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Production Unit Resonance
“=w_ Problem and Project Objective

-~ SP[‘lsortium

N L Problem:
Y l 1. The primary beam main resonance
mode starts exhibiting excitation
when the reference frequency

approaches one-third of the

resonance frequency
2. The mold displacement and velocity

profiles distortion is found to be

mainly caused by this resonance
& 3. The reason for the onset of beam
resonance excitation has not been
identified

Pivot Mold Table 4. Distortion has not been removed,

Primary Beam operation in the desired frequency
range has not been attained

Position of

hydraulic piston Specific Project Objective: Model this mold oscillation

(not in picture) system, simulate it, identify what causes excitation of the
under the beam primary beam resonance, and eliminate the distortion
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Position and Velocity Profile
L from Plant

In going to higher frequencies, while reducing the oscillation
amplitude, the velocity profile is found to become highly distorted.
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L Hardware Testbed: Simplified

Instrumented Layout

Sensor of vertical mold

; } displacement (x,,)

)
Beam M
o
L
JARAN b
<> Hydraulic actuator

s Slensor of a_ctual
piston position (x,)

+ Hardware testbed captures similar resonance problem
— 1) Resonance frequency of beam — 9.2 Hz
— 2) Reference input to the piston for tracking - sinusoid at 4.6Hz
— 3) Mold position profile is highly distorted
« Hydraulic valve/actuator — Nonlinear behavior (same model as plant)
Note: Although the objective is a distortion-free mold velocity profile, we focus on piston and

mold position profiles observed through sensor signals, since a distortion-free (pure
sinusoidal) displacement guarantees a distortion-free velocity.
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K Hardware Testbed Validation: Experimental
”'@;;;,unsg Data Exhibits Resonance Problem

Onsortium

Piston position (reference amp=3 mm, freq=4.6 Hz)

Position (in mm)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (in seconds)

Mold position

Position (in mm)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (in seconds)

* The desired position for the piston — reference input - is a sine wave of
frequency f,=4.6 Hz (half of 9.2 Hz - the resonance frequency of the beam) and
amplitude 3 mm

* P controller with gain K=2 is used

» Piston position signal looks almost perfect

+ But large distortion (deviation from sinusoidal profile) at the mold end is
observed

» This happens when the frequency of the piston position reference is near a
submultiple (exact integer fraction) of the beam resonance frequency
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Software testbed: beam model: set of
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i',‘lous
asting
Consortium

S Timoshenko beam (linear) PDEs with
boundary conditions

x==l vt x=1 :

.
x, 0l | Left beam «—0 | Rightbeam YMg (Mold weight) -

Model of two beams coupled at the center
via boundary conditions

Mold dynamics is one of the boundary
conditions

1D dynamic beam transverse displacement PDE

ar2 3 dx dx b79s2

2. . | 2
mba )L+7/y a)L —i(k'cab(ayiL_y/ij—mbg m d YR +

dy a(,, dy
7y Ttk = a{k Ga, (TXR_ ‘/’R]] —-m,g

1D dynamic beam bending angle PDE

ox ox

a, U ot Yoor o ox

2 , 2
L YLy VL =i[EIaV/L)+k'Gab(a)7L—WLJ L, ¥y Ve 2 (EIBWRJ+k'Gah(%—'/’R}
a, ot ot ox

dx

dx

Boundary conditions Boundary conditions at x=0

Boundary conditions at x=/

at x=-1 Elaylk(l) =0
Y (=D =x, (1) v (0)=0 v, (0)=0 y,(0)=y,(0) ox
ay, (1 9y, (I dy, (1
g1V g1 90¥e© _ 0¥, (0) k'Ga, yk()—y/R(z) +Mg+M)7RZ()+7m v
ox o x dx ot Jt
E =200Gpa Youngs modulus G =82GPa Shear Modulus for steel . . . . _
p=7870 Kg / m” - density of steel a, =0.0088m” cross section area of beam Yy = linear displacement (right side of the beam)
5o . R X v, = angular displacement (right side of the beam)
1 =2.2x10"m" Moment of inertia of beam m, =69Kg /m Mass per unit length of beam . X X
M=2250 Kgs mold mass k' =0.83 Shear constant y, = linear displacement (left side of the fulcrum)
- ) - e ’ = lar displ. t (left side of the b
Beam width = 5.13'(hollow with thickness 0.94) 1=345" ¥, = angular displacement (left side of the beam)
Beam breadth = 6' (hollow with thickness 0.38") PDE variables
Damping coefficients 7, = 7, =10 7 =10Kg/sec Testbed parameters
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Software testbed: hydraulic servo model:
set of nonlinear ODEs and their coupling

sown
|

11— 32
121 ‘ 12

xp
=<
>4
—
LR
<<a

S hetium to beam PDEs

% +2¢,

Electronic control of spool position
. 2. _ 2
sOX T O X, =a7u .

