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Fluid Power 2019 
 

DARKO LOVREC & VITO TIČ 
 

Abstract The International Fluid Power Conference is a two day 
event, intended for all those professionally-involved with hydraulic 
or pneumatic power devices and for all those, wishing to be 
informed about the ‘state of the art’, new discoveries and 
innovations within the field of hydraulics and pneumatics. The 
gathering of experts at this conference in Maribor has been a 
tradition since 1995, and is organised by the Faculty of Mechanical 
Engineering at the University of Maribor, in Slovenia. Fluid Power 
conferences are organised every second year and cover those 
principal technical events within the field of fluid power 
technologies in Slovenia, and throughout this region of Europe. 
This year's conference is taking place on the 19th and 20th 
September in Maribor. 
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Fluid Power Innovations – On track for Future Challenges 
 

OLIVIER REINERTZ & KATHARINA SCHMITZ 
 

Abstract Without additional measures, the growing population, 
limited resources and rising pollution of our planet would lead to 
significant reductions of living standard in future. Therefore, in the 
field of drive technology, product development of the next decades 
needs to focus on sustainability, clean energy and mobility, 
connectivity, and health – the global future challenges. Nowadays, 
fluid power is a leading drive technology. Nevertheless, to assure 
and widen its market share, the branch needs to contribute to the 
aforementioned efforts. The paper focuses on future fields of 
applications, their specific requirements and actual weaknesses of 
fluid power. Furthermore, selected attempts to cope with these 
actual technical issues from academia and industry are discussed. 
The paper concludes with opportunities for future technical 
developments by known concepts and missing technologies to 
solve our future challenges, which may lead to unique selling points. 
 
Keywords: • future challenges • sustainability • clean energy • 
connectivity • health • 

 

 
 
CORRESPONDENCE ADDRESS: Olivier Reinertz, RWTH Aachen University, Institute for Fluid Power Drives 
and Systems (ifas), Aachen, Germany, e-mail: Olivier.Reinertz@ifas.rwth-aachen.de. Katharina Schmitz, 
RWTH Aachen University, Institute for Fluid Power Drives and Systems (ifas), Aachen, Germany, e-mail: 
Katharina.Schmitz@ifas.rwth-aachen.de. 
 
DOI https://doi.org/10.18690/978-961-286-300-5.1                ISBN 978-961-286-300-5 
Dostopno na: http://press.um.si.



2 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
1 Introduction 
 
At present, the world faces different challenges resulting from increasing world 
population and the ambition of rising living standards. According to the UN World 
Population Prospects 2019, the world population is growing since decades and, despite 
the declining curse, it will continue to grow in future. This will lead to a total population 
of approx. 9.7 billion people in 2050, a growth of two billion in the next three decades. 
Two thirds of this strong growth are not due to high fertility but result from current age 
structures, a high share of young people in some developing countries, and growing life 
expectancies. Thus, it will occur even if childbearing in high-fertility countries today 
were to fall immediately to around two births per woman over a lifetime. Therefore, a 
fast reduction in population growth rate is not expected. Moreover, the global share of 
population aged 65 years or older will increase from today’s nine to sixteen percent in 
2050 [1]. 
 
Meanwhile, the per capita energy consumption continuously increases since begin of 
the 20th century. Despite a forced usage of renewable energy, a limitation of global 
warming below 2 °C seems to be illusory, as it would require 50% of the used energy 
being supplied by regenerative sources in one decade. Despite this, usage of different 
sources of renewable energy must be forced to the highest extend, as it is the long-term 
solution for covering the rising energy demand without nuclear power taking the limited 
resources of carbon-based technologies into account [2]. 
 
Therefore, measures to cope with a fast growing and ageing population, the linked 
climate changes due to carbon dioxide emissions, and limitations in resources as well as 
for reducing pollution of the environment are required. Thereof, in the field of drive 
technology, four global future challenges arise: sustainability, clean energy and mobility, 
connectivity, and health. 
 
Nowadays, fluid power is one of the world’s leading drive technologies. To assure and 
widen its market share, the branch needs to contribute to the aforementioned efforts. 
The following sections focus on the future challenges and a selection of resulting future 
fields of applications as well as actual weaknesses and mitigation strategies of fluid 
power to point out opportunities for future technical developments, which may lead to 
unique selling points. 
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2 How Fluid Power Copes with its Future Challenges 
 
2.1 Sustainability 
 
Limited resources and the environmental impact resulting from production, operation 
and decommissioning at the end of lifetime or unexpected failures during operation of 
all kinds of technical goods and machines will force product developers to rethink 
technology decisions and design rules. 
 
Diverse strategies for optimizing sustainability exist. Nevertheless, due to the high-
power density of fluid power, efficiency is the most significant parameter in 
sustainability assessments [3]. 
 
2.1.1 Energy Efficiency 
 
On a system level, avoiding throttling losses and/or using hydraulic units in their 
optimal operational range by changing system architectures and control schemes is in 
focus. Commercial examples of such optimizations are the increased use of pump-
controlled presses and compact actuators, avoiding throttling losses of control valves. 
The elevated efficiency leads to reduced cooling power demands enabling additional 
benefits in efficiency and convective cooling of selected electro-hydraulic systems [4], 
[5]. The following figure 1 gives an exemplary overview on achievable energy savings 
and reductions in oil volume. 
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Figure 1: Comparison of standard hydraulics and compact drive. 
Source: [4] 

 
Despite these examples of existing industrial solutions, there is still need for 
improvements. Especially in the field of the used pumps, their ability for high rotational 
speeds enabling more compact designs and resource effective electric drives as well as 
their performance at low speed and high pressure possess significant optimization 
potential. 
 
In contrast to the results in figure 1, the highest efficiency is not necessarily achieved by 
pump-controlled systems. Especially in mobile machinery, the internal combustion 
machine drives all installed pumps at its speed. The usage of variable displacement 
pumps is possible, but churning losses of the required number of continuously rotating 
machines limit the overall efficiency. Economical aspects emphasize that especially for 
complex machines with a high number of drives, as, e.g., wheel excavators, the number 
of positive displacement machines needs to be reduced by valve logics to a realistic 
number. 
 
