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Abstract. Increasing investment costs demand for longer maintenance interval, higher
system reliability, less downtime and breakdowns, and the desire to shorten mean-time
between failures, ..., is forcing machine manufacturers to incorporate condition-monitoring
systems within their machine designs. This involves machines that operate around-the-clock,
under difficult operating conditions away from professional maintenance staff, and is
particularly important for machines with built-in hydraulic drive systems, requiring constant
monitoring of equipment status, as well as hydraulic fluid

This paper presents a short-overview of those modern on-line condition monitoring methods
suitable for monitoring single hydraulic components, entive hydraulic drives, and the used
hydraulic fluid. In the case of hydraulic fluid monitoring, special attention is paid to
knowledge of fluids' physical and chemical properties and their changing mechanisms,
particularly the fluid-ageing processes.
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1. INTRODUCTION

The increasing investment costs of machines, the demand for longer maintenance
intervals and higher system reliability with less downtime and breakdowns, and the desire
to shorten the mean-time between failures, is forcing the manufacturers of machines to
incorporate condition-monitoring systems within their machine designs. This especially
involves machines that operate around-the-clock, under difficult operating conditions and
away from professional maintenance staff, and is very important for machines with built-
in hydraulic drive systems, where constant monitoring of equipment status, as well as the
hydraulic fluid, is required — Fig. 1.
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Fig. 1 Pre-warning times for different CM methods [1]

2. MONITORING OF COMPONENTS

Condition monitoring of hydraulic equipment, resp. components, can be arranged in
two different groups: into simple measures for component monitoring - simple approach
and into measures based on the advanced methods of signal acquisition and conditioning.

2.1 Simple approach for basic components

One of the simplest cases is represented by the continuous monitoring of filter ele-
ments within a hydraulic system. It can provide valuable clues to the performance of the
filter and the condition of the system.

The warning of filter-bypass is typically afforded by visual or electrical clogging-indi-
cators. These devices indicate when a pressure-drop (delta p) across the element is ap-
proaching the opening pressure of the bypass valve (where fitted). In the case of a return-
filter, for example, if the bypass valve opens at a delta p of 3 bar, the clogging indicator
will typically switch at 2 bar.

This method has been used for a long time and belongs to a signal-based approach.
The example is displayed in Fig. 2. It shows a typical filter used in all hydraulic systems.
As the filter gathers the dirt particles and drains them out of the fluid, they collect in the
filter element and over time the pressure-drop across the filter increases. Within this time
domain approach, a threshold needs to be set for the pressure-drop across the filter and
once it is exceeded a failure signal can be generated for exchanging the filter element
during the next machine maintenance.
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Fig. 2 Signal-based condition monitoring

Advanced filter-condition monitoring represents the replacement standard for clog-
ging-indicators using differential pressure gauges or transducers, which enables continu-
ous, condition-monitoring of the filter element. This permits the trending of fluid cleanli-
ness against filter-element pressure-drop, which may be used for optimizing oil-sample
and filter-change intervals. For example, the optimal change for a return-filter in a particular
system could be higher or lower than the clogging indicator switching pressure of 2 bar.

It is a well-known fact that the pressure-drop across the filter is also oil-temperature
dependent — at low temperatures the oil viscosity increases and, consequently, the pres-
sure-drop. This can lead to a false signal and a missed warning. In order to avoid this, the
use of an additional temperature sensor is reasonable.

Continuous monitoring of filter-pressure drop can also provide early warnings of
component failures and element ruptures. For example, if delta p across a pressure filter
suddenly increases from 1 to 3 bar (all other things equal), this could be an indication of a
component's upstream imminent failure. Similarly, a sudden decrease in delta p could in-
dicate a rupture within the element - something that a standard clogging-indicator will not
warn of.

In both these mentioned cases, filter monitoring with additional sensors and the im-
plementation of simple logic become more complex.

2.2 Advanced approach for complex systems

A more complex approach to condition-monitoring should be used in the cases of
more-complex systems, for example hydraulic linear-drive. One possibility is represented
by model-based condition diagnosis.

A model of the considered physical system should be built in order to achieve failure
detection using this method. When using a detailed-model of the system, we are able to
track any-back changes in the system's performance, down to a single parameter that can
be directly interpreted by its physics. As an example, the structure of an electro-hydraulic



84 D. LOVREC, V. TIC

linear-drive in the form of series-connected block models, which can be diagnosed indi-
vidually or combined with the use of a model-based failure monitoring system, is shown
in Fig. 3 (for more details see [3] and [4]).
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Fig. 3 Model-based approach of a hydraulic linear-drive [3]

The condition of a magnetic actuator and the spool dynamics of a digitally-controlled
valve can be monitored using available signals such as voltage, current, and a displace-
ment of the valve spool.