Fast dynamics - hence not modelled in simulations

Turbulent Flow Equations for flow in chambers A and B

c(d=x)JR-F x<-d
a,=1e(d=x )PP —c(x +d)JP =P -d<x<d
—c(x,+d)\|P,-P,  x,>d

'
L'(d—x\) P,—-P  x <-d

gy =1{c(d-x,) PE—R—U(.X’\'F{I)M —d<x <d
—c(xr+d)ﬂ x,>d

x, spool position - positive when the spool moves to the right.

»{Its mean position is 0 with valve underlap gap of d on both sides.

A

Piston dynamics showing the coupling with the beam

dy, (-1
mﬂjép +bxp =(PA _PB)ap -m,g +leab[ )La( )_'//L(_l)]
X

®, , {, - spool filter parameters,

q, flow rate for champber A - positive when oil flows in to A
g, flow rate for chamber B - positive when oil flows out of B
Q,

b5 — Chamber connected to A and B, source, tank

Pressure equations (P, and P, - pressure in A and B, respectively

s —-ax
)) (qA P p)

p=—-Ft
(VA+a,,(L+x/,

A

m(’% +a,x,)

X, — piston position - positive if it moves to right of midpoint of cylinder

The position of the piston is a boundary condition for
the beam equations and the shear force in the beam
acts on the piston, coupling the two models together

V.V, — static volume of chambers A and B
a, (L+ xp)—dynamic volume of chambers A and B

L~ half the piston stroke length

a, — surface area of piston
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o Software Testbed: Numerical Model -
N MATLAB Simulink Diagram

B Testbed_simulation e =
File Edit View Simulation Format Tools Help
ODedE b= fio Hormal  EHe B rEE®

K™ G Are " (U2 UC M2 B ()

100%% odedh

1. Finite-difference approximation (ODE) of
Timoshenko beam equation (PDE)

2. Nonlinear piston hydraulics

3. Control algorithm (to be designed)
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Software Testbed: Numerical
Model — PDE Approximation

=Onsortium

+ Finite difference approximation — spatial derivatives in
@ PDE are approximated by difference equations

N of _ f(x+Ax)-f(x—Ax) f _ flx+Ax)=2f (x)+ f(x—Ax)
R I e 2Ax ox’ (Ax)’
State-Space * Resultis a set of coupled time-ODEs implemented in
beam model state-space form.
. ][\Ionlinear servo model ODE is implemented in state-space
orm

@ Qave>

eeeeeeeee

Shear stress

y

Piston position ——

—| Spool control zignal

Fiston hydraulics

® Ceontrol >

» Controller is implemented in state-space form
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i\ Software Testbed (Numerical
Code) Validation

» Software (Matlab) program was written that computes analytical model
response to inputs using numerical algorithms

» Parameters in the beam model were chosen to obtain a resonance
frequency at 92 HZ . Piston position (reference amp=3 mm, freq=4.6 Hz)

» Reference input to the piston for N N |
tracking — sinusoid at 4.6 Hz

» Proportional controller used with gain
of 0.6 N/ N
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

* Mold position exhibits distortions Time (nseconds)
similar to those of the testbed TN

» Therefore, numerical model simulator
can be used as a platform for
understanding the testbed dynamics NV ‘
and for testing controllers O nseeonds)

« We've got a tool for in silico
experimentation - our own software
testbed to play with!

Position (in mm)
o

Position (in mm)
o o A N O
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N Application of Mold Oscillation
. Model to Severstal Caster

sortiu

» For Severstal caster, parameters needed for the model can’t be directly
measured due to complexity of assembly, which is similar to Nucor.

