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CONTROL OF A DISCRETE PLANAR TENTACLE ROBOT
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Abstract. The paper deals with a special class of robotig, dne tentacle robot. First, the discrete dynaméziel of
the tentacle arm is analyzed. The dynamic modéh@thyper-redundant arm with continuum elementsoimunction
with the electro-rheological fluid is discussed ahd discrete planar model based to the nonlinbaerver will be
developed. Also, numerical simulations of the arotion are presented.
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1. Introduction the tentacle structure is controlled simultaneously
A tentacle arm is represented by a robot with arby two control systems. First system controls the
infinite number of various flexible elements with pressure of chambers and the second system
distributed parameters (namely the mass and theontrols the viscosity of the electro-rheological
torque of each element). Many researcherdluid. Also, the chambers walls are reinforced with
developed important works in this area. Thus, inrubber fibbers on radius direction. In this waye th
[1, 2], the mathematical model of tentacle robot istentacle will be deformed only on axial direction,
developed, and then the control problem of theand the deformation on radial direction being
movement in spaces with or without restrictions isrestrained.
solved. In [3], the model of such robot with a tini
number of elements is presented. Here, an electro: A oA Bection
hydraulic controller with more sections is used. A}- 6000V
In this paper, a new model of the hyper-
redundant robot with a finite number of elements is , @
presented, where each element has an own structur
and an independent control circuit, as in figure 1.
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Figure 2. The physical structure of one element of
tentacle robot: (a) the chamber arrangement,
(b) the multilayer structure of tentacle element
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Figure 1. The physical model of a planar tentagkot ~ Will be bent on opposite direction. Each segment
can be bent in any direction in the plane, by
In figure 2, the structure of one tentacle robotappropriate control of pressures of the two
segment is shown, that is developed in great detaghambers. The electro-rheological fluid is
in [4]. The robot is realized by cylindrical elenten electrically controlled by means of two electrodes
which are made by fibbers and reinforced rubbermounted of each chamber. A high voltage
Inside, each cylinder contains two chambers with6, 10] kV is applied on the central electrode and
electro-rheological ~ fluid  (fluids that can the peripheral electrodes are linked to the ground.
dramatically change their properties when a highThe chambers construction is a multilayer one, and
voltage electrical field is applied) and each chamb the arm becomes inflexible when it is applied an
has an individual control circuit. Every element of electric field [9, 10].
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In comparison with the conventional systems,it is given by the difference of the pressures from
the presented structure has a number of featurethe two chambers of each segment [6, 7].

such as: The velocities components in relationtandz
- the stability of the system can be easily imptbve axes will be considered, that is symbolizgandv,.

by electro-rheological fluid viscosity control; These velocities are obtained by derivation the
- a controller for the ER fluid control can be relations (1) and (2).

developed and the complex control algorithms -V

can be implemented; Vx =X= j(—smq IGIGER (4)
- the presented system has a great power density; OS
- the system has many degree of freedom. v, = 2= j(cosq') [qds - (5)

0
2. Dynamic model! of the planar tentaclearm By considering an element with the elementary
In order to develop the dynamic model of amassdm, the kinetic energy of the segment will be

planar hyper-redundant robot [5], a certain segment V2 V2 + V2
of the arm, which is noted witlh will be taken. The dEy :?mm:%mm. (6)

equivalent mass of the superior segments is noted Taki h locit . ;
with M, as we seen in figure 3. It is supposed that _ '2aKINg account the velocities expressions from

the tentacle segment can operates in the verticdf) and (5), anddm = p[Ads the relation (6)
plan xOz only, and the segment has the unifornP€COMeSs
distributed mass with a linear denspy wherep s 2

represents the equivalent density of the composite . {.[(sinq‘)ﬁq'sJ +

materials and the electro-rheological fluid.
g Ecl:%.[p@\[] 0 ,|ds (@)
7o 0 S
M +[j(cosq') I} EJISJ
T q L \0 i
z The Kkinetic energy of superior segments of
ds tentacle structure, that have the equivalent nvss
| the "i" segment is obtained analogously, such as follow
) /L 2]
X X H 1 2y 1
Figure 3. The representation of theegment of arm (J- (S'nq ) [g S'J +
1 0
. : : : E=7M ) (8)
It will be noted withs the spatial variable of 2 L
segment lengths O [0, L]. The position of one +U(cosq‘) ey Bjsj
point P from the robot arm will be written in L \o i
following form The elementary potential energy for the
: e distributed mass of segment will be as follows,
= |coxylds , -
X { S 1) dE,, = gz0dn, ©)
S and the entire potential energy will be
Ls
z=|singlds, I
£ g @) Eplz,oDA[”smq [ds[ds. (10)
00

whereq is the Lagrange generalized coordinate, in

this case being the absolute angldl [0, 5], and For the superior segments of the hyper-

redundant arm, the potential energy will be the

q'=q(s). i
The generalized coordinate for the system tha{ntegral form L
is represented in figure 3 will be a temporal E,=M @ [J'qu [ds . (11)
function P2 .
g=q(st). (3) The deformation energy of the segment [5] is in

