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Abstract: The aim of the paper is to evaluate hydraulic systems in terms of energy and dynamic properties. There are flow and pressure losses that have influence on total 
efficiency of hydraulic systems. The systems are compared from lower effective to energy saving. There are described advantages and disadvantages of the systems in this 
work. Dynamic properties of the investigated energy saving Load-Sensing system were determined based on the system eigenfrequency. Dynamic behaviour of the system 
was performed by three different methods that were subsequently compared. 
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1 INTRODUCTION  
 

Hydraulic systems are applied in many spheres [1 ÷ 4], 
e.g. as drives of excavators, presses, cranes, hoists and 
loaders. These systems are mainly used for transmission of 
large forces at small sizes of equipment. Low wear, high 
service life, overload protection, possibility to accumulate 
energy and automatic motion belong to some advantages 
of hydraulic systems. On the contrary, these systems have 
certain disadvantages, e.g. pressure and flow losses, 
leakages, liquid compressibility and dependence of liquid 
viscosity on pressure and temperature. There are many 
requirements for hydraulic systems, e.g. acquisition costs, 
dependability, safety, service life, energy consumption, 
equipment dimensions, weight, range of operating 
parameters, emission reducing and dynamic behaviour. It 
is necessary to take into account these requirements in 
design of a concrete hydraulic system. 

The development of energy saving technologies 
belongs to more important goals throughout all fields of 
research at the present time [5, 6]. The production and 
utilization with high energy efficiency for industrial 
practices are significant to the world economy [7].    There 
is a tendency for reducing energy consumption of working 
machines by minimizing energy losses. Energy 
demandingness of hydraulic systems is in general 
connected with pressure and flow losses [8, 9]. This fact is 
reflected by increased operating costs and has a negative 
influence on manufacturing effectiveness and 
competitiveness of operators. Furthermore, excessive 
energy losses can cause a high-temperature heating of 
liquids. As a result, it is necessary to install a cooler in such 
a case. This fact leads to higher investment and operating 
costs of these hydraulic systems. For these reasons it is 
suitable to eliminate the energy losses in hydraulic systems 
by means of appropriate construction measures at the 
beginning of a design process.  

Dynamics of hydraulic systems is connected with 
pressure and flow pulsations that arise from process 
machines (e.g. hydraulic pumps). Subsequently, they can 
be propagated through the fluid-filled piping system [10]. 
The pulsations have a negative influence on functionality 
and service life of hydraulic components, system tightness 
and stability, cavitation, pressure fluctuation in a system, 
noise and mechanical vibrations [11]. The eigenfrequency 
of hydraulic systems belongs to a qualitative dynamic 

measure of hydraulic drives. If the excitation frequency of 
a given hydraulic system is consistent with its 
eigenfrequency, high-amplitude pressure and flow 
pulsations are generated in the system. Therefore, it is 
necessary to avoid the operation of a given hydraulic 
system at its eigenfrequency. Pressure and flow pulsations 
are also generated at low excitation frequencies of 
hydraulic systems. For this reason, it is necessary to ensure 
the minimum system eigenfrequency [12] depending on 
the given hydraulic system. If unwanted mechanical 
vibrations occur in hydraulic systems, it is desirable to 
suppress them in a suitable manner, e.g. by means of elastic 
mounting of machines, active damped material structures 
and placement of accumulators in these systems [10, 13] 

This paper is focused on examination of hydraulic 
systems in terms of energy savings and dynamic behaviour. 
Hydraulic systems are firstly compared in terms of energy 
savings, which are very important for system operators. 
The systems are compared from lower effective to energy 
saving on the basis of their efficiency. There are also 
described advantages and disadvantages of different 
hydraulic systems in this work. The second part of the 
paper deals with dynamic behaviour of the energy saving 
Load-Sensing (LS) system. The eigenfrequency of the 
investigated LS system at given operating conditions is 
determined by three different methods, namely by 
experimental measurement, mathematical simulation and 
by means of empirical formula. These methods are 
subsequently compared in the conclusion of the paper. 
 
2 EFFICIENCY OF HYDRAULIC SYSTEMS 
  

Energy consumption is an important parameter for 
operators of hydraulic systems. Energy balance of a 
hydraulic system is characterized by its efficiency. 

