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Abstract: Itis well known that for bilateral teleoperation, force feedback information is needed. In this paper, we propose
a control approach for bilateral teleoperation with uncertainties in the model of the slave robot and which does
not use force sensors for haptic feedback. The controller design is based on a cyclic switching algorithm. In
the first phase of the cyclic algorithm, we estimate the environmental force and in the second phase a tracking
controller ensures that the position of the slave robot is tracking the position of the master robot. A stability
analysis of the overall closed-loop system is presented and the approach is illustrated by means of an example.

1 INTRODUCTION increase the production costs of the robot which can
be undesirable especially in domestic applications.
In this paper, we consider the problem of bilateral For these reasons, a disturbance estimation

teleoperation in force-sensor-less robotic setups. It is scheme for force-sensor-less robots can be intersting.
well-known that haptic robotic devices and teleopera- Disturbance observers (DOB) have been widely used
tion systems exploit information regarding the exter- in different motion control applications ((White et al.,
nal forces (see (Lawrence, 1993) and (Hokayem and 1998), (Fujiyama et al., 2000), (Iwasaki et al., 1999))
Spong, 2006), e.g. for haptic feedback). The slave for determining the disturbance forces, such as fric-
robot interacts with the environment and its dynamics tion forces. However, the performance enhancement
are dependent on external forces induced by this inter-of these DOB strategies may lead to smaller stabil-
action. These forces can be contact forces (interactionity margins for the motion control ((Komada et al.,
forces between environmental objects and the robot) 2000)); therefore a robust design with respect to the
or exogenous forces induced by the environment. environmental disturbances and model uncertainties
In bilateral teleoperation, knowledge on the un- is needed. Previous results on robustly stable DOB
known environmental force applied on the slave robot ((Kempf and Kobayashi, 1999), (Eom et al., 2000),
is typically needed to achieve coordinated teleoper- (Givenc and Guvenc, 2001), (Ryoo et al., 2004)) are
ation. One option for obtaining such disturbance based on linear robust control techniques. Some non-
information is to equip the slave robot with force- linear DOB have been developed for the estimation
sensors; for examples of such robotic devices, es-of harmonic disturbance signals ((Chen et al., 2000),
pecially haptic devices, which use force sensors the (Liu and Peng, 2000)).
reader is referred to (Lawrence, 1993), (Yokokohiji Various strategies have also been considered for
and Yoshikawa, 1994). However, in many cases, the force-sensor-less control schemes estimating the ex-
most important external forces for multi-link robots ternal force. (Eom et al., 1998) proposes an adap-
appear at the end-effector. Note that force sensingtive disturbance observer scheme, and (Ohishi et al.,
at the end effector of the robot is often not feasible 1991) and (Ohishi et al., 1992) proposeHfi esti-
since the external forces will typically interact with mation algorithm. In (Alcocer et al., 2003), a control
the load, which the slave robot is e.g. positioning, strategy called "force observer” is introduced. This
directly (and not with the robot end-effector). Be- design uses an observer-type algorithm for the esti-
sides, in some cases, the position at which the externalmation of the exogenous force. The drawback of this
forces are applied is a priori unknown and may be on approach is that it assumes perfect knowledge of the
a robot link as opposed to on the end-effector. More- model of the system.
over, the usage of force-sensors can be expensive and In parallel with force estimation strategies, based
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on disturbance observers, another approach using senronmental force respectively andxs are the posi-
sor fusion has been developed to diminish the noisetions of the master and the slave robatss the con-
levels of the force sensors. In (Kroger et al., 2007), trol signal for the slave robot arit is the signal that
force and acceleration sensors are used, while in (Gar-makes transparent the environmental force acting on
cia et al., 2008), data from force sensors and posi- the slave robdEg to the master cockpit. We adopt the
tion encoders are fused. Sensor fusion provides betterassumption that the only measurements available are
qualitative results than obtained by employing more the position of the joint(s) and hence we aim to con-
expensive force sensors. struct an output-feedback control strategy.

