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Abstract: We have conducted sensitivity analysis to investigate the two-hydraulic-servo
system for the mold oscillator. By modelling mathematical models for operating fluid flow
to control a hydraulic cylinder, we changed design parameters and environment conditions
including friction, additional spring stiffness and fluid leakage. From the one-hydraulic
servo system to the two-hydraulic cylinder, modal analysis was conducted to figure out
dynamic characteristics of the real system. Especially, we categorized important natural
mode shape. When the system was excited into the natural frequency, the 1st mechanical
natural frequency could cause a pressure gain by reducing internal pressure of a hydraulic
cylinder, but other natural frequencies were critically dangerous by generating imbalance,
over-vibration and distortion. By comparing the results to the experimental data, we could
find a dramatic pressure drop near 3 Hz oscillation when the system has the 1st mechanical
natural frequency 2.499 Hz. Also, the system has the imbalance near 6 Hz oscillation when
the system has 2nd mechanical natural frequency 5.446 Hz. Based on these fact, we have
suggested some tips to oscillate a mold efficiently and safely.

Keywords: hydraulic servo system, mathematical model, natural frequency and mode,
dynamic characteristics, structural disequilibrium.

1. INTRODUCTION

Electro-hydraulic servo systems (EHSSs) are used for precision motion control in industry. An EHSS consists of
a controller, a servo valve system, a pump system, and a hydraulic cylinder, and has high efficiency compared to
power input. However, the EHSS is complicated, has a leakage problem, and is difficult to maintain [1-5].

To compensate for these defects, numerous researches including a model of the electro-hydraulic servo system
[6-9], dynamic response according operating fluid [10-11], robust controller [12], and guidelines for basic design
[13-16] have been presented. Their research field is too wide to be arranged.
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The EHSS for a mold oscillator should oscillate a heavy mold consistently to minimize a generation of the mold
oscillation mark. EHSSs are affected by factors such as relative motion between a mold and ingot, and the type
of lubricating oil critically [17]. These effects are nonlinear and therefore cannot be modeled easily.

To maintain an optimal operation, analysis of sensitivity to changes to design variables and to oscillating
conditions should be conducted by establishing an equivalent model before planning an operating condition that
uses a hydraulic servo in industry [18-20]. However, in real operations the operator still selects an operating
condition based on experimental engineering techniques, and runs the system using guidelines suggested by the
manufacturer.

Problems always occur when an engineer changes a system design or structural design to improve performance
without understanding the basic design. Although structural design of a mold; mechanical part including a rubber
spring, coil spring, and guide roller does not predominate to the hydraulic servo system, an engineering problem
must be defined properly and the process established before it can be optimized.

We investigate how several factors affect the dynamic characteristic of a mold oscillating mechanism. To
understand basic mechanism, the model includes 1-degree-of-freedom (DoF) that include a hydraulic servo
system, mass, damper, and spring system, and 2-DoF system is investigated about natural mode frequency and
imbalance problem. Especially, the 2-DoF system is not considered in previous research, so the paper can give a
suggestion for basic design. Because internal pressure of a hydraulic cylinder is determined by initial pressure
and entrance flow of hydraulic oil, we include or do not include entrance flow information about an additional
spring stiffness, friction, and leakage in the model and use the difference in results to check how entrance flow
estimation affects the dynamic characteristics of the system.

The change is a design variable except basic design of the hydraulic cylinder. We use simulation to obtained
distributions of displacement, velocity, acceleration, and pressure, convert time-domain data to frequency-
domain data, and perform case studies to evaluate the effects of changing parameters.

2. SYSTEM MODELING

2.1. Pressure model by entrance flow of the hydraulic oil

The operating mechanism of the hydraulic servo system consists of a servo control system, a supplying and
returning pump system, a servo valve system, a hydraulic cylinder, a mold system, and a feedback control
system. Flow of hydraulic oil into the hydraulic cylinder is determined by difference between a current dynamic
behavior and target dynamic behavior.

If the entrance flow of the hydraulic oil is defined, the oscillating mechanisms can be simplified to represent only
the hydraulic cylinder and mold (Figure 1). Each parameter will be explained Table. 2 and Table. 3. These
components can be represented by the continuity equation (Equation (1)) and force equilibrium (Equation (2)).

The continuity includes the flow of the hydraulic oil into the hydraulic cylinder, and can be derived by exploiting
mass conservation: the entrance flow of the hydraulic oil equals the volume change of the hydraulic oil caused
by piston motion, leakage, and compressibility.