The efficiency η [4, 14, 15] of hydraulic systems is 
expressed by the ratio: 
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=η                                                                        (1) 

 
where P1 is input power of hydraulic pump, and P2 is 
effective power of a consumer. 

The power P is defined by the formula:  
 

,pQP ⋅=                                                                       (2) 
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where Q is flow of working liquid, and p is working 
pressure. 

There are different types of energy losses in hydraulic 
systems, e.g. pressure drops due to viscous friction in 
hydraulic lines, local pressure drops across throttle valves, 
flow losses through relief valves, energy losses in 
hydrostatic converters, liquid leakages etc. Energy losses 
are influenced by many factors, e.g. by liquid type, flow, 
working pressure, liquid density, temperature and 
viscosity, materials of hydraulic components and lengths 
of hydraulic lines. It is suitable to eliminate energy losses 
in hydraulic systems by appropriate measures. It is possible 
to eliminate energy losses by application of energy saving 
hydraulic systems too. 

There are taken into account only energy losses across 
throttle, pressure and relief valves in this work. Other 
energy losses are neglected in this case. A perfect tightness 
in connections of hydraulic components is also assumed. 

 
3 ENERGY SAVING HYDRAULIC SYSTEMS 
  

Different connection methods of hydraulic systems 
and their energy balance are described in this chapter.                                                                
 
3.1 System with Non-Regulatory Pump, Relief Valve and 

Throttle Valve  
  

The minimum efficiency is achieved in case of the 
hydraulic system with the non-regulatory hydraulic pump 
HP (i.e. with the constant flow Q1), the relief valve RV (i.e. 
with the constant pressure p1) and the throttle valve TV 
which is used in order to adjust the flow Q2 and thereby 
speed of movement of the hydraulic motor HM [14, 16]. 
The schematic diagram of this hydraulic system and its 
energy balance for two operation conditions (i.e. the points 
A and A') are shown in Fig. 1. There are flow losses 
through the relief valve and pressure drop across the 
throttle valve in this case. The loss flow Ql through the 
relief valve is given by the difference of the input flow Q1 
and the output flow Q2. For the above-mentioned reasons 
the efficiency of the hydraulic system is given by the 
equation: 
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The maximum efficiency ηmax = 0,38 is obtained at the 

pressure p2 = 2/3⋅p1. 
The flow Q2 through the throttle valve is defined by the 

formula [17 ÷ 20]: 
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where Av is throttle area, µ is flow coefficient, ∆pv is 
pressure gradient across the throttle valve, and ρ is liquid 
density.  

It is evident from Eq. (4) that the flow Q2 depends on 
the pressure gradient ∆pv, which is changed as a result of a 

load change of the hydraulic motor. For this reason, the 
flow Q2 is also changed. It is a further disadvantage of this 
system. This deficiency is eliminated by means of two-way 
throttle valve with pressure gradient stabilization [17]. 

 

 
Figure 1 Schematic diagram and energy balance of hydraulic system with non-

regulatory pump, relief valve and throttle valve 
 
3.2 System with Two-Way Throttle Valve and Pressure 

Gradient Stabilization 
 

Fig. 2 shows the hydraulic system with the two-way 
throttle valve and pressure gradient stabilization and its 
energy balance. The throttle valve TV and the pressure 
valve PV are arranged in series in this system. The 
efficiency of the system is expressed by the equation: 
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where ∆pR is pressure gradient across the pressure valve.  

As in the previous case, the maximum efficiency 
ηmax = 0,38 is obtained at the pressure p2 = 2/3⋅p1. The 
pressure gradient ∆pv across the throttle valve is 
maintained constant at different loads of the motor HM. 
For this reason the flow Q2 according to Eq. (4) is 
independent on a motor load. 

