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Abstract

Through design of a hydraulic systems various methods can be used for increasing system efficiency. Increasing
efficiency while at the same time maintaining reliability and energy consumption is far from an easy task. In this article
author have used mathematical and empirical evidence while trying to accomplish aforementioned. Design of hydraulic
system is based on reliability theory and results are compared with the data collected from empirical sources and articles
from previous research in the field. Based on simulation it is possible to increase efficiency of a hydraulic system either
at design stage or during exploitation. Results from statistical modeling and simulation show that it is possible to improve
system efficiency and therefore achieve higher overall system performance.
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1. Introduction

Reliability theory is a science that studies the probability of failures in technical systems and their components (sub-
systems, set, subset, parts)[1]. Notion of reliability, generally, should be comprehend as the property of a system to operate
without a failure in different environmental conditions and modes in a specific period (t). Since authors are investigating
design of a system based on reliability, much needed data is required. Therefore, it is a very complex task since, beside
requiring large amount of statistical data on components, it also depends on other factors that influence operating
conditions of a hydraulic system. Hence, reliability is driven by probability and statistics.

Hydraulic system is a core of control and power transmission. It is very imporant to design system properly or it can
backfire with great losses to system overall. Therefore, it is very important to evaluate reliability of complex hydraulic
system[2]. Many [2][3][4][5] have recognized the importance of reliability theory in hydraulic maintenance and design
in order to improve overall system performance. Analysis of hydraulic system's operation indicates that reliability of a
system and components depends on a large number of various factors, which are often interrelated in a complex manner.
This factors can include: mechanical properties of components, material fatigue, loads, time in exploatation, oil
degradation, contamination, maintenance, etc. Operating conditions have a significant role concerning reliability of a
hydraulic component, which have been discussed by various researchers [4][6][7].
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Beside aforementioned, similiar investigation concerning reliability of the hydraulic system design have been done in
terms of impact that vibration has on a hydraulic pressure pipeline systems. It is claimed by the same authors that the
research in terms of reliability of hydraulic components is still incomplete[8].

Some have used different tools and methods to investigate reliability of a failure for specific component in hydraulic
system, such as FMEA. For example, Prado and de Souza [9] used Failure Modes and Effects Analysis (FMEA) for
hydraulic system (hydraulic press) while aiming to define the critical components and the effects of their failures on the
press performance.

Jocanovi¢[7] studies the impact of changes of working parameters in hydraulic system (values of pressure, temperature
and viscosity of hydraulic fluid to the number and size of solid particles that pass through the gap in the hydraulic
component) and their impact on the reliability of components in the system. Karanovi¢[6] studies the influence of
microscale solid particles on the critical operational performances of the most common type of tribo-couples in power
hydraulic components — directional valve. From results of experimental analysis by Karanovi¢[6] it can be concluded that
contamination has a great impact on system reliability and hydraulic component lifecycle.

Basic equations are used from [1][10] in order to calculate hydraulic system reliability in writing of this paper.
Moreover, reliability of a system can be increased exclusively during the designing stage, while at every other lifecycle
stage the reliability tends declining. The presented hydraulic model is used from [4] as a guideline example. While
redesigning the system and tending to higher the overall mean operational time and reliability, results are far from
panaceas but are slightly higher then previously designed model. Another thing to point out is that this example of the
system is only used to higher the performance in terms of reliability.

2. Hydraulic system with reliability data of components
2.1 Hydraulic system design

Hydraulic system shown in figure 1. consist of a large group of components, which reliability (i.e. probabilty of failure)
of components are given in table 1. Working parameters of a system had been conducted within optimum range of 40°C

to 60°C. Reliability-wise all components have been connected serially, so in the case of a failure of any component the
whole system stops. System is divided into three sub-systems: accumulation, extrusion and filling sub-system.