The dynamic behaviour of the hyper-redundantthe following form
arm is determined by the effects of torque which is L p2
distributed along the arm and of the system energy. E. =I—E [H°ds, (12)
The distributed torque is symbolized witlis) and o 2
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where D is the cylinder diameter, anf is the From the relation (14), is obtain
elastic modulus of the material. _ 4+ Bg+ Cq+ D= FT (19)
The energy that correspond to the fluid .
viscosity [8, 9, 10] has the following form where the coefficient8, C, F represent therxn
L matrices, and is anx1 nonlinear vector,
E, :J'chﬁqms. (13) B=k P! (20)
: C=Er*p* (21)
In order to obtain the dynamic behaviour of the = Er
tentacle arm, the Lagrange method for infinite D= p—lQ (22)
dimensional systems [7] will be used,
y L7l F=p? (23)
dl 4 a
— = =5 =T(s), (14) (pA+M)A  MA .. MA
dt{ &(s)) a(s)
, . , (PA+ M)A (pA+M)A - MA
wherelL is the Lagrangian function, P= : : : : (24)
L= Ec + Enc' (15)

. A+M)A A+ M)A - A+ M)A
whereE. andE,. represent the mechanical work of (pA+ M)A (pA+ M) (o A+ M)

the conservative forces and the mechanical work of [ n i
the non-conservative forces, respectively. Mgcosg, + o Mé cosj
In the relation (2.14),0L/6qg means the N
functional partial derivative [2], which is defigitas Mgcosq, + o AAY. coyy
the variation of theL Lagrangian function in Q= i=1 (25)
relation to theg function in a poins O [0, L], and T
is the generalized input of the system. By replgcin n
the relations (7) — (13) in (14) and computing the Mg cosg, + p AN} cosy
partial derivative, the general form of the arm - = -
dynamics is as follows g =q(s) (26)
e . 1Y o 1) —_ T
oA (sin(a - a)a+ coda - o) )as + a=[q, @ - ] (27)
° T =T(s) (28)
+M [fsin(a, -q)a?+coda, -q)ilis+ (1) T=[%, T, ... T (29)
0

A linear model can be obtained if we neglect
the terms which depend on gravity force. The
relation (19) can be write in the following

L
+ ,oAIcosqu+ Mgcosq+Er’q+k,q=T
0 simplified manner

where the following notations are made

o =q(§ t) g+ Bg+ Cog= FT (30)
a=q(s 1) where B, C are the matrices with variable
coefficients that are determined by the electro-
g =q(L1) (17)  rheological fluid viscosity and by electric filed
sgfo, d intensity.
sD[O L] From the relation (19) it can obtained classical
’ model by using the state vector,
. = a’ (31)
3. Discrete model X [a 4
In order to obtain a simplified discrete planar and the matrices
model due to the relation (16), it will be used a o | e} e}
spatial discretizatiors;, s,,..., § with § -5, =A H {—C B}’ g{—D] G [F} (32)
and the constraints ) )
| (s) _ q( §)| <s The state equations will be
{ q 1 (18) x=Hx+g(+ GT (33)
ja.(s) - o ) <& where g(x) contains the nonlinear terms.

where¢, ande¢, are the small enough constants.
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4. Thenonlinear observer V(e8<0 (43)

In_ qrder to derive the control law of the_ tentacle 5q taking into account (41) and (42), it will dbta
arm, it is necessary to know the state variajss, S\ i R
V(e &)=o(e &)o(e &)=