 

 
Figure 2 Schematic diagram and energy balance of hydraulic system with two-

way throttle valve and pressure gradient stabilization 
 

3.3 System with Three-Way Throttle Valve and Pressure 
Gradient Stabilization 

 
It is possible to obtain a higher efficiency by 

application of the three-way throttle valve and pressure 
gradient stabilization [12]. In this case the throttle valve TV 
and the pressure valve PV are arranged in parallel (see Fig. 
3). The relief valve RV is only used for system protection 
against overload. The pressure gradient across the throttle 
valve ∆pv is constant and negligible, in this case 
∆pv = (0,5 ÷ 1,0) MPa.  
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There are flow losses through the pressure valve and 
pressure drop across the throttle valve in this system. A 
higher efficiency of the system with the three-way throttle 
valve and pressure gradient stabilization is in general 
achieved at higher loadings of the motor HM and is given 
by the formula: 
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Figure 3 Schematic diagram and energy balance of hydraulic system with three-

way throttle valve and pressure gradient stabilization 
 
3.4 System with Constant Pressure Control 
 

The system with the hydraulic pump HP, the pressure 
regulator PR and the throttle valve TV [14, 16] allows to 
achieve the maximum efficiency ηmax = 0,67. The 
schematic diagram and energy balance of this system are 
shown in Fig. 4. There is only pressure drop across the 
throttle valve TV in this system. The flows are equal (i.e. 
Q1 = Q2). For this reason, the efficiency of the system is 
expressed by the equation: 
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Figure 4 Schematic diagram and energy balance of hydraulic system with 

constant pressure control 
 

3.5 Load-Sensing Systems 
 

It is possible to obtain significant energy savings by 
means of Load-Sensing (LS) systems [21]. There are LS 
systems with open center or closed center [22]. The 
example of the LS system with the hydraulic pump HP and 
the flow regulator FR is shown in Fig. 5. The flows (i.e. 
Q1 = Q2) are adjusted by the control valve CV, most 
frequently by a proportional valve. For this reason, the 
energy dissipation into thermal energy occurs only on the 
control valve with the pressure gradient ∆pv = (1 ÷ 2) MPa, 
which is maintained constant [23, 24] independently of a 

motor load. Then the flows are also independent on a load 
change of the motor. The efficiency of this system is given 
as follows [14]: 
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 It is evident from Eq. (8), that higher efficiencies of LS 
systems are in general achieved at higher operating 
pressures p2. 
 

 
Figure 5 Schematic diagram and energy balance of Load-Sensing system  

 
3.6 System with Regulating Pump and Programmable 

Control System 
 

It is possible to achieve the theoretical maximum 
efficiency ηmax = 1 in case of the system with the flow-
regulating hydraulic pump HP and a programmable control 
system [16] (see Fig. 6). The flow of the system is 
controlled on the basis of the angular displacement α of an 
axial piston hydraulic pump [25]. Real and required values 
of the displacement are mutually compared by means of the 
control system. This hydraulic system is controlled without 
throttle elements. It is a big advantage of the system. On 
the contrary, expensiveness, dynamic properties and 
limited application possibilities belong to disadvantages of 
this system.  

 

 
Figure 6 Schematic diagram and energy balance of hydraulic system with flow-

regulating pump and programmable control system 
 
4 DYNAMIC BEHAVIOUR OF LOAD-SENSING SYSTEM 
  

Dynamics of hydraulic systems belong also to 
important criteria at their operation. Dynamic behaviour is 
influenced by periodic pressure pulsations. For this reason, 
hydraulic components are permanently stressed. There are 
forced and free periodic oscillations in hydraulic systems 
[17]. Forced oscillations are obtained by a response to a 
periodic excitation signal. Free oscillations are caused by 
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transient changes of systems. If the system eigenfrequency 
is equal to the system excitation frequency, periodic 
oscillations with uncontrollable pressure or flow 
amplitudes can be generated in the system. A system 
failure may also occur. For the above-mentioned reasons it 
is necessary to eliminate pressure and flow pulsations in 
hydraulic systems. 

The eigenfrequency f0 of hydraulic systems is a very 
important quantity in terms of dynamic assessment of the 
systems. It is a qualitative measure of drives. Processes of 
acceleration and deceleration in hydraulic systems are slow 
at low eigenfrequency values. Movements of hydraulic 
motors are uneven in this case [12]. For these reasons, it is 
necessary to ensure a minimum eigenfrequency value of a 
given hydraulic system.  