Another example for the attempt to commercialise a revolutionary efficient hydraulic 
system is based on the STEAM system developed at ifas of RWTH Aachen University 
[6]. The system uses three quasi-constant pressure levels to supply the actuators of an 
excavator Figure 2. 
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Figure 2: STEAM system prototype installed on top of the test excavator. 
Source: [6] 

 
Connecting pressure accumulators to the pressure rails enables hybridization and thus 
recuperation. A prototype realisation saved up to 30 % of primary energy during typical 
operation cycles. At first, unavailability of the required components for an industrial 
implementation hindered a transfer of the technology into the market. Recently, Bosch 
Rexroth announced the development of a novel valve system for mobile applications 
being able to implement key aspects of this STEAM architecture [7]. This will enable a 
promising way for system optimization of mobile machines in near future. 
 
Efficiency optimizations of components aim for higher peak efficiencies of pumps and 
motors and reduced avoidable flow losses in lines and ducts to expand their optimal 
operational range. 
 
A recent development in the field of pump and motor technology are the AX series of 
company Bucher bringing the floating cup principle for the first time on the market. 
Due to its 24 pistons, pulsation and noise are very low, while the unit withstands 
operation at lowest speeds and high pressures due to a higher amount of hydrostatic 
balancing compared to state of the art axial piston machines. Moreover, according to 
first announcements, the novel unit achieves higher total efficiencies compared to state 
of the art devices [8]. Furthermore, in 2018 the Danish company Danfoss, which 
acquired Artemis Intelligent Power, a Scottish pioneer in digital displacement pump 
technology, announced the construction and build-up of a digital displacement pump 
manufacturing for mobile machinery [9]. 
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Besides Pump optimization, flow loss reduction can also contribute to significant energy 
savings. In many applications, building space and economic constraints are hindering 
the implementation of bigger sized components. One possible solution was presented 
by Parker Hannifin on this year’s Hannover trade fair by means of a flow optimized 
cartridge of a 2/2-way FTP servo-proportional valve [10]. In addition, flow 
optimization of fittings and hoses gets into focus of industrial research. Moreover, 
different suppliers and research institutes have presented the use of additional 
manufacturing for flow optimization of housings and manifolds. Unfortunately, 
economically viable products are not achieved without generating additional benefits by 
function integration or by weight reduction in mass-sensitive applications. This is 
enforced by the rough surface structure of additively manufactured metal parts reducing 
the effect of flow optimization by additional losses. 
 
2.1.2 Component Lifetime 
 
Another measure for sustainability improvement is an increased lifetime of systems and 
their components to reduce the impact of production and decommissioning on the total 
balance. In this field lies an essential system immanent strength of correctly designed 
fluid power components and systems, which are well known for their robustness and 
long service life. These benefits in comparison to other drive technologies as, e.g., 
mechanical drives, result from energy conversion by means of well lubricating fluids, 
simple overload protections by means of pressure relief valves and the use of 
compensated tribological contacts lowering wear intensive solid friction. Moreover, an 
increase in use-time can be achieved by means of predictive maintenance leading to a 
condition-based replacement of components instead of a time or cycle based approach. 
This aspect will be further discussed in the connectivity section. 
 
2.1.3 Fluids and Materials 
 
As mineral oil-based fluids have huge potential to pollute landscape careful 
decommissioning is required and a risk for contamination exists. Required resources 
and the risk for contamination of the environment can be reduced by using smaller 
reservoir sizes. This requires reservoir and filter architecture optimization and fluids 
withstanding the higher loads due to shorter cycle times. Sophisticated pressure media 
can improve fluid and component lifetime and system efficiency in parallel, e.g. by 
lowering friction and optimizing machine behaviour over the operational temperature 
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span by increasing the viscosity index [11]. Herein, a trend towards ash- and zinc-free 
cleaner mineral oil based fluids is observed. 
 
An additional solution is the usage of biodegradable fluids, which can possess 
advantageous tribological properties and lifetimes. Biologically based biodegradable 
fluids further improve sustainability, as long as the biological feed stock is sustainably 
produced and not in direct concurrence to food production. A national study on the 
usage of renewable resources in Germany came to the result, that in 2011, 55 % of all 
biological lubricants with more than 50 % renewable sources went into hydraulic 
applications, while only 13 % of the lubricant market consisted of hydraulic fluids. 
Hence, the market share of biological fluids in hydraulics was significantly higher than 
in all other fields. The study further forecasts slightly increased use of biological fluids 
[12]. Nevertheless, the general market share of biological fluids remains rather small. 
 
Furthermore, first attempts for sustainable fluids in form of water-based dispersions 
with biologically based and degradable thickeners and additives arise. These were 
initially developed for cooling and lubrication in machine tools and are actually tested 
for hydraulic applications [13]. 
 
Fluid additives and special bronze of hydrostatic units containing heavy metals improve 
sustainability of the components by enhancing their lifetime and efficiency while leading 
to additional environmental impacts during recycling and uncontrolled leakages. It is 
evident, that also biologically degradable pressure fluid formulations absorb heavy 
metals from the bronze during operation reducing biologic degradability. This effect 
even amplifies in case water enters the system and hydrolysis occurs [14]. 
 
Therefore, an additional field of research for improving sustainability in fluid power is 
special bronze substitution in hydrostatic units by using surface coatings and optimized 
contact geometries. Figure 2 shows some exemplary results of studies at ifas. 
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Figure 3: Exemplary results of tribological optimization tools at ifas. 
Sources: [14], [15] 

 
The left part depicts the gap height in the piston bushing contact [15]. The tool enables 
optimization of micro-contoured pistons to withstand the loads without necessity for 
wear during running in procedure. Therefore, coated hard/hard pairings become 
realizable and bronze can be substituted. The second picture shows an exemplary 
simulation result for the even more challenging interface between valve plate and 
cylinder block [16]. The tool is still under development and solutions for a bronze free 
contact are not available to date. 
 
2.2 Clean Energy and Mobility 
 
Clean Energy and Mobility play the outstanding role in carbon dioxide mitigation and 
global warming reduction. In long term, battery and fuel cell powered electrical drives 
or e-fuel based combustion engines will power individual mobility. Thus, the electric 
energy sector delivers the power not only for industrial and private use but also for the 
whole mobility sector. In the following, selected promising renewable energy sources 
with hydraulic innovation potentials are analysed. 
 
