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Abstract. The hydraulic drive is used in most
structures of construction and road equipment.
Hydrostatic volumetric drive allows the working
bodies of construction machines to perceive heavy
loads with a high rate of energy transfer. This gives
of advantages not available on electric machines.

The control of the hydraulic drive can be pro-
portional and discrete. Proportional control is more
precise control in comparison with discrete, how-
ever, more energy consuming. The discrete switch-
ing mode of the hydraulic drive can be performed
using a high-speed valve, which is widely used for
pilot valves because of their advantages in terms of
simplicity of digital control, low power losses and
insensitivity to contamination. However, to control
such hydraulic valves, it is necessary to clearly
understand and represent the principal features of
the operation of a pulsed hydraulic system, to
know the optimal values of the control system
settings and transient parameters, to understand the
relationships between the input control signals and
the outgoing kinematic parameters.

In this study, we developed a mathematical
model that allows us to investigate the dynamics of
high-velocity fluid flow switching valve for con-
trolling the hydraulic power consumer.

Mathematical modeling is proposed to be car-
ried out over a typical cell of a hydraulic system
consisting of a linear hydraulic cylinder, which is a
consumer of hydraulic energy and a high-speed
control spool valve. The actuating spool valve
consists of a body inside which the valve moves,
driven by a solenoid, at the input contacts of which
a variable magnetic flux is generated, forming a
variable magnetic force. Inside the body of the
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high-speed valve, the return spring of the spool is
also installed, which is used to balance it.

For the input of the valve control electric sole-
noid is energized variable frequency. By adjusting
the fill factor of the control signal by pulse-width
modulation, it is possible to change the magnitude
of the spool force, thereby performing its pro-
grammatic movement.

Thus will be regulated distributor spool slits
overlap, thereby passing a continuous flow and
fluid pressure through a distributor.

Keywords: high-speed hydraulic valve, control
performance, mathematical modeling.

INTRODUCTION

The current need to carry out regulated
software transfer of the working equipment of
machines by hydraulic actuating devices poses
a challenging practical task for researchers and
engineers [1] associated with the development
of new and improvement of existing designs of
hydraulic control devices [2, 3].

The use of hydraulic systems with high val-
ues of working pressures (about 32 MPa, 64
MPa) significantly complicates the processes

51



Engineering, Construction

of controlling the working equipment of ma-
chines, due to the effect on the installation and
components of the machine of high hydrostatic
forces [4, 5]. This is especially necessary for
the construction of construction equipment,
such as excavators. In article [6], a new design
of a digging machine is considered, the hy-
draulic system of which requires new modern
hydraulic discrete control systems.

Thus, the problem of modeling of the hy-
draulic actuator for the purpose of investiga-
tion of dynamic parameters is an actual practi-
cal work.

PURPOSE OF WORK

Using traditional control valves with dis-
crete control to regulate changes in the direc-
tion of flow working fluid in the hydraulic
drive mechanisms of construction machines, if
it is necessary to perform control according to
the specified laws of movement the working
body, an overflow valve and control flow of
the working fluid are additionally installed.

Through the fact that that the construction
machine is operating under various load condi-
tions, it is not possible to fine-tune the parame-
ters of the control system, which leads to a
change in the working conditions of the work-
ing body of the machine. Ambiguity and vola-
tility of the machine does not affect the effi-
ciency of hydraulic manipulators, building
robots and lifting jib cranes [7], which deterio-
rates accuracy and smoothness of stroke is
significantly reduced [8] is very much such.

Proportional hydraulic control allows the
construction machine control system been
adapted to external conditions. The technical
advantages of proportional control are primari-
ly in controlled switching transitions, smooth
control of specified values and reduction in the
number of hydraulic devices for defining con-
trol tasks, since most control tasks are solved
at the program level by programming the pro-
portional valve electronic control unit [9]. The
development and introduction of proportional
valves in construction machinery are engaged
in such foreign companies like Bosch Rexroth,
Brevini  Hydraulics, Hydrocontrol, Sauer
Danfoss, the basic knowledge which is based
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on the investigations of proportional control
Follingera A. [10] A. Schmitt, Krettsa D.
Scholz D. [11] and others.

Although the proportional hydraulic drive
has an advantage over the discrete one, under
the same conditions it requires a more com-
plex control system. Such a control system
will have to monitor the position of the control
spool and perform a change in its position in
accordance with a given program. In high
pressure hydraulic systems, the efficiency of
proportional control is reduced, since it re-
quires a significant amount of energy to im-
plement such control.