« Change model parameters for 9.2 Hz resonance at Nucor Decatur
mold oscillation system to Severstal with an measured 5.0 Hz resonance
frequency

» Retune k factor to adjust cross-sectional moment of inertia by factor of
K2. k is the value that maximizes the mold displacement magnitude
response at the desired resonance. For Severstal, k is found to be
0.4823, yielding damped natural frequency 5.0042 Hz and resonance
frequency 5.0025 Hz.

+ Adjustment of each individual model for runtime (dicretization
accuracy) versus resonance frequency to allow model to run in real time
while still maintaining the required resonance.
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Resonance frequency analysis
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S

Set solution of two coupled beams equation as
()= 3 (e, p () =y (x)e™, x,(1)=x,e/”

Then, the corresponding equations for both the left and right beams have the form

7, k'Ga, (3*y 9 .
= y:—ah[_y__y/]_g’ _a)zl//+]a)

-0y + jo

Yy v = Ea, 3’y N k'Ga; (a_y_wj

m, m, x> Ox Im, m, x>  Im, \ox

or in matrix form

k'Ga, r2+£w2—jwﬁJ _kGa,
m, m, m, |:y(x)}_0
k'Ga? . Ea, > [ 2_ jw Yy k'Ga, y(x)
Im, m, Im, Im,

Equating determinant to zero yields equation below with four solutions: +=r, and =*r,

2
4t a)zﬂ(L+ 1 ]—ja) U ,7*" + 2 (0 - jo’ Yo Vs
a, \ E kG El k'Ga, k'Ga, Im, m,

2 ’ 2 k/G 2
- * 7"7”’?” + kGa, +ja)—7y 2ab =0.
Im, Im, Im,
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Then, the general solution is

|:y(x):|=c|:y:|erx=él|:¥l:|er1x+62|:¥2:|e—r|x+é3|:{3:|erzx+é4|:¥4:|e—rzx’
v (x) v t/fl v, 8 Vs

with eigenvalues

k'Ga,r. /m,,

L/y/} ) [(k’Gabrf +(my0? - joy,)) / mb]

Now we substitute this solution into boundary conditions below:

v (=1)=0, Ely; (-1)=0, y, (0)=0, y (0) =0,
v (0)=vg(0), EIy; (0) = Ely (0), EIyg (1) =0,

, , AM20* + 72
KGay (v (1) =yg (D) ===y (1) = 0.
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Frequency response calculation

. cus
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This substitution (of the general solution into the boundary conditions) yields

C1LY1€7ﬁl + CzL)’zerll + C3LY337VZI + C4LY4erzl =Xy

ClLrll//le_rlI - "2C2LV’2er1[ + "2C3L)’3e_rz[ - ’"2C4LY4erzl =0,

Coun+Coy, +C3y;+Cyys =0,

Ciryi+Coryy + Ciy3 + Cupyy =0,

Covi+Coyy +Cy vy +Cy vy =Cyy +Co ¥, + Gy 3+ Cyp vy,

CiphiW,-CoptiWy + Cy W - Cy Wy = CopiilW - CophhWy + Cipy W5 - Cuph¥y,

ClLrll//lerll - CzL"z‘/’ze_r'l + C3L"2V/3er2[ - C4L”2‘//4e—rzl = Cerll/ller][ - C2R”2‘//2e_r'l
+C3erl//3erzl - C4R”2W4€_rzl’

Cipe"' D, + Cype"' Dy + Cype™ Dy + Cupe™ D, =0,

D, = k’Gab (rlyl _l/ll)_ Y1 (sz + joy, )7

D, = _k/Gab(rly2 _‘//2)_ Y2 (sz + jw}/rn)’

D, = k'Gab (r2y3 _‘//3)_ Vs (Ma)2 + ja)}/m),

D,=-k'Ga,(r,y,-¥,)—y, (MC()2 + ja)ym)

Factoring out all the coefficients C obtain matrix equation. Using tabled parameters solve for roots r.
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Software testbed: frequency response

\C_sting
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x==1 vt x=1
[ » the frequency response can then be

A Z_ X X . obtained from the equation for the mold
x,(0] | Leftbeam | “ — | Right beam ¥Mg (Mold weight) vertical displacement at the right end:

- 7l - i -l -
Yr(1)=Cigy1e™ + Copyre™ " + Cagyze™ + Cypyse "

