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&% Mold oscillation system at NUCOR
Mold Table
Pivot
Problem:

1. Resonance mode of primary beam
gets excited when the actuator
oscillates at one-third the resonance
frequency

2. This unwanted resonance distorts the
mold displacement and velocity profile

Primary Beam

Position of Hydraulic Actuator — : —
Objective: Model this mold oscillation

(not in picture) under the beam system, simulate it, identify the source of
disturbance and control it
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Do Simplified mock-up
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* Mock-up captures similar resonance problem
— 1) resonant frequency = 9.6Hz
— 2)input at 4.8Hz excites 9.6Hz
» Hydraulic valve/actuator — Nonlinear behavior (same model as plant)
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Timoshenko beam model
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Mock-up parameters

E =200Gpa Youngs modulus G =82GPa Shear Modulus for steel
p=7870 Kg / m? - density of steel Area = 0.0088m? cross section area of beam
1 =2.2x10°m* Moment of inertia of beam  m = 69Kg /m Mass per unit length of beam
M=2250 Kgs k'=0.83 Shear constant

Beam width =5.13"(hollow with thickness 0.94") 1=345"

Beam breadth = 6' (hollow with thickness 0.38)
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B Hydraulic servo valve and

i,..“l:; —

Sasiing actuator

Snsortium

Electronic control of spool position
¥ | — Fast dynamics - Hence not modelled in simulations

B

1.1 Turbulent Flow Equations for flow in A and B

c(d-x)yP-P, x<-d
ga=1c(d=x%)P P, —c(x +d)/P,.-R  -d<x <d

—c(x+d)\P,-P  x>d

t

c(d—x)JP-PR  x<-d

G =1c(d=x%)yP =R —c(x, +d)JP-P, -d<x <d
—c(x,+d)yP.-PF, % >d

_ | X is positive when the spool moves to the right. Its mean

" position is 0 with valve underlap gap of d on both sides.

q, is positive when oil flows in to chamber A

g Is positive when oil flows out of chamber B

q, P —Volume flow rate and Pressure

B Apgst — Chamber connected to A and B, source, tank
“—F
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Pressure equations
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Actuator dynamic equations P = Vo r A(fo))( U + AX)

mx =(P, —P, ) A+ F —( fric)x X — positive if it moves to right of midpoint of cylinder
V.V, —Static volume of chambers A and B
A(L+x)—dynamic volume of chamber A and B

L — Half the piston stroke length

A— Surface area of piston
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Set of Nonlinear Differential Equations

N Control structure in the hydraulic

Sasing actuator

Snsortium
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Controller
A A
Actual
i
B — position
n Position (t) sensor

Desired position (t)
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Data from mock-up

Measurements with input frequency 4.8Hz

 The desired position for

/\ /\ /\ | the actuator is chosen to

N

Actuator displacemnet in mm

0 \/ \/ \/ be a sine wave of
2r d frequency 4.8 Hz (half the
4 ‘ ‘ ‘ ‘ ‘ resonance frequency)
0 100 200 300 400 500 600 i
Time in milliseconds « Pl controller is used to
£ 0 : ‘ achieve this
1S
s -2 //\ /-/\ . » Actuator displacement
% _4\ signal looks almost perfect
ks . .
2 6 \/ \/ \\/ i e But large distortion
3 (deviation from sinusoidal
S 8 1 1 1 1 1 . .
0 100 200 300 400 500 600 profile) in the mold end
Time in milliseconds
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Spectral analysis of actuator
&, displacement

“'--Q.Q_H_s ortium

Frequency analysis of Actuator displacement

.l | » Actuator displacement
looks sinusoidal, this can
be misleading

g 15t |
£ » Via Fourier transform we
ER | obtain the frequency
:&; content of the signal
05} | * As expected there is a
large peak (2.6mm) at 4.8
ol | | . Hz, but there is also a
0 2 4 6 8 10 12 small peak (0.07mm)

Frequency in Hertz Close to 96 HZ
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Amplification of signal at resonant
& frequency
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Simulated displacement of mold with sinusoidal wave ° EXCiting the mOCkUp at
os (9.6 Hz, 0.07mm) | resonance frequency is unsafe
06l ] * Instead excite the Timoshenko
E L4l beam model at 9.6 Hz
§ 0.2/ ] * From previous work, the beam
5 o ] model was able to capture the
g o2l | resonance frequency of the
8 ol actual system quite well.
o6l ] e 0.7mm-amplitude displacement
08 ‘ ‘ ‘ ‘ sine-wave is observed (10 times
1500 R e 1900 amplification of resonance
ime in milliseconds . . X .
signal), which is a serious
alteration of mold displacement
University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . Vivek Natarajan . 9
Simulated signals
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Simulation of the Timoshenko beam model to obtain
mold end displacement using the measured actuator end displacment as the input
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Simulated displacemnet of the mold in mm

