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Sensory Feedback for High Dissymmetric Master-Slave Dexterity

Michel Cotsaftis and Erno Keskinen

Abstract: Conditions are discussed for operating a dissymmetric human master-small (or micro) slave system in best (large position
gain-small velocity gain) conditions allowing higher operator dexterity when real effects (joint compliance, link flexion, delay and
transmission distortion) are taken into account. It is shown that position PD feedback law advantage for ideal case no longer holds,
and that more complicated feedback law depending on real effects has to be implemented with adapted transmission line. Drawback
is slowdown of master slave interaction, suggesting to use more advanced predictive methods for the master and more intelligent

control law for the slave.
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I. Introduction

Demand in telerobotic systems replacing human direct ac-
tion in factories and/or in hostile environment [1]-[3] has been
increasing in recent years. More specifically, recent achieve-
ment in production of micro-components for micro-machines
[41[5] has opened a new domain of investigation for micro-
parts teleoperated assembly. Similarly, less invasive health
care has been at the origin of micro-surgery[6] interventions
with adapted tools, and space research is now concerned with
development of small scale easier to launch robots for planet
exploration. In all cases operations have to be driven in small
or micro size world by nature different from meso scale opera-
tor world. Due to high dissymmetry between master and slave
systems, specific phenomena related to their scale difference
have to be taken care off[7]. For these dissimilar electrically
linked stations, with polyarticulated mechanical structure to
reproduce operator hand dexterity, two important conditions
have to be satisfied at the same time for allowing the operator
to reach optimum level of dexterity during manipulation. First
a bilateral control should be constructed to provide the opera-
tor with natural force feedback feeling [8]-[11]. However, to
increase dexterity, the control scheme should be carefully
designed to account for disparity of system parameter values,
especially as concerns the large inertia difference. Along this
line, a position feedback bilateral control is compared to usual
force feedback one[l12] and resulting natural feeling for the
operator are discussed. Second when dealing with real systems
with joint compliance, link flexibility and transmission delay,
the control should be designed so that both stability and trans-
parency properties continue to be satisfied for acceptable qual-
ity exchange between stations[13], in a way similar to existing
case of rigid tools with weak inertia and large stiffness (like
mechanical plier). Because system dynamics cannot be com-
pletely suppressed, only an optimum is expectable as low
enough gains are required in feedback loops for stability
whereas transparency is improved by gain increase, and the
optimum is the better as stability limit is larger. For rigid sys-
tem with no delay between stations, its passivity insures stabil-
ity when connected with any (passive) environment[14]. In
quadrupole (applied force-velocity) form, impedance con-
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trol[15] gives both master and slave stations preassigned dy-
namics regulating more appropriately energy exchange with
exterior. When real physical properties (joint compliance,
internal flexion and torsion modes, ..), and technical con-
straints (signal distortion from unperfect communication be-
tween stations and numerical processing inside stations), are
taken into account[16], passivity no longer holds. For a (rigid
master station + transmission line + rigid slave station)-system
with PD feedback control law, passivity which is destroyed by
delayed transmission, is restored by lossless transmission
line[17]. However apparent real telerobotic systems maneu-
verability suggests that passivity condition may be too strin-
gent, as verified by analysis of exact stability conditions for
real (non passive) telerobotic system, and comparison to the
ones for rigid (passive) system. If the two limits are close
enough, intrinsic stability is not drastically modified by passiv-
ity loss, and impedance control approach extends to this case.