Here, we present a control approach for bilateral The objective of this paper is to design the controller
teleoperation with an estimation strategy for exter-

nal forces acting on the slave robot with a load with Fy 1 Xy
unknown mass. This method extends a result pre- +{,  [Master]
sented in (Lichiardopol et al., 2008), which consid- | | | ¥
ered human-robotic co-manipulation problem. The F, —_—
proposed algorithm is robust for large uncertainties in | C | u
the mass of the load. ] % [ Siave td Fg
The paper is structured as follows. Section 2 = +
presents the problem formulation and in Section 3 we Figure 1: Problem Setup.

describe the control strategy we propose. In Section
4, we apply the algorithm to a 1-DOF master-slave
robotic setup. In the final section of the paper, the

conclusions and some perspectives on future work are ® the position of the slave robot is tracking the po-
discussed. sition of the master robot;

C such that the following goals are met:

e an accurate estimate of the environmental force is
transmitted to the master robot;

2 PROBLEM STATEMENT e the overall system is stable.

The problem that is tackled in this paper is that of
bilateral teleoperation in force sensor-less roboticse-3 CONTROL DESIGN
tups. We assume that the slave robot is generally car-

rying a load (e.g. tool or product) and that the ex- pue to the uncertainties in the model of the slave
ogenous forces act on the slave or on the load. Foropotwe can not estimate the unknown environmental
1-DOF robotic setups, this assumption does not in- force and track the master robot position at the same
duce any loss of generality. We consider the case in time (unknown inertia and only position measurement
which no force sensor is present to measure the ex-gyajlable do not allow simultaneous force estimation
ogenous force directly. Moreover, we consider the re- ang position tracking). Therefore, we are proposing a
alistic case in which the mass of the load is notknown gyyitching controller based on a cyclic algorithm. Dur-
exactly which further challenges the estimation of the jnq one cycle of duratiof, we will have two phases
exogenous force. In order to solve this problem, we a5 in Figure 2:

propose the design of a force estimator which is ro-

bust to the uncertainties in the mass of the load. In  prasesof iaion racking _estimation _tracking

order to achieve the teleoperation, the position of the e algorithm = pace ™ phage phase phase

slave robot must track the position of the masterrobot. | | !

For the sake of simplicity, we have considered iden-
tical master and slave robots. The extension towards
differentinertias for the master and slave robots is rel-
atively straightforward by introducing some scaling
factors for the forces applied on the master and slave
eration setup is presented with the blobkasterand '
Slaverepresenting the dynamics of the master and the
slave robot respectively and the blo€kepresenting  During the first phase, which last for a period Tof

the control algorithm for bilateral teleoperation. The (Tp < T), the controller will behave as a force estima-
signalsFy andFg represent the human and the envi- tor. Here we are using the force observer introduced

lo T T T, 2T time

Figure 2: Temporal division of the control strategy.

2. Position tracking.
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,,,,,,,,,,,,,,,,,,,,,,,,,, . whereK; andK; define the PD controller that ensures

 C . | the tracking of th ter robot position by the sl

! Memoryl! g of the master robot position by the slave
xs ; KyS 1= A robot (these parameters are chosen such that the poly-

| v —| Phasell) | F nomialms + Kos+ Ky is Hurwitz vme [Mmin, Mmay])

| j‘phml ! andFe (KT + To) is the estimation of the environmen-

| JL . | tal force at the end of the first phase.

| el In the sequel, we assume that the exogenous
Xy & k+Ks [|_phase It ‘U forces acting on the systerr_] (human foFgeand envi-

it 2 | ronmental forcé¢) and their derivatives are bounded.

