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Abstract. The paper shows that mechanical vibrations occur in a wide frequency range in the hydraulic sys-
tems operating in the real world. Hydraulic valves are also exposed to these vibrations. The paper gives exam-
ples of vibration sources and suggests that the influence of vibrations on hydraulic valves could be reduced.

Particular attention was paid to the vibrating proportional distributor. The amplitude-frequency spectrum of
pressure pulsation in a hydraulic system with a vibrating proportional distributor was analysed. During the
tests, the frequency of external mechanical vibrations acting on the proportional distributor and their direc-

tion was changed.
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1. Introduction

When considering a hydraulic system, we must pay par-
ticular attention to the elements that control the basic pa-
rameters of the system, such as pressure, flow rate, and
direction of flow of the working medium, which play a
decisive role in the operation of the energy-receiving de-
vice in the system as well as the entire hydraulic system.
A specific feature of hydraulic systems is the dependence
of their work on external conditions and the above-men-
tioned parameters. A working hydraulic element, such as
a valve that controls the direction of flow or pressure, is
constantly exposed to complex, exciting forces of various
origins, e.g., external ground vibrations, performance pul-
sation, and pressure pulsation.

In real conditions, hydraulic valves, including distribu-
tors, are exposed to mechanical vibrations (Gao et al,
2021; Zhang et al., 2022). The sources of these vibrations
are multiple: imbalance of rotating machine parts, variable
loads, machine movements on uneven ground, aeroplane
flight etc. The aircraft vibration spectrum also includes low
frequencies (Krause et al., 2023). The range of vibration
frequencies in a typical civil aircraft depends on the aircraft
type, engine type and phase of flight (Mansfield & Ag-
garwal, 2022). For turbine-powered aircraft in cruise flight,
frequencies between 40 Hz and 90 Hz typically dominate
the vibration spectrum. New aircraft engines operating at

lower speeds will shift the vibration into the lower fre-
quency region. Generally, the complex problem of the
transmission of vibrations through a machine or device
can be divided into three basic, interrelated stages:

= vibration sources;

= paths of vibration transmission;

= consequences.

An important source of vibrations is the drive system,
e.g., an internal combustion engine performing an op-
erational cycle with variable characteristics (Ahirrao et al.,
2018; Bovsunovsky & Nosal, 2022). A working hydraulic
system is also a source of mechanical vibrations mainly
caused by surges of pressure and the periodic nature of
the displacement pump operation vibrations (Gao et al.,
2021; Zhang et al., 2022). The vibrations generated in this
way are characterised by different frequencies, paths of
their transmission being different as well. The mobile ma-
chine moving over uneven ground creates excitations in
the frequency range from 0.5 to 250 Hz (Yupapin & Porn-
suwancharoen, 2019; Abdelkareem et al., 2021), which also
contributes to the generation and propagation of noise
due to the mechanical connection of the elements of the
hydraulic system, which is done through hoses and com-
mon fastenings (Wegener et al,, 2021; Cao et al., 2019). In
this frequency band, there are excitations from the driv-
ing engine (internal combustion engine) related to the
kinematics of the displacement pump, which manifest
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themselves in the pressure pulsations in the machine’s
hydraulic system (Bach et al., 2017; Xu et al,, 2023; Pang
et al, 2021). A serious consequence of the resulting pres-
sure pulsation is, among other things, vibrations of hy-
draulic lines (Gao et al., 2021; Czerwinski & tuczko, 2015;
tuczko & Czerwinski, 2016). Vibrating hydraulic hoses can
rub against the structural components of the machine on
which they are installed or against each other. This can
lead to abrasion of the hose walls. This applies to flexible
hoses. In extreme cases, leakage of the hose may occur at
the point of complete abrasion. In the case of high-pres-
sure hydraulic lines, due to the large pressure difference,
the flow of spray agent from such a gap can reach high
velocities and cause further damage to the adjacent lines.
On the other hand, vibrations caused by the resist-
ance of the flowing air are in the frequency range of 250-
16,000 Hz and are caused by the detachment of the air
stream from the machine elements (Sovardi et al., 2016;
Savcl et al, 2022). Phenomena related to the flow of the
working medium in the hydraulic system cause vibrations
and noise (He et al., 2023; Song et al,, 2022; Han et al,
2017). Occasional cavitation causes high-frequency noise
to occur (Jia et al., 2022; Park et al., 2020; Zhao et al., 2022;
Liu et al.,, 2022). Thus, time-varying forces excite hydraulic
system components to vibrate, and noise is generated as
a result of the surface vibrations of these components (Pan
et al, 2022; Zhang et al., 2018; Pan et al.,, 2018).
Vibrations have many negative effects and often cause
vibrations of control elements in hydraulic valves (Wang
et al., 2022; Bouzidi et al., 2018; Awad & Parrondo, 2020).
These elements are responsible for regulating the gap size
in the hydraulic valves. Since the valve control element
(e.g., spool) vibrates, the area of the valve's throttling gap
changes, which in the hydraulic system is manifested by
pulsation of performance and, consequently, of pressure,
with the components of the spectrum of this pulsation
corresponding to the components of the vibration spec-
trum of the excited element. Our investigations and lit-
erature studies (Wang et al,, 2021; Josifovic et al., 2016;