So stability limits for one DoF complete (master station +
transmission line + slave station) system are analytically ob-
tained in terms of (position gain, velocity gain)-parameters for
the proposed PD feedback bilateral control laws. Over a large
system parameter range the limits are not widely modified,
and system parameters can be chosen to minimize passivity
index for given PD law. As this conflicts with transparency
condition which is an important quality index for telerobotic
system ergonomy, only an optimum can result by minimizing
impedance error with respect to desired system impedance
with required transparency. But exactly as for rigid master-
slave system where passivity is restored against transmission
delay with lossless transmission line, one may research
whether passivity can be restored for realistic compliant, de-
formable master-slave system by designing adapted transmis-
sion line coefficients. In this case, a more general feedback
law than PD one is required, and in complete [feedback law +
transmission line] parameter space, there exists a nonlinear
analytical transformation projecting actual compliant deform-
able delayed telerobotic system onto a desired reference one
with prescribed nominal parameters, and passive if rigid.
Moving however from actual system to apparent rigid one for
the operator is payed by response slowdown due to larger
power reflexion coefficient, because of slower circulation time
of informations between stations, indicating a physical limita-
tion of this way of approach. Extension to full N-link dissym-
metric telerobotic system is easily possible.
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I1. Equations for telerobotic system
Station dynamics for one DoF telerobotic system, after
compensation of potential term, are modelled in normalized
quadrupole form in each station as

Tj(s):Mj (S)Vj+Fextj ( 1)

with articular velocity v;, (j=1,2) for master and slave respec-
tively, generalized forces Fouy = — KiFo,, Feur= — KoF,, €X-
erted by operator and environment, K; = N ;,J; , input torques
5 = Cj(s)'l N; iT; , linear transfer functions M) =
My(s){1+Dys)] after elimination of all station state variables
but articular ones, where My,(s), C(s) and +@y(s) characterize

station description level, and N, ,,=v/"(1+ vjz )™, see Fig.1.
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Fig. 1. Quadrupole representation of telerobotic master—
Slave-transmission line system.

For rigid damped system, My, =s +f;, C;=1, @ys) =0,
for compliant system  Ci(s) = Cp(s) + V,-Z » Coils) = &s(s+fuy),
Py(s) = Nyoa(s+f)-(s + )7 Cy()™ Cifs) and [y = B / Ty,
S = By K)oy ;= Noot o+ ) v = Ju/1)°
Tojs & 1 =K./ Jui » and viscous damping By, articulation
(k=a) and motor (k=m) inertia moment(or mass) Jy , velocity
gain in motor feedback loop K., , compliance stiffness K. (g
= 0 for rigid system), reduction factor »; between motor and
articular variables, extendable to multicompliant case. For
internal flexion modes @j(s) = @y(s) — N, gi5 (s + ]j)_l Dy(s) ,
with  @y(s) = A 1% 5 by 's’(8° + &is + Jaw)™, with dis-
crete eigenvalue spectrum A  with adapted boundary con-
ditions [18], eigenfunction wy(x), 0 < x < I normalized to
segment length /;, damping coefficient & for mode £, and
Ry = / XWilx)dx @1«2 =ElL p - b ~ the characteristic flexion
frequency, [;* a normalized moment of inertia and A a number
depending on flexion model. Torsion effects appear in higher
nonlinear order terms, and series in @y rapidly converges as
hj decay very fast and Ay grow like (k) [19], requiring few
terms for good numerical approximation.

The problem is to organize both input torques 7(s) and bi-
lateral transmission line between stations in order to favourize
passivity, or at least stability, and transparency of complete
system. These two properties are required to give the operator
the possibility to take full advantage of all the dof in an ergo-
nomic way, ie to proceed with highest dexterity often needed
for delicate operations. It should also be mentionned that this
is a prerequisite for using finer sensors in that they have to fit
with operator actual capability over his operating frequency
band. For master and slave stations first and in rigid case, at
equilibrium one should have F, = aF;, x; = fx; witho >> 1,
B << 1 but af is not fixed. So a feedback should be con-
structed with the two differences F; —aF, and x; — fx;,

and should include a PD feedback and a force feedback term
to restore reversibility for large r; systems by changing in
eqn(1) the inertia to an "apparent” smaller one[20] to increase
sensibility. Including this term by changing definitions of J,
The usual force feedback reads

17y =—aF; — k(aF, - Fy),
7= kps (Bvi — v2) — kyvy (2a)

whereas position feedback takes the form

7 :kPS_](Vzﬂ_l -v) kv, -F,
n=Fa’ +kFa’ -F) (2b)

with the three gains (ks, ky, k) respectively for position, veloc-
ity and force whose stability domain is to be determined.

