5
-+
i
Ao

Journal of Drive and Control, Vol.12 No.3 pp.44-51 Sep. 2015
ISSN(print) 2234-8328 ISSN(online) 2287-6146
http://dx.doi.org/10.7839/ksfc.2015.12.3.044

Study on Bandwidth Frequency of Servovalve based on
Metering Cylinder
MBICIE 01838 M HE YZ Foso SHO| st o7

S. D. Kim', Wen-Long An? and S. H. Jeon'
AME o2 - HAH

o

Received: 10 Aug. 2015, Revised: 1 Sep. 2015, Accepted: 7 Sep. 2015

Key Words : Servovalve (A28 H) Bandwidth Frequency(t <% F=3}<), Spool Displacement(Z~¥ ¥ <]), Linear
Velocity Transducer (138 &% ¥H$H7])

Abstract: In this study, a metering cylinder was constructed, and the velocity obtained from the linear velocity
transducer (LVT) of the cylinder piston was used to evaluate the dynamic performance of an electro-hydraulic
servovalve. Frequency response experiments involving the spool displacement and piston velocity (LVT signal)
were conducted with different input signal amplitudes, hydraulic pipe diameters, and supply pressures. The spool
displacement signal accurately reflected the performance of the servovalve. Meanwhile, the -3 dB bandwidth
frequency of the LVT signal was similar to the spool displacement signal, except for a small-amplitude input

signal, and the -90° phase lag bandwidth frequency showed some differences.

Nomenclature K, : flow-pressure coefficient, m’/s/Pa
) K, : flow gain, m’/s/m
A area of pisto .
P a4 Of piston, m M, : total mass of piston and load referred to
B v . .. ) .
, + viscous damping coefficient, N-s/m piston, kg
C,  discharge coefficient of orifice, no dimension Py, P, : outlet pressures of servo valve, Pa
bl N y
C:zp . external leakage coefficient of metering P, - load pressure of P,— P,, Pa
linder, m’/Pa-
'cy inder, m’/Pa-s o _ @, : load flow rate, (@, + @,)/2, m3/s
Qp . internal leakage coefficient of metering ) ] 5
) . Vi, V, ¢ chamber volumes of metering cylinder, m
clinder, m /Ps V; * total volume of both chambers of cylinder, n?
G, * total leakage coefficient, m’/Pa-s ¢ - total volume of both chambers of cylinder, m

F} @ arbitrary load force on piston, N w : area gradient of valve port, m
T

D displacement of piston, m

» - spool displacement from neutral, m
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hydraulic power source to one or several loads
through

valves.

electrically modulated hydraulic control
The range of applications for electro—
hydraulic servo-systems is diverse, and includes
manufacturing systems, material test machines,

active suspension systems, mining machinery,
fatigue testing, flight simulation, paper machines,
ships, electromagnetic marine engineering, injection
molding machines, robotics, and steel and aluminum
mill equipment. A servovalve is a core element of a
hydraulic and directly affects the
performance and characteristics of the

performance

system
whole
There are
that
successfully apply an electro-hydraulic servovalve.

system. numerous

characteristics must be investigated to
In this paper, we focus on a dynamic property of
the servovalve, namely its bandwidth frequency.
There are three kinds of dynamic test methods
based
recommended by 1O 10770-1 V)

The first method uses the velocity of a piston

on different return signals that are

driven by a low-friction, low-inertia cylinder as a
dynamic flow signal. The second method uses the
signal of a displacement

spool  displacement

transducer integrated into the servovalve. Finally,
spool
displacement transducer and appropriate signal

the third method employs an external
conditioning electronics for the measured signal.

The spool
considered to reflect the real dynamic property of

valve's displacement  signal is
the servovalve because the spool displacement is
not affected by environmental conditions such as

the effective bulk modulus of the oil, size of the

outlet volume, and size of the actuator.

This work investigated the effectiveness of the
method that uses the velocity of the piston as a
dynamic flow signal. A low-inertia, low-friction
metering cylinder, which is recommended by ISO
107701, was constructed, and the piston’s velocity
was adopted as a return signal to measure the
servovalve bandwidth frequency and compare the
difference between the first and second methods
recommended by ISO 10770-1.

