
University of Illinois at Urbana-Champaign • Metals Processing Simulation Lab • Vivek Natarajan • 1

ANNUAL REPORT 2009
UIUC, August 5, 2009

Vivek Natarajan
(Ph.D. Student)

Department of Mechanical Science and Engineering

University of Illinois at Urbana-Champaign

Modeling of Mold Oscillation

University of Illinois at Urbana-Champaign • Metals Processing Simulation Lab • Vivek Natarajan • 2

Mold oscillation system at NUCOR

Mold Table

Primary Beam

Position of Hydraulic Actuator

(not in picture) under the beam

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

Pivot

Objective: Model this mold oscillation 
system, simulate it, identify the source of 
disturbance and control it
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Simplified mock-up

Beam M
O
L
D

Hydraulic
Actuator

• 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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1D dynamic beam transverse displacement PDE 
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1D dynamic beam bending angle PDE 
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Boundary conditions
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 M=2250                                                     ' 0.83 Shear constant

Beam width 5.13 ' (hollow with thickness 0.94')           
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=
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= = 34.5 '

Beam breadth = 6' (hollow with thickness 0.38') 

Mock-up parameters

Left beam Right beam  (Mold weight)Mg
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Hydraulic servo valve and 
actuator

F

Electronic control of spool position

Fast dynamics - Hence not modelled in simulations
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Turbulent Flow Equations for flow in A and B

 is positive when 

s s A s

A s s A s A t s

s A t s

s B t s

B s B t s s B s

s s B s

s

c d x P P x d

q c d x P P c x d P P d x d

c x d P P x d

c d x P P x d

q c d x P P c x d P P d x d

c x d P P x d

x

⎧ − − < −
⎪⎪= − − − + − − < <⎨
⎪ − + − >⎪⎩
⎧ − − < −
⎪⎪= − − − + − − < <⎨
⎪ − + − >⎪⎩

the spool moves to the right. Its mean 

position is 0 with valve underlap gap of  on both sides.
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Set of Nonlinear Differential Equations
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Control structure in the hydraulic 
actuator

A

B

Controller

Position (t) sensor

Actual 
position

Desired position (t)

Control signal to spool
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Data from mock-up
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Measurements with input frequency 4.8Hz
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• The desired position for 
the actuator is chosen to 
be a sine wave of 
frequency 4.8 Hz (half the 
resonance frequency)

• PI controller is used to 
achieve this

• Actuator displacement 
signal looks almost perfect

• But large distortion 
(deviation from sinusoidal 
profile) in the mold end

University of Illinois at Urbana-Champaign • Metals Processing Simulation Lab • Vivek Natarajan • 8

Spectral analysis of actuator 
displacement
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Frequency analysis of Actuator displacement

• Actuator displacement 
looks sinusoidal, this can 
be misleading

• Via Fourier transform we 
obtain the frequency 
content of the signal

• As expected there is a 
large peak (2.6mm) at 4.8 
Hz, but there is also a 
small peak (0.07mm) 
close to 9.6 Hz
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Amplification of signal at resonant 
frequency 

• Exciting the mockup at 
resonance frequency is unsafe

• Instead excite the Timoshenko 
beam model at 9.6 Hz

• From previous work, the beam 
model was able to capture the 
resonance frequency of the 
actual system quite well.

• 0.7mm-amplitude displacement 
sine-wave is observed (10 times 
amplification of resonance 
signal), which is a serious 
alteration of mold displacement
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Simulated displacement of mold with sinusoidal wave
(9.6 Hz, 0.07mm)
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Simulated signals

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

• Mold displacement signal in simulation shows distortion
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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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Hydraulic actuator nonidealities
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• Add nonidealities to the 
hydraulic actuator model

• Here we consider a low 
pass filter (rollover at 50 
Hz) in the control signal 
path

• This gives rise to 
distortions shown 
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Mockup experiment with lower 
input frequency
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Simulated mold displacement using Timoshenko beam model
 with measured data at frequency 3.3 Hz
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• Primary frequency of actuator 
displacement is about 3.3 Hz 
(which is ~1/3 of natural 
frequency of beam of 9.6Hz)

• Distortions seen in 
measurement and simulations

• Spectrum shows small peak 
at resonance frequency
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Mockup experiments at other 
frequencies

Fourier analysis of 3 actuator signals Result: distortion of mold displacement signal

No distortion

Small distortion

No distortion

Notice that presence of distortion in mold 
end seems to occur only when actuator 
signal has frequency peak near 9.6Hz
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M easurem ents  with No input

Proposed controller design 
approach

Linear model of 
valve/actuator & 

beam

Robust 
controller

Mold 
position

Repetitive 
controller

• 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 within 0.015 mm

Measurement with constant desired position
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Simplifying beam model
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• 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

Nonlinear model 
valve/actuator/  
simplified beam

controller

Position

spool 
position

Linearized third 
order model
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Conclusions

• 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

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

• 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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