EXSTRUCE FEEDER
FACILITY FACILTY 16

.

s/

Fig. 1. Block diagram of the hydraulic system used for reliability-analysis-based component design[4]
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All data about component failures are based on data given by Fitch & Hong[11]. In their investigation and results,
they show the influence of different factors on the reliability of hydraulic components and they explicitly show this in
their book. Based on their experiments they have defined the expected failure rates for each hydraulic system component.
Therefore, based on the data given by Fitch & Hong[11] it is possible to define the expected reliability each of the sub-
system and also to calculate mean operating time and compare it with previous design in terms of performance. The
failure rate (range and mean) values of all components in the system from figure 1. are given in the table 1.

. Hydraulic component Failure rate (x10°%)
Position .
(Failure Rate — marks) Range of Value Mean
1) ) ®) (4)
2, (5) Gear pump (41, 4s) 13
(1), 4.1), (4.2), (6) Electrical motor (42, A4, 16) 2to0 18 10
(3.1), (3.2) Axial piston pump (43) 6to 13 9
(9), (17.2), (17.2), (18) Check valve (Ao, A17, A18) 0.112t0 10.2 6.5
(10.1), (10.2), (10.3) Relief valve (110) 1.41t08.13 5.88
(11), (15), (23), (26.1), Electro — hydraulic valve
(26.2), (26.3), (26.4) (hat, Ass, 23, J20) 2.271019.7 1
(12.1), (12.2), (12.3) Pressure switch (112) 10
(13) Gas charged accumulator 0351075 6.8
(113)
(14.1), (14.2) Proportional valve (114) 16.8 to 56 30
(16), (28) Ball valve (116, A28) 1.11t07.6 4.6
Pressure compensated relief
(19.1), (19.2) valve (i) 20
Check valve — flow
(20.1), (20.2) restrictor (izo) 0.112 to0 10.2 6.5
(21) Radiator for cooling (121) 1
(22) Filter (122) 0.01t01.62 0.79
(25) Hydraulic reservoir (A2s) 0.48t0 2.52 15
(27.1), (27.2), (27.3), L
(27.4), (27.5), (27.6) Hydraulic cilinders (127) 0.008
Redesigned hydraulic system
Gear pump with frequency
(29.1) (29.2) regulation (127) 13
Relief valve — with relieve
(30.1) of load valve (/o) 0.224t0 14.1 5.7
Electro — hydraulic valve
(31.1)(31.2) (directional control) 18lt07.22 4.6

Table 1. Reliability of constituent components within the considered hydraulic system [4][11]
2.2 Reliabiliy theory used as method in research

Reliability is a tool that can be used in development and analysis of a hydraulic systems, from the selection of
components to the planning of efficient maintenance routines[9]. Reliability is also characteristic of an item, generally
designated by R(t), and expressed by the probability P(t) that the item will perform it's required function under given
conditions for a stated time interval (t). Considered qualitatively, reliability can also be defined as the ability of an item
to remain functional. Hence, reliability specifies the probability that no operational interruptions will occur during a stated
time interval (t) [10]. This does not exclusively reflect only the item or part of the system, but on a system as whole. Basic
reason lies in the fact that complex system unites smaller or/and bigger parts of constituent elements (sub-system,
assemblies, sub-assemblies, parts) and it can not be judged if one doesnt analyze and analytically cover reliability of each
element respectively[1]. Another thing to point out is that in reliability bond diagrams (RBD) components and their bonds
are specifically analyzed from reliability standpoint.
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Ways to connect parts (components) into system are divided into:
serial

parallel

pasive parallel

partial parallel

special (quazy-serial, quazy-parallel)

complex (combinaton of these bonds elements)

Analysis of a system's reliability has been conducted under assumption that is working under period of random failures.
Reliability of a system can be described with exponential distribution law and it is expressed with equation:

R(t) = et (1)

where R is system reliability, A is system failure rate (for the exponential distribution function, failure rate is constant or
nearly constant value), t is system operational time.
Reliability of a system arranged in serial order:

R = Ry(® - Ro(®) - Rua (@ Ra®) = | [Ri® @

Substituting equation (1) into equation (2):
R(t) = e_ﬂ-l't . e—lz'f e_ﬂ-n—l'f . e_ﬂ-n't = e—(2?=02i)-t (3)

While calculating the reliability using eq.(3) of the sub-systems in time interval taken from range of values: 1, 2, 3, 6, 9,
12, 18, 24, 30, 36 months, Jocanovi¢ et al. [4] came with results of each sub-system from one month: a) Filling sub-
system R(730)=0.957; b) Extrusion sub-system R(730)=0.781; c) Accumulation sub-system R(730)=0.976. Total
reliability of the system had been calculated and charted (figure 2) and results clearly showed that extrusion sub-system
was the least reliable within the system and components with failure rates As, A14, A1, i.€. axial piston pump, proportional
valve and pressure compensated relief valve were replaced. Calculated mean operational time was:

Top =7 = 226896 h 4

which was pretty low comparing to a final redesigned system.
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Fig. 2. Total reliability of the three sub-systems of considered hydraulic system
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Fig. 3. Total reliability of redesigned hydraulic system in [4]

Even so, system was still failing every 2 hours due to overheating. While monitoring the system it was noticed that the
biggest problem was oscilations in pressure and flow and they were the main cause of temperature rise and overheating.
Investigation showed that it was problem in hydraulic system design. Axial piston pump is replaced with gear pump with
frequency regulation, proportional valve is replaced with internal pressure relief valve, while proportional distributing
valve was substituted with electro-hydraulic valve. Newly designed system compared to original system showed 17,43%
reliability gain, while mean operational time for the system was Top =5811,99 h, i.e. increase of 156%.

The authors of this paper investigated further and came with a conclusion that it is possible to higher the effectivness
of the system even more but at the higher cost and energy consumption. This can be done by proposing new design of a
system but insted of two main pumps in extruder facility only one pump with higher capacity and power will be used in
the system as a main and the other will be there as a passive element, i.e. if main one fails.

3. Newly proposed hydraulic system with higher reliability

Basic idea and goal was to higher the effectiveness of the hydraulic system without adding new elements which can
affect reliability overall. New model is represented in figure 4. Based on the model given in figure 4. it is obvious that
some components are replaced and others separated from the system. These components were mainly in extrusion sub-
system: the axial piston pumps (3.1)(3.2) have been replaced with gear pumps (29.1)(29.2) with frequency regulator.
Proportional valves (14.1)(14.2) had been replaced with electro-hydraulic distribution valve (31.1)(31.2), while electro-
hydraulic valves (26) had been removed from the system. Notice that extruder facility is now driven by main gear pump
(29.1) instead of both working separately. The idea was to use gear pump (29.1) as a main pump while the other gear
pump (29.2) will work as a passive component to higher the reliability rate of the system as a whole, since the effectiveness
of the extruder sub-system was the lowest.
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Fig. 4. New block diagram concept of improved hydraulic system
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Hydraulic system presented in figure 1 is used for reliability analysis of components. Since, the basic calculations are
done by the exponential distribution of serially connected components in the system, the reliability was: a) Filling sub-
system R(730)=0.957; b) Extrusion sub-system R(730)=0.781; c) Accumulation sub-system R(730)=0.976. Newly
proposed hydraulic system for reliability based analysis showed following results: a) Filling sub-system R(730)=0.951;
b) Extrusion sub-system R(730)=0.977; c) Accumulation sub-system R(730)=0.954. Changes in reliability were twofold.
Failure rates (1) in this paper were used by only mean values to calcuate reliability and mean operational time. Second,
redesigning system, replacing and removing some components and also using parallel passive connection between
components extruder sub-system showed significant improvement in reliability, as system itself.