2. Description of testing system
The dynamic test system consisted of a power

supply,
displacement transducer, as shown in Fig. 1 and

servovalve, metering cylinder, and
Fig. 2. The servo controller compared the signal
from the feedback displacement transducer with the
input reference signal to determine the displacement
error, and produce a command signal to drive the
servovalve. The servovalve adjusted the flow of
pressurized oil to move the metering cylinder at a
speed of v. Thus, the flow rate can be calculated

by the piston’s speed using the following equation.
¢ =vA, (1)

The general flow equation for the four-way
critical center valve can be written as follows:

Ps - PL
Y @

QL = P

Hydraulic power Supply .,

Y Spool
Input., " 3pool drive motor Spool motion displacement || Orifices.,
- L& F h dynamics., dvnamics.,
{1orv). Xy

Preszure.,

Valosity .,

MMetering
B linder., h
LVT.. :|C" = PPy P

Flow rate .

Transmission line dynamics..

0 Qe

Fig. 1 Schematic block diagram of a servo valve
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The linearized equation describing the valve flow
becomes

Q= Kz, —KP, 3)

Considering leakage flow in the metering cylinder
gives the continuity equations for the volumes V;

and V, as follows.

v, dP, v,
ﬂe dt = Ql_Qp(Pl_P2)_qzz)Pl_7(4)
Vy dP,

—Py)— C,,Py+——(5)

dt

B, dt @+ G~

Assume that the piston is in a centered position

(r, =0), and the chamber volumes V,,V, are

P
V,/2, where V, is the total pressurized volume in
the cylinder. The load pressure and load flow rate

are defined like following equations.

QL:(Q1+Q2)/2 (7)

Adjustable amplitude and
frequency signal generator

Combining equations (4) and (5), and using the
definition of the load pressure and load flow rate
results in equation (8).

v, dP,

dmp
QL = APW+ quL+
The final equation for the actuator arises from
the forces of the piston. The motion equation
described by the forces can be written as follows:

d2

x, dx,,
=M —"+B—"+F, 9)
bt

PiA P dt

P

If equations (3), (8), and (9) are transformed by
the Laplace transformation, the transfer function of
x, for spool displacement x, and the arbitrary load

force F, on the piston are related as follows:

K, K |

q - ce
4, a4 O e, T
r,= Z % (10)
s(—+——s+1)
wy,  Wh

In equation (10), s is the Laplace variable, w, is

the hydraulic natural frequency, and §, is the

Frequency response Recording oscilloscope or other
analyser dynamic recording device

Output Signal

)

Low friction. Low inertia
metering cylinder {see note2)

a A
L

- = Spool Position transducer
And signal conditioner
+- - valve amplifier

Test Valve

Notes
{) 1.Shutt-off valves are not shown on this
circuit diagram.
2. It may be necessary to incorporate a low
gain position feedback loop to correct for
drift of the metering cylinder.

LT

Fig. 2 Typical circuit suggested by ISO 10770-1 to measure dynamic flow rate
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hydraulic is the total

flow—pressure coefficient. These parameters are

described as the following equations 2.

ratio. K

ce

damping

[4p,42
wy, = Vi, (11)
K, M, B V,
o= M | By ! (12)
» Vi 44, \ B.M,
Cep
K. =K.+ C,=K+C,+— 13)
3. Design of metering cylinder
In the dynamic test system, the metering

cylinder should have low inertia and low friction.
Thus, the engineering plastic material, polyether
ether ketone (PEEK) was adopted to construct the
piston of the cylinder. PEEK ¥ is known to have
a much lower density and friction coefficient than
steel or aluminum. In addition, the rubber seals on
the piston were also removed to reduce the friction,
while five grooves were machined to reduce the
lateral force and prevent internal leakage.

In control theory? the dynamic behavior of a
much faster subsystem can be neglected when its
natural frequency is more than three times the
characteristic frequency of the dominant dynamic
subsystem”. The metering cylinder was designed
so that its natural frequency w,, as shown in

equation (11), was larger than three times the

expected bandwidth frequency w,, of the
servovalve.
= 104, >3 (14)
wy = V; Mp = dWy,

The stroke of the metering cylinder should be
long enough to avoid contacting the end of the
cylinder at the lowest frequency for the input to
the valve.

A,5> QL/EQmaXsin(wlt)dt (15)
0

In equation (15), .S is the stroke of the metering

cylinder. w; represents the lowest frequency of the

servovalve, and @, 1S the flow amplitude of the

servovalve.

The transmission line

that

connects  the

servovalve and metering cylinder should be as

short as possible, while having a suitable diameter,

to balance the effect of the capacitance and inertia

in the transmission line ”.