Figure 3: Controller Design. 3.2 Stability Analysis

in (Lichiardopol et al., 2008) to estimate the exter- Let us define the vectoe = [e.&]" = xu(t) —
nal force which will be used for the purpose of haptic xg(t),xu (t) —Xs(t)]", which contains the position and
feedback and during the second phase we are keepthe velocity tracking errors, and the force estimation

ing the estimated force constant. In the second phaseerrorer = Fz — Fz. Then the force error dynamics are
we are using a PD controller for the slave robot to described by:

track the position of the master robot. In Figure 3, we

present the block diagram representation of the con- ér = _@eF —Fg, (3)
troller where the controller blocks are represented by m

their transfer functions in the Laplace domadre(C) during the first step of the algorithrh T <t < kT +
and the block calletMlemorysaves the last estimate Ty, k € N) and

of the environmental force at the end of the first phase e = 7|iE, (4)
and provides the same constant output during the en-, .

tire second phase. The switches in Figure 3 are set OndNu.rlng fiie second phasell+To <t < (k+1)T. ke
positions corresponding to the first phase of the algo- ~ The position error dynamics is represented by:
rithm.

In the following section, we study the stability for ¢ — ( 8 (1) )g+( (1) (1) ) ( ';H )+( (2) )eF,
the closed-loop system (including force estimation er- mom E m 5
ror dynamics and tracking error dynamics). fort e [KT,KT +To), with k € N and ©)
3.1 Description . 0 1 0 0

(g &) (2)me(R)
For the purpose of stability analysis, we first formu- mom m "7 6

late the model of the error dynamics. In order to ob- fort  [kT + Ty, (k+1)T), with k € N.

tain the error dynamics, the dynamics of the master  The goal of this section is to prove that the overall
and slaves robots are needed in both phases. Duringsystem presented in Figure 1 is input-to-state stable
the first phasekT <t <kT +To, ke N), the model  wjth respect to the inputsy andFe. For this we are

dynamics are: going to use a result introduced in (Jiang et al., 1996)
{ My = F (t) + KoXs (1) that states that the series connection of two input-
mxs = Fe(t) — Koxs  ° to-state stable systems is also an input-to-state stable
wherexy andxs are the position of the master and ;ésrg_m' In the sequel, this proof will be split into two

the slave robots respectively andFg are the human
and the environmental force, respectivahjis the un- ¢ Prove that the force error dynamics are stable with
known inertia of the robot with the load (the mass is respect to the inpuig;

assumed to be boundete [Mmin, Mmay) and param-
eterKy is a scalar that defines the force estimation al-
gorithm and is chosen such that the estimation of the

e Prove that the position error dynamics are stable
with respect to the input’,, Fg ander.

force has converged in the interyall, kT + To|. 3.2.1 Input-to-state Stability of the Force
In the second phase of the algorithRT ({ Tg < Estimation Error Dynamics
t < (k+1)T, k € N), the system behavior is described
by: The stability analysis of the force error dynamics is

iy = P (t) + Fe(KT + To) 2 done by studying the discrete-time input-to-state sta-
MXs = Fe(t) + Ki(Xm — Xs) + Ko (Xm — Xs) @) bility (ISS) property of the system (3)-(4). For this we
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will now exploit an exact discretisation of the system
at the sampling instancéd'.

The solution of system (3) at time= kT + To,
with ke N, is:

K

e (KT +To) = & Toer (KT)+
To e O (To-1)E

+ JTo e (o~ g (KT 4 T)dr.

The solution of system (4) at tinte= (k+ 1) T, with
keN,is:

er(k+1)T) =er (KT +To)
— Jo TP Fe(KT +To+ T)dr.

(7

8

Define the sampled force estimation error dynamics

e ;= ex(kT), with k € N. Combining relations (7)

and (8), one can obtain the discrete-time force esti-

mation error dynamics:

Kop
Qi1 =€ ™ 08+ W,

)

i T0 o N (Ty-1) 2
with  wy ole MU0 (KT 4+ 1)dT —
Jo °Fe(kKT + To+ 1)dt.  The system (9) is
input-to-state stable with respect to the input
K
becausee ™ 0| < 1, since the parametekg, To

and the inertianare positive. Note thaty is bounded
for any boundedre (t) and boundedp.
Now we exploit a resultin (NeSic¢ et al., 1999) that

whereA; =

8 ), Bi2 =
( 2 ) andu(t):(

m
The solution of system (6) at timte= (k+ 1)T,
with k € N, is:

g((k+1)T) = e(T-To)g(kT + Tp)