Stosiak et al., 2023) show that the resonant frequencies of
hydraulic valve control elements (conical poppets, spools)
are below 100 Hz (Stosiak et al., 2023). The range of these
frequencies is also particularly dangerous for humans
since the resonant frequencies of vital internal organs are
also below 100 Hz (Zheng et al., 2019; Arnold et al., 2018;
Govindan et al., 2020). These pulsations can also be ex-
cited by infrasound. Low-frequency pressure pulsations
can cause unstable operation of hydraulic receivers, which
contributes to their inaccurate operation.

The influence of vibration on the environment, in-
cluding people, machines and devices, is covered by the
2016 and 2017 standards, still in force, with the numbers:
PN-B-02170:2016-12 (Polski Komitet Normalizacyjny, 2016)
and PN-B-02171:2017-06, respectively (Polski Komitet
Normalizacyjny, 2017). These standards provide methods
for the assessment and degrees of sensitivity of machines,
devices, buildings, and people to external mechanical vi-
brations (Engel & Zawieska, 2010). The harmful effect of
such vibrations is assessed by measuring the amplitude of
the effective vibration velocity at the place of installation
of the machine or device and comparing it with the per-
missible values given in Table 1. For sensitivity classes II-V,
the permissible amplitude is compared with the maximum
value of vibrations occurring in the direction. For class |,
on the other hand, it is compared with the velocity vector

modulus v, = Jv2 +v§ +vZ, where v, v, V, — compo-

nents of the velocity vector in the directions x, y, z.

Table 1 shows that in all sensitivity classes, there are
groups of machines equipped with hydraulic elements
and systems. A particularly strong influence of mechanical
vibrations is to be expected in class |, in which there are
precision instruments and machine tools equipped with
hydrotronic and micro-hydraulic elements, which are sub-
ject to increased requirements, including those relating to
the accuracy and repeatability of work.

In order to effectively counteract the negative effects
of vibrations, one must not only know the causes of vibra-
tions but also find paths where these vibrations distribute.

Table 1. Classes of sensitivity of groups of machines and devices to external mechanical vibrations according to (Polski

Komitet Normalizacyjny, 2009).

Sensitivity

Sensitivity class description

The name of the group of machines, devices

Permissible speed Vyem x 1073, m/s

| very sensitive

balancing and adjustment devices 0.1

instruments, microscopes, interferometers and
other precision instruments, computers,

precision machine tools

Il medium sensitive

grinders for threads, gears, bearings; 1

precise milling machines, lathes

1 not very sensitive

ordinary lathes, milling machines, drills, grinders, 3

textile and weaving machines, typographic machines

[\ almost insensitive | motors, chisel mortisers, sewing machines, 6
metalworking and woodworking machines, presses,
trimmers
Vv completely fans, crushers, grinders, shakers, >6
insensitive vibrating tables and sieves, screens, hammers
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Methods for vibration

reduction

/

Reduction of

Elimination of
vibration sources

vibration on its
propagation path

Dissipation of
vibration energy

Active methods for
vibration reduction

At the construction
stage:

- balancing.