As it will be useful later, the transmission line can be repre-
sented by its scattering matrix  S(s) = Tab{ Sy(s) }, (ij = 1,2),
and V,= SV_, with V.= col(F;, ¥ kyv;, F>t kyv;), ky a scale
factor between force and velocity. Its coefficients S are only
tequired to satisfy the condition S;(0) = 1 — &,

> and transmis-
sion part is passive when the condition

Supges A [S*(i)S(io)]| < 1 3)

holds[21]. With M, = (I+& Sy)1+&'Sz) — 671,83 ,
(&’ = £1), one then gets for instance
a) for instantaneous connection time, Sy(@) = / — &y, ie M__

=M,., =0, M, =M,_ =2

b) for delay connection time 7, S;; = — S, = —tanh(sT), S;,
=8y = (cosh(sT))™", and eqn(3) is not satisfied

c) for modified lossless transmission line with S;; = 0, Sy(s)
= d(s)exp-sT = exp—@(sT), ie M. = 1 — g&’ S,-jz, d(s) a correc-
tor (a low passband filter), eqn(3) is satisfied with condition
Supyes [d*(ia)d(ia)| £ 1, including d = 1.

I11. Stability analysis
Considering first the simplified case where S = I, and writ-
ing F = 270, - x,) to stress impedance equivalence of
environment on which slave station is acting, and taking x, = 0,
eqns(1) with feedback laws (2ab) become respectively

* ik (4a)
Hka B Qlw;
§*+(d, +@,)s+ Q. + 0}

s +d s+

x _wpk 1 1 (4b)

F  af s°+(d +o,)s+ o} s*+d,s+kQ

with dj the total damping in each station (physical + feedback),
p=Jy1/Jyy the inertia (or mass) ratio between station, k = /
+ k;, and writing for convenience kp = @, ky = oy .

For large position gain (ie @wp >> I) corresponding to the
most  sensitive case, the two transfer functions (4ab) respec-
tively write

X k N k (5ab)
B u (P +ds)+kapQl Fy af(s? +dys + kQP)

showing that the environment is perceived with amplified
dynamics by a factor 1 in the usual case of force feedback
leading to lesser dexterity for the operator than with position
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feedback control law.

However, it should also be ascertained that stability is not
affected by choosing this law. Stability is determined by pole
location of discriminant of eqns(4ab) in complex plane. Here,
instead of getting conditions on the gains from Hurwitz type
expressions, a more general method will be used. It is based
on the remark that the determinant equation A(@ ») = X(w ) +
iY(wy = 0, with s = — y + i@ can be written more precisely
Xy opon) = Yoy opo) =0
the complex (@, y)-plane to the (wp, wy)-gain plane. As it is
here linear in these last parameters from linearity of the feed-
back law in the gains by construction, this gives an explicit
parametric representation of equal decay (¥ = yy)-curves in the
gain plane, and the strict stability domain corresponds in the
gain plane to the transform of the domain limited by zero mar-
gin curve y = 0 and the infinitely damped curve y = 0.

Direct application to the denominator of eqns(4ab) leads to the
curves

, ie as a transformation of

(@ +d))(w® - Q)

2
wp(w) =
w* +df - papkQ? (62)
Q2
wy (@) = —d, + pafkQld, _ e
g ¢ o’ (a? + dl2 - yaﬂkﬂz)
and
=@+, /4 k<dl /4 (6b)

in parametric and explicit form respectively. Analysis of these
curves, see Fig.2, shows that stability domain for eqn(6a) in-
cludes for pafk < 1 +d// @’ the domain wy’ — ©, oy,
— 0, whereas this is forbidden by condition (6b).

