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IMPROVING THE ACCURACY OF PRECISION HYDRAULIC
AUTOMATION DEVICES BY IMPLEMENTING FUZZY STO-
CHASTIC OSCILLATIONS OF THE SPOOL VALVE

Precision pressure differential control devices are used in the hydrau-
lic automation systems of special equipment. They have spool regulators
integrated into the system, which ensures stabilization of the pressure
differential over a wide range of flow rates and operating parameters, in
particular, temperature changes. Improving the control accuracy of such
devices is a pressing scientific and technical problem. As a rule, the accu-
racy of pressure differential control of known regulators in dynamic modes
does not exceed 10—-15% [1]. This significantly reduces the efficiency of
hydraulic automation systems. Various means of increasing the accuracy
of spool pressure regulators are used [2]. The most effective measures are
those aimed at reducing friction and hydrodynamic forces in spools [3].
As a result of information research, it has been established that there are
currently no methods for significantly improving the accuracy of pressure
differential regulators by implementing fuzzy stoch Skvorchevsky astic
oscillatory movements of the spool.

The aim of the research is to improve the accuracy of pressure differ-
ential regulators by implementing fuzzy stochastic oscillatory movements
of the spool. To achieve this goal, the following tasks were set and solved:
a theoretical justification was provided for the possibility of improving
the dynamic accuracy of precision hydraulic units by implementing fuzzy
stochastic oscillatory movements of the spool valve; based on theoretical
and experimental studies, an innovative hydraulic automation device was
implemented that implements fuzzy stochastic oscillations of the spool;
the effectiveness of the developed technical solution was confirmed by
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mathematical modeling. Experimental design and theoretical methods [4]
were used in the research process.

The theoretical justification for improving the accuracy of precision
hydraulic automation devices takes into account that they operate in harsh
dynamic conditions. Samples of special equipment that use precision devices
are complex hydraulic units. Experimental studies of devices as part of a
hydraulic unit and measured values of the resulting pressure drop p (see
Fig. 2b) confirm the presence of significant changes in pressure drop over
time. This is unacceptable from the point of view of reliable operation of
the hydraulic unit.

In a linear formulation, the relationship between the output Yi(t) and input
Xj(t) parameters of the hydraulic automation device is presented as a set of linear
differential equations:

n u . m .
. dd;{i +...+ay % +a,Y, = ;[bjoxj + bj1 % + ...+ bjm %J (1)
wherei=1,2, ..., 0.
Equation (1) includes p coefficients bjO, bj] ey bjm and v coefficients
Qg A,y A, .
In mathematical modeling, each pair of input—output parameters is
considered separately, resulting in (u-v) operator mathematical models of
the form:

Y(8)=WSX(S), i=1,2,0v, j=1,2, 0, Q)

a

_ by +b;S+...+b,,S"

W.(S)=
W) a,S"+...+"a,S+a,

—transfer function from the j-th input

parameter to the i-th output parameter.

In mathematical modeling of a hydraulic automation device, the fre-
quency characteristics of a dynamic system corresponding to its transfer
function are used. The transfer function W.(S) by formal substitution — S — jo
(o—frequency, j= V-1 —imaginary unit) is converted into frequency form:

by +jbyo+...+j"b,, 0"

W, (jo) =
ij -n n .
J amm +...+Jai1c0+aio

which is a complex-significant function of the real argument (frequency) .
14

Ahydraulic automation device, whose input receives a stationary ergodic
input parameter with spectral density S, (w), also has a stationary ergodic
random parameter with spectral density at its output:

S, () = W, (jo)PS (o), 3)

|Wij(]'oa)|2 — square of the frequency transfer function modulus.

The internal parameters of the hydraulic automation device, which have
vaguely defined stochastic oscillations of the spool, change randomly. To
determine them, a set of random numbers is used, which implements the
Monte Carlo method [1].

It is assumed that changes in the coefficients of mathematical model (1)
are functions of a set of k independent random variables. g *, g *,..., g *.
with normal distribution laws. Accordingly, the internal parameters of the
mathematical model of the hydraulic automation device will be determined
by functional dependencies:

aiO* - aio(gl*’ g% s 8 bjo* = j()(gl*a g% ... g%,
a *=a (g% 8" . ..g%), bjm* - bjm(gl*v g% g™,
These formulas yield an infinite number of implementations:

1=12,.,L—> 8
values of the model coefficients.

