for system (2) is shown in
figure 3. The block G(s)e*", where G(s) = C(sI —
A)7!B, is the process model without delay. The feed-
back element G(s) — G(s)e™®" is the nominal model of
the process which is assuming that is well identified.
The transfer function becomes :

Y(s) C(sI—A)"'Be=*"

Ya(s) 14+ C(sI — A)'B

The system representing by the above transfer function
is stable under some conditions on A, B and C.

However, the Smith predictor controller cannot handle
the disturbances and nonzero initial conditions as seen
in [11]. A close analysis of many improved schemes
(examples: Process-Model Control schemes [11], finite
spectrum assignment techniques [12] show that they all
use in an explicit or implicit manner a predictor of the
state at time ¢ + 7 in order to achieve the control of
the system (2). Unfortunately, in response to uncer-
tain initial conditions or disturbances, the prediction
cannot always ensure a stable system responses. This
problem will not be treated in this paper (see [15] for
more through development of the problem).

4 Controller design based Smith predictor

In this section, the Smith prediction of the previous ex-
ample concerning system (2) is applied to the VE hap-

tic reflecting system. The control scheme of the hap-
tic interaction will contain a time delay between the
virtual coupling and the virtual environment in both
direction as presented in figure 1 by the communica-
tion channel. The transfer function of the closed loop
simplified delayed system becomes in the continuous
case:

the transfer function from Fj, to F; is given by

M(s)

(Fh—Fe€7 2) 5

— F.e °2C(s)| e " E(s) = F,

Fi(s) _ LM (5) E(s)e™™
En(s) ~ 1+e i B(s) (LM(s) + O(s))

It is stated clearly that the obtained closed loop (when
contact is occurring because in the free motion the sta-
bility problem is not considered and the system is open
loop) system has an infinite eigenvalues because the
time delay element is present in the characteristic equa-
tion which may imply the potential instability of the
system.

The proposed solution to this problem is a simple Smith
predictor based controller using the process model of
the haptic display performing like a feedback around
the virtual environment. This is shown in figure 4.
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Figure 4: Controller design

The resulting transfer function of the global system is
a stable haptic simulation with a delayed input

Fis) _ AMEEEe
Fp(s) 1+ E(s) (1M(s) + C(s))

(3)

Note that there is no delay in the characteristic equa-
tion (3). The main advantage of this control-prediction
scheme is the use of the process model of the haptic dis-
play only which is -in almost case- well know and its
parameters are well identified. In other words, the use
of the controller based on Smith prediction is to elim-
inate the delayed response F, of the master part and
replace it with non-delayed response. The resultant
global system is a system in which the delay is only in
the force applied by the operator.



5 Simulation results

5.1 Nominal Design
The haptic system simulation’s characteristics are as
follows:

e The master part is a single DOF haptic interface
allowing displacements in a single direction. It is
assumed that the haptic interface is a rigid stick
of mass m = 0.2K g mounted on a CC direct drive
actuator for which we experiment different values
of the viscous friction (b = 0.5 is a nominal
values).

e The force F, is performed when a virtual contact
occurs in the virtual environment (VE).

e The Virtual Coupling Network is chosen to be

a PD-controller C(s) = ;i:((j)) = m,
is to ensure unconditional stability under no time
delay. K. = 10% and B, = 10% are parameters

which should satisfy condition (1).

its role

e The VE is a virtual wall with stiffness coeffi-
cient K. = 1000 % When collision occurs,
the reflected force obeys to Hook’s law, that is:
F, = (xwant — ®e) X Ko = Az X K¢, Typqy is the
position of the wall.

e Delays are taken to be 73 = 275 = 1sec (nominal
values).

-500 -

-1000

Master position (m)

-1500 - Master Position

2000 _—

Slave position

Time (sec)

Figure 5: Unstable behavior of haptic simulation (multi-
ple contact)

Simulation results are shown in figures 5, where the
haptic simulation present a unstable behavior due to
transmission delays (71, 72).