So operation in useful high position gain case demands a
large velocity gain for stability with position feedback law,
which in turn contributes to destabilize the closed loop system
unless high quality sensors are used . The upper bound for
force gain k is also much lower and makes this control law
less attractive overall.
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Fig. 2. Stability limits (wp,wy > 0) for :
(1)- No-Delay force feedback control law C,(0)
(2)- Delay T force feedback control law C,(T)
(3)- Any Delay position feedback control law C, with
high dexterity domain.

However the situation drastically changes if due to working
conditions a delay T is occurring in the transmission line be-
tween stations so that v; = v, exp—sT, F, = F; exp—T (case b
above). In this case eqns(6a) become

(@ +df)@’ -7
o+ dlz - yaﬂkﬂg(d] sin 2T / @ + cos 2wT)
0y () = —d, + pa IO’ (7a)
(@* - Qﬁ )d, cos2aT — @* sin 20T / )
o*[@* + d} — pafkQ(d, sin 20T |  + cos 2wT))

a),za(w) =

with the possibility of new poles from the oscillatory behavior
of the denominator when 7 and uafke2,’ are large enough. As
they are always in even number, they induce new unstable
domains in the first quadrant, see Fig. 2, including the useful
high position-low velocity gain domain along the @p —axis, as
soon as uafk2’T° >2.5 typically. Then there might be less
advantage to the force feedback control, and the more as with
delay T, eqn(4b) becomes

x _ opkexp-2sT 1 1 (7b)
F, ap sS+(d +o,)s+ o) S +ds+kQ]

showing no change in the stability limits. From the curves, the
choice is depending on operating gain domain fixed by station
parameters and on sensed frequency band linked to operator
sensitivity. On the other hand the role of other parameters such
as the transmission line ones has to be fixed on a more general
setting. In eqns(2ab) for previous feedback laws, velocity and
force from the other station are transformed by transmission
line and their value determined from scattering matrix S above.
Though complete analysis is depending on specific considered
case, observation of cases b) and c¢) for S suggests larger sta-
bility domain in case c¢), as the pure dephasor slows down
some signal components so that passivity of transmission ma-
trix can be maintained. The corresponding S matrix is charac-
terized by the property that for ® — 0, §; — 0 but §3 = 0. On
the other hand, as more generally slave station interacts with
environment, stability condition is not sufficient and more
restrictive passivity condition preserved for interaction with
passive environment is required.

1V. Passivity preserving impedance matching

Passivity property extends when one of system subparts be-
comes nonpassive, and system distance to passivity is not
known. If transfer function His), (k=I1,2.n), satisfies
Re(H(iw) = — a;, 0 <ap<lI, the system is stable[22] but not
passive. Shifted system with transfer function H+A4 =T
[diag(H; + ap)] T, | A | £ 1 is passive, with a = col(a,,a,,..a,)
measuring distance to passivity[23] and value of environment
parameters it can be connected with for global passivity. Eas-
ier sufficient conditions are obtained[24] with ¢ = max; [a;].
For compliant case, one finds — a4 = Inf {0,f; — f,,,j" gj_] (1+
vj2 )72 192 - sl-fmjz )’ (4 ij - e,-f,,,jz)_z 1, and a more complicated
expression when adding flexion terms. On the other hand,
telerobotic system should also be transparent enough for easier
manipulability from ergonomic criteria. This imposes imped-
ance matrix Z(s) (the coefficients of v, and —v, in eqns(4)) to
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be closest to a desired (passive) one Zy.(s) = Tab | Z; ges(s) |
with