3O
Sk o

+ [ o er(T-To- 1B, Ry (KT + To+ T)dT  (12)
+ Jy 0efe(T-To-T)Byoer (KT + To + T)dT,
WhereA2: (|)(1 :I|-<2 >,821:( ? > andegi
“m T m m

(1)
1 .
m
Let us define

Wy = e(T-To)([ToeM(To-TIBy u(KT + T)dT

+ [0 er(To-1Byer (KT + 7)dT)
+ [T ToePe(T=To- 1B,y Ry (KT + To + T)dT
+ Jy TPef(T-ToT)Bymer (KT + To+ T)dT
(13)

andg, = €(kT), with ke N. Combining relations (11)
and (12), we obtain the discrete-time system:

fyy = 2T IMlog 4 g (14)

where wy is bounded for allk, since T, Ty are
boundedfs, Fy are bounded by assumption aad
is bounded due to the fact that the force estimation er-

says that if the discrete-time dynamics is ISS and the ror dynamics is ISS with respect kg.

intersample behavior is uniformly globally bounded

over T,then the corresponding sampled-data is ISS.

The fact that the intersample behavior is uniformly
globally bounded oveF directly follows from (3),(4)
with Fe bounded, since

e‘K_mo(t‘kT>e|:(kT)
K, 3
+ [y e w DR ()dr

er (KT + T
7}%” F-OE)(T)dT KT+To<t<(k+1)T
0
(10)

KT <t<kT+Tp

3.2.2 Input-to-state Stability of the Tracking

Error Dynamics

Similarly to the study of the force estimation error dy-
namics, we evaluate the input-to-state stability prop-
erty of the tracking error dynamics with respect to the
inputsky, Fe ander.

The solution of system (5) at time= kT + To,
withk e N, is:

e(KT +To) = &4 Tog(KT) + fgo e (To-TIBy u(kT + 1)dT
+ Jgo (T DB Her (KT + 1)dT,
(11)
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Next, we study the input-to-state stability prop-
erty of the system (14) with respect to the inpogt
But before we carry on this step, we need to evalu-
ate the matrixQ = e”2(T-To)eMTo Namely, input-to-
state stability of (14) implies, firstly, the global uni-
form asymptotic stability of = 0 when the inputuy
is zero and the boundness of the ergdbr bounded
input.

For the evaluation of the matri®, two exponen-
tial matrices must be determined; as the ma#iXy
depends only on known parameters, we can easily de-
termine its exponential:

1 T )

E12=eA1T°:( 0 1

In order to compute the exponential of matix=
Ax(T —Tp), we are using a procedure similar to the
one introduced in (Gielen et al., 2008), which em-
ploys the Cayley-Hamilton theorem, which says that
if p(A) =detAl,—A), with I, the n x n identity
matrix, is the characteristic polynomial of a matrix
A € R™" thenp(A) = 0. This means that given the
matrix P, for anyi > 2, there exists a set of coeffi-
cientsa;, bj € R such that thé" power of P can be
expressed in terms of its first two powers:

P =aly+bP.

(15)

(16)
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Let us now exploit (16) to determine the exponential for some(s, {»,{3 € [0,1].

of the matrixP: Let us define the matrices; = 3aE;, ', = 30E,,
© pi o0 F:3UE,F:3UE,r:3 E,r:
ZjP Z} (&l + bP) 17) 3 - BUEL, T4 = 3PUEy, T's __B_VL 1, Te
il 3BVLE;|_, M= 3BVLE;|_ andlNg = 3BVLE1, and the
or . . scalarsolfZl pp =14 Zl, 3= 3  pa=2 ZZ,Psf
P %a I+ % '| P (18) 5235:0,' 05 = &( 1 H(1-4) ,p7= (- Zz 53' 05 = (- 52)3(1 5.3).
Sl =k This means that the expressmn of mafdixs equiva-
Using the expression d%,, we can decompode as lent to: 8
follows: P=U + 1L, where 0= leiri (30)
U= 0 T—-To (19) i
—\{o0 o with 58, o = 1.