QA=_A2+wﬂ+cint(PA_PB)+CextPA
p dt M
o (V,+Az) dP
QB:AZ+%d_tB+Cint(PB_PA)+CextPB
mZ+cz+kz = (P, —P,) A—mg —F )

Based on equations (1) and (2), we wrote MATLAB code to calculate the entrance flow of the hydraulic oil
when design variables and pressure in the chamber A are defined. Using the relationship (Figure 2) between the
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flow entrance and numerical analysis, we can modify additional spring stiffness, damping ratio, friction, and
leakage easily.

By using a pre-defined equation of the pressure and displacement, we can get a high-order time derivative term,
which we then use to represent the dynamic behavior and to derive the entrance flow and its higher order time
derivative terms. Given the displacement and pressure and their time derivatives in step i-1, we can calculate the
entrance flow and its time derivatives in step i-1, and the pressure and its time derivatives in step i (equation (3)):
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2.2. Mass-damper-spring system with one hydraulic servo system

The hydraulic servo system executes one-directional back-and-forth motion. The oscillator can have several
hydraulic servo systems in symmetric positions. Even though the hydraulic servo system is designed to oscillate
the mold horizontally, design asymmetry may occur during the assembly process.

Due to this asymmetry, each hydraulic servo system applies different driving forces to the mold oscillator.
Before investigating a mass-damper-spring system with two hydraulic servo systems (Next section), we check a
mass-damper-spring system with one hydraulic servo system.

The equation of motion can be obtained from the pre-defined entrance flow (equation (5)). When the oscillating
signal is defined, the entrance flow can be calculated, but the pressure in the cylinder chamber must be
recalculated in every iteration, so we use the Taylor series to acquire the pressure in the current step from the
pressure in the previous step. The pressure is applied to the equation of motion as an external force.
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2.3. Mass-damper-spring system with one hydraulic servo system
A mold oscillator generally has two hydraulic servo systems mounted symmetrically at the end of the major axis.
The model has 2 DoF: longitudinal z, and rotational 8 (Figure 1):
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The simulation is the same as in section 2.1, but the hydraulic servo system cannot detect a geometrical
correlation between the hydraulic cylinder and spring stiffness, because each hydraulic servo system is only
designed to one directional motion. The dynamic response varies according to factors including the geometric
factor of spring stiffness, and spring position.

&

i
i
e

Right
Chamber A

Fig. 1. Hydraulic cylinder and mass system with 1 supporting or 2 supporting type.
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Fig. 2. Flow chart of the hydraulic inlet and outlet flow and numerical analysis.
3. SIMULATION CONDITIONS

3.1. Natural characteristic of the mass-damper-spring system with one hydraulic servo system and
dynamic characteristic variation according to design variables

Without geometrical variables including a distance between the left and right spring, we investigate the
relationships among the mechanical natural frequency, integrated natural frequency of the hydraulic and
mechanical part, and oscillating condition by using the 1-DoF system. equation (6) is an integrated natural
frequency that combines the hydraulic and mechanical natural frequencies.

2
o = (W_XMKJE ©
V, m

Simulations were conducted according to design variables (Table 1), for fixed and variable design parameters
(Table 2). The variable design variable represents control accuracy. To locate the integrated natural frequency
near the operating condition, we exaggerate the hydraulic cylinder length value to 5 x 10* m. Entrance flows Qa
and Qg were applied in every numeric integration after determining the pre-defined displacement and pressure.

Table 1. Design parameters simulated in the 1-DoF system.

Case Variable
1 k
2 Friction
3 Leakage
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Table 2. System specifications and simulation conditions.

Quantity Value
m : Mass 10 kg
;;;Z‘:] g : gravitational acceleration 9.81 m/s?
parameter | [i/fo: Inner /outer radius of the hydraulic cylinder | 0.2/1m
B : Bulk modulus 1.7237 x 10° N/m?
k : spring stiffness k [N/m]
c : damping coefficient ¢ [N/(m's)]
Variable Cin/ Cout : Internal/External leakage coefficient Cin / Cout [M¥/(N-s)]
design Firic : Frictional force Ftric [N]
parameter z_ . [m]=Ampxsin(2x 7 x o xt)
Zpre - pre-defined excitation signal (Amp (Amplitude) : 0.1 m /
o (frequency) : variable)
Pa pre : pre-defined pressure of chamber A PalN/M]=F P, xsin@ )
o (mi +cz, +ke, +mg+F, )
Simulation AP : pressure difference between chambers A and B AP[N/m‘]= A
condition
Ps_pre : pre-defined pressure of chamber B P .IN/mM]=AP+P
Q,/Q,[m'/s]=
Qa/ Qs : Volume flow of chambers A and B ¢ (ZW i PP F-JU’E, F-’W)

3.2. Natural characteristic of the mass-damper-spring system with two hydraulic servo systems and
dynamic characteristic variations according to design variables and geometric factors
The hydraulic servo system can predict not only the leakage, friction, and spring stiffness, but also geometric
factor of the hydraulic cylinder and spring. The geometric factor can cause an imbalance. Simulations were
conducted for three operating conditions (Table 3) using the design parameters in Table 2.