that is distributed on the entire arm length, with ‘ ) (44)
s 0 [0, L]. The values of these parameters are very =ofe, ¢)fmre+¢)<0
difficult to be obtained from the information which A reference input is considered, noted witt)
are provided by the transducers mounted on thand smooth enough,
robot arm. Thus, it can measure only the variable r(t):e(t)+q(t) (45)
q(0) =gy, for s = O which represent the variable of y,5¢ checks the following constraints
the arm joint.
In order to estimate the state valugs), with |r(t)| <0
s#0 non-accessible, it must to find a nonlinear |r(t)|<[31 (46)
observer. It will be supposed that only the state ‘r‘(t)=0
variable g(0) = % can be measured. In ordger to Consideringn = 1, it will obtain
develop a nonlinear observer model, the discrete .,
nonlinear model of the tentacle robot (33) and the (e &)=
output . 1 . (47)
=ole e me——(T —-nlr—¢)—clr —e
vx gy o e mE-rn(-g-c )]
wherev is a such vector where the coefficient® andc are as follows
=1 o0o0.. q 35 2
. v [ q (35) 5:(pDA+M)A,c:EE—Id— (48)
will be used. 4
The equation (47) can be rewritten as
Theorem. The nonlinear observer is defined by the N | )
relation V(e )< gc(e, eJr +
z=Rz+ { 3+ SF K (36) 1 c (49)
where zOO?", R, S K are constant matrices of +|o(e, ex[|m@|+3|”(r_e)|+g|r_e@
dimensions  (@x2n), (2nx2n) and (2x1), The final form of the expression from (49) is
respectively, and the vectoh(z) is a (2x1) _ 1 N
nonlinear vector. V(e &)< g(c(e, e +[o(e, é][|é|(m+gJ +
The observer elements must verify the (50)
following conditions c (n c
= +td=+| =B +=0a
z \T(x (37) d 3 ( 6'31 5 1}}
RY+ KV =YH (38) The control law can be selected as
h(Yx) =Yg(x) (39) T =—(ky [sgne+k, [sgr(c &)+ o1
S=YG (40) +kg Bgr(o (&)@ (1)
By replacing (37) into (50), it results
Prove o1
In the case of the “sliding mode” method, the V(e 6)58(‘ k1+r][[B1+ch(1)|0|+
control system is proved by Lyapunov technique (52)

E:SO]. Thus, aV Lyapunov function is defined such +%(_ k3+c)|oﬂa|+(—k—62+ m+%j|0@

1 5, If the controller amplification coefficients
v —27 (&8 (41) k;, ks, k; verify the constraints
whereV is a continuous and differentiable function k> n By +cloy
with V(e 820, and V(e §=0 if and only if n
ko > 6(m+—J (53)
o(e € =0, where functiono (e, & is as follows 5
o(e &= mer ‘&0 (42) . kg>c
The next condition is imposed the V(e & will be negative, and the relation (52)

can be rewritten as
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V(e )< 2ok +n By +ctmyofe o) = 2,(0)= ()= 0 -
3 (54) _ _ (57)
= ~vio(e, ¢) 7,(0)=d’()=0
B ’ Then, “bang — bang” controller
where thek;” factor verifies the relation (52). T = [k, [sgr(e) + k, [sgr{c[e)e+
The commutation time [10] can be derived as +k3 Bgr(o @)e] (58)
follows IS tested.
ts:1|o(e(0), é(o)] (55) A switching line form = 2 is chosen. The
Y evolutions of the control law and of theq(1)

coordinate are represented in figure 5.
5. Simulation results

In the follows, several results by simulation are ~ 3___scale factor=1200
presented. A hyper-redundant arm with two f — _
elements is considered. The main parameters of tr tine[ms]
robot are presented in Table 1. The manipulato -] N S B i TR
performances are tested with a variable structurn% T
controller. o T
5 time[ms]
Table 1. The tentacle robot parameters with 2 seggne 10 20 30 40 50 60 g
Segment Length | Diameter | ), Einit Figure 5. The evolutions of the control law
[m] [m] and of theg(1) coordinate
1 0.12 0.014 110 0.7 _ _ .
> 0.08 0.010 30 0.65 Next, a direct control law is used. The initial
conditions of the proposed trajectory are
First, the nonlinear observer is verified. The qlgog=2n/5
observer convergence is easily obtained for this %\0)=0 59
case(n=2), and the model matrices are 0,(0)=2m/5 (59)
1 0 0 -1 1 ¢2(0)=0
101 -1 0 -1 -1 The switching times have the values
R=1148 0 -1 -1/%7|-1 (56) {tslso.OZBS
(60)
The simulation of the control system for two
a(1) different controls is shown in figure 6. The cutve
T (figure 6) represents the system trajectory foreg s
T input in absence of a variable structure contrbe T
Pl - second curve from figure 4 contains two domains.
The first domain is characterized by damping
2T coefficient¢ = 0.45, and the second domain has a
3 2 damping coefficient = 1.45.
time [ms] 6. Conclusion
’ In this work, namely the hyper-redundant arm
10 20 30 40 350 with continuum elements was treated. First, the
Figure 4. The movement performed by robot discrete dynamic model of the tentacle arm was
between /5 andr’2 analyzed. The dynamic model of the tentacle arm

with continuum elements, based on energetic
The movement of the first tentacle segment,elations, in conjunction with the electro-rheokcayi
respectivelyg(1), was represented betweem/®  fluid was discussed. Then, the discrete planar inode
and1v2 in the figure 4. The estimated values for thebased to the nonlinear observer was developed.
observer in the following conditions was Also, numerical simulations of the arm motion
represented with full line, proved the correctitude the solutions.
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