Zi1aes(s) = Mi*¥+EX(s),  Z134e6ls) = Ph¥G)
Zotaesls) = & RMS),  Zopauls) = Mo* + p fo k) (8)

with M* =5+ f*  k*s) = kp*s™ + ky* kp* = K¥J*% ky*
= B*/J* obtained from desired dynamics with mass (or iner-
tia) J;* damping B;* (j=1,2) in each station, stiffness K* and
damping B* of transmission line, and scaling factors g;,g; for
forces and velocities between stations. Then minimizing
transparency error dp(kpky,€2) = | Z(s) — Zue [Loo.ory OVer
{(kp,kv) belonging to shifted passivity domain by a gives "best"
telerobotic system with PD feedback law, systematized with
adapted tools[25].

But better approach is to get direct matching of Z(s) to
Z4es(s) by using for convenient choice large existing freedom
in scattering matrix coefficients only restricted to satisfy S;(0)
=] — &; and eqn(3). Including scaling factors ¢, in imped-

ance matrix Z(s), the problem is to solve Z(s) = Z,(s) for all s.

This only gives three relations for Sy(s), (S;; = S5;), so for
designing transmission line to include delay or distortion ef-
fects another available function is needed, which is here the
feedback law k(s). So at least in principle it is possible to ex-
actly match the actual system onto the desired one by deter-
mining the four functions {Sy(s), k(s)}, (S,> = S;;), from the
four equations Z;(s) = Zje;(5). The problem has been dis-
cussed for feedback law[26] 7,(s) = —Byw; — F;4 1:s) = —
By, —k(s)(vyy —va), slightly different from eqn(2a). Stabil-
ity analysis shows as expected larger domain in gain space
with pure dephasor in delayed case, and explicit solution for
Z(s) = Zu.(s) given by eqn(7) gives a feedback law which
accounts for stations properties and reduces for low frequency
to basic PD one[27]. As off-diagonal terms are not fixed, one
can use this freedom to passivate the transmission line. Using
eqn(3), this is obtained by imposing that ;> = S,; * @ with x
< ] as w —»oo. The very meaning of this mild decay condition
guaranteeing passivity of matrix S is that any time an informa-
tion is distorted by delay or another effect, the resulting power
exchange between stations is lowered, as verified from mean
reflected power expression P, = 1/4 (F + kov)T[I - S'S|F +
kov), and the more as the frequency band where distortion
occurs is larger, though possibly counteracted by filter d(s)
especially above £2.

In conclusion, analysis of teleoperation system with small
scale slave indicates that there is a specific advantage to use
position feedback law when delay is small enough, because
the system is stable in the high gain domain where it is oper-
ated with higher dexterity. Safer passivity condition is in gen-
eral not met with non perfect transmission line between sta-
tions and transparency condition cannot also be satistied if
simple PD feedback law is used. On the contrary, fixing pas-
sivity and transparency properties as a prerequisite for dexter-
ous manipulation, it is possible to satisfy both conditions by
adapting transmission line structure and local feedback laws in
slave and master stations, due to existence of transformation
group between systems impedance, only accessible inside the
complete set [k(5),S;(s)] of system parameters. Then the actual

system is projected onto a desired one according to well de-
fined criteria. But reduction of actual telerobotic system to
"ideal" one is payed by a stowdown of their dynamics to allow
communication of relevant informations between stations.
Physical reason is that only within this set one can satisfy
information and power flux conservation demand between the
two extremities of the chain, ie the quadrupoles (v;F.u:),
(v2,F .z} in Fig.1. This is the direct consequence of chosing to
preserve interaction quality and manipulability. It may be a
serious drawback showing the limit of the present choice to
meet both passivity and transparency without conflict as in
previous studies. Anticipating local command structures inside
stations with "reflex" type response and distributed intelli-
gence could be an interesting alternative aside the more com-
mon telemonitoring [28][29] and virtual fixture generation[30]
to improve again correlation between operator kinesthetic
sense and feedback return from remote environment destroyed
by all non ideal distortions (time delay, noise, ..).
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