One of the ways to reduce energy consump-
tion in the control system of hydraulic actua-
tors is the use of discrete control valves with
high-speed switching of the control element
based on pulse-width control [11]. High-speed
valves are widely used in hydraulic and pneu-
matic systems due to their advantages, such as
compact design, low cost, easy digital control,
low power loss and insensitivity to contamina-
tion. The switching frequency and the nominal
flow of the working fluid are the two main and
important indicators for evaluating the effec-
tiveness of hydraulic high-speed valves.

Thus it serves to investigate qualitatively
workflow discrete hydraulic actuator with a
pulse-controlled parameters to identify its ra-
tional use.

TASKS OF RESEARCH

The purpose of this work is to develop a
mathematical model of control of a volumetric
hydraulic drive with a high-speed control
valve switching. Valve control should be im-
plemented through an electrical system with
pulse-width modulated control signal.

METHODS OF THE STUDY

The D'Alember approach is used as the
main method for describing the equations of
motion of the executive body of the hydraulic
drive and the working element of the spool.
Electrical transients in an electromagnetic
converter is written based on the Maxfel equa-
tions and Ohm's law. The dynamics of the hy-
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draulic system is described by the equations of
continuity of fluid flow, the equations of state
and the equations of energy.

RESULTS OF RESEARCH

To construct a mathematical model of the
high-speed control of a linear hydraulic cylin-
der, considered single-control valve with mag-
netic actuator, the circuit is shown on Fig. 1.

The structure of the distributor includes a
housing 1, a spool 2, a solenoid electromagnet
3 and a spring 4. When applying to the elec-
tromagnet 3 voltage with different on/off fre-
guency, various power loads are formed on the
movable slide 2.

The dynamic transient of a high-speed elec-
tric solenoid can be written as [12, 13]:

dl dx
U =R I _+L gm z. 1
em em " em em dt \ll dt ( )

where
U,, — control voltage at the input of the sole-
noid, which is performed by moving the valve
spool,
R.,— active resistance of the solenoid wind-

Ing,
L., — the inductance of the winding of the so-
lenoid electromagnet,
l..,— current in the control coil of the solenoid,
y — coefficient of anti-driving force,
X, —movement of the distributor spool, which
for the solenoid electromagnet is its anchor.
The plunger of the spool valve distributor
under the action of electromagnetic force will
begin to move in the direction of the force
action vector, and braking forces will arise
from the elastic link, which, together with the
dissipative forces, will resist displacement.
The dynamic equation of motion of this pro-
cess will be described as follows:

d’x,

m
Lodt?

-F,-F.-F-F. @

where
m, — it is mass of the plunger,

F, —it’s driving electromagnetic force,

F.=c,, ,X, —it’s spring resistance force,
dx, : .
F, =Db, e the force of viscous resistance

from the friction of the plunger along the
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Fig.1. The design scheme of the distributor with an electromagnetic drive: 1 - case;
2 —spool; 3 — electromagnet; 4 — spring; 5 — hydraulic cylinder; 6 — movable piston
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sleeve of the spool body,
F, — hydrodynamic force acting on the gold

from the working fluid,

cnp_z — SPring stiffness,

b, — it’s the coefficient of viscous friction in
the gap between the plunger and the sleeve of
the grain trap.

On the basis of Maxwell's electromagnetic
theory, the magnetic force, which the high-
speed solenoid creates, can be defined as fol-
lows [14]:

AP

F.o= 5
2unr

m

(3)

where

u — is the magnetic permeability of the air,

r —is the plunger radius,

A — the efficiency of the magnetic field of the
solenoid (from 0 to 1),

@ — is the total magnetic flux, the average val-
ue of which for a solenoid with the number of
turns N is determined by the following expres-
sion

®=-m 4)

The nature of the pressure change in the
working hydro lines of the hydraulic distribu-
tor, which provides the supply of hydraulic
energy to consumers, is determined from the
flow continuity equations taking into account
the compression of the working fluid [15]:

dpA Ess A
A e A -q), 5
dt v, Q,—a) (%)
de Eas B
B _ T B , 6
gt v, (-Q +02) (6)

where

Q, and Q, — fluid flow in the pressure and
discharge lines of consumers connected to the
appropriate distributor channels,

Es 4 and E; g — the module of the bulk elas-
ticity of the working fluid in the corresponding
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cavities of the consumer connected to the dis-
tributor,

Vi1 and V. — it’s the initial volumes of the
working fluid in the injection and discharge
cavities of the consumer, taking into account
the volumes of fluid in the adjacent pipelines,

Ji= nrz% and gz = nr? ddxtz — the change in

the flow rate of the working fluid in the dis-
charge and drain of the consumer.

