
TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE – 2013, Vol. 13, No. 1, 113–118

Modelling of operational cycle of hydraulic drive of lifting mechanism 
on the basis of axial piston hydraulic machines with discrete control

Ilia Nikolenko, Andrey Ryzhakov

National Academy of Environmental Protection and Resort Development, 
181, Kievskaya str. , 95493 Simferopol, Autonomous Republic of Crimea, Ukraine

E-mail: napks@napks.edu.ua

Received January 25.2013; accepted March 14.2013

Summary. The mathematical model of hydraulic drive of lifting 

mechanism on the basis of discretely controlled bent axial piston 

hydraulic machines is developed. The model allows investigating 

of features of transients in hydraulic drive and control unit asso-

ciated with the change of its operation mode, including physical 
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INTRODUCTION

The use of axial piston adjustable pumps and hydraulic 

motors in hydraulic drives of lifting mechanisms provides 

an ability of machines operating elements’ speed control, 

with virtually no loss of energy by changing of hydraulic 

machines displacement. For lifting mechanisms it is enough 

to ensure the functioning of their operating elements in 

two modes: speed range operation (for operating element 

movement without load or with a cargo at the mean phase 

of lifting) and slow mode (for phases of cargo breakaway 

and completion of cargo movement). To ensure these two 

operation modes, one adjustable hydraulic machine with 

of the second adjustable hydraulic machine in hydraulic 

drive allows increasing the number of different speeds of 

lifting mechanism up to four. Thus there is no need for 

manual or proportional control of lifting mechanism hy-

draulic drive, that requires rather complicated scheme of 

automatic control and increases the initial cost of hydraulic 

mechanism’s several speeds provides increasing of per-

formance and workmanship of lifting machine, as well as 

reliability of the hydraulic drive. 

Changing time parameters of discrete control of hy-

draulic drive, one can affect the nature of transients in the 

hydraulic system.

Design solution and features of individual devices of 

value change of hydraulic machine displacement and nature 

of displacement control system.

The objective of this paper was the creation of a mathe-

matical model of lifting device hydraulic drive which allows 

carrying out numerical experiments for studying of progress 

of the transients and stable processes in hydraulic drive 

depending on its design features, physical and mechanical 

element of a lifting machine.

Results of numerical experiments can be used for optimi-

zation of discrete control procedure and technical parameters 

of hydraulic drive elements.

Hydraulic drive of lifting device comprises two bent 

-

draulic motor) with discrete two-level control of displace-

ment (Fig. 1.). Pressure value in the discharge line of 

of throttle (Th1).

Discrete change of displacement of the hydraulic ma-

hydraulic cylinders Hc, located in the control line (dashed 

line in Fig. 1.). Connection of hydraulic cylinders Hc is 

carried out by hydraulic distributors Hd.
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When developing a mathematical model of the hydraulic 

– wave actions in pipelines are neglected [4] because of 

the short length of pipelines and minimum pressure loss 

– no wave actions accompanying the transition of hydrau-

lic cylinders of pumping unit from zone of suction to 

discharge zone and vice versa,

– little effect of friction forces in the piston supports on 

dynamics of pumping unit movement. 

The following systems of equations are the basis of the 

mathematical model. Changes of pressure plp  in discharge 

line of hydraulic drive and hydraulic motor speed mw  are 

found by simultaneous solving of equation of continuity (1), 

equation of moments (2), kinematic equations for hydraulic 
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In equations (4): dp  – pressure in damping cavity of 

z – offset of shut-off-and-regulating el-

gtrF and gF – liquid friction forces 

and hydrodynamic force acting on shut-off-and-regulating 

 – cone angle of shut-off 

VQ
and throttle Th1 are given by the equation (5):
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control line of hydraulic drive between the discharge line 

and cavities of hydraulic cylinders Hc, at displacement de-

displacement increasing – by the equation (7):

1
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Relationship of the mathematical model of the stroker 

of displacement increasing and decreasing, respectively) 

opQ to ensure the 

operation of the stroker:

Fig. 1. 

basis of discrete control axial-piston hydraulic machines
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clp
in the control line (Fig. 1); y – offset of hydraulic cylinder 

piston Hc; 1,2HcS - area of larger and smaller sections of 

hydraulic cylinder piston Hc, respectively; HcV  – ap-

propriate minimum cavity volumes of hydraulic cylinder.

Dynamics of hydraulic cylinder piston Hc of hydraulic 
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gtrF  – viscous friction force of 

the hydraulic cylinder piston; GF – force applied to hydrau-

lic cylinder piston Hc by weight of hydraulic machine pump-

ing unit on the control block; trF – sliding frictional force 

of the hydraulic distributor; inF – oscillating inertial force 

of the pistons of pumping unit;  – bent angle of cylinder 

block. bcS – sectional area of the piston of pumping unit; 

sS  – the effective surface area of the distributor, on which 

squeezing pressure of discharge line acts;  – phase shift 

between the pistons of pumping unit; pm and pitm – mass-

es of the piston and piston rod of pumping unit, respectively.

For lifting device, external forces of torque value cM

the moment equation (2) is found by solving [11] of equa-

tions (11). For generation of the equations (11), as a part of 

the engineering approach, let us present the hoisting rope 

as a bar, endowed with longitudinal stiffness k  of the rope. 