1.LE+00

|(£:=9.0214,0.28)
T (£,2695.57,0.0019) (£, =942.13,0.0019
"o 500 1000 1500

Frequency (in Hz)
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Numerical modeling

Mold oscillation testbed is modeled by the second-order finite difference scheme

9%y /0t = By (v (x = Ax) =2y (x)+ y (x+ Ax))+ B, (w (x = Ax) =y (x+ Ax)) = D, Ay /91 — ¢

The “zero moment” boundary condition for the left end is
El oy, (1) ~ EI v (=l+Ax)-y, (-1 -Ax) _
ox 2Ax
v (=1-Ax) =y, (-1+Ax),
v (=) =y, (-1+Ax).
Same method can be applied at the right end. For the boundary condition due to mold reaction force:

2y, (1 I (l) KkGay yp(1)=yr(l-Ax) kG
afZ()z_L_m St()_ Mab & (1) Ai( )+ Mab'//R(l_Ax)_g

For the boundary condition of equal moments at the hinge (Taylor expansion)
v (Ax) =y (0)+ Axy’(0)+ Ax>y”(0) /2 +...,
w (2Ax) = w (0)+ 2Axy " (0) + 2Ax%y " (0) + ...,

0,

Since |V (0) =Yg (0) the angular displacement is

v, (-2Ax) 2 wr (2Ax)
v r(0)= _LT"‘ E(WL (-Ax)+yg (Ax)) - %
University of lllinois at Urbana-Champaign . Metals Processing Simulation Lab . Zhelin Chen

Mold Oscillation System
... Parameters

Nominal value

P: t iabl it
arameter Variable Nucor-Steel Severstal Units
Mass of beam per unit length ny, 69.256 33.402 kg/m
Area of cross section of beam a, 0.0088 0.0042 m?
Shear modulus G 7.7-10'° 7.7-10'° Pa
Modulus of elasticity E 2-10' 2-10'" Pa
Moment of inertia f)f the beam I 22085105 05137-10° 2
cross-section
Beam transverse displacement I8 10 10 kg/(m-sec)
Beam angular displacement 7u, 10 10 kg/(m-sec)
Mold damping Vn 1 1 kg/(m-sec)
Shape of the cross-section % 0.83 0.83
factor
Mold mass M 2250 2250 kg
Half of beam length ) 0.88 0.88 m
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Numerical Model Stability

\Casting
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The maximum real parts of eigenvalues vs. discretization nodes number:

(7]
S o5
= - " ) j j
S| e ° % Unstable
c 0 °
(0] @
D o5t ® T
o) o @ e e
S 01 o® ® 1

X,=AX + Bu 2 o oo &

t |5 015 Stable

o

Y =CX + Du. = 02t 0ud ® Mx=35, ©=0.2 .
4] a”® Mx=48, ©=9.1577
c 025 @ Mx=56, ©=9.1427 |1
S sl Nx=100, =9.1074 | |
£ : Mx=132, ©=9.0980
X 035l Mx=160, ©=9.0929 ||
£ o Mx=180, ©=9.0902
q) _0_4 1 1 1
2 0 50 100 150 200
- Mumber of nodes

* When the real part is negative, the system is stable
» For most discretization nodes number, the system is stable
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ol Software Testbed: Resonance Frequency
twas.  Dependence on Spatial Discretization Step Size
N ~i:‘l\.;.\£grtium
Nucor-Steel Severstal
Ax Damped Nat. | Resonance DaNm;t)ed Resonance
Frequency, Frequency, F at Frequency,
Hz Haz reqﬁgncy, Ha

1120 9.2953 9.2948 5.1559 5.1552
1135 9.1493 9.1489 5.0753 5.0746
1148 9.1071 9.1067 5.0520 5.0512
1/56 9.0923 9.0919 5.0438 5.0431
1/100 9.0574 9.0570 5.0245 5.0237
11132 9.0477 9.0473 5.0188 5.0180
1/160 9.0427 9.0424 5.0164 5.0156