The flow of the working fluid in the pres-
sure and drain line of the consumer is deter-
mined by its costs through the cylindrical slots
of the spool valve:

2P, — Py .
Q, =n,md X, MSIQn(pp = pa). (1)
2p, - p.| .
Qs =My X, @sngn( p,—P.). (8)
where

n,and n,— the coefficients of the flow rate of
the working fluid through the throttle channels
of the distributor,
p — is the density of the working fluid,
pp — working pressure of the hydraulic pump,
ps — pressure in the drain line,
d, —the diameter of the plunger spool.

The acceleration of the movement of the
hydraulic cylinder rod will be determined from
the equation:

d?x
dt?

1
L= _(pASA - pBSB - Fon - Fcp - Fbp) '(9)
my

where
m, — the mass of the moving parts of the rod
of the hydraulic cylinder,

D; (D3 - Dg)

SA:nTA and S,=n — respec-

tively, the area of the piston and rod planes of
the hydraulic cylinder,

Da — the diameter of the piston,

Dg — the stem diameter,

F,, —it’s external resistance force,
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F, =c,, ,X, — the reaction from the compres-
sion of the walls of the cylinder, pipelines and

liquids,
dx . . :
Fop :bpd—tp — it’s the additional effort that is

spent on damping the fluid in the drain line,
dx, .d’x, ., .
T | 7 it’s piston speeds.

The obtained equations of the mathemat-
ical model are proposed to be investigated
using numerical modeling with the recom-
mended iteration step of more than 1000 steps.

The algorithm for calculating the proposed
mathematical model is presented on Fig.2.

At the initial stage of calculations, it is pro-
posed to determine and enter the technical
parameters of the hydraulic drive, such as cyl-
inder, stem and spool diameters, pressure at
the hydraulic pump outlet and in the drain line,
average stiffness and damping coefficients,
external force resistance, solenoid winding
resistance and its inductance. It is necessary to
determine the initial parameters of the system
and set their values after that. Further, accord-
ing to the algorithm, it is necessary to form a
cycle and determine by numerical calculations
the parameters of the magnetic force needed to
move the spool, its speed and displacement,
acceleration, speed and displacement of the
piston of the driving hydraulic cylinder.

In [16], the efficiency of using a high-speed
hydraulic switching valve, which is similar to
what is investigated in this article, is shown.
However, in this work, a pilot valve with a
maximum pressure of 1,35 MPa and a flow
rate of 5 L/min is considered, but for a con-
trolled dynamic mode of operation of the ma-
chine, a single-stage valve is quite suitable.

FINDINGS

As result of the study, a mathematical mod-
el of a high-speed hydraulic distributor was
analyzed and constructed, which should then
be solved using numerical mathematical meth-
ods.

In the process of the work done, it became
clear that the problem of mathematical model-
ing of volumetric hydraulic drives is a difficult
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technical problem, the solution of which is
engaged in a number of scientific schools.

In the preliminary calculations, it became
known that in the future to build an effective
system of discrete hydraulic control, it is nec-
essary to develop a two-stage control system
and determine its dynamic characteristics.

The management concept it is proposed to
use the proposed algorithm in the article [11].
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Pa3paboTka MaTeMaTHYeCKOH MOEJIU 0JTHO-
KAaCKaHOT0 MMITYJIbCHOTO THAPONMPUBOIA

JImumpuii Muugyx

AnHOTaumMs. ['wapaBnuueckuil mNpuBoA HC-
MOJIb3yeTCsl B OOJIBIIMHCTBE KOHCTPYKIIMIA CTPOH-
TEJILHO M JIOPOXHOM TexXHUKH. I'mapocrarnye
CKUil 00BbEMHBIN MPHUBOJ MO3BOJSIET pabouuM op-
raHaM CTpPOMTEIbHBIX MAIIMH BOCIPHUHHUMATh TH-
JKeJble Harpy3KH C BBICOKOM CKOPOCTBIO IEpeaduu
sHepruu. Bee 3To 1aeT mpenMyiecTsa Mo cpaBHe-
HUIO C AHAJOTWYHBIMU COM3MEPUMBIMH JIIEKTPH-
YeCKUMH NMPUBOJIAMH MaIITHH.