- replacing roller
bearings with plain
bearings,

- reduction of the
masses of colliding
bodies,

- reduction of
non-uniformity of
rotation.

During operation:
- correct selection
of operating
parameters,

- proper shaping
of transition
processes,

- correcting
looseness.

- avoidance of
excessive wear,

- removal of air

Forced
vibration
isolation

Movement-based
vibration isolation

pollution.

Modification of
technological
process

Figure 1. The main methods for reducing vibration

RECIPIENT
- Person, machine
(reduction of ambient
concentration)

SOURCES
(reduction of
energy emission)

PROPAGATION PATHS
(reduction of energy
transmission)

Figure 2. General scheme of action to reduce vibroacoustic
hazards

Generally, this is a very difficult task due to the complexity
of the machine or device design. Typically, machines are
complex multi-mass systems with many degrees of free-
dom, complicated structure with holonomic and non-holo-
nomic constraints, contain elastic and damping elements,
sometimes with non-linear characteristics (Karpenko &
Nugaras, 2022), with clearances in kinematic pairs.

Efforts should be made to reduce vibration. The main
methods for reducing vibration are presented in an illus-
trative way in Figure 1.

Results of vibration reduction are the best when sev-
eral methods are used simultaneously (Figure 2), and this
is through e.g., (Engel & Zawieska, 2010):

= reducing the vibroacoustic energy generated by the

source;

= reducing the transmission of vibroacoustic energy

along the path of its transmission;

= reducing the ambient concentrations in specific areas

of workstations.

Pathways of vibroacoustic energy transmission should
be identified in a way that will enable taking further steps,
e.g., changing the location of vibration sources, changing
their location on foundations, using active or passive meth-
ods of vibration isolation, using dampers, cabins, partitions,
sets of shims to isolate the valve body from the vibrating
ground or to isolate the valve control element from the
vibrating body. The susceptible mounting of hydraulic valve

Sgrface effects: Internal effects: Semi-active Vibration
- impact, - thermal X . eliminating
- friction, effects, vibration devices:
- emission of - magnetic isolation - semi-active,
acoustic effects, - active.
vibrations - atomic
effects,
Vibration Active
eliminating vibration
devices isolation

bodies on a vibrating machine frame can be considered.
The parameters of the vibration isolator must be selected
so as to limit the vibrations of the valve body over a wide
range of excitation frequencies. Limiting the vibration of
the valve body is at the same time limiting the excitations
acting on the valve control element. In simplified analyses,
a vibration-isolated hydraulic valve can be regarded as a
single-mass system — due to the fact that the mass of the
valve body is usually much greater than that of the valve
control element. However, in more detailed considerations,
such a system should be treated as a two-mass system, and
its characteristics should be selected based on the expected
range of excitations. The selection of passive vibration isola-
tors should take into account their characteristics, dimen-
sions and oil resistance. Vibration isolators with non-linear
characteristics are worth investigating.

The topic discussed is also particularly important with
regard to high-power hydraulic systems mounted on
decks aboard seagoing ships, where a serious source of
external vibrations is the ship’s main internal combustion
engine and hull subjected to cyclic deformation in the sea
wave (Banaszek & Petrovic, 2019, Banaszek et al.,, 2018).

