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Abstract. In the daily life people, animals, fishes, birdsdansects constantly interact with
continuous media such as air or water. It meartssiirghesis of new robotic systems inside this
continuous media and imitation of motion of reajemts must be investigated together with
media surrounding them. In this report motion obatic fish tail vibration and simplified
interaction with water flow is investigated. Thedyt comprises: (a) preliminary analysis of main
goal that is given to scientist to solve the probléb) optimization of a main fundamental
system; (c) analysis of ideal control actions; &nthesis a new structural schemes; (e)
calculation of optimal parameters. The preliminamalysis includes 5 steps: analysis of
technological processes, choice of base systengechd control actions, clarification of criteria
for optimization and selection of limits. In thisport criterion of optimization (for robotic fish
tail model inside water) is maximal positive impulef water forces in the fish tail and hull
contact pivot. The main idea is to find out optirnahtrol law for variation of additional area of
vibrating tail within limits. The limits are maxirhand minimal area of tail interaction with
water. For task solution the maximum principle ohfyagin is used [5 — 14]. It is demonstrated
that optimal control action is on bounds of areaits. Examples of synthesis of real mechatronic
systems are provided. One example of synthesis $ystem with time harmonic moment
excitation of tail in the pivot. The other exampgea system with adaptive force moment as
function of phase coordinates. In both systems axehange (from maximal to minimal values)
has control action as a function of phase coordmdt is demonstrated that real tail vibration
motion is highly stable and provides satisfact@sl ccriterion in the hull contact point.

Keywords: Robotics fish, motion control, water interactioptimal control, adaptive control,
synthesis adaptive systems.

Introduction

Inverse method algorithm for development of mearatr systems in vibrotechnics is used
for robotic fish tail motion control synthesis. Thain difference of this method in comparison
to simple analysis method is that (before synthegiseal system) optimal control task for
abstract initial subsystem is solved [1 - 4]. Aftesme calculation optimal control law is

607

© VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING DECEMBER2009.VOLUME 11,ISSUE4. ISSN1392-8716



504.MOTION CONTROL OPTIMIZATION OF ROBOTIC FISH TAIL J.VIBA, J. FONTAINE, M. KRUUSMAA

determined that allows synthesis of series of sirat schemes for real systems right initial
subsystem. It is shown that near optimal contraitaiion new structural schemes may be found
in the medium of three kinds of strongly non-linegstems: - systems with excitation as a time
function; - systems with excitation as a functidrpbase coordinates only; - systems with both
mixed excitations [2 — 4]. In this report synthesissystems with adaptive excitations are
analyzed.

Equations of motion
Simple robotic fish model consist of hull and téi rigid bodies (Fig. 1.). If the hull is

large and moves slowly with stirring along x axist bhe tail is vibrating very quickly then a
simplified model with one degree of freedom - taiblee - may be analyzed (Fig. 2.).

Fig. 1. Scheme of full model: hull, tail and joint insidater

Mathematical model of system consists of rigidigtraflat tail moving around pivot
(Fig. 2.). Area of tail may be changed by conttias. MomenM(t,¢,w) around pivot must be
added for motion excitation, whete= de/dt — angular velocity of rigid tail (Fig. 3.). For m®
resources of system additional rotational sprint wiiffnessc may be added (Fig. 4.).
The main idea in this report is to find out optimahtrol law for variation of additional ar&t)
of vibrating tail within limits (1.):

B, < B(t) < B,, 1)

where B, - lower level of additional area of tail3,- upper level of additional area of tdil;

time.
The criterion of optimization is full reactioAx* impulse in pivot (2), acted to hull
(indirect reaction to tail):

]
K:—ij*-dt, @)
0

requiredto move object from one stop initial position¢,,,,® = 0) to second stop end
position (@ ,® = 0) in timeT.
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Pivot A

Fig. 2. Simplified model with fixed pivot Fig. 3. Scheme of momem(t,p,w) and pivot
reactionsAx = - Ax*, Ay

Scheme of nonlinear tail interaction with waterc(irdes resistance forces) is presented in Fig. 5.

ki (0 &)° B
A

2L/2

AD = L; ¢ = dwo/dt

M(t,0,®)