One of the main reasons to replace axial piston pumps lies in the fact that system doesnt require pressure and flow
regulations but rather a constant flow to actuators. Even so, replacing axial piston pump with gear pump is possible with
decently high overall performance of gear pump. Lately, gear pumps are constructed and designed with quiet operation
and low pulsations even at high speeds and resemble with high volumetric efficiency. This is done by avoiding entrapment
between the teeth by using redesigned inclined teeth[12].

Another thing to point out is that proportional valve in opposite to electro-hydraulic valve require higher level of fluid
cleanness. Particulate contaminant in the system containing directional control valve can be most cripling substance[13]
and in the case of proportional valve demands are even higher. Contaminats in the fluid (especially solid particles) can
cause large amount of damage to proportional valves which are very sensitive[14]. Proportional valve has a first stage, a
hydraulic amplifier (converts an electrical input to a hydraulic control pressure), and a second stage (which responds to
the control pressure and meters an accurate output flow). Hence, several failure modes can occur in the first stage such as
ferrous particles that are attracted to magnetic field and cause a large hysteresis. Contaminant lock is the major failure in
second stage, since any contaminant can lodge in the clearance and silt up the spool[13]. Therefore the biggest threat to
proportional valves by particle contamination is sliding wear and erosion[15] which directly lead to higher system energy
consumption, cost, maintenance, time and lower reliability most of all. In order to cope with the obstacle different types
of methods can be used[6][16]. Usually using different types of filters and places of installation can help control
contamination, but this leads to pressure drops, costs, etc[17]. The higher the fluid cleanness is required the higher are the
expences of maintenance overall[18]. Since it was mentioned before that system suffered from overheating, next to
particle contamination, heat is the second most common cause of failure of hydraulic components[19][20]. In order to
overcome that it needs to be controlled, elseway oil will degrade if working temperature gets to high and therefore
viscosity will get lower. Hence, getting viscosity critically low it no longer maintains a boundary lubrication. Therefore,
it can lead to rise in component surface temperatures, and subsequent mechanical failures of components. For example,
number of helicopter accidents have been caused due to loss of lubrication[21].

Redesigning hydraulic system will be accomplished by the use of reliability bonds. As said, the goal is to increase
reliability of the extruder subsystem. This can be done by installation of a passive gear pump which turns on if the main
one fails. It is obvious that this leads to higher start up costs for redesigning but it will also increase mean operational
time. Therefore, to justify costs of investment it would be interesting to conduct a research of cost-effectivness in this
type of solution. Hydraulic system can be represented in block diagrams of reliability (RBD)[10]. For () filling sub-
system and (c) accumulation sub-system the blocks are serial connected and calculated by eq.(3) and in this case they
were not illustrated. While (b) extrusion sub-system is represented in figure 5. for better apprehension.

Ry =

— R, |7

L R; ||

— Rn —

Fig. 5. Passive parallel connection

The RBD in figure 5. does not represent simply parallel connection but a passive parallel connection. Under the passive
parallel connection or passive reserve, means that the installation of a passive component (R, Rs...Rn) replaces main
component, so that component inclusion in the work is achieved only if an active (main) component fails or needs to be
supported. Therefore, the idea was to use the gear pump (29.1) as a main component while gear pump (29.2) acts as a
passive element. Calculation for passive parallel connection can be done by Poisson distribution:

C (D" e @D @nt@n? @ .,
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where is:

n — number of reserve components (elements) in the system;

k — 0 + n — variable — number of elements in passive connection;
A — const. — intensity of failure exponential law of distribution;

t — time variable.

Hence, only R (fig 2.) presents active (main) component and the others (R, Rs... Rn) are there as passive component(s)
to replace active component only if it fails, and in this particular case main goal is to include the auxiliary gear pump if
the main gear pump fails. Therefore, particular hydraulic extruder sub-system is modelled as follows:

Ractive(t) = e M2ot . oAt L p=di7t L p=A30t . o= A1zt L o= Az11t L p—A27at L o= Az12T L o272t (6)
Rpasive @® = e H29t . p=Aat L g=da7t . p—Ai0t -

Including eq. (7) and (6) into eq. (5):