2.2.1 Wind Energy 
 
In the scope of the last decades, wind industry developed very fast by means of public 
funding initiatives enabling now one of the cheapest forms of electricity in many 
markets [17]. Herein, the actual role of fluid power is limited on pitch adjustment, 
hydraulic actuated brakes and comparable partly safety related auxiliary functions. 
Moreover, lubrication systems of the mechanical gearboxes use hydraulic pumps and 
filters. The technical feasibility and the systematic advantages of the lower stiffness and 
enhanced damping of a hydrostatic drivetrain for wind turbines of several megawatts 
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was already proven by simulation and measurement [18]. Two prototypes aiming for 
realisation of a digital hydraulic drivetrain of a 7 MW wind turbine have been build up 
and tested in laboratory and field testing by Mitsubishi using the Artemis Digital 
Displacement Technology [19]. Despite these prototypes and results, a commercial 
product of such a wind turbine with variable hydrostatic transmission still waits to come 
on the market. Actually, a consortium named Hydrautrans develops a novel hydrostatic 
transmission for wind turbines based on the floating cup principle aiming at reducing 
the energy costs by 0.6 ct/kWh compared to actual systems [19]. 
 
The introduction of wind power plants with continuously variable transmissions and 
constant speed synchronous generators would give a boost to the fluid power branch, 
as a high number of big-sized components would be required. Unfortunately, despite 
the proven technical feasibility, installation costs and durability concerns are still 
hindering this revolutionary concept from being commercially used. 
 
2.2.2 Wave Energy 
 
The enormous peak power of high waves challenges mechanical structures and 
drivetrains of wave energy converters. Additionally, the input power is strongly 
oscillating requiring rectification and smoothing. The majority of concepts takes off the 
power from linear movements (buoy converters, e.g., Carnegie CETO, AWS 
Waveswing, etc.) or swivelling movements with limited angular strokes (Pelamis, 
Oyster, Mocean Energy, etc.). Due to the robustness and high-power density of 
hydraulic cylinders and accumulators compared to electrical direct drives and capacitors, 
especially for large-scale devices hydraulic power take offs (PTO) are widely used. 
 
The activities in the field of wave energy converters with hydraulic PTO strongly 
decreased with the liquidation of the two Scottish companies Pelamis Wave Power and 
Aquamarine Power. Actually, the most successful large-scale wave energy converter 
with hydrostatic PTO is the CETO design from Carnegie Clean Energy.  Unfortunately, 
also this company is actually under restructuring and recapitalisation [21]. 
 
Some of the typical limiting factors of hydraulic PTOs are hard deposits on submerged 
cylinder rods forming subsea and destroying the rod sealings, wear of the cylinder 
sealings due to long distances of cyclic movement, required measures against entrained 
water and costs of the PTO. In general, the resulting energy costs of WECs are still far 
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too high for commercialisation and funding programs as used for wind energy are 
missing. 
 
2.3 Connectivity 
 
In future, modularisation, digitalisation and connectivity of components towards cyber 
physical systems are going to enable seamless communication between human, different 
devices and cloud services for, e.g., authentication, optimization of the commissioning 
and production processes, increasing lifetime and predictive maintenance. The concept 
of the Industrial Internet of Thinks (IIoT) focuses four different aspects shown in figure 
4: 
 

− Vertical integration: Continuous communication across the entire Automation 
Pyramid from the Device and Sensor Level to realize production tasks in a 
machine, up to the ERP-systems for managing the entire company processes. 

− Horizontal Integration: Integrated communication between different 
manufacturing instances, e.g., different machines, client and different suppliers, 
Logistics, Cloud etc. 

− Digital product lifecycle: enabling, e.g., integrated engineering by using data 
from the whole life cycle. 

− Flexible integration of the human into the relevant processes. Support by 
means of intelligent tools supplying all relevant data and toolchains for the task. 

 
Thus, intelligent features, as, e.g., lifetime estimation of a CPS, can be encapsulated 
directly in a component or calculated in the cloud and deliver data for, e.g., supply chain 
management. During the digital product lifecycle, data of the CPS is collected and can 
be used, e.g., by machine learning to optimize the product and its lifetime calculation. 
In case of required maintenance work, the system instructs the worker. 
 
Actually, a definition of the realisation of the IIoT is still unclear. Due to the complex 
nature and many uncertainties concerning realisation and benefits, expensive 
implementation strategies are not followed by all small and medium enterprises. These 
will be challenged in the future by the emerging technologies leading to new 
requirements on their components and customer models. 
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Figure 4: Four dimensions of IoT in the industrial environment. 
Source: [22] 

 
To make this disruptive technology accessible to small and medium enterprises, first 
demonstration projects are ongoing at ifas, showing the automated commissioning of 
hydraulic and pneumatic drives based on the development of fluid power cyber physical 
systems. This includes the interoperability of different drive technologies due to the 
encapsulated technology specific functions and the availability of standardised 
procedures. The project focus lies on the build-up of demonstration platforms, generic 
examples for implementation and the definition of requirements for such systems [22]. 
 
Additionally, an increased use of autonomous self-organizing construction machines 
results from an integrated design and construction process for buildings making the 
required information accessible. Actual driver oriented machine concepts will therefore 
be adopted to the needs and possibilities of autonomous machines. This comes along 
with new requirements on and opportunities for the branch. Actually, this new concepts 
are still to be developed. The Center for Mobile Machinery (CMM) at RWTH Aachen 
focuses amongst others this field of research [23]. 
 
Furthermore, connectivity of fluid power systems and components includes the 
hydraulic and mechanical interfaces as well. A trend towards modularised systems as, 
e.g., compact drives, can be observed. This enables compact systems without failure 
prone connections, building space reductions and the outsourcing of all hydraulic 
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control and design work to the drive supplier. The drive’s controller encapsulates all 
functions and, from a command side, the drive behaves comparable to, e.g., an 
electromechanical drive. Therefore, this compact drives can be implemented without a 
deeper understanding of fluid power. 
 
Individualisation is another key aspect of IIoT solutions. Due to the integrated design 
process, exact specifications for components are accessible from the system model 
while methods to customize a product to these specific demands emerge from its own 
design process. This allows automated customization of products challenging actual 
production processes. One possible solution is the production by additive 
manufacturing. First demonstrators for such hydraulic components are available and 
the first additively manufactured component for aerospace applications is just going 
into production [24]. Nowadays, additively manufactured hydraulic components are 
only economically viable when additional requirements, as, e.g., weight reduction, are 
important aspects. 
 
2.4 Health 
 
The last of our four categories is widespread. On the one hand side, there is healthy and 
sustainable food production for the rising population, where hydraulic machines play 
an important role. Actual challenges lie in the field of precision farming, optimizing 
sustainability by reducing the required amount of seeds, pesticides and fertilizers. 
Disruptive concepts, as, e.g., farming in glasshouses under controlled conditions, will 
gain in importance due to the climate change and limited ground capacities and require 
new machine concepts for automation. 
 