VYnpasieHHe TUAPABIMYECKUM IPUBOJOM MO-
XKeT ObITb NPONOPIHOHAIBHBIM W JAUCKPETHBIM.
[IpomoprinonanasHOE ympaBieHHE ABIsETCS Oonee
TOYHBIM YIPABJICHUEM B CPaBHEHUU C JUCKpET-
HBIM, OZIHAKO U OoJiee SHEPreTUUECKH 3aTPAaTHBIM.
JIMCKpEeTHBIN pEeXUM NEPEKITIOYEHUST THAPABINYE-
CKOT'O TIPUBOJIa MOXKET OBITh BBITIOJIHEH C MCIOJb-
30BaHUEM BBICOKOCKOPOCTHOIO KJIallaHa, KOTOPBIN
HIMPOKO HCHOJNB3YyeTCS Il MHJIOTHBIX KIIAIaHOB
H3-3a UX IPEUMYLIECTB C TOUKU 3PEHUS IPOCTOTHI
ur(ppOBOTO YIpaBiIeHHUs,, HU3KUX TOTEPb MOIIHO-
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CTH U HEYYBCTBUTEIHHOCTH K 3arpsa3HEHUIO pado-
yeit cpensr. OHAKO AU YIPABIEHUS TAKUMHU TH-
PaBIMYECKUMHU KJIallaHAMU HEOOXOIMMO HYEeTKO
MIOHUMATh U MPEACTABISITh MPUHIIUIHAIBHBIE 0CO-
OeHHOCTH pabOThl WMIYJIHCHONW THAPABINYECKOMN
CHUCTEMBI, 3HaTh ONTUMAaJIbHbIC 3HAYCHUSI HACTPOEK
CUCTEMBI YNpaBJICHUA U MapaMeTphl NEPEXOAHOTO
rpolecca, MOHUMAaTh B3aUMOCBSI3M MEXAY BXOJ-
HBIMU YIPABJIAIOMIMMY CUTHAJIAMA U UCXOISIIMMU
KMHEMaTU4YECKUMHU DapaMmeTpaMu. B mpencras-
JeHHOW paboTe pa3paboTaHO MaTeMaTHYECKYIO
MOJEJb, KOTOpasl IMO3BOJSET HCCIEIOBAaTh IUHA-
MUKy OBICTPOJEHCTBYIONIET0 KiamaHa MepeKITo-
YEHUS MOTOKA >KUJIKOCTU ISl YIPABICHUS TOTpe-
OuTeneM ruApaBINUYECKON SHEPTHH.

MareMaTuyeckoe MOJEIUPOBAHUE MPEAIaracT-
C4 MPOBECTU HAJ TUIIOBOM SYEHWKON THApABINYE-
CKOU CHCTEMBI, COCTOALLEH U3 JIMHEUHOTO THIpaB-
JUYECKOr0 UWIMHAPA, KOTOPBIU SBISIETCS MOTpE-
OouTeneM THIPaBIUYECKON YHEPTHH U BBICOKOCKO-
POCTHOTO YTPABIISIIOIIETO 30JI0THUKOBOIO KJjlama-
Ha. [IpuBOAHON 30JJOTHUKOBBIN KJIallaH COCTOUT M3
KOpIlyca BHYTPH KOTOpPOrO MEPEMEIIAETCsl 30JI0T-
HUK C IIPUBOJIOM OT COJICHOMJA, Ha BXOJHBIX KOH-
TaKTax KOTOPOr'0o TeHEepUpYEeTCs MepeMEeHHbII Mar-
HUTHBIA TIOTOK, (OopMHpPYOMUN TMepeMeHHYIO
MarHUTHYIO cuiy. BHyTpH Kopmyca OBICTpOXOJHO-
ro KjalaHa Takke YCTaHOBJIEHO BO3BPATHYIO MpPy-
JKUHY 30J0THHKA, KOTOpas UCIHOJb3YyETCs OJIsl €ro
YpaBHOBEILIUBAHMUSI.

g yrpaBrneHus: KiaraHOM Ha BXOJ 3JIEKTpH-
YECKOIr'o COJICHOMZA MOJAETCsl HaNpsDKEHHE Iepe-
MEHHOW dYacToThl. Perymupys kosddunmeHT 3a-
MOJTHEHWsI ~ CUTHAaja  yNpaBle€HUS  MIUPOTHO-
UMITYJIbCHOM MOIYJISILIMEN, MOXHO H3MEHSTH Be-
JUYUHY TATOBOIO YCWJIMSI 30JIOTHUKA, BBITIOJHSIS
TEM CaMbIM €r0 MpOorpaMMHOE mepemenieHue. Ta-
KM 00pa3oM OyzeT MPOUCXOAHTH PEryIHpOBaH-
HOE TEPEKPBITUE WIeNIed 30JI0THUKOBOIO pacipe-
JeJIUTeNs, NPOIMycKass TEM CaMbIM HENPEPHIBHBIN
MOTOK M JIaBJICHHE >KUIKOCTHU Yepe3 pacIpenesiu-
TeNb.

KuaroueBble ciaoBa:  OBICTPOACHCTBYIOIINI
THAPABIMYECKUIN KIJIallaH, ITOKa3aTelnH yIpaBie-
HUS1, MaTEMaTHIeCKOE MOAEITUPOBAHHE.
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