We can therefore use different possibilities for the failure diagnostics on a propor-
tional solenoid. When using e.g. a model with distributed parameters [5], we can recon-
struct the armature or spool position by the use of current and voltage signals using signal
calculation. Due to the high computing power necessary, this needs to be calculated off-
line, at intervals of about five seconds.

An advantageous structure for the use of these diagnostic functions, is shown in Fig. 4.
The measuring data needed for the control are made available on the used microcontrol-
ler. Decentralized diagnostic functions have access to the internal signals and are capable
of exchanging additional information via field bus used [4].
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Fig. 4 Integration of control and condition-monitoring functions [4]

External inquiries about a component's condition are possible, whilst alternatively
recognized safety risks can be signalled by the component itself. Depending on the used
sensors and the component's size, different parts of the electro-hydraulic drive can be
modelled and used for calculation of leakages or friction at the cylinder, as well as wear
around the valve metering edges.
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CONDITION MONITORING OF FLUID

Whilst temperature, flow, pressure, displacement, and vibration sensors all have their
part to play within the condition-monitoring of a simple component or complex drive, for
early detection of changes in fluid and lubricant condition, other methods and sensor
types should be used (see e.g. [6], [7], [8]).

Hydraulic-fluid contains a lot of information about itself and also about the lubricated
machine parts and the contamination level. Quite a few years ago, oil analysis in laborato-
ries established itself as the best-practice for verifying whether hydraulic systems are in
good working-order. Laboratory analysis became a common feature of such systems, ini-
tially as robust field measurement devices in temporarily-installed measurement devices,
and later in permanently-installed sensors for continuous oil-monitoring.

Over the years, different methods of hydraulic fluid condition-monitoring have been
used: from a simple temperature or fluid colour-monitoring, to viscosity, moisture and
particles contamination level measurement, through to more complex methods, e.g. meas-
urement of qualitative and quantitative changes of oil-gas phase-composition during oil
ageing [9].

Before looking for suitable sensors for the detection of changes within the fluid, any
influences on the fluid deterioration process must be known — Fig. 5 [2], [3].
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Fig. 5 Influences on the oil-deterioration process [2]

In contrast to discrete oil analysis by external laboratory or on-site methods, on-line
condition monitoring (OCM) of the fluid allows continuous monitoring and condition-based
machine maintenance, which can also detect unexpected machine failures. Such failures
could be oil contamination by water, mixing with other fluids, usage of the wrong oil, etc.

Today, a variety of on-line sensors are available, which are important parts of labora-
tory analysis due to their sufficient precision. On-line sensors provide trend-analysis, and
the laboratory procedure provides the detailed-information required to analyze the trend.
Service and maintenance measures are implemented based on the measurement results.

The most important physical and chemical changes in hydraulic oil can be detected
using robust and cost-effective on-line sensors, working on different principles as shown
in Fig. 6.
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Fig. 6 Sensor principles [2]

In order to have the all more important information about fluid-condition for on-line
condition-monitoring built into a machine, the following physic-chemical values should at

least be measured:

= Temperature as one of the basic and most important physical quantities, which re-

quires continuous monitoring.

= Fluid cleanliness level, or changing wear-rate, or wear patterns with on-line parti-
cle sensors (particle counters) or wear sensors helping you to make informed

maintenance planning decision.

= Viscosity as a very important physical property of mineral hydraulic oils, which af-

fects the lubrication-film and thus the friction and wear.

= Relative humidity - water is in practice one of the greatest threats to hydraulic and

lubricating oils.

= Relative permittivity as a measure of fluid-polarity, which depends of the basic oil-
type and additive packages. Polarity of the fluid is a quality factor through which

oil-changes, oil-mixtures and refreshing can be detected.

Whilst temperature sensors play a basic role within a condition-monitoring sensor
package, early detection of changes in oil and lubricant conditions, consistent monitoring
of worn-metal debris, and insight into the actual conditions of vital machinery and equip-
ment, need other sensor types. Many manufacturers have developed a range of innovative

and practical on-line sensors for oil-condition detection and monitoring.

Fig. 7 shows some of the sensor on the market appropriate for OCM installed into an

industrial fix mounted or portable OCM device.
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Fig. 7 Different OCM sensors and units

The basis of latest research project is the development of a conventional on-line oil
condition-monitoring (OCM) system. This system is based on several on-line sensors —
see Fig. 7, connected to a local data acquisition system. Data collected from several
monitored systems, are sent to the central-database and processing system, which was de-
veloped using LabView. Fig. 8 shows the user-interface panel of developed OCM system,
together with real measurements results from industrial application of OCM.

Although the oil-condition data can be accessed at any time from anywhere, and al-
though the measured parameters show some satisfactory trends regarding oil degradation
over time, the application itself is universal, robust, user-friendly and a system that can be
used by untrained personnel.
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Fig. 8 Industrial application of developed on-line oil condition-monitoring system

Even though only a few parameters are shown in Fig. 8, we can clearly see that it is
difficult to read and evaluate oil (and machine) condition from displayed charts.
These factors highlight the main weakness of conventional OCM systems:
= alarms can be triggered only within exact predefined limits,
= an expert is needed to extract full information from the measurements,
= there is no plain information on the hydraulic system's status, and the necessary ac-
tions to be taken.