Analytical 9.0213 9.0214 5.0042 5.0025

solution
103

\ —— Nucor-Steel

R Normalized frequency

is ratio of simulated
resonance and
analytical solution

Analytical solution

Normalized frequency

20 30 &0 110 140

_ . ) Spatial discretization ) _
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Runtime Dependence on Spatial
Discretization Step Size
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Nucor-Steel Severstal
Ax Damped Nat. Eesonance D';:lmped Nat. 'F:(esonance
Frequency, Hz requency, requency, requency,
’ Hz Hz Hz
1120 9.2953 9.2948 5.1559 5.1552
1135 9.1493 9.1489 5.0753 5.0746
1/48 9.1071 9.1067 5.0520 5.0512
1/56 9.0923 9.0919 5.0438 5.0431
1/100 9.0574 9.0570 5.0245 5.0237
11132 9.0477 9.0473 5.0188 5.0180
/160 9.0427 9.0424 5.0164 5.0156
Analytical 9.0213 9.0214 5.0042 5.0025
solution
1200
L~ 1000
[5)
D
vl 800
g
600
5}
g 400
'r* /
200
o . . . .
10 30 50 70 90
Spatial discretization
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« Real-time Virtual Testbed: Parameter Matching for
Vess-the Desired Resonance Frequency and Runtime

?asting
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Nucor-Steel Severstal
Mold | Resonance Mold | Resonance

- Ax mass, | Frequency, | mass, | Frequency,
Actual parameters setting kg Hz kg Hz
l /10 2553.0 9.2009 2658.0 5.0002

1/20 2296.9 9.2001 2392.5 5.0001
1/35 2225.2 9.2000 2318.0 5.0001
1/48 2204.7 9.2000 2297.0 5.0001
l 1 /56 2197.0 9.2011 2289.6 5.0000
I /62 2192.7 9.2018 2285.5 5.0000
1/100 |[2179.6 9.2021 2270.0 5.0023

Checking at what .
matrix A is Hurwitz

Choosing number of
nodes  for model

}

Finding mold mass to
match natural frequency

if !
unstable| Checking convergence of
numerical model

v

—+—Nucor-Steel —+— Severstal|

2500
2300 | K

2100

Mold mass (in kg)

10 40 70 100

Spatial discretization
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Hardware testbed performance
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The initial conjecture: nonlinear actuator dynamics produces harmonics of
4.6 Hz distorting the piston position, which in turn distorts the mold position

Piston position (reference amp=3 mm, freq=4.6 Hz) Magnitude spectrum of piston position
T T T T T T T 4 T T T
B3 o 3
< R
< ZE2
8 s
-‘§ ) > 1
o 0 ol a . L
* g . * * . 0 4.6 9.2 15 20
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 .
Time (in seconds) Frequency (in Hertz)
Mold position Magnitude spectrum of mold position

4

E 3.3
c 2
bt 2E>
S <
g 259 {
o
o 0 ‘

50 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 46 9.2 X 15 20

Time (in seconds) Frequency (in Hertz)

« The mold position is distorted, but the piston position looks perfect to
the naked eye both in time domain and frequency domain (no visible
harmonics).

« Since the actuator is visually observed to perform ideally, the initial
conjecture looks wrong
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Catching the culprit with a

magnlfymg glass!

Magnitude
(in mm)

Magnitude
(in mm)

“Onsortium

However, zooming into the magnitude
spectrum of the piston position reveals
a small peak at 9.2 Hz

+ Naked eye is easily misled! Missed

Magnitude spectrum of piston position near the resonance frequency
0.1 . ! .

ol . o small piston position distortion due to
Frequency (in Hertz) nonlinear actuator dynamics

Magnitude spectrum of mold position near the resonance frequency . .

15 ‘ ‘ ‘ « Peak is small, but critical - at

resonance frequency it is amplified by
about 40 times to cause a large peak
. ‘ .. at the mold end!

8.5 9 9.5 10

Frequency (in Hert2) « This matches with other experiments,
in which a sinusoidal piston position
amplitude at 9.2 Hz is amplified by the
beam by a factor of 30 at the mold end

-
T

e
o

o

[oe]