Table 3. Design parameters simulated in the 2-DoF system.

Case Operating condition
1 Ins # lhe
2 |sl i |52
3 ksl i ksz

4. RESULTS AND DISCUSSION

4.1. Natural characteristic of the mass-damper-spring system with one hydraulic servo system

If additional dampers and springs and springs are not used, system characteristics are determined by the mass
and the hydraulic cylinder. The integrated natural frequency is ®neory = 22.9504 Hz. We detected a similar
natural frequency ®nnumerica = 23 Hz in a fast Fourier transform (FFT) of the dynamic response. When the
hydraulic cylinder volume is low, the natural peak in the dynamic response is weak. When we apply an input
signal that equals the natural frequency, the system showed different dynamic behaviors depending on the order
of the Taylor series (Table 4). When we calculate the pressure with over a 2nd-order Taylor series, the system
does not have a z-directional resonance phenomenon and well follow the red input signal, but the resonance
phenomenon happens with a 1st-order Taylor series (Figure 3); therefore the controller must check the pressure
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distribution and high derivative terms in real time for an accurate prediction of the system. Therefore, we used
the 3rd-order Taylor series in all simulations.

Table 4. Dynamic response under different Taylor series order.

1st order Taylor series 2nd order and higher order Taylor series
P=f(RP.P,) P=f(PLP.P R,
Dynamic response | Resonance about z-direction Same response to an input S|gnal
z-Displacement z-Displacement
2 0.5
Taylors Series 1st Order Taylors Series 2nd Order
1 Input Signal Input Slgnal
R O —— o \u! |||| ,nm\h Mm\\h !H\ \\WII!MWII! Sy .\||||||| o I.nnn...Imnn‘..,.nnn.. il
3 ARBAEIT Al I'\w ’H & Ll ) 'IIIH| N IIIII| Ll ‘IIIII' Ll IIIII| Ll
a) )
-1 T
-2 ; -0.5* : - - ;
0 1 2 3 4 5 0 1 2 3 4 5
Time (sec) Time (sec)

Fig. 3. Dynamic response of the system according to 1st-order and 2nd-order Taylor series.

When the additional spring stiffness was applied, the integrated natural frequency changed. We define an
equivalent stiffness model of the hydraulic cylinder with the additional spring stiffness. (equation (7)) [21]. From
this point, the additional spring and hydraulic cylinder represent a mechanical and hydraulic part respectively.

W ) — ’hspring/ ’ hyd/ hyd +hspr|ng (7)
mechanical m m

The mechanical natural frequency is 10 Hz, so the integrated natural frequency is 25 Hz from 23.95 Hz by
(Equation (7)). The system does not have a resonance phenomenon by predicting the spring stiffness, while
oscillating the integrated natural frequency as explained in previous section. The pressure in the hydraulic
cylinder varied according excitation frequency (Figure 4). When the excitation frequency was varied from 1 Hz
to 30 Hz, the pressure variation was lowest at 10 Hz, which is the mechanical natural frequency.

Omitting the spring stiffness greatly affected the pressure variation. In this case, entrance flows Qa and Qg do
not consider the spring stiffness, even though the system does include this spring. The system showed a
resonance peak and the highest pressure variation at 25 Hz, which is the integrated natural frequency (Figure 4
and 5). These results emphasize that spring information must be included in models of a control system for a
mold oscillator.

The dynamic characteristics are also affected by leakage and friction, which act as a flux in the continuity
equation, and as an external force in the equation of motion, respectively. We assume that the system does not
include these factors in the pre-defined entrance flow.
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Fig .4. Hydraulic cylinder pressure distribution.
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Fig. 5. Resonance phenomenon without the spring prediction, while oscillating the integrated natural frequency
25 Hz.

Friction caused the lowest pressure variation at the integrated natural frequency, because near this frequency
frictional force increases as the mass velocity increases. Displacement at the highest and lowest oscillating
position deviated from sinusoidal when the direction of velocity changed (Figure 6). This distortion increased as
the frictional force increased. Additionally, the excitation frequency and its harmonic term peaks are obvious in
the frequency domain.