Focusing new machine concepts with quiet electric motors, noise emissions of 
hydraulics are getting into focus. Especially the pump noise and high frequent emissions 
of turbulent flows passing resistances put hydraulics in a negative light. Available 
measures to reduce noise emissions are the reduction of the pressure losses on 
resistances and the implementation of pumps with optimized commutation and reduced 
outflow oscillations by means of, e.g., customized gear geometries [25] or a high number 
of pistons [8]. 
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The forecasted ageing of the population will lead to a need for higher degree of 
automation and assisting devices in health and geriatric care. This field could be an 
interesting application of pneumatic soft robotics, especially in exoskeletons, when a 
portable and lightweight solution for pneumatic power supply would be available. 
Several studies on unconventional pneumatic power sources exist, but a viable solution 
still needs to be found [26]. Also for micro-hydraulics interesting applications in the 
field of mobile robotics, e.g., for rescue operations, arise. Unfortunately, only few 
sufficiently miniaturised hydraulic components are available, hindering the further 
development of such devices [27]. 
 
Finally, to achieve the forecasted grows in life expectancy and decrease in child and 
maternal mortality, further improvements of medical devices are required. While the 
field of medical devices using fluid power components for gas and fluid control is 
already well established, it is emphasized, that a new interesting field of such fluid power 
driven devices could result from attempts to realise real-time imaging by means of MRI 
devices during a medical intervention by means of an MRI compatible robot. As in the 
environment of an MRI usage of ferromagnetic materials is hazardous, fluid power 
systems from plastic materials can be a promising solution. Examples of hydraulic and 
pneumatic prototype realisations can be found in [28] and [29]. 
 
3 Conclusion 
 
From an actual perspective, the major future challenges of fluid power lie in the fields 
of sustainability, clean energy and mobility, connectivity and health. In the scope of this 
paper, the status quo, actual issues and arising opportunities in these fields have been 
analysed. 
 
Efficiency is the dominant sustainability parameter of hydraulic systems and in focus of 
component manufacturers, systems designers and clients. Many solutions to enhance 
efficiency are on the market, but overall efficiency of machines still bears strong 
potential for optimization. Especially in the field of mobile machinery, the low 
efficiency of internal combustion engines strongly affects the energy requirements of 
today’s systems despite hydraulic improvements. Moreover, heavy metal containing 
bronze and selected fluids affect sustainability. Unfortunately, a commercially viable 
solution for bronze substitution is still to be developed and stays a critical point for 
staying on track. Furthermore, biologically based and/or high-performance fluids 
improving efficiency and lifetime are available and can optimize sustainability of 
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selected existing systems without additional changes. A future wider usage of such fluids 
is expected. 
 
The field of clean energy is the enabler for all technical developments in future. Wind 
energy will play a continuously important role in the energy market and the fluid power 
branch has an interest in being involved in the development at the highest possible 
extend. Unfortunately, hydraulic drivetrains for wind turbines have not found the way 
to market today. In the field of wave energy, many hydraulic solutions have been tested, 
but the expected energy costs are still too expensive. In addition, there are unsolved 
technical issues of the devices and drive trains. Both fields would extremely profit from 
big-sized hydraulic components being produced in higher numbers and thus 
economically more attractive. But it's a chicken-and-egg question. 
 
In the field of connectivity, some bigger companies and research institutes are on a good 
way to demonstrate their vision and abilities in the field. Unfortunately, this is not the 
case for all small and medium enterprises. It is evident that shaping the understanding 
and definitions of IIoT during development to the needs of fluid power is much easier 
than adopting the products later onto a system, which is primarily developed by a 
concurring drive technology. Therefore, a deeper debate of IIoT and a common 
understanding of its possibilities and opportunities in the branch is necessary. 
 
Finally, the limited potential for food production will force efficiency increases in 
farming leading to novel approaches and unpredictable requirements on machines and 
fluid power components. Service robotics and human assist devices will gain in 
importance and bear portfolio diversification potentials for component manufacturers, 
as the components need to be customized to the miniaturised systems. The same applies 
for customized components for MRI compatible robotics. 
 
In conclusion, the arising challenges with their specific demands on drive technology 
bear big potentials for the fluid power branch. These encourage not only the further 
optimization of the existing technology, but also the emergence and commercialisation 
of revolutionary approaches and fields of applications, which give us the chance to 
further develop our markets. 
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1 Introduction 
 
The Festo Motion Terminal in Figure 1 is a valve terminal with configurable 
proportional valves, integrated sensors, bus connection and a controller with software-
based pneumatic functions [1], [2]. Each valve consists of four proportional 2/2-way 
main stage valves in bridge circuit. One main stage valve is pneumatically piloted by two 
piezo pre-stage valves. In addition to position sensors for the main stage valves, 
integrated pressure and temperature sensors are available for each valve port. External 
sensors can be integrated via the analog and digital input module. 
 

 
 

Figure 1: Festo Motion Terminal. 

 
 

Figure 2: Valve principle. 
 
The four main stage valves are arranged in a bridge circuit as shown in Figure 2. With 
this valve structure, many basic pneumatic functions can be realized without additional 
mechanical components. The proportional control behavior allows the mapping of 
specific sizes or flow rates as well as supply or exhaust air throttles for cylinder drives. 
This enables pneumatics for modern flexible automation as well as for new concepts 
like the BionicCobot. 
 
The BionicCobot in Figure 3 is a pneumatic lightweight robot with seven degrees of 
freedom [3]. In its kinematics, the robot is modelled after the human arm, consisting of 
shoulder, upper arm, elbow, ulna and radius as well as gripping hand. Each joint is 
actuated by a pneumatic rotary drive with an absolute position encoder and two pressure 
sensors. The rotary drives operate according to the agonist antagonist principle, which 
allows motion dynamics and stiffness to be variably adjusted. 
 

valves input 
modules controller 

field bus 
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Figure 3: BionicCobot – a pneumatic lightweight robot with human motion dynamics. 
 
The rotary drives are controlled by the Festo Motion Terminal, that is placed separate 
from the arm. The tubes between the valve terminal and the drives are up to 120 cm 
long and run inside the arm. Due to pressure loss and air vibrations in the tube, the 
pressures measured at the valve differ from those at the drive. In a control loop, this 
can lead to unstable system behavior or low performance. 
 