In this case, the differential equations of the relationship between the
input and output parameters of the device will take the following form:

dnYi le N an de.
a,, dt“l +...+amd—tl+aimYil = iZ:;biij +by, m ! +...+bjm]?mJ
i=1,2,.,0, 1=1,2,..,L>8. @

In equation (4), the index 1 denotes | and the realization of a set of ran-
dom variables that determine the coefficients of the mathematical model.
Moreover, the values of the coefficients of equation (4) do not depend on
time, and the realization of the output parameter Y is a deterministic func-
tion of time. Equation (4) is a generalization of equation (1). For equation
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(4), operator dependencies (2) and (3) also apply. Accordingly

Sy (@)= %i|Wijl(jm)|2Si (@)

otherwise

Sy (@)= |Wi (J®)|2 S (@) )

W, o) = 3[w, (o
1=1

The criterion for the efficiency of a hydraulic automation device with
vaguely defined stochastic spool oscillations is a reduction in the calculated
spectral output density (5) compared to its value (3). It has been established
that by changing the coefficients bjo, ij vy bjm Ta aij,a,, ..., a_ The hy-
droautomatic device can ensure a reduction in the calculated spectral density
(5) by an order of magnitude compared to the value (3).

Based on theoretical and experimental research, an innovative hydraulic
automation device has been developed that implements fuzzy stochastic

oscillatory movements of the spool (Figure 1).
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Figure 1 — Hydraulic automation device that implements stochastic oscillatory
movements of the spool

The device includes a spool 1 located in the opening of the sleeve. Spring
3 is installed in cup 4. Cup 4 has a support insert 6 and a radial bearing 7 in
its inner part, which are fixed with pin 8.
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Arod 9 is placed in the cavity of the glass 4, which has a cylindrical
shank that enters the bearing 7. The shank has a spherical end 9 that interacts
with the support insert 6. The left edge of the rod interacts with a conical
recess made in the center of the spool 1. The cup 4 has a spherical support
protrusion 10 on its right end. This shoulder limits the stroke of the spool
x. The right edge of the spring 3 rests on the bushing 11, and the spring is
centered on the bushing by its inner diameter. The bushing 11 is installed in
the opening of the cover 12. Washers 13 are installed between the bushing
11 and the cover 12.

The movement of spool 1 to the left is limited by stop 14, which has a
spherical protrusion that interacts with the end face of the spool. Stop 14 is
fixed by sleeve 2. Washer 15 is installed between stop 14 and filter 16. Stop
14 has a system of holes 17, which serves as a guide device for creating a
vortex motion of the fluid at the inlet to the holes 18 of spool 1.

The holes 17 in the stop 14 swirl the flow of fluid passing into the spool
cavity (shown by arrow 19). The flow of fluid passing through the holes 18
of the spool 1 creates a torque M1 on the spool, which causes the spool to
turn (rotate) in the direction of the  torque M1.

To facilitate rotation, three groups of grooves are made on the surface
of spool 1. Group 22 of grooves is directly adjacent to the left end of the
spool. The central group of grooves 23 is located in the middle part of the
spool, and group 24 of grooves is located near the right end of the spool.
Grooves 25 are made to relieve the spool from the action of transverse
pressure forces on its surface.

The grooves on the surface of the spool form a system of hydrodynamic
bearings that facilitate the rotation of the spool. In addition, the grooves
provide drainage in the main parts of the gap between the spool and the
sleeve. This is especially important for a spool that has high-frequency axial
oscillations of insignificant amplitude. Axial oscillations are provided by
small grooves 27 on the throttle edge of the spool. Grooves 27 are made on
the end face of the spool using a special electrode.

