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* Project G

— Move a tank co 0 another location
within a given time with minimal sloshing

* Potential Project
Applications

— Industrial process
control moving tanks of
liquid from station to
station




Exa

e Container traveli . S in 2 seconds

e All simulations run with 0.3 x 0.3 meter
container that is half filled



— Reduction t

e Optimal Control of Equivalent ODE Approach
— Pendulum Approximation
— Double Pendulum Approximation



Differ ptions

Saint Venant Equa

— Implies vertical velocities are much smaller than horizontal
velocities and are therefore negligible.

1-Dimensional Motion
— Restricted to horizontal translation (non-rotational)

Neglecting Coriolis, frictional, and viscous forces
Flat bottom, rectangular fluid container
Motion begins and ends at steady-state




* General
Mass and Mo

Where:

H = dif ference between average height and current fluid height
h = average height of the fluid (constant)
v = velocity of the fluid at a given position
g = gravity

D = Distance traveled by the container

u = feed forward input (acceleration)

t = time

a = distance from center of tank to edge of tank
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y(t) becomes arbitrary function between initial and
final states

— For minimal sloshing at steady state condition, must
choose y(t) to have first and second derivatives equal zero
at boundaries

* System is steady state controllable if initial state is zero

— Can be steered from a steady-state position to any other
steady position



Simulation | Flatness

» Select y(t) to be a linear function

* Constant velocity model under equivalent time
and distance

Model simulated to travel 1.5 meters over 2.0 seconds



Simulation | Flatness

* Select y(t) to be a modified cosine function

* Constant velocity model under equivalent time
and distance

Model simulated to travel 1.5 meters over 2.0 seconds



— Repr system

— Calculati ontrol using

the approxim

* Assumptions:
— Inviscid fluid
— I|rrotational fluid

— Incompressible fluid
— No surface tension



Equivalentmodeling of

the system

Simplification of the PDE to an ODE model consisting of N-pendulumes,
representing the first N eigenmodes of the water tank




Equ mal

Formulating th on planning
problem as an Opti em using the
equivalent pendulum model

Optimal Control Problem

t S a 2
min | [Zwi%‘ +u‘Jdt
i=1

Wit ult) 0

subject to:

v,=- fl(u cos(y,) + gsin(y, ))

x=v

vV=u

v, (0)=v(0)=0
w,@t,)=v(t,)=0
x(0)=a
x(t;)=b




Solution of

Optimal Control of equivalent ODE model of order N = 3
I I

N
o

—— 1st mode
—— 2nd mode
= 3rd mode

1 of pendulum i

T

——\/elocity v of container

— Position x of container




Simulatic

* Singular Pendulum Approach

* Constant velocity model under equivalent time
and distance

Model simulated to travel 1.5 meters over 2.0 seconds
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We can derive a steering strategy for ¢4 and x, by solving an
Optimal Control Problem of an equivalent inverted pendulum




Simulatic

* Double Pendulum Approach with Rotation

* Constant velocity model under equivalent time
and distance

Model simulated to travel 1.5 meters over 2.0 seconds



Single Pendulum

Flatness with cosine y(t)

Constant Velocity




* Bot
Equiv
for mini

ctories

* Proper choice o S trajectory

* Double Pendulum approach is optimal for
reduction of fluid travel up the sides of the
container due to container rotation






