btion Planning of Water




Outline

Problem Definition

JdMathematical Derivation
JMATLAB Simulation




Definition Derivation Simulation Conclusion Perfection

Problem
dSloshing when moving tanks containing
liquids from one place to another
Goal L e—————
' e tank dynamics
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Assumptions

Ulirrotational potential flow
Shallow water I—

X=(X1,X2)

Fig. 3. The two-dimensional tank.
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Notations
h(x,y,t) = Actual water depth

H(x,y,t) = Actual depth minus average depthh=h + H
D = Location of the tank’s bottom center

v(x,y,t) = Velocity of water
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Define Input & Output

Input D(t) — Position of tank center on the bottom

Output y(t) — Center of gravity of tank’s first half mass
and second half mass
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System dynamics for 1D model

' 62H_}-L O*H
8 | e
. B_H(a t):a_H(_a " R ——eE——
‘ or "’ ox ’ g )
| e

H(z,t) = p(t+ ) +9(t — )
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System dynamics for 1D model

arbitrary ifa/e<t<T —a/c

q ift>T—a/c
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System dynamics for 2D rectangular tank

i H = ghAH
{ gVH -7i=—u.fi on 0f2
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System dynamics for circular tank

Laplace transform

H = ghAH

’?.

SOV in cylindrical coordinates

d?R " 1dR 3
dr? ~
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System dynamics for circular tank

f 27
D (t) =%/0 U1 (t =
27
Dy(t) =%/ Yo (t

0
9
H(r,0,t) ===

™

+

[

— COS(P) 005290 dy
/71/2”, ’ r
- Yy |t — =
9.Jo vV gh

sine\/g =2 (
™ 9 .Jo

=

[
s (P) cos o dy

V.gh

cos go) cos  d

) cos p dy

r
— COS
Vgh
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Selecting y(t) function

Steady state at start and end points — Controllable
Tank moves from O to d in time T — D(t) from O to d

Got four BC’s to restrict y(t):
¥(0) =0, y(T) =d, y’(0) =0, y'(T) = 0
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Four y(t) functions are tested
Cosine Function 34 Order Polynomial
y(t) = —i—c:t3 +3_—c21t2

y(t) = -g-cos(¥+ n) +g— b

r—+r?—t%,  t<r-sinf;

y(t) = gerf(4t _ ZT) + g y(t) = {t -tanB; + r(1 — cosf; — tanB3sinB;), r-sinf; <t < T —r-sinb;

T Jri—(t—-T)2+d-r, t>T—r-sinf;

63=T[—91—62

T 2r
8, = arctan (I—I), 8, = arccos( )
. d—2r : JTZ+(d-2n)?
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D(t) — y(t) Plots
(J2 x 2 Rectangular tank
dWater depthh=1
dTravel time T =5
dTime step dt = 0.001
Travel distance d = 3.19

Cos Ploy
3.5 T T T T T T T T T

Output, yit)
Input, D1(t)

Output, y(t)
3 Input, D1(t)

Displacement
Displacement

45 ) 0 (1R) 1 1.5 2 25 3 35 4 45 )
Time Time
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D(t) — y(t) Plots
(J2 x 2 Rectangular tank
dWater depthh=1
dTravel time T =5
dTime step dt = 0.001
Travel distance d = 3.19

Erf Arc-Linear
3.5 T T T T T T T 3.5 T T T T T
Output, ¥(t) Output, y(t)
3L Input, D1(t) 3l Input, D1(t)
25F
S S
L L
& 15F =
& &
1F
05k
1] 1]

45 ) 0 (1) 1 1.5 2 25 3 35 4 45 )
Time Time
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Mid-presentation Review

Two systems: Rectangular Tank and Circular Tank

| Dy (t) 1 /27r yp | t bicosp cos? ¢ dyp
e —= 1 - =
__J T Jo V. gh

f 1 aq ai 27
D1 (1) =95 (y1(t F ?) +y1(t — ?)) Dy(t) =l/ s (t — l\c;s__(p) cos? p dy
m™Jo gh
1 as a
—= i L <
8 Da(t) 5 (yQ(H' = ) + ya(t = )) 0

H(r,6,t) = h /%g (t = cos <p) cosp dp
c /. T . T . it . T yU,0) = - ] = ¢
H(z1,x9,t) % (y1(t+ ?1) — 1 (t— ?1) + 9ot + ?2) — a(t — ?2)) T \9Jo Vgh

+sin6 l_z/?”y g r e
—‘/— o _cos | cosy dp
m g9 .Jo vV gh

(t)_drf(4t—2 .4
W= T 2
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Analysis

The standard deviation of the water surface can be used

to evaluate sloshing

_ Rectangular Tank Circular Tank

Cosine Function 0.0528 0.0323

Polynomial 0.0584 0.0310

Error Function 0.0830 0.0464
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Conclusion

QCosine and 3™ order polynomial outputs have

better performance | —————

nk produces less sloshing than
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Future Perfection

ISimulate non-linear moving trajectories
(JExtend to more complicated geometries

QFind proper initial and final values of output

out functions

P ift<a/e
y(t) = { arbitrary ifa/e<t<T —a/c
q ift>T—a/c




Conclusion

Definition Derivation Simulation Perfection

References

[1] N. Petit, P. Rouchon,”Dynamics and solutions to some control
problems for water-tank systems”, IEEE Trans. Contr. Syst.
Technol., vol. 47, pp.594 -609 2002

[2] F. Dubois, N. Petit and P. Rouchon, ”MotlonW

ar simulation for a tank containing a fluid”, European Control

3] D. Ho, B. Grunloh al




Definition Derivation Simulation Conclusion Perfection

yﬂThank'sT-—