The system eigenfrequency can be investigated by 
means of experimental measurements, mathematical 
simulations or empirical formulas [17]. 

 
4.1 Investigated Load-Sensing System 
 

Dynamic properties were investigated on the energy 
saving open center Load-Sensing system, which is 
schematically shown in Fig. 7. The view of the system is 
shown in Fig. 8.  

 

 
Figure 7 Schematic diagram of the investigated LS system 

 
The hydraulic pump HP is a pressure source of the 

system. The relief valve RV1 is used for protection of the 
LS system against overload. Hydraulic oil flows through 
the control block CB to the hydraulic motor HM and back 
to the tank T (see Fig. 7). The control block consists of the 
proportional distributor PD, the three-way pressure valve 
PV, the logical valve LV and the relief valve RV2. The 
pressure drop across the distributor remains constant 
independently of load change [23, 24], i.e. 
∆pv = (1 ÷ 2) MPa. For this reason, the output flow Q2 is 
constant too. The loading device of the motor consists of 
the brake B (from Škoda Felicia car) and two movable 

disks (see Fig. 8). The disks allow to adjust a size of mass 
moment of inertia on the motor HM. Oil flows in the output 
line through the cooler C, the filter F (or the unidirectional 
valve UV) to the tank T. The pressures p1 and p2 were 
measured by the pressure sensors PS1 and PS2. The flow Q2 
through the motor was measured by the flowmeter FM. The 
above-mentioned quantities were evaluated by means of 
the measuring equipment M5000 Hydrotechnik (see Fig. 
9). The pressure pT was measured by the manometer M. 
The thermometer TM was used for oil temperature 
measurement. 

 

 
Figure 8 View of the investigated LS system 

  

 
Figure 9 View of measuring equipment M5000 Hydrotechnik 

 
4.2 Determination of Eigenfrequency of LS System 
 

Dynamic properties of the LS system were 
investigated for the oil bulk modulus K = 7,34×108 Pa, the 
pressure p2 = 8 MPa and the moment of inertia on the 
rotary hydraulic motor JM = 6×10−2 kg⋅m−2. The bulk 
modulus value depends mainly on the working pressure p2 
and was experimentally obtained by volume method based 
on oil compressibility [17, 26, 27].  

The eigenfrequency of the LS system for the above-
mentioned operating condition was investigated by three 
different methods. 

 
4.2.1 Experimental Measurement  

 
Experimental determination of dynamic properties of 

hydraulic systems can be realized by time-response 
characteristic (i.e. a unit step response), by response to a 
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general input or by frequency characteristic (i.e. response 
to a periodic input signal at various excitation frequencies).  

The experimental measurement of the system 
eigenfrequency f0 was performed by a step change of the 
motor load and for the oil flow Q2 = 3,33×10−5 m3⋅s−1. For 
this reason the pressures p1 and p2 were suddenly increased 
(see Fig. 10). It is evident that the pressure drop across the 
proportional distributor remains constant (i.e. ∆pv = p1 – p2 
≅ 1,4 MPa) independently of the motor load. Similarly, the 
flow Q2 through the distributor PD and the motor HM is 
constant too.  

 

 
Figure 10 Time-response characteristics of pressures p1 and p2 

 

 
Figure 11 Frequency dependence of power spectral density 

 
The eigenfrequency of the LS system under this 

operating condition was obtained by means of fast Fourier 
transform [28 ÷ 33], which is applied for spectral analysis. 
The result of the analysis is the power spectral density G 
(i.e. a measure of energy at various excitation frequencies) 
[34]. The frequency dependence of the power spectral 
density is shown in Fig. 11. The eigenfrequency f0 of the 
investigated system is achieved at the maximum value of 
the power spectral density, in this case f0 = 8,20 Hz (see 
Fig. 11).  

 
4.2.2 Mathematical Simulation  

 
The mathematical simulation of dynamic behaviour of 

the investigated open center LS system was performed 
under these conditions: 

1. The hydraulic pump is a source of constant flow Q1 
independently of motor loads. 
2. The output pressure pT (see Fig. 7) is supposed 
constant. 
3.  Resistances to motion and acceleration of the line 
between the distributor and the motor are much smaller in 
comparison with resistances to motion and acceleration of 
the rotary motor. For this reason, the resistances to motion 
and acceleration of the line are neglected. 