Grooves 27 are arranged randomly . The distances between the grooves
are selected using a random number generator with a normal distribution
law. When the spool 1 rotates, the grooves 27 located on the throttle edge
of the spool pass in the vicinity of the throttle groove 20 made in the sleeve
2. This causes random pulse changes in the fluid flow rate. This leads to a
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stochastic pulse axial load on the spool. Random values of the distances
between the grooves provide a system of random pulses of axial load on the
spool. The spectral density of random loads is selected from the condition of
overlapping the range of natural frequencies of the spool. Under the action of
random loads, statistical resonance occurs and the spool performs stochastic
axial oscillations at frequencies close to the resonance frequencies. For the
fluid to exit the cavity of the cover 12, a groove 31 is made on the surface
of the spool 1, and holes 32 are made in the sleeve 2.

The device design provides for damping of the spool's axial vibrations.
The spool's vibrations are damped by a throttle in the form of a belt 33 on
the spool surface. The effectiveness of the developed innovative hydraulic
automation device has been confirmed by mathematical modeling.

The characteristic of the device is a parabola whose coefficients have
random variations:

Ap=R,Q, +RTQ1|QI| (6)

R, —linear hydraulic resistance of the device’s hydraulic line; R —quadratic
hydraulic resistance of the hydraulic line.

Linear hydraulic resistance is determined by the following relationship:

1 < 4
T d

i=1 Y
p — density of liquid; /;, d, —length and equivalent diameter of a pipeline
with laminar fluid flow; n, — number of consecutively connected pipelines;
OR ,—random component of linear resistance determined according to the
Monte Carlo method.
Quadratic hydraulic resistance is determined by the following relation-
ship:
= 8p gl Z +6RT+R£"—5 (®)

2

T 5
J':1 d] Kl K 0

The first sum on the right corresponds to hydraulic losses along the
length of the pipeline, and the second sum corresponds to local pressure
losses in the spool.

In formula (8), it is indicated that: ¢;,d - length and equivalent di-
ameter of a pipeline with turbulent fluid flow ; s_— cross-sectional area of
local hydraulic resistance; C, — coefficient (of k-numbers) of local hydraulic
resistance; n, —number of consecutively connected pipelines with turbulent
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fluid flow; n,, —number of local hydraulic resistances; A — hydraulic resis-
tance coefficient of the j-th pipeline (Darcy coefficient); 6R, —the random
component of quadratic resistance is determined according to the Monte
Carlo method; C; — hydraulic resistance coefficient of the spool throttle
opening; s, — the cross-sectional area of the throttle opening, which is a
random variable.

A mathematical model of the static characteristics of the device has
been developed (Fig. 2a).

B Ed Yew Dadskn flevel Twl Hep
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Figure 2 — Structural mathematical model of the static characteristics
of the unit (a) and simulation results (b)

The model has means for calculating random characteristic parameters.
The model input is fluid flow rate Q, through the device, and the pressure
difference at the outlet dp1.

Blocks RLvalve and RTvalve models are used to input deterministic
components of linear (laminar) and quadratic (turbulent) drag. Random
components of these parameters are specified in Random Number blocks

numbered 1 and 2. In the vicinity of zero flow values ( Q, ~ 0) The device
characteristics differ from parabolic ones. Nonlinear characteristics in the
vicinity of low flow rates are modeled using a block Fcn, and the random
component using the Random Number 3 block. As a result of modeling,

the device characteristics pc are determined (Figure 2b).
Conclusions

1. As a result of the theoretical analysis of the dynamic properties of
precision hydraulic automation devices, it has been established that the
vaguely defined stochastic oscillations of the spool reduce the spectral
density of the output pressure drop by 2—5 times.
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2. It has been proven that the necessary values of fuzzy parameters that
implement optimal stochastic axial oscillations of the spool can be achieved
by design measures, in particular, by making microgrooves on the working
edge of the spool, randomly located around the periphery of the spool edge.
It is rational to make grooves with a distance between them distributed ac-
cording to a normal law.

3. Mathematical modeling of a hydraulic automation device in which
vaguely defined stochastic oscillations of the spool are implemented con-
firmed a significant increase in the accuracy of the device. The presence of
oscillations reduces pressure drop control errors by 48 times compared to
the basic version of the device.