The metering cylinder that was constructed
according to ISO 10770-1 is shown in Fig. 3.
The design parameters of the metering cylinder

are listed in Table 1.

LVT Sen

A vetrng Gingr
1AE 1§

Fig. 3 Photo of metering cylinder

Table 1 Specification of testing system

in pipe and cylinder, kg

rr.laterlal and mass M, of the PEEK, 0.33 kg
piston
M, total mass of piston and oil 2.357 kg

area of the piston Ap

1569 x 107*m?

ports volume V¥, (including line

2505 x 107'm?

volume)
effective bulk modulus of oil 8, 3.0 x 10°Pa
predicted bandwidth frequency w,, | 100 Hz

internal leakage C,

1 x 10%m?/Pa s

external leakage C,

1 x 108m?/Pa « s

absolute viscosity p

1.48 x 102N « s/m?

flow-pressure coefficient A,

9.238x10 m?/Pa » s

total flow-pressure coefficient A,

1.424x10%m?/Pa « s

viscous friction coefficient B,

2 x 10°N

s/m

area gradient of valve ports w

58 x 10 °m*/m

radial clearance between spool

and sleeve ¢

49 x 10°m

discharge coefficient

0.61  dimensionless

cylinder natural frequency w, 356 Hz
stroke of piston s 150 mm
oil density 867 kg/m®

maximum flow rate @,

3.33 x 10*m*/s
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The metering cylinder’'s natural frequency was
designed to fit equation (14) and was calculated to
be 356 Hz. In the design process for the natural
frequency w,, the mass A4, included not only the
piston mass but also the inertia of the oil in the
The
effective bulk modulus of oil 8, was also chosen in

hydraulic cylinder and transmission line.

a very conservative manner. Assuming that some
air was entrapped inside the oil and the hydraulic

hose was very flexible, a low value of 3.0 x 10°Pa
was selected for the effective bulk modulus of the

ol (,. When the bandwidth frequency of the
anticipated, the real natural
frequency did have the characteristic shown in

servovalve was

equation (14).
When the frequency of w, is chosen to be 1 Hz,

the minimum chamber volume of the cylinder
should be larger than 2.12x10”m® according to
equation (15). The real internal volume of the
metering cylinder is 2.35x 10“m’, which is the
product of the area and stroke of the piston. Thus,
the design of this metering cylinder is reasonable.

4. Experiment results
The entire dynamic test apparatus was setup as

shown in Fig. 4, and the detailed specifications are
listed in Table 2.

T i e
10E &

Fig. 4 Photo of dynamic flow rate test

LVDT Sensor

| I
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Hydraulic pipes with diameters of 4 inch (12.7
mm), 3/8 inch (953 mm), and % inch (6.35 mm)
were used to connect the servovalve and metering
cylinder. Sine wave signals with differential
amplitudes (1 V, 25V, 5V, 75V, and 9 V) were
mput to the servovalve at supply pressures of 70
bar and 100 bar.

Some of the results of the series of experiments
are shown in Fig. 5.

Table 2 Specifications of dynamic flow test system

Instruments Specification Model Number
Servovalve 10 [Lpml] MOOG D633-317B
. Shimadza

Power unit 10 [Lpm] SGP2-52R040
PC 2.0 GHz 504 National Instrument
MB of RAM NI-PXI-1031
Resolution 16 | National Instrument
DAQ board bit, A/DI6, D/A 2 | NI-PXI-6251 M Series
National Instrument
BNC connector |- NI-BNC-2120
0-200 [Ebar] :
1-5 V [VDC Sensys
Pressure sensor | proteresis PSHE0100BXHG
0.025%
Reducing 35-140 [bar] SEWON-Yuken
pressure valve |50 [Lpml] RCT-03-C-22
Water cooler 100LTS DHC
. 10 pum, 12.7 MP Filter
Filter gpm FHP065-1-A1-0-AN
Measurement|LabVIEW National Instrument
software 2012 LabVIEW
TRANS TEK
LvVT 21.35 V/(m/s) 026400005
Linear variable
differential 100 mm T
transducer(LVDT)

The first column of Fig. 5 shows the time
domain responses of the spool displacement and
LVT signal for the sinusoidal valve input. The
LVT signal from the metering cylinder's piston
represents the dynamic flow rate of the servovalve.
The second and third columns show the frequency
responses of the servovalve's spool displacement
and LVT signal, which are used for Bode plots.
The last row shows the bandwidth frequencies
with a magnitude of -3 dB and -90° phase lag for
various pipe sizes and supply pressures.