Dynamic properties of the three-way pressure valve 
(see Fig. 12) and the proportional distributor for a load 
increase (i.e. motion of the slide valve of the pressure valve 
to the right) and a constant slide valve opening of the 
distributor are expressed by the equations [17]: 

 

( )
2
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dd
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tt
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where: m is reduced mass of the slide valve of the pressure 
valve (m = 0,21 kg), x is slide valve displacement of the 
pressure valve, t is time, b is damping coefficient of the 
slide valve of the pressure valve (b = 100 N⋅s⋅m-1), k is 
spring stiffness of the pressure valve (k = 15 329 N⋅m-1), 
A = π⋅D2/4 is slide valve area of the pressure valve 
(A = 2,54×10−4 m2), D is slide valve diameter (D = 18 mm), 
ST is pressure valve sensitivity (ST = 6,22 m2⋅s−1), Zv is 
leakage permeability of the proportional distributor 
(Zv = 1,2×10−11 N−1⋅m5⋅s−1), and ZT is leakage permeability 
of the pressure valve (ZT = 6,4×10−10 N-1⋅m5⋅s−1). 
 

 
Figure 12 Cross section of pressure valve 

 
Dynamic behaviour of the rotary hydraulic motor is 

described by the following equations [17]: 
 

2 ML M
M

M M M

d ,
d

MQ p p R Q
t L L L

∆
= − − ⋅               (12)                              

2 2 M M
2

M M M

d ,
d
p Q Q Z p
t C C C
= − − ⋅                (13)                              

where QM is real flow through the rotary motor, ∆pML is  
motor load, RM is motor resistance to motion 
(RM = 1010 N1⋅m−5⋅s), LM is motor resistance to 
acceleration (LM = 1,53×109 N⋅m−5⋅s2), CM is motor 
capacity including oil volume in the supply line between 
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the motor and the distributor (CM = 2,3×10−13 N−1⋅m5), 
and ZM is leakage permeability of the rotary motor 
(ZM = 2,6×10−13 N−1⋅m5⋅s−1). 

The values of the above-mentioned quantities were 
experimentally obtained and are described in detail in [17]. 
The above-mentioned system of the equations 
Eq. (9) ÷ Eq. (13) was solved by the Runge-Kutta 4th order 
method [35] using Mathcad software [36]. 

Fig. 13 shows the time dependence of the input 
pressure change ∆p1 for the step change of the motor load. 
The pressure p2 was increased from 3 MPa to 8 MPa 
(i.e. ∆pML = 5 MPa) in this case. It is visible (see Fig. 13), 
that the pressure dependence is oscillating around the 
steady state value ∆p1 ≅ 5 MPa with the period of 
oscillation T ≅ 0,124 s. The eigenfrequency f0 of the 
investigated LS system in the given operating condition is 
subsequently determined from reciprocal of the period of 
oscillation: 

 

0
1 8,04 Hz.f
T

= ≅                    (14) 

 

 
Figure 13 Time dependence of input pressure change ∆p1 due to step 

change of motor load 
 
Fig. 14 demonstrates the time dependence of the 

output flow change ∆Q2 for the step change of the motor 
load ∆pML = 5 MPa. Similarly, the time dependence of the 
displacement change ∆x of the slide valve of the pressure 
valve for the same step change is shown in Fig. 15. It is 
evident that the time dependencies of the simulated 
quantities are again periodic (see Fig. 14 and Fig. 15) with 
the period of oscillation T ≅ 0,124 s and the 
eigenfrequency f0 = 8,04 Hz as in the case of the input 
pressure change (see Fig. 13). 

