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Control Objectives

– safety of the driver and performance ⇒ passivity and

transparency,

– linear approximation of the plant,

– optimal multi-objective synthesis using Linear Matrix In-

equalities (LMI).
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1. System Presentation and objectives
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Fig. 1: Schematic principle of the system
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The Plant
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Fig. 2: Typical Structure of a manipulator
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Control objectives
The model of Hu-Salcudean-Loewen, 95 :
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Fig. 3: 2 ports representation of an ideal manipulator idéal

⇒ UseK and nf , nv to shape the desired impedance of the system satisfying
the control objectives.
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Coupled Transparency (impedance)

Defines a desired mapping between force and speed.

vd
h = yd (fh + nffe) (1)

vd
e = yd

(

1

nv
fh +

nf

nv
fe

)

(2)

⇒ minimize ṽh
.
= vd

h − vh and ṽe
.
= vd

e − ve

with adequate filters to set the frequency domain of minimization.
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Passivity

Bilateral coupled passivity :

< vh, Fh >
.
=

∫ ∞

0

vT
hFhdt > −β (3)

< ve, Fe >
.
=

∫ ∞

0

vT
e Fedt > −β (4)

That is, Zth and Zte have to be passive.
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2. Control problem expression

Given a desired admittance Yd(s), the goal is to find a control K such that :

i. Closed loop transparency, Yt(K) = Yd.

ii. Closed loop passivity of Zth(K) = Zt(K) +
nf

nv
Ze and

Zte(K) = nv
nf
Zt(K)+ nv

nf
Zh, where Zt(K) is the actual impedance of the

system.

⇒ but it may not have a solution and Zh, Ze are unknown,
⇒ relax i. and extend ii. :

iii. minK ‖Yt(K)− Yd‖, with

iv. Yt(K) : F → v ESPR.
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3. Control Synthesis

State-space representation of the plant P and the control K :

ΣP :







ẋ = Ax+Bww +Bu

z = Czx+Dzww +Dzu

y = Cx+Dww

ΣK :

{

ζ̇ = AKζ +BKy

u = CKζ +DKy
(5)

Criterion specification :

z = Tzww =

(

Tvw

Tṽw

)

w et
[

A Bj

Cj Dj

]

=

[

A + BDKC BCK Bj + BDKFj
BKC AK BKFj

Cj + EjDKC EjCK Dj + EjDKFj

]

with Bj = BwRj, Cj = LjCz, Dj = LjDzw, Ej = LjDz, Fj = DwRj.
⇒ Express the system into two transfer functions ; one for each objective.
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LMI expression :(S.Boyd et al. 94)

iii. : equivalent to ‖Tṽw‖∞ < γ, ⇒ Bounded Real lemma) :





ATP + PA PB2 CT
2

BT
2 P −γI DT

2

C2 D2 −γI



 > 0, P > 0 (6)

iv. : Positive Real Lemma :

(

ATP + PA PB1 − C
T
1

BT
1 P − C1 −DT

1 −D1

)

> 0, P > 0 (7)
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Singularity problem

D1 singular ⇒

(

ATP + PA PB1 − C
T
1

BT
1 P − C1 −DT

1 −D1

)

> 0, P > 0

implies to combine a LMI with a LME.

To solve this problem (Khalil, 96) :

– Introduce a fictitious sector bound non-linearity simulating some un-
certainties,

– use the circle criterion to design K such that the closed-loop fictitious
system is SPR,

– conclude that the original system is SPR.
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Fig. 4: Fictitious system

Where ψ is a sector bound non-linearity defined by :

[ψ(t)z −Qminz]
T [ψ(t)z −Qmaxz] ≤ 0, ∀ t ≥ 0, ∀ z ∈ Γ ⊂ IRp (8)
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The resulting fictitious system is :





Ā B̄w B̄

C̄z D̄zw D̄z

C̄ D̄w D̄



 =





A−BwQminCz Bw B

(Qmax −Qmin)Cz I 0
C −DwQminCz Dw 0



 (9)

The identity matrix in “D” allows for the use of the positive real lemma.
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Optimal multi-objective synthesis using LMI (Scherer-Gahinet-
Chilali, 97)

– Two LMIs to solve simultaneously, with P > 0,
– a linearizing change of variables to include the closed-loop expression,
– A, B et C real and fictitious have to be the same ⇒ Qmin = 0,
– a unique control K can be found, its order is the same as the system,
– two parameters still need to be fixed : γ et Qmax.

Analysis tools
– passivity : Nyquist plot (SPR),
– transparency : H∞ norm and Bode plot,
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4. Simulations and testing ground

Gm(s) was given by :

Gm(s) =
1

ams+ bm
=

1

0, 0222s+ 0, 0042
(10)

The desired admittance was chosen as :

yd =
1

0, 1s+ 1
(11)

Some ’good’ values for the remaining parameters :

γ = 0.7, qhmax = 0.892 and qemax = 0.874.
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The Control obtained has the form :

K =
1

D

[

K11 K12 K13 K14

K21 K22 K23 K24

]

(12)

with D and Kii some 4th order polynomials.
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Passivité vue par le conducteur (fh−vh)
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Fig. 5: Passivity of the closed-loop system

17



10−1 100 101
−0.16

−0.14

−0.12

−0.1

−0.08

−0.06

−0.04

−0.02

0

fréquence (rad/sec)

er
re

ur
 (%

)

(vh−vhd)/vhd

Fig. 6: Minimized criterion ṽ
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Fig. 7: vh and ve with a speed factor nv = 1, 5 (input force = sinusöıde + noise)
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Fig. 8: Testing ground
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Conclusions

– Different approaches were explored for the transparency,

– the control has been obtained with some tuning parame-

ters, allowing for the freedom of the user,

– the simulations results are satisfying and the procedure is

validated,

– experimental results were also obtained.
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