Now, we apply the developed prediction-based con-
troller (with nominal parameters), we obtain as ex-
pected from theory a stable simulation with position

error when contact is occurs. The position error (in
constrained motion) between master and slave is in-
versely proportional to viscous friction coefficient of the
haptic interface b and delay 75 in control F,. In other
words, the collision detection in the VE and the execu-
tion of the command due to the collision the operator
continue to move. In the free motion, the slave position
is equal to master delayed position (delay equal to 7)
figure 6.

0.6

0.5 |. VE force

Master position
041 4

03| 4
IPositio difference while contact made
0.2 Fh 7 '

Slave veloci

slave position

gzve oci M N

- (S
H W

Free m IX

010

Master position (m)
S

Constrained
mgtion

Free motiol

S
N

S
&

0 5 10 15 .20
Time (sec)

Figure 6: Stabilization with Smith-predictor Controller

Figure 6 shows the master position and the progressive
attenuation of the unavoidable discrepancy (whatever
the controller is) of the master and virtual positions
during the contact. The explanation is quite simple :
At the beginning, the master speed increases as the ap-
plied operator force (F},) increases. When the contact
is made (v, = 0.1msec™!,z,,, = 0.34m), we can notice
that the master speed drops toward zero, then con-
tinue to decrease. Because of the operator speed and
the backward delay, the error (the penetration) is ex-
actly e = 0.007m for the first contact, which means
that the operator feels the force of the VE (F,) when
Ty = 0.34m. The constraint on slave position is re-
spected (0.2m on the figure 6) due to the high stiffness
of the virtual wall. The VE reaction force (F,) is well
fed and counterparts, to some extent, the applied Fj,.
The latter increases to a maximum and decreases, this
behavior is desired, as we took a sin function for Fj,.
One can notice the good fidelity in force and velocity
restitution (as there is no error between the master and
slave velocities during free motions). When the contact
brakes, the remote position matches the desired one
after a delay 71. Several simulations where performed
with various contact behavior (multiple contacts, and
various VE stiffness), the results show a good stable
behavior of the haptic interface.



5.2 Robustness and limitations of the control
scheme

A future work will contain through developments and
explanation concerning the robustness issues due to er-
ror estimation of the master model and we have extend
this method which became free from the delay estima-
tion. In the allowed space we only present some results
concerning system behavior due to errors in the esti-
mation in the delay value.

0.6

T
0.5 7VEforce ]
04 Master position
03 | |
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Figure 7: Robustness of controller du to mismatch delays
AT = 50ms

Figure 7 shows a stable behavior of the haptic inter-
action when A7 = Ar + Ay € ]0,0.05] s (where A7y
is the error estimation between the transmission delay
7; and the virtual delay used by the Smith controller),
however, it can be noticed that small oscillations ap-
pear in virtual environment force or velocities which
may deteriorate system performances. It should be
noted, that same oscillations appear when error esti-
mation in model of the haptic interface is considered.

0.6[ i
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Figure 8: Robustness of controller due to mismatch in
model estimation m = 0.045kg

It should be noted, that same oscillations appear when

error estimation in model of the haptic interface is con-
sidered. Figure 8 shows a stable behavior due to per-
turbations in model estimation of haptic interface using
in Smith predictor Controller, considering errors only
in masse, the margin giving by Rouché’s Theorem is
|[Am| < 45 g (see [?] for more through development of
the robustness problem).

6 Conclusion

In this paper, a controller stabilising delayed haptic
feedback system and force feedback teleoperators has
been presented. The originality and the main idea of
this work is the investigation of a Smith-like prediction
within the remote site (i.e. slave robot site for teleop-
eration case, or in the simulation engine within remote
VE). The proposed controller has been proven to stabi-
lize force feedback interaction for important delays and
different master to remote transmission delays. Only
the model of the master haptic interface is needed, and
in most cases this model is available. Indeed the con-
troller guarantees the stability of the system but gen-
erates a none desirable static tracking error. The con-
troller is also robust to small system parameters fluc-
tuations. The development of the solution to the static
error with a thorough robustness analysis are presented
in another companion paper.
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