Tension in the rope is assumed to be uniformly distributed 

over its cross-section:
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In the equations (11): h – shifting of cargo with weight 

G Mg ; – damping factor; ia – inertia of accelera-

tion; bD – diameter of the lifting device unit; tr  – time 

constant of internal friction; dE – dynamic modulus of 

elasticity; a – wave velocity in spiral ropes. Dependences of 

main parameters that characterize physical and mechanical 

aE ,

density –  and dynamic viscosity –  from pressure of 

p  and percentage of non-dissolved air [12] are 

given by equations (12):

exp
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In equations (12): , aE ,  – the values of dynamic 

pressure p . The parameters aA , aB k  are deter-

The system of equations (1 – 12) contains the nonlinear 

differential equations, which eliminates the possibility of its 

analytic solving. The system was integrated numerically by 

of numerical experiments allow conducting work analysis 

of both individual hydraulic drives and the whole hydraulic 

system. The results of numerical modelling of complete cy-

cle of hydraulic drive operation were obtained that provide 

two possible speeds of lifting mechanism. Complete cycle 

of operation of lifting mechanism includes: cargo breakaway 

at the lowest speed, cargo movement at the maximum speed 

of movement and the completion of movement at the lowest 

speed. To analyze the effect of different parameters on the 

hydraulic drive operation various factors were changed: time 

change of hydraulic drive operation mode and physical 

cm

,

.



,

density , adiabatic bulk modulus aE  and percentage of 

m

describing the dependence of values ,  and aE  from 

pressure were compared. The values of the parameters that 

were used for graphing in Figures 2 – 4 are shown in Table 1.

Ta b l e  1 .  

,
s

,
s

,
s

,
s2/

cm2

aE , m ,
%

1 1 p p aE p

2 1 1.78 10-8 10-8 aE p

1 1.78 -8
-8

4 p p aE p

5 p p aE p 5

- - p p aE p

The parameters’ values ,p p and E p  are 

considered as functions of pressure in this part of hydraulic 

drive and were found by equations (12). Time 

with values values 112MV up to  up to 
hydraulic system.

MV , and time , and time 

– the beginning of its increase up to the initial value.

line of the hydraulic drive under different operation modes 

are shown. 

Fig. 2. Pressure in discharge line of lifting device hy-

draulic drive under different operating conditions

in the discharge line of hydraulic drive during the tran-

sition process associated with actuation of hydraulic 

(Fig. 2.), decrease of motor displacement (from value –

112MV cm up to MV cm ) began upon expiration 

of time 1s  after hydraulic drive starting, the reverse 

change MV began in time period s  from the 

moment of process starting. For processes in graphs 4 and 

5 displacement decrease MV  began at s . Du-

ration of stable process, between changes of displacement 

MV , was given as a minimum value in order to reduce 

computation time.

causes pressure boost in the discharge line of hydraulic 

drive up to value – 
max

pl plp p , where 
max
plp  – 

maximum pressure surge at actuation of hydraulic drive 

without changing of hydraulic motor displacement. In 

process similar to process 1 are shown, but density and 

viscosity parameters were considered as depended con-

stant values (Table 1.). From these calculations it follows 

that such a simplification of the model affects only the 

analysis of non-stable processes and leads to a relative 

error in the amplitude of pressure pulse, which does not 

exceed 12%. 

Fig. 3. Changes of hydraulic motor displacement at varying of 

cargo lifting speed

The difference in response time of the control system is 

observed, despite the fact that the differential circuit con-

nection of hydraulic cylinder Hc2, piston sectional area 

ratio is equal to 2 1 2Hc HcS S . It can be explained 

-

tle Th is located which slows down pressure increase in 

the control line at displacement decrease of the hydraulic 

machine. Dynamics of pressure change in the control line 

for processes 1 and 5 is shown in Fig. 4. Comparison of 

the high rate of motor displacement decrease, at the initial 

phase of the process is directly connected with pressure 

surge of the control line.

Dependencies for the transient process 5, in contrast 

undissolved air bubbles on physical and mechanical prop-

This feature leads to increase compressibility of power 

process (Fig. 2.) and increase the value of pressure starting 

level in the control line (Fig. 4).
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Fig. 5. Dynamics of hydraulic motor shaft acceleration under 

different operation modes of hydraulic drive of lifting device. 

Figure 5 shows the time dependence of angular speed of hydrau-

lic motor shaft under different operation conditions of hydraulic 

expected increase of hydraulic motor shaft speed, at changing its 

speed increase at the beginning of cargo lifting can be achieved 

by use of control 4

The numerical experiments show the possibility of use of 

the developed model to simulate the transient and stable state 

processes in hydraulic drive of lifting mechanism on the basis 

of discretely controlled bent axial piston hydraulic machines.

The numerical calculations within the framework of 

the developed model can be used for optimization of the 

control procedure of lifting mechanism for road building 

machine for the purpose of decrease of negative impact of 

performance and workmanship of lifting machine, as well 

as reliability of the hydraulic drive.
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Fig. 4. Pressure change in the control line at hydraulic motor 

displacement change