Thus we have now found the generators for a
convex set that overapproximates the ma@ixwith
L= ( K (O 0 > . (20) the uncertain parameten. Notice thaty ;2 l,' and
Ky .

T-To) —Kx(T-Tp b
Yi—o are infinite sums and will in practice be ap-
Consequently, the expression for the exponential ma‘prommated by finite sums of length. Next, we pro-

and

trix becomes: vide an explicit upper bound on the 2-norm of the ap-
o © |y 12 p proximation error induced by such truncation.
5 a : : imat induced by such i
- ZO 7|12t 20 T goﬁ L. Theorem 1. Consider an integer N: N and a real
(21) positive scalar? such that
Let us now define the following scalars: e A%ax <1, where
< & .
a=  min =1, 22 Amax= _Mmax eigP™P)}, 31
" m&[Mmin,Mmax] (; ) (22) max mE[Mmin’Mmax]{ g( )} (1)
_ ® a \ o Vi>N, VIl <il.
Vil v P AT) @3 " Then: |
® pi IJN
B=  min ( ,—,‘) (24) 5, 1w
4 Pr oof.
and p
B= E (25) Hz' =N ‘ < Tt H_' 2 (33)
Sl | '|| Ama)
me[Mm|n7Mmax : < ZI* e < ZP ( . max) ,
Given the fact thatn € [Mmin,Mmad, we can define oo mequallt),HA'H2 < A x ... x [|A]Z =

the scalary = = andy = Ml,

il (AT A
Then there always exiét. &y, Zs < [0,1] such that: max(eig((A"A))' has been used. Usmg the property

thatva € R, IN € N such thatvi > N, va < i,
® a inequality (33) becomes:
(ij‘,‘) hat-qm @ VeI |
0 i o) A | 0 )
> SZV—V(.[‘W)SENM. (34)
st , "5 i! &

Let us now employ the known result of convergence

<if’—,> “LBt(1-LB (@)

and 1 of geometric series which states thah < [0,1),
17 . i . n+1
== G3y+(1-43)y. (28) iMnew ST o = limp e % =11
Introducing relations (26), (27) and (28) into expres- © pi N
sion (21) leads to: Zw —| < H ) (35)
L 1—pu

e = 1-2)a)l 1-2)B)U
(Qat+{1-0)@)lz+ (Z2E+( ZZ)B) Using Theorem 1, we can chooNesuch that the

+ (Z3X+ (1- 53)7) (ZZEJF (1- ZZ)E) L, approximation error is small (even as low as the ma-
(29) chine accuracy).
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In the next theorem , we provide a LMI-based sta-
bility conditions for the discrete-time tracking error
dynamics to be ISS with respect to the injowt

Theorem 2. Consider the discrete-time system (14).
If there exists a matriX2 = Q' > 0 and scalar¢
(0,1), such that the following linear matrix inequali-
ties are satisfied:

Mor—-Q<—¢Qic{l,....88  (36)

The LMIs (36) are defined for the non-truncated
but in practice we evaluate the vertex matrices using a
truncation afteN iterations as provided by Theorem
1. The errors can be as low as the machine accuracy,
just as the errors obtained from the numerical solver
of the LMIs. Moreover, we can gain some robustness
for these evaluation errors if the scalalis chosen
greater tharg; > 0.

The last part of the study of the ISS property of

whereT; are defined above, then the system (14) is the tracking error dynamics is to analyze the inter-

ISS with respect to the inpui.