L L L L L L
1500 1600 1700 1800 1900 2000
Time in milliseconds

» Use the measured actuator displacement signal to excite
the Timoshenko beam model

* Mold displacement signal in simulation shows distortion
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Hydraulic act

asting
""-(.".\.‘_'-"_nisortiU m

uator nonidealities

E Simulation of beam using a actuator with nonidealities
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N Input frequency
g Measurements with input frequency 3.3 Hz Simulated mw(i):: ﬂizgﬁg?ﬁg auzinf?eELTeziCe; kgo:zeam model
é | |
g
g0 1 £
k) £
° 2t ] £
g z
© L i 1 i i [
é 0 500 1000 1500 2000 2500 3000 %
< Time in milliseconds g
E g
e ?f ] E
£ g -
g o 1
ke
S -4} 1 . . . . . . .
R 800 1000 1200 1400 1600 1800 2000
; 6 ) ) ‘ ) ) ] Time in milliseconds
2 0 500 1000 1500 2000 2500 3000 * Primary frequency of actuator
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Frequency analysis of actuator displacement ISp acement IS a OUt " z
‘ ‘ ‘ ‘ ‘ ‘ (which is ~1/3 of natural
frequency of beam of 9.6Hz)
[}
£ + Distortions seen in
[ . .
= measurement and simulations
e Spectrum shows small peak
Frequency (in Hertz) at resonance frequency
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Mockup experiments at other
frequencies
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Fourier analysis of 3 actuator signals  Result: distortion of mold displacement signal

0.2
® 0.15
5 - No distortion
= 0.051*™*
0 i i i
‘7 é é 16 l‘l 1‘2 1‘3
H — Small distortion
=
8 - No distortion
g . . .
= Notice that presence of distortion in mold
end seems to occur only when actuator

10 20 0 ‘0 signal has frequency peak near 9.6Hz

Frequency (in Hertz)
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Proposed controller design
&=, approach
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Measurement with constant desired position

; Mold 0.025
,| Linear model of position ooal |
> valve/actuator & >
beam S| ]
é 0.01 |y B
£
g 0.005 4
Robust 7
controller g 0 ]
2 -0.005 g
Repetitive 001} ]
controller o015 ‘ ‘ ‘ ‘
0 200 400 600 800 1000

Time in milliseconds

» Develop linearized model of valve/actuator and mold

» Design a controller for the linearized model which is sufficiently robust to account
for modeling uncertainties

» Design this robust controller to give linear behavior for nonlinear valve.

» Design repetitive controller around linearized model-robust controller structure that
focuses on removing signals near resonant frequency

» Plot shows that actuator can maintain constant position Wlthln 0.015 mm
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Simplifying beam model

Mold

y4 =
.
Z X l w(t)
w(t x=0
Actuator
0

Actuator Mold

» Stiffness of beam is large

» Up to first order, beam is rigid

* Remove beam and place mold directly on actuator

* Ignore gravity on mold and consider it as constant disturbance

» Controller compensates for higher order dynamics and constant
disturbance that are neglected
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Linearizing the valve

» Choose a equilibrium state for the nonlinear equation

» Linearize valve/actuator equations about this state to obtain a third
order model

* Run nonlinear model and linear model in parallel

» Compare mold position output from linear and nonlinear model

x 10> Comparing the linear and nonlinear models

Nonlinear model

Position

Linear model
Nonlinear model

* valve/actuator/

simplified beam

spool
position

controller

Actuator position in meters

Linearized third | Position

—

order model ‘ ‘ ‘ ‘

Time in seconds
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Conclusions
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* Based on analysis of measured data, it is likely that the
valve nonlinearities cause the problem of distorted mold
displacement

* The amplitude of the higher harmonic causing problems
from the actuator end is very small (<0.1mm)

 Linearized model is developed for the valve and is seen to
be reasonable in simulations

e Currently developing robust control and repetitive control
laws that are wusually designed to reject periodic
disturbances of known frequency (like in this problem)

e The current actuator can maintain position to within
0.015mm and the harmonic at actuator to be controlled has
amplitude about 0.07mm

* Hence a control solution can minimize the problem with the
current valve/actuator setup
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