1
SN @t L |@an®  ant .,
Rex—sys(t) - Te - T"' 11 e (8)
k=1
Calculations show the results of reliability for time t=730 h (1 month) for 1 passive element as follows:
1
@t .
Rex—sys(t) = Z 11 e Mt 9
k=1
1
Rex—sys(730) = [1 + (Aoo + A4 + 11?7 t o)t o~ (a0 Aa+ 217+ 450+ A1z + A1 +Az7 +Az1 +227+ 221 HAza +Az3) t (10)

The results are: a) Filling sub-system R(730) = 0,951, b) Extrusion sub-system R(730) = 0,977,
¢) Accumulation sub-system R(730) = 0,954.

From research based on reliability theory on this particular hydraulic system it has been shown that most unreliable
sub-system was extruder, i.e. least reliable assembly of the hydraulic system. For calculations of reliability of all sub-
systems, mean failure rates (1) were used. Results are presented in figure 6. From originally designed hydraulic system
reliability gain of 21,51% claims a significant improvement. Replaced and discarded components have led to increased
reliability of the whole system. Another thing to point out is mean operational time. The results are as follows: Top=
6052,995 hours which also led to increase of ~3800 hours from T,,=2268,96 hours originially designed and even more
than 200 hours comparing to redesigned system in [4]. This indicates the increase of 167% and 4,15% from originally
designed and redesigned by [4], respectivelly.
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Fig. 6. Reliability of redesigned system
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4, Conclusion and further research

From investigation in the field of hydraulic system effectiveness very little research have been done concerning
reliability analysis in conjuction with hydraulic systems. During research authors found considerable amount of reliability
data in terms of technical systems[22] but most of them lack the research concerning hydraulic systems. Therefore
scientific community should consider this as a potential field that lack the research data especially entering the new era
of Industry 4.0 where reliability of automatic technical systems and components can be crucial.

Constant failures of a hydraulic system leads to high downtimes, expences, component failures, etc. Main objective
was resolving the problem of low mean operational time of hydraulic system using reliability data of components and
redesigning the system. From this article it has been shown that it is possible to improve sub-system and system
performance overall. The biggest problem was extruder sub-system with axial piston pump. It was realized that system
works in a contaminated environment and gear pumps can handle contamination better than axial piston pump with
targeted ISO cleanless level[23]. Another thing to point out is that system doesnt require pressure or flow regulations but
rather a constant flow to actuators, therefore some of the components, i.e. proportional valve, is replaced with electro-
hydraulic valve.

It has been noticed that the extruder facility which is driven by main gear pump (29.1 at figure 4) now leads to twofold
improvements. First, failure rates indicates higher mean operational time. Secondly, removing or replacing some
components of extruder sub-system showed significant imrpovement in reliability. This could only be done by adding a
passive parallel connection with a passive gear pump but also leads to higher investments and costs in system redesign.
It can be improved even further but it needs to be conducted cost effective analysis while adding or replacing low/high
reliable components. From discussion it can be realized that applying reliability on improving hydraulic system
performanse can help identify down-time causes, weakest component/s, value of operating parameters, mean operational
time, etc. It can improve maintenance by proactively monitoring reliability of a system in real-time, which can help predict
and react to a potential failure.

Another interesting keymark that can be further researched are influence of solid particles, air and water influence on
the reliability of a hydraulic system. Therefore, it would be interesting to see how does contaminants in the hydraulic oil
influence effectiveness of a system which can be expressed in system reliability and even develop a model. Hence,
investigation could go separate ways concerning system reliability in terms of hydraulic design based on the reliability of
components and reliability modeling in terms of influence of contaminated oil. It must not be left out that highest
reliability-performance can only be done at the system design so that must be duly noted. As for improving reliability
based on contamination control it can surely contribute to a better system performance, understanding the failure,
determining critical period of a contamination, critical points in reliability hysteresis, etc. Therefore, it represents a
potential open field for discussion to scientific community.
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