Proof. Using the Schur complement, relations (36)
can be written as:

-Q Ii'Q
Qri -Q

Multiplying every inequality (37) withp; and sum-
ming them up, we obtain:

( -Q38,p ZiszlpiriTQ )

> < _cQic{l..8. @7

Qyt il —Q3ylp (38)
S _CQ Zi8=l pi 9
which according to equation (30) is:
T
(a0 98 )<< @
or
Q'QQ-Q < —¢Q. (40)

Let the candidate Lyapunov function b¥ =
(&) T Qe We computeAVy = Vi 1 — Vk:

AV = (£k)TQTQQ£k — (8k)TQ€k
+2(8)TQTQa + (@) T Qa,

which according to (40) gives:

AVi < —¢(&) T Qe+ 2(8) T Q" Qua + () T Quax
(42)
After some straightforward computations, we can
show that:

2 /A C
el > EV Arr:?:iul\l;(&k)?AVS—EHSH%, (43)
(S

whereAmax and Amin are the largest and the smallest
eigenvalues of matriQ, respectively.

(43) implies that system (14) is input-to-state sta-
ble with respect to the inpuiy; see (Jiang and Wang,
2001) for sufficient condition for the ISS of discrete-
time systems.

Remark 1. For the sake of simplicity, Theorem 2 is

(41)

based on a common quadratic ISS Lyapunov func-

tionV = ' Qe. Alternatively, a parameter-dependent
Lyapunov function approach could straight-forwardly

sample behavior. Using Theorem 2, we can prove that
the error dynamics are ISS on the sampling instance
t = kT, with k € N. Given the choice of the param-
etersK; andKj; such that the system (6) is Hurwitz
for all m & [Mmin, Mmax, We can conclude that during
the second phase € [KT + To, (k+1)T)) the track-
ing error dynamics are bounded. In order to prove
the stability of the overall continuous-time system, we
need to show that the position error dynamics are also
bounded fot € (KT,KT + To).

The solution of system (5), fare (KT,kT + To)
is:

Kt
e(kT+t) = 0 1)s(kT)
]_ i,
+f5( AL )Bllu(kT+T)dT (44)
1 t—1
+f§,<0 1 )Blge,:(kTJrT)dT.
As the human force and the environmen-
tal force are bounded, we can define =

MaXe kT kT+To) (IFH ()| + [Fe(t)]).  In the previous
section, we have proven that the force estimation er-
ror dynamics are ISS and consequently are bounded;
therefore there exist&r = maxc 1 k111, (€ (1)])-
Considering the three terms from relation (44), we
can conclude that the first one is bounded due to the
boundness of the discrete-time error dynamics, the

second term:
t/r1 t—1 F
<|— ,
’./0(0 1 )Bllu(kT+T)dr_‘m( )’
(45)
T2
= (3
m

and the third:
To )‘

t _
‘/0 ( s ' )Blzep(kTJrr)dT
(46)

Therefore, we can conclude that the position error dy-
namics are also bounded foe (KT,KT + Tp). Sim-
ilarly, to the force estimation error dynamics, we can
employ the result from (NeSi¢ et al., 1999) to prove
that the tracking error dynamics is ISS because the

g
>
To

be exploited to formulate less conservative stability discrete-time tracking error dynamics is ISS and the

conditions.
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intersample behavior is uniformly globally bounded.



BILATERAL TELEOPERATION FOR FORCE SENSORLESS 1-DOF ROBOTS

Since the force estimation error dynamies)(is
ISS with respect to the inpl: and the tracking error
dynamics €) is ISS with respect to the inpuE, Fe
ander, we use the result introduced by (Jiang et al.,
1996) concerning the series connection of ISS sys-
tems to conclude that the closed-loop system from
Figure 1 with the controlle€ with the block diagram
representation from Figure 3 is ISS with respect to the
inputsky, Fe andFe.

Remark 2. By studying the ISS property of the sys-

tem, one can observe that the steady-state force esti-

mation and tracking errors can be influenced by tun-
ing parameters T, gl Ko, K1 and K. The algorithm
provides a deeper insight into these relations. If we
consider the converging manifold that bounds the er-
ror signal we can determine these parameters in ac-
cordance with the desired convergence rate.