Based on these figures, we find that the -3 dB
magnitude bandwidth frequencies of the spool
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Fig. 5 Experiment results

displacement and LVT signal are very close to
each other, except when the input amplitude is 1 V.
The -3 dB frequency of the spool displacement for
a 1 V input is remarkably high. This phenomenon
can also be observed in Fig. 6. It is estimated that
this occurs because the servo—amplifier that is built
into the servovalve has non-linear characteristics
for the saturation limit.

When the spool displacement error for a small
input is also small, the amplifier's output is not
saturated for the high-frequency range. On the
other hand, when the input is more than 2.5 V, the

of spool displacement and LVT signal

servo—amplifier is easily saturated for a frequency

range that is not very high. The -3 dB frequencies

of the LVT or dynamic flow signal agreed well

with those of the spool displacement when the

mput was

larger than 1 V, and the spool

displacement frequency was lower than 100 Hz.
Meanwhile, the -3 dB frequencies of the LVT for
the 1-V input were 70~90 Hz and showed a large
difference compared to the -3 dB frequencies of the

spool displacement, which were around 220 Hz.

Even though the metering cylinder used to measure

the servovalve’s bandwidth frequency was designed

CEezlojle - HEE 2015. 9
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to have a natural frequency of 356 Hz, it was
found that the cylinder could not be used to
measure the bandwidth frequency of 220 Hz.

The -90° phase bandwidth frequencies of Fig. 5
and Fig. 7 have the opposite tendency of the -3 dB
bandwidth frequency. When the input signal was
small (1 V), the -90° bandwidth frequencies of the
LVT
frequencies of the spool displacement. However, the
-90° bandwidth frequencies of the LVT signal
showed a larger difference from the frequencies of

signal were nearly the same as the

the spool displacement as the input size increased.

~m—3db-Sp(1/din-T0bar)

200

Ref. VS Spool disp.

@ -3db-Sp(1/4in-100 bar)
—A—-3db-LVT(1/4in-70bar)
~y--3db-LVT(14in-100bar)
- -3db-Sp(3/8in-T0bar)
-~ -3db-Sp(3/8in-100bar)
— --3db-LVT(3Rin-70bar)
-@--3dbLVT(3Bin-100bar)
——-3db-Sp(1/2in-T0bar)
- -3db-Sp(1/2in-100 bar)
@ 3dbLVT(12in-T0bar)
—+—-3db-LVT|

1Rin-1

00bar]

100

Bandwidth Frequency(HZ)

Ref. VSLVT

0 T T T T T T T T T 1
0 2 4 6 8 10

Valve Input (V)

Fig. 6 -3 dB bandwidth frequencies of spool
displacement and LVT signal on different

conditions
140 4 "'!\ A
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Fig. 7 -90° bandwidth  frequency of spool

displacement and LVT signal on different
conditions
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Fig. 6 shows the -3 dB bandwidth frequencies of
the “input signal vs. spool displacement” and “input
signal vs. LVT” for various supply pressures and
transmission-line diameters. Based on this figure,
the supply pressure and transmission line diameter
are found to have very little effect on the -3 dB
bandwidth frequency.

Fig. 7 shows the -90° phase bandwidth
frequencies of the “input signal vs. spool
displacement” and “input signal vs. LVT” for

various supply pressures and transmission-line
diameters. We can find that when the hydraulic
pipe is small, the -90° phase bandwidth frequencies
of the “input signal vs. spool displacement” and
“input Signal vs. LVT” are close to each other.

5. Conclusion

The metering cylinder was designed to have
more than three times of the expected bandwidth
of a servo valve and a series of experiments were
conducted. The follows are the major conclusion
deduced from the test results.

(1) The -3 dB bandwidth frequencies of the
spool displacement and LVT signal were very
similar when the measured bandwidth is lower
than one third of the designed natural frequency of
the metering cylinder. In addition, they were almost
unaffected by the supply pressure and transmission
line diameter.

(2) In contrast, the -90° phase lag bandwidth
frequencies of the displacement and LVT signal
were close for the small amplitude signal. The -90°
frequencies of the LVT signal showed a larger
difference from the frequency of the spool
displacement as the amplitude of input increased
more.

(3) The experimental results showed that the
design of the metering cylinder was reasonable,
and could be used to measure the dynamic property
of the servovalve relatively well. However, the
metering cylinder should be designed to have a
hydraulic natural frequency that
anticipated frequency of the servovalve.

is triple the
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