The following questions combine both the BionicCobot as well as classical automation: 
How to consider tubes in pneumatic control applications with valve terminal structure? 
Are sensors required on the actuator, if already present in the valve? How can 
mechanical functions in pneumatics be replaced by software? The solution proposed in 
this paper consists of modelling air dynamics in the tube, replacing position and 
pressure sensors at the cylinder by observer-based estimations with valve-integrated 
sensors and a new mechatronic pneumatics concept. 
 
2 Tube Modelling 
 
The tube is the connecting element between pneumatic components. Depending on 
diameter, length and wall material, the tube significantly influences a pneumatic drive. 
This is illustrated in Figure 4, where pressure and flow at the inlet and outlet of a tube 
is shown while pressurizing a constant volume. Dependent on the diameter either the 
pressures at inlet and outlet or the mass flows deviate from each other. This comes from 
the tube’s flow resistance or volume respectively. 
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Figure 4: Influence of the tube when pressurizing a constant volume. 
 
The pressure sensors of the Festo Motion Terminal are placed in the valve and measure 
the pressure at the tube inlet. Even with short tubes, the valve pressure can differ 
significantly from the pressure at the cylinder. This is considered in the following with 
a control tube model. The requirements for the control tube model are an exact 
reproduction of the relevant frequency range, a low model order in the state space 
domain, a physical structure with physical parameters and good agreement with 
measurements. 
 
2.1 Dynamics 
 
The control tube model is based on the one-dimensional linear resistance compressible 
model [4], in short: linear resistance model. The linear resistance model describes the 
behavior of air in the tube in form of the partial differential equations 
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𝜕𝜕𝜕𝜕 = −
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𝜕𝜕𝜕𝜕 − 𝑅𝑅fric𝑞𝑞(𝑥𝑥, 𝑡𝑡), 

𝜕𝜕𝑞𝑞(𝑥𝑥, 𝑡𝑡)
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𝐴𝐴
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The pressure 𝑝𝑝 and mass flow 𝑞𝑞 depend on time 𝑡𝑡 and location 𝑥𝑥 in the tube. The 
constant parameters are the cross-sectional area 𝐴𝐴, the speed of sound 𝑐𝑐 and the laminar 
friction coefficient 𝑅𝑅fric. Due to the distributed parametric structure, the linear 
resistance model is not well suited for controller development and position estimation. 
Therefore, it is approximated in the following. 
 
The partial differential equations are converted into ordinary differential equations by 
spatial discretization with the finite difference method [4], [5]. The tube length 𝑙𝑙 is 
divided into 𝑁𝑁 elements of the length ∆𝑥𝑥 = 𝑙𝑙/𝑁𝑁. Then the partial position derivatives 
of pressure and mass flow 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 and 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 are approximated at discrete grid points 
by finite differences. 
 
In the simplest case the Euler method is used, and the model is approximated with only 
one element (𝑁𝑁 = 1). Two ordinary differential equations are obtained which describe 
pressure and mass flow at the inlet (index i) and outlet (index o) of the tube: 
 

d𝑞𝑞o
d𝑡𝑡 =

𝐴𝐴
𝑙𝑙

(𝑝𝑝i − 𝑝𝑝o − 𝑅𝑅fric𝑙𝑙𝑞𝑞o), 

d𝑝𝑝i
d𝑡𝑡 =

𝑐𝑐2

𝐴𝐴𝐴𝐴
(𝑞𝑞i − 𝑞𝑞o). 

(2) 

 
This second-order model is derived from Rager et al. [5] [6] and is used for pressure 
control in a constant volume with tube. The model quality is high for a large constant 
volume but decreases for small volumes significantly. Since the chamber volume of 
pneumatic cylinder drives can become smaller or larger than the tube volume depending 
on the position, the quality of this model is not sufficient. 
 
Therefore, the linear resistance model is approximated at two discrete grid points  
(𝑁𝑁 = 2). The resulting fourth-order model: 
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(3) 

 
consists of two tube elements and additionally describes pressure and mass flow in the 
middle of the tube. 

 
 

Figure 5: Frequency response from valve mass flow to valve pressure of the cylinder model with 
the tube model of order two and four. 

 
Figure 5 shows the frequency response of the second- and fourth-order tube models 
compared to the linear resistance model on a pneumatic cylinder. On the left side the 
piston is retracted (small chamber volume) on the right side it is extended (large 
chamber volume). The first resonance corresponds to the motion dynamics of the 
piston. Up to about 6 Hz the frequency responses hardly differ from each other. The 
difference between the models is visible in the tube resonance. With small chamber 
volume, the tube resonance of the linear resistance model is much better reproduced by 
the fourth-order model. With a large chamber volume, the fourth-order model is closer 
to the linear resistance model, too. 
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In Figure 6 the tube model is compared to measurements, where a constant volume is 
pressurized through a tube. The model’s output is the pressure at the valve. The 
pressure oscillations at 0.6 s are well reproduced by the model. However, while the air 
is flowing, the vibration is too weakly damped and the pressure loss too small. This 
leads to a deviation of almost 2 bar between measured and simulated valve pressure. 
While exhausting, the pressure loss is smaller, but the behavior is basically the same. 
 

 
 

Figure 6: Validation of the linear tube model with laminar flow. 
 
The large deviation is caused by the neglect of turbulent flow in the tube model. Since 
high mass flows occur mainly for short periods in pneumatic applications, this is an 
essential phenomenon for high model quality. In the following, the control tube model 
is extended by the pressure loss due to turbulent flow. 
 