Conclusion: The small peak in piston position being at resonance frequency excites the beam
resonance and creates the large peak in the mold position. All previous attempts at solving
this problem failed because the distortions were thought to start in the beam. In fact, however,
they start in the piston, and are just amplified by the beam.
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e Source of Distortion Visi
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Piston position (reference amp=3 mm, freq=4.6 Hz) Magnitude spectrum of piston position near the resonance frequency
: : : : : ‘ 0.1 : : :
T ol ®
£ 2 Sz
£ EE
5° g I
82t ‘ ‘ ‘
. ‘ ‘ ‘ ‘ ‘ \ Og 85 9 95 10
0 0.1 0.2 03 04 0.5 0.6 0.7 Frequency (in Hertz)
T'ailg%zzﬁi"on:s) 1 gagnitude spectrL‘Jm of mold posi‘tion near the resonance frequency
=0
3 S_ 4l
g2 ZE
<4 05
S S<=
36 o ‘ ‘ ‘
& gt ‘ ‘ ‘ / ‘ ] 8 8.5 9 95 10
0 0.1 0.2 03 04 05 0.6 0.7 Frequency (in Hertz)
Time (in seconds)
Simulation result: piston and Simulation result: magnitude spectra of piston
mold position with piston reference at 4.6 Hz and mold position near resonance frequency

» Piston position looks perfect but has small peak at 9.2 Hz in magnitude spectrum
generated by the nonlinear servo model

» This small peak is amplified by beam causing significant distortion in the mold position

» Software testbed generates the resonance problem and can be used for initial testing of
potential solutions (modeling is NOT necessary for the solution approach developed)
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Solution Technique—Loop

fo

LN

g Augmentation

* X, tracks reference sinusoid
r of frequency f, well

*p

- —p

* but has a small undesired
sinusoidal component at

* x, represents the frequency nf,
displacement of piston

K | P xl; « augment closed loop with

controller F as shown
=>

e then X, continues to track r
well, but has no undesired
sinusoid at frequency nf.
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Software Testbed: Simulation

Results with the Filter-Nucor

“=Onsortium

Controller developed is applied to the model

Internal model controller takes the form of filter F with (=0.1 and 2w,=2-2xf, =2x
X 9.2 rad/sec

Con|_t|ro|ler K=0.6 and reference sinusoid — amplitude 3 mm and frequency f,=
4.6 Hz

Distortions in mold position profile completely eliminated

Piston position (reference amp=3 mm freq=4.6 Hz) Magnitude spectrum of piston position near the resonance frequency
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Digital Controller Impl tation:
o igital Controller Implementation:
e
T
N Hardware Testbed-Nucor

- Nsortium

» Controller developed is applied to hardware testbed to remove
harmonic at 9.2 Hz from the piston position
 Filter Fintroduced with {=0.1 and 2w, =27 X 9.2 rad/sec
» Controller K=2, reference sinusoid — amplitude 3 mm and frequency
4.6 Hz
Piston position (reference amp=3 mm, freq=4.6 Hz) Magnitude spectrum of piston position near the resonance frequency
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Mold Position Distortion of
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Simulation result: mold position with piston
reference at 2.5 Hz

* Input at the frequency 2.5 Hz leads to the distortion in the mold displacement
profile due to small amplitude sinusoid at the resonance frequency of the
Severstal plant in the input from the actuator
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Application of the Control
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Simulation result: mold position with piston
reference at 2.5 Hz
+ the resonance magnitude reduced by 40 times and the mold position distortion
is eliminated
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s Effect of Project Results on Casting
i Product Quality

Onsortium

Casting at a lower frequency of
oscillation for the mold enforced by
simple proportional controllers

Casting at a higher frequency of
oscillation for the mold enabled by the
proposed controller - shallower
surface marks and hence less likely
to turn into surface cracks
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S Conclusions (Past)

Asting
Consortium

» The mold velocity distortion problem at Nucor Steel, Decatur
has been solved for a hinged beam-type mold oscillation
system by implementing a new feedback control law based
on the disturbance model. Software testbed helped!

« The new control law eliminates periodic mold velocity
disturbances, such as those caused by excitation of system
natural frequencies by actuator nonlinearity, without the
need for system model

« This improves the surface quality of the steel being
produced and also enables the production of other
crack sensitive grades of steel

« The controller is now a permanent feature of caster
operation
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Conclusions (New)

» An adjustable software simulation testbed has been
developed that permits recreating the distortion problem in
both thin and thick continuous casters

» This testbed retains the exact resonance frequency
matching for a broad range of computing capabilities
through simple one-parameter adjustment

* As aresult, the software testbed developed can be run
in real time and connected to the production control
system for mold oscillation controller testing and
debugging, without the need for building the hardware
testbed
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