2. Vibrations of the valve control element
caused by external excitations

In order to determine the influence of external mechani-
cal vibrations on hydraulic valves, experimental tests were
conducted. The testing process used the HYDROPAX ZY25
simulator of the linear hydrostatic drive as the source of
mechanical vibrations with a fixed amplitude and fre-
quency. The hydraulic diagram of the modified simulator
system is shown in Figure 3. The ZY25 simulator consists
of three main parts:

= hydraulic part;

= SYHCE1 control device;

= HCE1 control program.
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Figure 3. Hydraulic diagram of the linear hydrostatic drive

simulator that generated mechanical vibrations: 1 — feeding
pump; 2 — adjustable maximum valve; 3 — oil filter;

4 — electrohydraulic amplifier 4WSE2EM10-45; 5 — working

actuator; 6 — simulator table; 7 — tested element: hydraulic

lift valve, proportional spool valve; 8 — hydraulic oil tank

During the tests, a measuring system was used that
enabled the measurement and recording of the following
quantities:

= changing the position of the hydraulic simulator ta-

ble — potentiometer position sensor TLH-500;

= position of the controller of the tested element (in

the case of a proportional spool distributor) — induc-
tive spool position sensor;

= pressure pulsation at the point of the presence of the

tested element — piezoelectric pressure transducer
from Piezotronics.

The measurement system enabled measurement, re-
cording, processing in real-time, and saving the values on
a hard disc of a connected PC. As a result, measurement
files were obtained in ASCII and graphic format. The meas-
urement data were then processed using comprehensive
analysis and visualisation software ORIGIN Professional 7.5
and an EXCEL spreadsheet. The arrangement of the meas-
urement points is shown in Figure 4.

A proportional distributor was installed in a custom-
made holder of the simulator table in such a way that the
direction of external vibrations was parallel to the direc-

>Eﬁ
\

w(t)=wosin(2 n ft)

[ =5

Figure 4. Distribution of measurement points in the

test system of the proportional distributor: 1 — pump
supplying the test system of the considered element;

2 — overflow valve; 3 — tested proportional distributor
AWRE 6 E08-12/24Z4/M from Mannesmann-Rexroth
placed on the simulator table; 4 — hydraulic simulator
table HYDROPAX ZY25, which kinematically excites the
tested element according to a harmonic function and has
the table position measuring point; 5 — pressure change
measurement point with the piezoelectric sensor M101A04
from Piezotronics; 6 — adjustable throttle valve as a load of
the test system; 7 — measurement of the distributor spool
position with an inductive sensor

tion of movement of the spool in the sleeve (first series
of tests) and in such a way that the direction of the exter-
nal vibrations was perpendicular to the movement of the
spool in the sleeve (series second test), by rotating the
tested distributor by 90°. A constant electrical control sig-
nal was applied to the coils of the proportional solenoids
of the distributor, causing the spool to deflect 2 mm from
its neutral position. The flow rate of the working medium
through the tested manifold was 1x107* m3/s (6 dm3/min).
The average pressure value at measurement point 5 (ac-
cording to Figure 4) was 2 MPa. During the tests, valve 2
(according to Figure 4) remained closed. For clarity, a com-
parison of the test results for three selected external ex-
citation frequencies (table vibrations) is presented: 40, 50,
and 60 Hz in the form of amplitude-frequency spectra of
pressure pulsation (measured at point 5 according to Fig-
ure 4) and displacement of the spool in the body of the
tested proportional valve (p. 7 according to Figure 4) — Fig-
ures 5-10.



Figure 5. The amplitude-and-frequency spectrum of
pressure pulsation in a system with a vibrating proportional
distributor — vibration frequency of the simulator table is
40 Hz

Figure 6. The amplitude-and-frequency spectrum of the
proportional distributor spool vibrations — the vibration
frequency of the simulator table is 40 Hz

Figure 7. The amplitude-and-frequency spectrum of
pressure pulsation in a system with a vibrating proportional
distributor — vibration frequency of the simulator table 50 Hz

From the depicted vibration waveforms (in the form of
an amplitude-and-frequency spectrum) of the kinemati-
cally excited spool, it can be seen that at the external ex-
citation frequency of approx. 60 Hz, the amplitude of these
vibrations reaches its maximum in the analysed frequency
range. At this external excitation frequency, the amplitude
of the spool vibration increases by almost 45% compared
to the amplitude observed for the excitation frequency
f = 50 Hz. The presented results prove that the spool is
excited to vibrate by external mechanical vibrations. The
spool vibrations induced in this way cause changes in the
amplitude-and-frequency spectrum of pressure pulsations
in the system. There appear harmonic components with
frequencies corresponding to the frequencies of the spool