4. As a direction for further research, it is recommended to investigate
the possibility of using stochastic spool valve oscillations to compensate
for the negative impact of pump pressure pulsations on the characteristics
of the hydraulic unit as a whole.
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VIIK 621.65
Konaycs B.1O., kaH. TexH. HayK
CyMCBKHIA JIepyKaBHUHN YHIBEPCHTET

Y3ATAJIBHEHA MATEMATUYHA MOJEJIb
®OPMYBAHHSI HAITOPY Y BINIBHOBUXPOBHUX HACOCAX
AJIs1 OJHO- TA BATATO®A3HUX CEPEJOBUII]

BinbHOBUXPOBI HACOCH BUKOPHCTOBYIOTHCS UIsl NE€PEKauyBaHHS
CKJIQIHUX CEPEJOBHIL i3 TBEPAMMH, BOJOKHHUCTUMH Ta ra30BUMHU
BKJIIOUCHHSAMH, TOMY CTAaHIAPTHI MiAXOAWU 1O PO3PAXyHKY HaIlipHUX
XapaKTepPUCTHK HE 3a0e3MeuyoTh JOCTATHHOI TOYHOCTI. Y poOOTi
MPEJCTABIICHO y3arajibHEHY MaTeMaTHuHy MOZeIb (JOPMyBaHHS HAIIOPY,
sIKa OXOTLTIOE SIK OTHO(a3Hi PEXKFMH, TaK 1 TPAaHCIOPTYBaHHS OararohasHix
CyMiIIIeii 31 3SMiHHOIO KOHIIEHTPAIII€I0 BKITFOYEHb [ 1].

Mornenb TpyHTYEThCS Ha pO3/IiIEHHI €HepreTHIHOTo 0OMiHYy B HAacOCi
Ha TPU MEXaHI3MHM: JIONIATEeBUH BHECOK, BUXPOBHI BHECOK Ta CyMapHi
rigpapiivni Brpary. JlonareBrii BHECOK OMFICYE OE3MOCEPEIHIO Iiepeady
€Heprii yepe3 MDKIIONATeBl KaHaId poO0Y0ro Koieca, Jie pO3IISIAEThCs
peaybHUIA TPUKYTHHK IIIBUAKOCTEH 1 BIUTB KOB3aHH MOTOKY. BuxpoBuii
BHECOK BHM3HAUAETHCSI TOPOTIOAIOHOIO IIUPKYIAIIEI0 PIAUHE Y BUTBHIN
KaMepi, Jie TIOTIK Ma€ JBO30HHY CTPYKTYpY: OOJNACTh TBEPAOTUTLHOTO
o0epTaHHs MOONH3y PoOOYOTO KoJieca Ta 00IacTh MOTEHIIIHHOTO BIXOPY Y
nieprepiitHiii 30HI. Y3romKeHHs ITHX 30H 3a0e31edye BU3HaUYeHHsI €Heprii
BHIXODY, III0 TIEPETBOPIOEThCA Y Hartip [2].

IigpaBniyni BrpaTdl MOALIEHO Ha TPX CKIIA/IOBI: BTPATH Ha BXO/Ii, BTPAaTH
Ha BHUXOJIi 3 poOOYOro Kojeca Ta BTPATH 3MIITyBaHHA B 30HI B3a€MOJIil
JIOMaTeBOro i BUXPOBOTO MOTOKIB. OCTaHHI € HalOUTBII 3HAYYIIIUMHA JIIS
BIUTbHOBHXPOBHX HACOCIB, OCKIIBKU caMe TYT (POPMYIOThCS iHTEHCHBHI
TypOyJICHTHI ITyJbCallii Ta TUCUTIAIlS eHepTii.

Jst omHO(a3HUX piTMH MOJIEINE JT03BOJISIE BU3HAYATH HAITIp SIK CyMY
JIOTaTeBOTO 1 BUXPOBOTO BHECKIB 3 ypaxyBaHHSIM BTPAT, IO 3a0e3Iedye
0a30By XapaKTEpUCTHKY Hacoca.

M5t 6ararodasHux poOOUNX CEPEIOBHII MOZIENb y3aralbHEHO Ha TPH
ITiTXO/TM 3aJIeKHO Bifl KOHIICHTpaIlii BKITIOYEHb!

1. OnmHopigHe peanbHE cepepoBuie (BMIicT gomimok <1%), me
BBOZIATHCS €(DEeKTHBHI TYCTHHA Ta B’I3KICTh Oe3 BpaxyBaHHs KOB3aHHS (has3.
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