Leakage varied linearly with the entrance flow, so additional peak occurred; instead, the mass displacement
could not follow the input signal. The relationship between pressure variation and excitation frequency was
similar to that in Figure 4. The When leakage coefficient increased, the pressure decreased dramatically near the
integrated natural frequency (Figure 7).
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Fig. 7. Dynamic response according to oil-leakage.

4.2. Natural characteristic of the mass-damper-spring system with two hydraulic servo systems according
to hydraulic cylinder position

We define a length difference between the left hydraulic cylinder and right hydraulic cylinder (In et = In1 = 1.1 %
In,originat; Ihright = lh2 = 0.9 X I original). The spring stiffness is not applied. FFT of the dynamic response revealed that
integrated natural frequencies are 32.27 Hz and 62.6 Hz. The right hydraulic cylinder had much higher pressure
than the left cylinder, due to the length difference (Figure 8).

To find a relationship between excitation frequency and natural frequency, the excitation frequency was
considered according the integrated natural frequency boundary (Table 5). z-Directional resonance occurred near
the 1st integrated natural frequency, and ©-directional resonance occurred near the 2nd integrated natural
frequency. The 6 resonance oscillates within a limit, but can be considered a resonance because the limit is much
bigger than a normal oscillation.

Another observation of interest thing is that the right hydraulic cylinder had higher pressure than the left cylinder
when excitation frequency was lower than the 2nd integrated natural frequency, but the left hydraulic cylinder
had higher pressure than the right cylinder when the excitation frequency was higher than the 2nd integrated
natural frequency (Figure 9). Also, phase difference and the beat phenomenon occurred,; i.e., imbalance happens
dramatically, and the system goes out of control.
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Table 5. Oscillating characteristic according to excitation conditions.

o<lIst onint ®=1st On int It Onnt < o= 2nd on,int o> 2nd on int
< Zst On,int
o Resonance . Resonance )
) Similar Input signal Input signal
Displacement . . or beat about or beat about
input signal ) and local beat ) and local beat
z-displacement 0-displacement
Pressure Right > Left Right > Left Right > Left Right > Left Left > Right

Next, we considered an influence of the additional spring stiffness on the dynamic characteristics. The spring
stiffness is not included in the pressure calculation, even though the spring stiffness. Generally, the distribution
of mean pressure the left and right hydraulic cylinder (Figure 10) was not different from the previous result
(Figure 4). Pressure variation was greatest near the integrated 1st natural frequency (33 Hz), and lowest near the
1st mechanical natural frequency (7 Hz). Additionally, a local beat phenomenon in the z-direction occurred near
the 2nd mechanical natural frequency. These results indicate that operating condition can only include the 1st
mechanical natural frequency.
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Fig. 9. Pressure distribution of the left and right hydraulic cylinder when excitation frequency is near the 2nd

integrated natural frequency.
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4.3. Natural characteristic of the mass-damper-spring system with two hydraulic servo systems according
the spring imbalance

In the system with two hydraulic servo systems, the spring stiffness changes not only the mechanical natural
frequency, but also the integrated natural frequency. We established at system that had mechanical natural
frequencies 2.18 Hz and 10.18 Hz with different distances between the left spring and right spring (Is, left = Isl1
= 2.5 x Is, original / Is, right = Is2 = 0.5 x Is, original). Pressure variation was lowest at the 1st mechanical
natural frequency, a local beating phenomenon occurred at the 2nd mechanical natural frequency, z-directional
resonance occurred at the 1st integrated natural frequency (~33 Hz), and increasing 6 displacement occurred at
the 2nd integrated natural frequency (~125 Hz). Because in this simulation considers the left spring length to the
center of gravity is longer than the right spring length to the center of gravity, the 2nd integrated natural
frequency due to the spring imbalance causes an extreme imbalance between left and right displacements of the
mold (Figure 11); a similar phenomenon was observed in Section 4.2.

The excitation conditions affected the oscillation characteristics (Table 6). When the excitation frequency was
higher than the 2nd mechanical natural frequency, the displacement of the left and right positions increased, even
though the displacement of the center followed the input signal well.

Table 6. Oscillating characteristic according excitation conditions.