2.1 Pressure loss 
 
The pressure loss in the tube is caused by friction between the individual air molecules 
respectively the air molecules and the tube wall. The friction depends on the type of 
flow - laminar or turbulent. Up to now, the control tube model is only valid for laminar 
flow. In turbulent flow, the pressure loss is significantly higher, and the oscillations more 
strongly damped (see Figure 6). This represents an essential phenomenon for a high 
model quality. 
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2.1.1 Cb method 
 
In pneumatics, the tube is often simplified as concentrated pneumatic resistance and 
described by conductance 𝐶𝐶𝑡𝑡 and critical pressure ration 𝑏𝑏𝑡𝑡 (Cb value) [7], [8]. The 
pressure loss thus corresponds to an equivalent narrowing of the cross-section through 
which the flow passes. The mass flow 
 

𝑚̇𝑚 = 𝐶𝐶𝑡𝑡𝜌𝜌Ψ�
𝑝𝑝o
𝑝𝑝i

, 𝑏𝑏𝑡𝑡�𝑝𝑝𝑖𝑖 (4) 

 
in the tube depends on the pressures 𝑝𝑝i and 𝑝𝑝o at the inlet and outlet of the tube and 
the air density 𝜌𝜌. Eckersten and Bala ([7], [9]) propose the empirical formulae 
 

𝐶𝐶𝑡𝑡 =
0.029𝑑𝑑2

�𝑙𝑙𝑑𝑑−5/4 + 510
, 𝑏𝑏𝑡𝑡 =

474𝐶𝐶𝑡𝑡
𝑑𝑑2

 (5) 

 
for the Cb values in dependence of tube length 𝑙𝑙 and diameter 𝑑𝑑. To integrate the Cb 
method into the tube model, equation (4) must be solved for pressure and the flow 
function must be approximated [5]. The resulting pressure loss 
 

Δ𝑝𝑝 = Φ(𝑚̇𝑚,𝑝𝑝o) (6) 
 
depends on mass flow and outlet pressure and substitutes the laminar pressure loss 
𝑅𝑅fric𝑙𝑙𝑞𝑞𝐸𝐸  in equations (2) and (3). 
 
2.1.2 Fanno flow 
 
The Cb method described above models the tube as a concentrated pneumatic 
resistance, neglecting the effects of frictional flow and the tube’s spatial expansion. Both 
aspects are considered in Fanno flow theory. The underlying nonlinear equations 
however require numerical solvers [10]. To reduce the computational effort and to 
illustrate the connection with existing methods, Chabane et al. [11] have converted the 
underlying equations into the mass flow dependent Cb values 
 

𝐶𝐶𝑡𝑡(𝑚̇𝑚) =
𝐴𝐴𝛼𝛼f(𝑚̇𝑚)

𝜌𝜌�𝑠𝑠c(𝑚̇𝑚)𝑅𝑅𝑅𝑅
, 𝑏𝑏𝑡𝑡(𝑚̇𝑚) = 1 −

1
𝑠𝑠c(𝑚̇𝑚). (7) 
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The flow and compressibility coefficient 𝑎𝑎f and 𝑠𝑠c are calculated from tube length, 
diameter, pipe friction coefficient, mass flow and isentropic exponent. The variables 𝑅𝑅 
and 𝑇𝑇 are the specific gas constant of air and the air temperature. 
 
To illustrate the difference to the pneumatic resistance with a constant Cb value, the 
product 𝐶𝐶𝑡𝑡Ψ of conductance and flow function is plotted over the pressure ratio in 
Figure 7. The solid line shows a simulated flow measurement made at constant primary 
pressure. To obtain different pressure ratios, the secondary pressure is varied (see top 
right). With the resulting flow conditions, the Cb values from equation (7) are almost 
constant and the curve closely approximates the known characteristic of the quarter 
ellipse. If the same flow measurement is carried out at variable primary pressure and 
constant secondary pressure, the curve changes significantly. The Cb values are no 
longer constant here. They strongly depend on the pressure ratio respectively the flow 
rate and thus differ from the model of the pneumatic resistance. 
 

 
 

Figure 7: Flow function for constant and variable primary pressure at a tube. 
 
Figure 8 shows the same measurement from section 2.1 now with pressure loss 
calculated by the Cb method and Fanno flow. While aerating, both models are very 
close to the measurement. Both the pressure loss and the pressure oscillation are very 
accurately reproduced. In the deaeration phase, a difference between the two models is 
visible. Here, the decreasing volume pressure is the variable primary pressure and the 
pressure loss is better reproduced by the more accurate Fanno flow. 
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Figure 8: Validation of the tube model with turbulent flow. 
 
3 Programmable mechatronic pneumatics 
 
With programmable mechatronic pneumatics, a concept is presented that converts 
standard pneumatic drives into mechatronic pneumatic drives. The drive is to perform 
a point-to-point movement from one end position to the other, but motion parameters 
such as travel time, impact speed and holding force can be parameterized via software. 
This avoids mechanical throttles and pneumatic or hydraulic cushioning systems that 
must be adjusted mechanically. 
 
3.1 Position estimation 
 
For standard pneumatic drives, it is common to mount proximity switches at the 
cylinder. They detect when the piston arrives at the end position. This information is 
used for sequence programming and basic error diagnostic of the plant. For 
mechatronic pneumatics, continuous information about the piston’s position is crucial. 
However, mounting position transmitters on the cylinder increases the cost, reducing 
the price advantage of standard pneumatic drives. 
 
With the presented tube model, position and velocity of the drive can be reconstructed 
by using integrated sensors in the valve and proximity switches [10]. The complete plant 
model consists of the mechanic cylinder model, the pressure dynamics of both 
chambers, two tube models and the valve model. 
 

Time [s] 
0               0.5                1                 1.5                2              2.5 

6 

5 

4 

3 

2 

Pr
es

su
re

 [b
ar

] 

measurement 
volume 

Cb method 

Fanno flow 



D. Rager, M. Doll, R. Neumann & E. Knubben:  
Programmable Mechatronic Pneumatics and Robotics with the Festo Motion Terminal 27 

 

 

 
 

Figure 9: Position estimation for a pneumatic cylinder with 3-meter-long tubes. 
 
The resulting twelfth-order model is highly nonlinear and unobservable at standstill. An 
unscented Kalman filter is used to estimate the complete system’s state, e.g. position, 
velocity and chamber pressures. At standstill, the piston will be in the end position, 
where its position is detected by the proximity switches. 
 
Figure 9 shows the position estimation for a Festo DSNU-40-160 cylinder with 3-meter-
long tubes. With a maximum position error of about 3 mm, the estimation quality is 
very high. The velocity deviations at the beginning of the stroke come from observer 
convergence and model uncertainties. At stroke end, the piston position is determined 
by the proximity switch and fed to the observer. The small oscillations of the piston are 
therefore not reproduced in the estimation. 
 
3.2 Adaptive open-loop control with active cushioning 
 
Although the position estimation is good, its quality does not reach that of a 
measurement system. Therefore, the well-known servo pneumatic control algorithms 
based on speed and acceleration feedback cannot be applied to this problem. Instead 
the concept of iterative learning control is applied. 
 

valve 
chamber 
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Iterative learning control is suitable for control tasks in which the same target trajectory 
is to be run repeatedly. The control error from the previous iteration is used in the next 
run to reduce the deviation from the target trajectory. Thus, the control error converges 
over the individual iterations towards zero. Compared to a non-learning controller, a 
large part of the control variable is realized by the feedforward component learned in 
this way and a good tracking behavior can be achieved. 
 