In contrast to conventional OCM, a modern OCM system incorporates an automatic
diagnosis-system or so-called expert system. Such an automatic diagnosis system allows
for a more-detailed look at the measurements, looking for specific damage pattern, and
considering operational conditions.

Ultimately, the maintenance manager is disinterested in diagrams or frequency plots.
What is required here is a clear report on the hydraulic system's status combined with
recommendation for action.

In addition, OCM also enables a better documentation of oil-changes, machine main-
tenance, and helps to minimize the total cost of ownership by extending maintenance pe-
riods and reducing the downtime of the machine.

4. CONCLUSION

This paper focused on benefits and importance of using condition-monitoring systems
within modern production machines. By explaining two different approaches in the field
of hydraulic-drives it provides a short insight into the use of different possibilities for on-
line condition-monitoring methods. Special sensors are required and different sensor prin-
ciples are discussed, for the monitoring of the fluid.



On-Line Condition Monitoring Systems for Hydraulic Machines 89

Real-time monitoring of the root cause of a single component, whole machine or lu-
bricant failure, will allow you to take immediate action at the first indication of change.
The use of appropriate on-line sensors and monitoring methods [10] definitely helps you
to increase productivity, reduce costs, and improve profitability.

REFERENCES

1. Kuhl, A.: Condition Monitoring — many options, one goal, Proceedings of OilDoc 2011, Rosenheim,
Germany, February 2011

2. Murrenhoff, H.: Condition — Monitoring of Hydraulic Drives and its Fluids, Proceedings Fluidna
tehnika/Fluid Power 2005, p.p. 141 — 161, Maribor

3. Murrenhoff, H., Meindorf, Th., Stammen C.: Condition Monitoring in Fluid Power Technology.
Proceedings of 4th International Fluid Power Conference, Vol. 2, Dresden, 2004, pp. 219-244

4. Stamen, C.: Condition Monitoring fiir intelligente hydraulische Linearantriebe, Dissertation, RWTH
Aachen, 2005

5. Moseler, O.: Modellgestuetzte Fehlererkennung an elektromagnetischen Proportionalventilen mit
Mikrocontrollern, Oelhydraulik und Pneumatik 44 (2000), Nr.7, p.p. 640 - 648

6. Meindorf, T.: New Maintenance Concepts by Continuous Oil Monitoring, Proceedings of OilDoc 2011,
Rosenheim, Germany, February 2011

7. Tic, V., Kambic, M., Lovrec, D.: Uporabnost sistemov za on-line spremljanje stanja hidravli¢nih olj,
Proceedings of SloTrib 2010, Ljubljana, Slovenia, November 2010

8. Kralmann, J., Mannebach H.: Ein Multisensor zur Uberwachung von Hydraulikélen. Tagung
Landtechnik 2004, Dresden, VDI-Verlag, Diisseldorf, S. 107-113, ISBN 3-18-091855-1

9. Seyfert, C.: Take a smell at your Oil — A New Approach towards on-line Oil Condition Monitoring,
Proceedings of 4th International Fluid Power Conference, Vol. 2, Dresden, 2004, pp. 321-330

10. Tic, V., Lovrec, D.: Implementation of artificial intelligence within Oil-condition-Monitoring Systems,

MOTSP, Rovinj,/Croatia, 7-10 June 2011.

SISTEMI ZA ON-LAJN NADGLEDANJE SISTEMA
ZA HIDRAULICNE MASINE

Darko Lovrec, Vito Ti¢

Sve veci troskovi investiranja zahtevaju duze intervale odrZavanmja, vecu pouzdanost sistema,
manje vremena za nefunkcionalnost i kvarove kao i potrebu da se skrati srednje vreme izmedu otkaza.
Sve to primorava proizvodace da u svoje projekte masina ukljuce sisteme za nadzor sistema. Oni
obuhvataju masine koje rade non-stop, pod teskim radnim uslovima i daleko od profesionalnih sluzbi
odrzavanje, a od posebne su vaznosti za masine sa ugradenim hidraulicnim pogonom koje zahtevaju
stalno nadgledanje statusa opreme kao i hidraulicnog fluida.

Ovaj rad predstavija kratak pregled metoda za savremeni on-lajn nadzor koje su pogodne za
nadgledanje pojedinacnih hidraulicnih komponenti, ¢itave hidraulicne pogone i koris¢ene hidraulicne
fluide. U slucaju nadzora hidraulicnih fluida, posebna paznja se ukazuje poznavanju fizickih i
hemijskih svojstava fluida i njihovih promenljivih mehanizama, posebno procesa starenja fluida.

Kljuéne reci: hidraulicni sistemi, nadgledanje stanja, nadgledanje fluida
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