 

 
Figure 14 Time dependence of output flow change ∆Q2 due to step change of 

motor load  
 

 
Figure 15 Time dependence of slide position change ∆x of pressure valve due 

to step change of motor load  
 

It is possible to investigate the dynamics of the LS 
system on the basis of a step displacement change of the 
slide valve of the proportional distributor at a constant 
motor load too. 
 For example, a slide valve throttling (i.e. motion of the 
slide valve of the pressure valve to the left) of the 
proportional distributor is assumed. In this case, dynamic 
properties of the distributor and the three-way pressure 
valve are expressed by these equations [17]:  
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1 22
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dd
x xm b k x p p A

tt
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( )T T 1 1 2
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( )2 1 2
d ,
dv v
xQ S y Z p p A
t

= ⋅ + ⋅ − + ⋅                       (17)                             

 
where Sv is proportional distributor sensitivity 
(Sv = 1,11×10−2 m2⋅s−1), ∆y is slide valve throttling of the 
distributor, and y is slide valve displacement of the 
distributor. 
 Dynamic behaviour of the rotary hydraulic motor is 
described by Eq. (12) and Eq. (13) in this case. 
 The mathematical simulation was performed using 
Mathcad software for the step displacement change (i.e. for 
the step slide valve throttling) ∆y = −0,002 m of the slide 
valve of the proportional distributor and for a constant 
motor load.  
  

 
Figure 16 Time dependence of output pressure change ∆p2 due to step 

displacement change of slide valve of proportional distributor 
 
Fig. 16 shows the time dependence of the output 

pressure change ∆p2 for the step displacement change of 
the slide valve of the distributor. It is evident that the 
pressure p2 is slightly decreased in consequence of the slide 
valve throttling. The pressure course is damped periodic 
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with the period of oscillation T ≅ 0,124 s and the 
eigenfrequency f0 = 8,04 Hz, as in the case of the above-
mentioned step change of the motor load.  

Similarly, the time dependencies of the output flow 
change ∆Q2 (see Fig. 17) and the displacement change ∆x 
of the pressure valve (see Fig. 18) are periodic with the 
same system eigenfrequency f0 = 8,04 Hz for the step 
displacement change of the slide valve of the proportional 
distributor. 
 

 
Figure 17 Time dependence of output flow change ∆Q2 due to step 

displacement change of slide valve of proportional distributor 
 

 
Figure 18 Time dependence of slide position change ∆x of pressure valve due 

to step displacement change of slide valve of proportional distributor 
 
4.2.3 Empirical Formula  

 
Empirical formulas are used for an approximate 

determination of eigenfrequency values under given 
operating conditions. There are different empirical 
formulas for determination of the eigenfrequency [12]. In 
case of the investigated LS system with the rotary 
hydraulic motor and minimum output pressure pT (see Fig. 
7), the system eigenfrequency is given by the equation [12, 
17]: 

 

( )
M

0 2
M M 1

,
0 54 π

V Kf
J , V V

= ⋅
⋅ ⋅ +⋅

                                (18) 

 
where VM is geometric volume of the rotary motor 
(VM = 39,36×10−6 m3), and V1 is oil volume between the 
motor and the proportional distributor (V1 = 149×10−6 m3).  

Substituting the quantity values into Eq. (18), the 
system eigenfrequency f0 = 8,49 Hz. 

 
4.3 Comparison of Methods 
 

The eigenfrequency values for the given operating 
condition of the investigated LS system were obtained by 

three different methods. Their comparison is adduced in 
Tab. 1.  

 
Table 1 Values of eigenfrequencies determined by different methods 

Method Eigenfrequency f0 / Hz 
Experimental measurement 8,20 
Mathematical simulation 8,04 

Empirical formula 8,49 
 
It was found that the obtained values of the system 

eigenfrequency are very similar. It is visible mainly in 
comparison of the measured and simulated values. 
Empirical formulas are only used for an approximate 
determination of eigenfrequency values. 

In case of systems with proportional valves [12], it is 
necessary to ensure the minimum system eigenfrequency f0 

min = 4 Hz. For this reason the investigated LS system is 
stable.  

The eigenfrequency of hydraulic systems can be 
increased by different measures, e.g. by a perfect venting 
of working liquid, by elimination of liquid volume in 
hydraulic systems (i.e. by means of short hydraulic lines) 
and by location of a control valve near hydraulic motors. 

 
5 CONCLUSION 

 
Hydraulic systems are widely used in many areas, e.g. 

in manufacturing industry, aviation, agriculture and means 
of transport. Nevertheless, there are different requirements 
for these systems. 