The desired trajectory is derived from a time optimal control of a servo pneumatic 
cylinder drive [12] and extended by a constant low velocity movement near the end 
position. The constant low velocity at stroke end makes sure that the permissible impact 
velocity is not exceeded in presence of control errors. An additional parameter is the 
force in the end position. By adapting the force specifically to the application, air 
consumption can be reduced compared to standard pneumatics [13]. 
 
Figure 10 illustrates the automatic learning process realized with the position estimation. 
The measurement on the right is shown for reference. The first stroke is carried out 
with reduced velocity. From stroke to stroke, the movement becomes faster and 
converges after sixteen strokes to the setpoint trajectory. Throughout the whole learning 
process, the end velocity is not exceeded. In the case of a drop in supply pressure or an 
increase in friction, for example, the process adapts to the changed environmental 
conditions. 
 

 
 

Figure 10: Learning process of the adaptive control concept. 

Time [s] 

Estimation Measurement 

Po
sit

io
n 

[m
] 

V
el

oc
ity

 [m
/s

] 

Time [s] 



D. Rager, M. Doll, R. Neumann & E. Knubben:  
Programmable Mechatronic Pneumatics and Robotics with the Festo Motion Terminal 29 

 

 

3.3 Comparison to standard pneumatics 
 
In standard pneumatics, end position cushioning is usually achieved by mechanical 
cushioning systems. Festo mainly offers two systems – the adjustable cushioning PPV 
and the self-adjusting cushioning PPS [12]. With the PPV, the throttle must be adjusted 
with a screw on the actuator depending on piston speed, supply pressure and load mass. 
The PPS is designed for a wide range of applications. Compared to an optimally 
adjusted PPV, the cushioning performance is lower. 
 

  
 

Figure 11: Comparison to standard pneumatics. 
 
Figure 11 shows a comparison between the adaptive control and conventional 
pneumatics with pneumatic cushioning systems. The measurement with the 
conventional cushioning systems was carried out in exhaust air throttled operation. The 
drive is always moved at the maximum speed without exceeding the permissible impact 
energy or the piston oscillating back in the end position. 
 
The shortest travel time is achieved with the PPV. It is not possible to change the speed 
during operation, as the screw of the cushioning throttle would have to be readjusted. 
The lower performance of the PPS leads to a longer travel time. However, the travel 
time can be changed during operation since the self-adjusting cushioning works at 
different speeds. The adaptive control does not depend on fixed cushioning lengths, so 
that in this case the deceleration phase starts from half the cylinder stroke. This makes 
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higher speeds possible so that the resulting travel time is only slightly lower compared 
to the PPV. Travel time and cushioning can be adjusted at any time by electronic 
interfaces.  
 
The air consumption of the standard pneumatic operation depends solely on the 
cylinder and the supply pressure. The forward stroke requires 1.9 norm liters. Due to 
the adjusted holding force (here 50 newton) of the adaptive control, the air consumption 
is 0.9 norm liter. 
 
4 Conclusion 
 
In this paper, a concept for mechatronic pneumatics with the Festo Motion Terminal 
is presented. A compact physical tube model for controller design was derived that 
models air oscillation and pressure loss in a tube. With the tube model and valve-
integrated sensors, position and velocity of the piston and the chamber pressures were 
estimated. The estimated quantities are used for an adaptive open-loop control of a 
pneumatic drive, based on an iterative learning control scheme. In this operating mode, 
travel time and impact velocity can be set by software. In comparison to standard 
pneumatic drives with conventional cushioning systems, the achieved travel time was 
shorter while no mechanical adjustments were needed. Due to the adjustable holding 
force it is possible to reduce the air consumption in comparison to standard pneumatics. 
The combination of programmable valve terminal, physical modelling and advanced 
control empowers pneumatics for industry 4.0 and upcoming challenges regarding 
climate change. 
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hydraulic system fluid. The reservoir design contributes to the 
proper functioning of the entire system and reduces normal 
maintenance requirements. It keeps the fluid clean, separates air and 
contaminants from the fluid. The reservoirs also dissipate the heat 
of the fluid to the outside atmosphere, and in this paper is present 
hydraulic reservoir in which the heat is transferred with natural 
convection. In order to get the optimal construction for the 
hydraulic fluids reservoir, the estimation is carried out on the 
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represented. 
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1 Introduction 
 
Hydraulic reservoirs are components of a hydraulic system whose main purpose are the 
storage of working fluid. Usually in the reservoir are placed: filter, refrigerator and heater 
of fluid and often pump. An electric motor, pump and measurement device can be 
installed on the reservoir. Hydraulic reservoir is usually prismatic or cylindrical. The 
construction and its position should allow easy filling and control of the working fluid 
level, easy maintenance and good heat removal. The suction line is placed 2 to 5 cm 
above the bottom of the reservoirs and usually has a filter. The return line is placed 2 
to 5 cm below the minimum level of oil, which prevents the appearance of the foam 
and vortexing. The return line should be placed far away from the suction cup to 
prevent mutual interference. The inner surface of the reservoirs should be smooth and 
protected from corrosion, shock and high temperature. Inside the reservoir there are 
barriers. The air vent with the air filter is mounted on the upper side of the reservoirs 
and should allow the outlet of air and vapor from the reservoirs and prevents the entry 
of mechanical particles and water vapor from the air. The bottom of the prismatic 
reservoir is usually slightly tilted in relation to the horizontal. The drain hole is placed 
on the lowest part of the bottom of the reservoirs so that the reservoirs is completely 
drained when the fluid is replaced. The drain plug is often magnetized to collect metal 
particles. In prismatic reservoirs, the cleaning hole is placed on the side, and at the 
cylindrical tops. A level indicator is installed to control the working fluid level. The level 
indicator should have a maximum and minimum level of working fluid. About 15 % of 
the volume should be left in the reservoir due to air extraction. All outside surfaces of 
the reservoirs should be free to dissipate heat. 
 

