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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 

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 
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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 

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-

quency, 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]: 

 

dt

dx

dt

dI
LIRU zem

emememem  , (1) 

where 

emU  – control voltage at the input of the sole-

noid, which is performed by moving the valve 

spool, 

emR – active resistance of the solenoid wind-

ing, 

emL – the inductance of the winding of the so-

lenoid electromagnet, 

emI – current in the control coil of the solenoid, 

  – coefficient of anti-driving force, 

zx  – 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: 

 

Rbcm
z

z FFFF
dt

xd
m 

2

2

,  (2) 

where 

zm  – it is mass of the plunger, 

mF – it’s driving electromagnetic force, 

zzпрc xсF _  – it’s spring resistance force, 

dt

dx
bF z

zb   – the force of viscous resistance 

from the friction of the plunger along the 

 
 

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 



Engineering, Construction 

 

Transfer of Innovative Technologies 
2018 Vol 1(2), 51-57 

54 

sleeve of the spool body, 

RF  – hydrodynamic force acting on the gold 

from the working fluid, 

спр_z – spring stiffness, 

bz – 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]: 

 

2

2

2 r

Ф
Fm




 ,    (3) 

 

where 

  – is the magnetic permeability of the air, 

r  – is the plunger radius, 

  – the efficiency of the magnetic field of the 

solenoid (from 0 to 1), 

Ф – 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 

 

em

em

R

NI
Ф  .   (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]: 

 

)( 1

1

_
qQ

V

E

dt

dp
А

АзвА  ,  (5) 

 

)( 2

2

_
qQ

V

E

dt

dp
В

ВзвВ  ,  (6) 

 

where 

AQ  and ВQ  – fluid flow in the pressure and 

discharge lines of consumers connected to the 

appropriate distributor channels, 

Езв_А and Езв_В  – the module of the bulk elas-

ticity of the working fluid in the corresponding 

cavities of the consumer connected to the dis-

tributor, 

V1 and V2 – 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, 

q1

dt

dx
r z2  and q2 

dt

dx
r z2  – 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: 

 

)(
2

Ap

Ap

zзАА ppsign
pp

xdQ 



 , (7) 
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2

sВ
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pp
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 , (8) 

 

where 

А and В – the coefficients of the flow rate of 

the working fluid through the throttle channels 

of the distributor, 

ρ – is the density of the working fluid, 

pр – working pressure of the hydraulic pump, 

ps – pressure in the drain line, 

зd  – the diameter of the plunger spool. 

The acceleration of the movement of the 

hydraulic cylinder rod will be determined from 

the equation: 

 

)(
1

2

2

bpcpопBBAA

p
FFFSpSp

mdt

xd




,(9) 

 

where 

m  – the mass of the moving parts of the rod 

of the hydraulic cylinder, 

4

2

A
A

D
S   and 

4

)( 22

BA
В

DD
S


  – respec-

tively, the area of the piston and rod planes of 

the hydraulic cylinder, 

DA – the diameter of the piston, 

DB – the stem diameter, 

опF  – it’s external resistance force, 
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ppпрcp xсF _  – the reaction from the compres-

sion of the walls of the cylinder, pipelines and 

liquids, 

dt

dx
bF

p

pbp   – it’s the additional effort that is 

spent on damping the fluid in the drain line, 

 2

2

dt

xd

dt

dx pp
– 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 

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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Fig.2. The algorithm for calculating hydraulic drive 
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Разработка математической модели одно-

каскадного импульсного гидропривода 

 

Дмитрий Мищук 

 

Аннотация. Гидравлический привод ис-

пользуется в большинстве конструкций строи-

тельной и дорожной техники. Гидростатиче 
ский объемный привод позволяет рабочим ор-

ганам строительных машин воспринимать тя-

желые нагрузки с высокой скоростью передачи 

энергии. Все это дает преимущества по сравне-

нию с аналогичными соизмеримыми электри-

ческими приводами машин. 

Управление гидравлическим приводом мо-

жет быть пропорциональным и дискретным. 

Пропорциональное управление является более 

точным управлением в сравнении с дискрет-

ным, однако и более энергетически затратным. 

Дискретный режим переключения гидравличе-

ского привода может быть выполнен с исполь-

зованием высокоскоростного клапана, который 

широко используется для пилотных клапанов 

из-за их преимуществ с точки зрения простоты 

цифрового управления, низких потерь мощно-

сти и нечувствительности к загрязнению рабо-

чей среды. Однако для управления такими гид-

равлическими клапанами необходимо четко 

понимать и представлять принципиальные осо-

бенности работы импульсной гидравлической 

системы, знать оптимальные значения настроек 

системы управления и параметры переходного 

процесса, понимать взаимосвязи между вход-

ными управляющими сигналами и исходящими 

кинематическими параметрами. В представ-

ленной работе разработано математическую 

модель, которая позволяет исследовать дина-

мику быстродействующего клапана переклю-

чения потока жидкости для управления потре-

бителем гидравлической энергии. 

Математическое моделирование предлагает-

ся провести над типовой ячейкой гидравличе-

ской системы, состоящей из линейного гидрав-

лического цилиндра, который является потре-

бителем гидравлической энергии и высокоско-

ростного управляющего золотникового клапа-

на. Приводной золотниковый клапан состоит из 

корпуса внутри которого перемещается золот-

ник с приводом от соленоида, на входных кон-

тактах которого генерируется переменный маг-

нитный поток, формирующий переменную 

магнитную силу. Внутри корпуса быстроходно-

го клапана также установлено возвратную пру-

жину золотника, которая используется для его 

уравновешивания. 

Для управления клапаном на вход электри-

ческого соленоида подается напряжение пере-

менной частоты. Регулируя коэффициент за-

полнения сигнала управления широтно-

импульсной модуляцией, можно изменять ве-

личину тягового усилия золотника, выполняя 

тем самым его программное перемещение. Та-

ким образом будет происходить регулирован-

ное перекрытие щелей золотникового распре-

делителя, пропуская тем самым непрерывный 

поток и давление жидкости через распредели-

тель. 

Ключевые слова: быстродействующий 

гидравлический клапан, показатели управле-

ния, математическое моделирование. 