Fig. 4. Scheme of pivot spring and acceleration of Fig. 5. Scheme of nonlinear tail interaction with
centre mass for rectilinear tail water (velocity in squaref — distance from pivot;
k. — constantB — area

The differential equation of motion of system withe degree of freedom (by use exchange of
moment of momentum around fixed point A) is:

1,$=Mtp.¢)—c-p-k-B-sign(-)- [(p-£F - £-de. ©)

Here

L
JA,¢,I(¢.§)2 -£-dé&, L - moment inertia tail mass against pivot poinguar acceleration of
0

rigid body straight tail; component of moment ofistance force like integral along tail
direction; length of tail.
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From theorem of tail masa centerC motion follows (4) (Fig. 4.):
L L ;
(¢ 5 -cosp+ -1 -sinp |- Ak, B-sin) g -[j(qbf)z -déj @
0
After integration, from equations (3) and (4) wedg5, 6):

L1 . o, LU
¢=J—‘{M(t,¢,¢)—0-¢—kt'B‘Slgn(fp)‘(ozj] ®)

A

AXZm-{cbz-%-COS@HJi-{M(t,co,cb)—C-co—kt-B-Sign(¢)-¢2-ﬂ-%-sin((p)H

. . o, L
+k - B-sin(p) - sign(p - ¢) - ¢° 3
(6)

Then the criterion of optimization is:

L | {92 -c030) 4| M (t.g.g)-c-p -k B-Sign(9)-¢* - |-=-sin@p)} +
K:—j A dt,
|k Busing)-son(p-9)-0°
)

Last equations (7) will be used in task of optirtizas.

Task of optimization

Solution of optimal control problem for system withe degree of freedom (5) by using the

maximum principle of Pontryagin includes next stfps12]:
1. Formulation of criterion of optimization (6, 7):

;
K:—J'Ax-dt-
0

2. Transform the second order differential equatignaftd equation (7) in the three first
order equations with new variable8, ¢1 ande2 (phase coordinates):

4
m-{¢22-£-cos((pl)+i- M(t,(pl,(pZ)—C-gal—kt-B-Sign((pZ)-gaZZ-L— .
. 2 Ja 4
90=(-1)- ,

%~sin(go1)} £k, -B-sin(pl) - Sgn (el 02) - p2° "?
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Pl= @2,
4 8
¢2=Ji-[l\/l (0l p2) —c-pl—k, - B-sign(p2) - p2° L?} ©
A

According to procedure of maximum principle of Rgagin, Hamiltoniank) is [9 -12]:

4
mp2?- L. cosg) +l.{|v| (t, 0L p2) - pl—k, - B-sign(p2) - 922 -L]
2 3, 4
H :‘/’o'(_l)' 3 +

%sin(gol)}) +K - B-sin@l) - sgn(pl- ¢2) - p2? "?

1 : L
+l//1~¢>l+w2~J~{M(t.¢l¢2)—0~¢l—kt -B-sign(p2) - 92 ~4}-

A

(9)
hereH =y - @, where (10, 11)
Yo (10)
YV =V¥i(;
Vs
@
’ (11)
O=1D,,
@,
D,,D,,D,- right side of system equations (8).
For functions®,, ®,, D, calculations are next differential equations [2}:
. . . 12
@0:_6H ;<D1=—8—H;<D2=—8—H, (12)
09, op, 0P,
dd,,

were left side derivation is from tinie d)O,LZ = at
From equations (9) and (12) we may determine nugali system of differential equations to find
functionsly,,\;,\7,. This system solution is out of this report bessadepends of unknown

momentM(t,p,w). But some conclusions and recommendations mayvea ¢rom Hamiltonian
(M(t,p,0)) if excitation momenM(t,p,w) does not depend of phase coordinatespl, w = ¢2:

M = M().
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In this case scalar multiplication of two last \@ctfunctions ¥ and @ in any time
(HamiltonianH [3]) must be maximal (supremum - in this linear &e) [2 — 9]. To have such
maximum (supremum), control actid®t) must be within limits B(t) = B;; B(t) =B,,
depending only from thggn of function(12)or (13):