M. Stosiak et al. The impact of mechanical vibrations on hydraulic valves and the possibility of reducing the effects

Figure 8. The amplitude-and-frequency spectrum of the
proportional distributor spool vibrations — the vibration
frequency of the simulator table is 50 Hz

Figure 9. The amplitude-and-frequency spectrum of
pressure pulsation in a system with a vibrating
proportional distributor — vibration frequency of the
simulator table 60 Hz

Figure 10. The amplitude-and-frequency spectrum of the
proportional distributor spool vibrations — the vibration
frequency of the simulator table is 60 Hz

vibrations and the external excitation. In addition, the pre-
sented results of experiments indicate that the transmis-
sion of vibrations to the spool is significantly influenced
by the angle o contained between the direction of spool
movement and the direction of external excitation (exter-
nal vibrations). Two extreme cases were considered, i.e.,
the direction of the spool movement is consistent with
the direction of external vibrations (angle a. = 0°) and the
direction of spool movement perpendicular to the direc-
tion of external vibrations (angle a = 90°). In Figures 6,
8, and 10, excitation of the spool vibrations is observed.
The dominant components of the spectrum of these vi-
brations correspond to the vibration frequency of the
simulator table (frequencies of external excitations). The
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excited vibrations of the spool also cause periodic changes
in the size of the throttling gaps of the proportional dis-
tributor, which results in the appearance of components
in the spectrum of pressure pulsations with frequencies
corresponding to the excited vibrations of the spool - Fig-
ures 5, 7 and 9. In the pressure pulsation spectrum, there
was a component with a frequency of approx. 240 Hz,
and caused by the performance pulsation of the positive
displacement pump of the hydraulic system in which the
tested distributor operated (Figure 4).

3. Theoretical analysis of the possibility of
reducing vibration

When selecting the method of reducing the influence of
external mechanical vibrations on the hydraulic distributor
and its spool, the limitations concerning the dimensions
of vibration isolators, their rigidity and damping should
be taken into account. Geometric limitations result from
the building conditions, i.e., the available space in which
the insulator can be installed (e.g., set of elastomer shims).
Theoretical considerations were carried out using a single-
mass model with one degree of freedom, Figure 11. In this
model, m represents the mass of the distributor, and ¢ and
k are the equivalent stiffness and equivalent damping of
the flexible elements (shims) between the distributor body
and the vibrating floor.

m —I x(7)

[ k, ==

/ I w(t) = wosin(w?)

Figure 11. Model of a vibrating system with one degree of
freedom

A body of mass m is excited to vibrate by a kinematic
excitation in the form of a harmonic function given in the
following form:

w=w, sin(mt), (@)

where: w — vibration amplitude [m];  =2=ft [rad/s]; f -
frequency [Hz], t — time [s].

The absolute motion of the body (distributor body or
spool) is described by the equation:

m)'é+kz()'(—vi/)+cz(x—w)=0. %)

In order to limit the influence of vibrations of the dis-
tributor body, it is necessary to minimize the value of the
expression describing the amplitude of absolute vibrations
of the distributor body:

2
::O

2\ 2
®p ®p

where: wy — excitation amplitude [m]; o — excitation fre-
quency [rad/s]; w, — natural frequency of the system
[rad/s]; y — dimensionless coefficient of attenuation.