The aim of the paper was to investigate energy and 
dynamic properties of hydraulic systems. The first part of 
the paper was focused on comparison of different types of 
hydraulic systems in terms of their efficiency. The systems 
were compared from lower effective to energy saving. 
Advantages and disadvantages of these systems were also 
described. The second part of the paper was devoted to 
determination of the eigenfrequency of hydraulic systems. 
The eigenfrequency is a qualitative measure of drives. It is 
necessary to ensure a minimum value of the system 
eigenfrequency. The eigenfrequency was investigated for 
the open center Load-Sensing system, which belongs to 
energy saving hydraulic systems. The eigenfrequency was 
determined by means of three different methods, i.e. by 
experimental measurement, mathematical simulation and 
empirical formula. It can be concluded that a relatively 
large consensus was achieved between the experimental 
measurement and the mathematical simulation. 
Mathematical simulations are advantageous mainly from 
time and financial aspects. Furthermore, they are relatively 
simple and allow simulating different operating conditions 
of hydraulic systems. For these reasons, mathematical 
simulations are frequently applied at the present time. 
Empirical formulas are only used for an approximate 
determination of system eigenfrequencies under given 
operating conditions, e.g. in the design phase. 

Energy and dynamic properties of hydraulic systems 
belong to important criteria during their operation. Energy 
consumption of hydraulic systems is connected with 
pressure and flow losses that have a negative influence on 
system efficiency and can lead to excessive heating and 
aging of working liquids. Therefore, the application of 
energy saving systems belongs to today’s trends. Dynamic 
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behaviour of hydraulic systems is connected with pressure 
and flow pulsations that have a negative effect on 
functionality and service life of hydraulic components, 
system tightness, stability, safety etc. In the worst case, 
these pulsations can lead to a system crash. High-amplitude 
pulsations occur at low excitation frequencies and 
eigenfrequencies of hydraulic systems. For this reason, it is 
necessary to avoid working processes of hydraulic systems 
at these frequencies in order to ensure their reliable 
operation. 
 
Acknowledgements 

 
The Ministry of Education, Youth and Sports was 

supported this work from the OP VVV project "Centre for 
Research of Advanced Mechatronic Systems" - 
CZ.02.1.01/0.0/0.0/16_019/0000867. 
 
Symbols 
 
A area (m2) 
b damping coefficient (N⋅s⋅m−1)    
C capacity (N−1⋅m5)   
d displacement (m)    
D diameter (m)    
f0 eigenfrequency (Hz)   
G power spectral density (bar2⋅s−1)  
i electric current (A)    
J moment of inertia (kg⋅m−2)   
k stiffness (N⋅m−1)   
K bulk modulus (Pa)    
L resistance to acceleration (N⋅m−5⋅s2)  
m mass (kg)    
p pressure (Pa)    
∆p pressure change, pressure drop (Pa)    
P power (W)    
Q flow (m3⋅s−1)    
∆Q flow change (m3⋅s-1)    
R resistance to motion (N1⋅m−5⋅s)   
S valve sensitivity (m2⋅s−1)   
t time (s)    
T period of oscillation (s)    
u voltage (V)    
V volume (m3)   
VM geometric volume of hydraulic motor (m3)   
x slide valve displacement of pressure valve (m) 
∆x displacement change (m)    
y slide valve displacement of distributor (m)   
∆y displacement change (m)    
Z leakage permeability (N−1⋅m5⋅s−1) 
α angular displacement (°)    
η efficiency    
µ flow coefficient    
π Ludolph’s number    
ρ density (kg⋅m−3)   
 
Abbreviations 
 
B  brake 
C  cooler 
CB  control block 
CV  control valve 

F  filter 
FM  flowmeter 
FR  flow regulator 
HM  hydraulic motor 
HP  hydraulic pump 
LS  load-sensing 
LV  logical valve 
M  manometer 
M  hydraulic motor 
ML  motor load 
PD  proportional distributor 
PR  pressure regulator 
PS  pressure sensor 
PV  pressure valve 
R  pressure reducing valve 
RV   relief valve 
T  tank 
TM  thermometer 
TV  throttle valve 
UV   unidirectional valve 
V  valve 
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