Ve -{m{kt 1-sign(p2) ‘LS} L sin(g1) + k -1-sin(pD) - sign(eL- ¢2) -LT :
4| 2 3
>0 (12)

: Ja
sign ) P
2.~ .-k -1-5 2). —
ey [ k.-1-sign(¢2) 4}
B =B2;
m . L1 . . L
Wo| — | k -1-sign(@?2) - — |- =-sin(pl) + k, -1-sin(@l) - sign(pl- 92) - — |+
. Ja 4] 2 3 13
sign <0.(13)

1 . L
+w2-J-[—kt-1-sgn(¢2>~4}

A
B =B1,;

From inequalities (12) and (13) in real system Isggsis next quasi-optimal control action (see
supremum of (9)) must be recommended and checked up

B=[B2- (05— 05-sign(¢l- ¢2)) + BL- (05+ 05- sign(¢l- ¢2))],

or
B=[B2- (05— 05-sign(¢-¢)) + Bl- (05+ 05-sign(¢l- ¢)] (14)

Control action (14) analysis and synthesis is ginethe following chapter.
Synthesis of mixed system with time har monic excitation and ar ea adaptive control

In a case of time harmonic excitation momighin time domain is (see equations (3) and (9)):
M(t) = MO-sin(k-t).

Results of modeling are illustrated in Fig. 6. — Cbmments about graphics are given under all
Fig. 6. — 11.
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Fig. 6. Tail angular motion in phase plane — anguldfig. 7. Angular acceleration of tail as a function of
velocity as a function of angle. Because resistanaagle. At the end of transition process graphic is
of water is large transition process is very short symmetric
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Fig. 8. Angular acceleratiore = go of tail in time domain (see equation (5))
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Fig. 9. ImpulseAx(t) in time domain (see equation (6)). Impulse is sBpmmetric against zero level (non-
symmetry is negative)
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Pn n
Fig. 10. ImpulseAx(t) as a function of angle. Fig. 11. Negative mean value @&x(t) in time
Impulse is non symmetric against zero level (naomain. Force of pivot push hull right side
symmetry is negative) (what is necessary for robotics fish motions
right side)

Synthesis of system with adaptive excitation and adaptive area control

In a case of adaptive excitation mombhtfunction of angular velocity in a form [3. 4]
may be used:

M(t) = MO+ sign(w).

Results of modeling are provided in Fig. 6. — 1dminents about graphics are given under all
Fig. 12. - 17.
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Fig. 12. Tail angular motion in phase plane Fig. 13. Angular acceleration of tail as a function of
angular velocity as a function of angle. Becausmgle. At the end of transition process graphimase
resistance of water is large transition process sgmmetric like graphic in Fig. 7

very short. Adaptive excitation is more effective

than harmonic excitation (see Fig. 6.)
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Fig. 14. Angular acceleratiore = go of tail in time domain (see equation (5)). Praaticangular
acceleration of tail reaches stationary cycle dftdf oscillation
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Fig. 15. ImpulseAx(t) in time domain (see equation (6)). Impulse is spmmetric against zero level
(non-symmetry is negative)
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Fig. 16. ImpulseAx(t) as a function of angle. Fig. 17. Negative mean value @(t) in time

Impulse is non-symmetric against zero level (nomlomain. Force of pivot push hull right side
symmetry is negative). It means that criterion dfvhat is necessary for robotics fish motions
optimization (2) is positive and force of pivot jpusull  right side)

right side

Conclusion

Robotic fish tail vibration based on simplifiedenaction with water flow provides easy
analysis of equations of motion. This enables smiubf the mathematical problem of area
control optimization and provides information regd for new system synthesis. Control
(exchange) of object area under water allows géineraf highly efficient mechatronic systems.
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For realization of such systems adapters and d@msomust be used. For this reason very
simple control action have solutions with use ghsfunctions. Examples of synthesis of real
mechatronic systems were given in the paper. Tisé dixample of synthesis is a system with

time

harmonic moment excitation of tail in the pgivdihe second example is a system with

adaptive force moment excitation as a function bage coordinates. In both systems area
exchange (from maximal to minimal values) has aintiction as a function of phase
coordinates. It is demonstrated that real tail atiion motion is particularly stable and yields
satisfactory real criterion in the hull contactoi
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