For steady motion, the phase shift angle ® varies from
0 to =, and its fastest changes can be observed near the
point where the excitation frequency equals the natural
frequency of the vibrating mass — Figure 12. In this case,
this angle is expressed by the formula (Harris & Piersol,
2009):

— min, (3)

XO =W0~

Figure 12. Phase shift angle § as a function of the ratio
between frequency and different values of dimensionless
damping coefficient y

In assessing the effectiveness of the isolation of the
distributor body from the vibrating ground, the ratio be-
tween the absolute displacement amplitude of the mani-
fold body x, and the ground vibration amplitude wy can
be used. This coefficient can be called the amplification
factor T, (Harris & Piersol, 2009; Schmitz, 2012):

2
1+[2y0) ]
,
7 -Xo_ 0 . 5)

a A 2\? 2
e[
) )

The expected properties of isolating materials for dis-
tributor body vibrations can be interpreted graphically us-
ing the relationship between the coefficient T, and the
frequency ratio for a fixed dimensionless damping v (Fig-
ure 13) or in the case of varying the dimensionless damp-
ing coefficient, Figure 14.

In addition, the effectiveness of the vibration isolation
can be used as defined by the relationship (Engel & Za-
wieska, 2010):




Figure 13. Dependence of coefficient T, on the ratio of
excitation frequency o and the natural frequency o, for a
fixed value of the dimensionless attenuation coefficient y

Figure 14. Dependence of coefficient T, on the ratio of
excitation frequency o and the natural frequency oy and
dimensionless damping coefficient y

Figure 15. Dependence of coefficient € on the ratio of
excitation frequency o and the natural frequency wg and
dimensionless damping coefficient y

Xo
g=|1-—=1100%. (6)
Wo

In this case, the parameters ¢ and k should be selected
so that the efficiency of vibration isolation, determined by
the Equation (6), is as high as possible, i.e., close to 100%
(Figure 15).

Figure 15 shows that the vibration isolation will be
more effective with a greater ratio of the excitation fre-
quency to the natural frequency of the distributor body.

4. Conclusions

The paper presents some effects of mechanical vibrations
on the hydraulic distributor. The most unfavourable ef-
fects of vibrations are observed at a frequency close to the
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resonance frequency of the distributor spool and when the
direction of vibrations coincides with the direction of the
spool movement. The oscillating spool causes a change in
the area of the throttling surface in the spool pair of the
distributor. Variable throttling causes pressure pulsations
with frequencies corresponding to the vibration frequen-
cies of the spool. The theoretical considerations presented
in this paper may be helpful in designing a passive vibra-
tion isolation system with suitable properties. The follow-
ing general conclusions can be drawn about the effective-
ness of the vibration isolation system:

If ® <, then for force excitation, the ratio between
the amplitude of the force transferred to the ground to
the amplitude of the excitation force is close to one, simi-
lar to kinematic excitation, the value of the ratio between
the amplitude of fixed vibrations to the amplitude of the
excitation is also close to one, the use of vibrators has no
effect;

If ®=~w,, then the value of the ratio between the
amplitude of the force transferred to the ground to the
amplitude of the excitation force increases and reaches
significant values at low damping. The elastic support
should prevent operation in this range because the forces
transmitted by the system, in this case, may have greater
amplitudes than the excitation forces or absolute displace-
ments with amplitudes greater than the displacement of
the excitation-amplification factor T, given by the rela-
tionship (5), greater than 1;

If ®g>\/5 then vibration isolation is effective, i.e.,
the valug of the amplification coefficient 7, is less than 1,
regardless of the type of damping and the values of coef-
ficients defining it. However, the effectiveness of vibration
isolation is greater the lower the damping is;

If the ratio o/, continues to increase, the ef-
ficiency of vibration isolation, determined by the rela-
tionship (6), approaches 100%; however, starting from the
value (Dg =5, the rate of increase in the effectiveness of
vibratior? isolation ¢ is significantly slowed down, and for
a dimensionless damping coefficient y = 0, it practically

does not occur. For —- > \/E it can be noticed that the
,

influence of the dimensoionless damping coefficient on the
effectiveness of vibration isolation decreases;

In the resonance range, the value of the amplifica-
tion coefficient T, can be reduced by using high damping.
Therefore, if a machine or device equipped with a hydrau-
lic valve operates for a long time in the resonance range,
a material with high damping should be used to prevent
excessive vibration amplitudes of the valve body.
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