Ist n,mech<® 2nd n,mech <O Ist On,int

(,0<15t Mn,mech w> an On,int

Similar

< 2nd ®n,mech <1st on,int <o< 2nd ®nint
Similar Similar
input signal input signal Input signal
(increasing gap (more and divergence

Similar

increasing ga . .
Displacement | _ _ _ between betweengtﬁep (more increasing gap
input signal input signal the left (up) left (up) between the left (up)
and right and right and right (down)
(down) (down) cylinder)
cylinder) cylinder)
Pressure Left > Right Right > Left Right > Left Right > Left Left > Right

The hydraulic cylinder imbalance causes a phase difference between the left and right, and the spring imbalance
changes the center of oscillation between the left and right, when excitation at the 2nd integrated frequency is
applied. (Figure 12) Due to the lack of paper length, we don’t show a result about the length imbalance of the
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spring. But the stiffness imbalance can correspond the length imbalance of the spring. For instance, a left spring
stiffer than the right is equivalent to the left spring being farther from the center than the right is.

2F
Left side
: Right side
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E
o O i,
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0 1 . 3 |

Time (sec)

Fig. 11. Displacement of the left-right side of the mold with oscillating 2nd integrated natural frequency.
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Fig. 12. Comparison between the hydraulic cylinder (Up) and spring imbalances (Down).

4.4. Application to the mold oscillation in real operation

We use the model to investigate experimental data from the mold oscillator from the real operation [22], in
which a sine sweeping input signal was applied at 2 < S < 10 mm and 1 < f < 7 Hz, and displacement and
pressure of the hydraulic cylinder were acquired (Figure 13). Figure 13 is one of case; a sweeping oscillation
with S =2 mm and 1 < f < 7 Hz. The left hydraulic cylinder was always displaced less than was the right
cylinder. This means that the mold oscillator does not oscillate horizontally. The non-horizontal oscillation is no
change, even though excitation frequency changed. This means that the entrance flow of hydraulic oil differs
between the left and right cylinders. The physical phenomenon were:

- No integrated natural frequency exists between 1 ~ 7 Hz (No pressure up rapidly);

- The 1st mechanical natural frequency is ~3 Hz (The lowest pressure);

- The 2nd mechanical natural frequency is ~5 Hz (Beat phenomenon);

- Friction force acts primarily over 3 Hz (displacement distortion, excitation and harmonic peak frequency);

- Pressure variation of the left hydraulic cylinder is higher than the right hydraulic cylinder at 1/2/4/5 Hz. But the
right is higher than the left at the other oscillating frequency;

- Displacement variation between the left and right cylinder increases dramatically at 6 Hz when S > 6 mm; 6 Hz
is the 2nd mechanical natural frequency (Figure 14);

- Additional peak frequencies happen at 49/48/47/46/45/44/43 Hz according to 1/2/3/4/5/6/7 Hz excitation
frequencies: the integrated natural frequency, the line volume near the chamber increases (Figure 15).

The final observation is that the integrated natural frequency decreases as the excitation frequency increases (i.e.,
as spring stiffness or hydraulic stiffness decrease, or mass increases). Additionally, displacement decreases as
excitation frequency increases; this phenomenon is related linearly to the leakage problem as explained in
(Figure 7). Therefore, the variation in integrated natural frequency and in pressure drop come from the line
volume that is entering to the hydraulic cylinder, and leakage problem respectively.

By using the FE multi-body dynamics model to validate the results, we could match the mechanical natural
frequency by mode analysis that shows 2.499 Hz, 5.446 Hz natural mode equally.
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Fig. 15. Frequency analysis of displacement and pressure of hydraulic cylinder in the mold oscillator.

5. CONCLUSION

We used a mass-damper-spring model to investigate a mold oscillating system that uses a hydraulic servo
system. We reestablish basic mechanisms of the hydraulic servos system, and expand the model that considers
geometrical factors including length and stiffness.

Analysis of a mass-damper-spring system with one hydraulic servo system shows the importance of predicting
the entrance flow and relationship between external factors. A mass-damper-spring system with two hydraulic
servo systems gives four natural frequencies: the 1st & 2nd mechanical natural frequency and the 1st & 2nd
integrated natural frequency.

The 1st mechanical natural frequency is classified as safe region, because it can give the lowest pressure
distribution to oscillate same stroke. However, other frequencies cause imbalance between the left and right
systems, beating, or resonance phenomenon.

To operate the mold oscillator efficiently, these guidelines should be followed based on the simulation result:
- Check the entrance flow in the left and right hydraulic cylinder;

- Check the point of inflection of the pressure and displacement;

- Simulate an operation with the entrance flow;

- Check torsion of the mold oscillator;

- Based on a simulation result and torsional displacement result, modify design variables as needed.
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