Remark 3. In case the environmental force I con-
stant, i.e.Fg = 0, the force estimation dynamics are
globally exponentially stable and the tracking error
dynamics is ISS with respect to the inputsand Fe.
this means that "perfect” haptic feedback is provided
and that bounded tracking error remain; therefore the
closed loop is stable.

Remark 4. The exact "tracking” regulation with re-
spect to what the human has in mind is up to the hu-
man (since the human is in charge of the ultimate po-
sitioning).

4 |LLUSTRATIVE EXAMPLE

In this section, we will apply the control design pro-
posed in the previous section to a master-slave tele
operation setup consisting of two 1-DOF robots. The
inertia of the robots is considered to be in the range
me [0.1,10/kg.

The "human” controller has been emulated by a
linear transfer function:

H(s) = Ka(Tgs+1) . 500(1+s)
% Tprs+1 o 0.1s+1 ’

with saturation att100N. Here we use real human

(47)

andKp = 1.
In Figure 4, we simulated the position tracking of the

0.6

05

04r

0.3f

0.2

Position [m]

01 . . . . .
0 15 20 25 30 35
Time [s]

Figure 4: Position tracking.

. .
5 10

algorithm when the "human” is performing a move-
ment from Gn to 0.25m on the master robot and a si-
nusoidal external force with amplitudeSiN and fre-
quency Hzis disturbing the slave robot. The dotted
line is the position of the master and the solid line si
the position of the slave.

One can observe that because no disturbance rejec-

0.2506 -

0.2504

0.2502 -

0.25

Position [m]

0.2498 -

0.2496

0.2494 &
22

. . . .
28 30 32 34
Time [s]

. .
24 26

Figure 5: Position tracking.
tion controller is implemented, the external force is

stopping the position signal to settle a28Bm. In Fig-
ure 5, a zoomed in version of the Figure 4 that em-

parameters, since the human movement is lower thanphasizes this aspect is presented.

6Hz Also to comply with the human sensing range,
which is between Bz and 40— 400Hz depending

on the amplitude of the input signal, we have cho-
sen the parameters are the cycle period of the con-
troller T = 0.01s and the duration of the first stage
To=T/2=0.005. The force estimator acting in the
first phase of the algorithm is defined by parameter
Ko = 10°. The tracking PD controller which is active
during the second phase has the paramétges 200

5 CONCLUSIONSAND
PERSPECTIVES

In this paper, we have introduced a new control al-
gorithm for bilateral teleoperation of 1-DOF robots
in force-sensorless setups using a switching strategy
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between a force estimating controller and a tracking Jiang, Z. P., Mareels, I. M. Y., and Wang, Y. (1996).
controller. This switching algorithm guarantees both A Lyapunov formulation of the nonlinear small-gain
the estimation of the environmental force acting upon tghzggrzelnl] fg;llnsterconnected ISS systemstomatica
the slave robot (to be used in haptic feedback) in the _ ' - ' o
absence of force sensors and the convergence of the/iangd, Z. P- and Wang, Y. (2001). Input-to-state stabitiy f
tracking errors in the case of external perturbations. ggg.rete-tume nonlinear systemutomatica 37:857—
We note that the ultimate position setting is the re-

sponsibility of the human, as he is in charge of the Kempf, C. J. and Kobayashi, S. (1999). Disturbance ob-

server and feedforward design for high-speed direct-

position of the master robot. Finally, we remark that drive position table. IEEE Transactions on Control

the proposed algorithm is robust for unknown loads System Technology:513-526.

to be carried by the slave robot. _ _ Komada, S., Machii, N., and Hori, T. (2000). Control
Future perspectives of this work we will mainly of redundant manipulators considering order of dis-

focus on an extension to multi-degree-of-freedom turbance observerlEEE Transactions on Industrial

robots and also to robots with nonlinear dynamics. Electronics 47:413-420.

Kroger, T., Kubus, D., and Wahl, F. M. (2007). Force and
acceleration sensor fusion for compliant manipulation
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