   
 

Figure 1: Hydraulic reservoir. 
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2 Construction and dimension of hydraulic reservoirs 
 
Construction and dimension of the hydraulic reservoir is very important for the proper 
functioning of the hydraulic system and maintenance of the working fluid -oil. 
Important functions of the reservoirs are: accumulation of the required amount of fluid, 
extraction of water and mechanical impurities from the working fluid, inside the 
reservoir working fluid is heated or cooled. In order to perform all the above functions 
while retaining the oil in the reservoir, it is necessary to properly dimension and 
construct reservoir. Reservoirs are made of steel sheet by welding, cast iron or 
aluminium. Reservoirs of larger dimensions are made by welding, and smaller 
dimensions by moulding [1]. The size of the reservoir is defined according to the type 
of plant on which the hydraulic system is installed and the pump capacity: 
 
 𝑉𝑉𝑅𝑅 = 𝑧𝑧 ∙ 𝑄𝑄𝑝𝑝         (1) 
 
For mobile machine, the volume of the reservoir is defined in relation to the total 
volume of all actuators (VC) installed. The values of volume for reservoir are given in 
Table 1. 
 
Table 1: Guidelines for selecting the volume of the reservoir [1]. 
 

Type of plant Volume of 
the reservoir 

Minimum oil quantity in 
relation to the largest 
volume 

Mobile machine 1,5 Vc 0,5 Vc 
Stationary plants   
When the pump is switched 
off during operation 

3 Qp 0,5 Qp 

With the pump unloading (4 – 5) Qp (2 – 3) Qp 
Permanent work with intense 
warming 

(4 – 10) Qp (3 – 5) Qp 

 
In addition to the criteria for dimensioning the volume of the reservoirs specified in 
Table 1, it is also necessary to take into account the characteristics of the oil in terms of 
air separation speed. The volume of the reservoir must be such a size that it will ensure 
the retention of the oil in the reservoir, at least as long as the amount of air extraction 
time from the oil is. The retention time of the oil can be extended by the installation of 
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the barriers, which, once or more times, change the direction of oil flow from the return 
to the suction part of the reservoir. In addition, these barriers accelerate the process of 
extracting water and impurities from the oil [1]. 
 

 
 

Figure 2: Section of the reservoir [1]. 
 

With standards are defines the shapes and dimensions of the hydraulic reservoirs. Figure 
3 shows a square reservoir with indicated basic dimensions. Figure 3a shows a reservoir 
with square shape, a volume of up to 1000 l, according to DIN 24339. Figure 3b shows 
a reservoir of square shape, volume up to 25000 l. For this type of reservoir, due to 
large surfaces, the inner sides are made of ribbed sheet. 
 

 
 

Figure 3: Simplified look of a square-shaped reservoir [3]. 
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2.1 Ribbed surface of the reservoirs 
 
In order to intensify the transfer of heat from the heating surface to the environment, 
metal elements of various shapes are added to the surface, thus increasing the contact 
area with the surrounding air. These are called ribs or fins [2]. 
 

 
 

Figure 4: A rectangular rib. 
 
The heat delivered by the rib 𝑑𝑑𝑑𝑑 = 𝑝𝑝𝑝𝑝𝑝𝑝 to the environment is obtained from the energy 
balance: 
 

𝑄𝑄3 = 𝑄𝑄1 − 𝑄𝑄2         (2) 
 
The amount of heat that enters through the root of the rib is determined by the 
expression: 
 

𝑄𝑄1 = −𝜆𝜆 �𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�𝐴𝐴𝐴𝐴𝐴𝐴        (3) 

 
The amount of heat exiting the control surface in the x-axis is: 
 

𝑄𝑄2 = −𝜆𝜆 �𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕2𝑡𝑡
𝜕𝜕2𝑥𝑥

�𝐴𝐴𝐴𝐴𝐴𝐴       (4) 

 
The heat that the rib gives to the environment by convection over the surface 𝑑𝑑𝑑𝑑 =
𝑝𝑝𝑝𝑝𝑝𝑝  where P is the circumference/volume of the rib are: 
 
  𝑄𝑄3 = 𝛼𝛼(𝑡𝑡 − 𝑡𝑡∞)𝑃𝑃𝑃𝑃𝑃𝑃        (5) 
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After arranging and introducing the shift: 𝜃𝜃 = 𝑡𝑡 − 𝑡𝑡∞  

        
��  𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑 , 𝑚𝑚2 = 𝑃𝑃𝑃𝑃

𝜆𝜆𝜆𝜆
 it gets 

the differential form of the equation: 
 

 𝜕𝜕2𝜃𝜃
𝜕𝜕2𝑥𝑥

 −𝑚𝑚2𝜃𝜃 = 0        (6) 

 
To solve the differential equation, introduce the following shift: 
 
  𝑋𝑋" −𝑚𝑚2𝑋𝑋 = 0         (7) 
wherein: 
 𝑋𝑋 = 𝑒𝑒𝑟𝑟𝑟𝑟

         
���  𝑋𝑋′ = 𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟

             
���� 𝑋𝑋" = 𝑟𝑟2𝑒𝑒𝑟𝑟𝑟𝑟      (8) 

 
After solving the differential form of equation (6), the final form is obtained: 
 
 𝜃𝜃 = 𝐶𝐶1𝑒𝑒−𝑚𝑚𝑚𝑚 + 𝐶𝐶2𝑒𝑒𝑚𝑚𝑚𝑚        (9) 
 
3 Model and optimization of hydraulic reservoir  
 
The hydraulic reservoir of Apkant press Type AP-100/30 is taken as an example for 
modelling and analysis. The hydraulic reservoir itself is an integral part of the press 
structure. The hydraulic reservoir is located 2.2 m from the bottom of the press. The 
shape of the hydraulic reservoir is rectangular, as shown in Figure 5. The total volume 
of the reservoir is V = 0.31768 m3. There are suction and return pipe openings on the 
front. On the lower side of the reservoirs there is an oil drain hole, while on the upper 
side there is three openings ports for inspection and cleaning of the reservoirs. Inside 
the reservoir there is a suction filter, which is connected to the suction line. The amount 
of oil inside the reservoir is 150 l. 
 

    
 

Figure 5: Apkant press and 3D model of hydraulic reservoir. 



A. Osmanović, A. Efendić, E. Trakić: Modelling, Optimal Design and Simulation of Hydraulic Oil Reservoir 39 
 

 

Hydraulic oil parameters 
 
Hydraulic oil VG 32 is used for the hydraulic system for Apkant press. The basic 
characteristics of the VG32 hydraulic oil for different temperatures are shown in Table 
2. 
 
Table 2: VG32 hydraulic oil. 
 

 Temperature Co  
0 20 40 60 80 

Viscosity [mm2/s] 300 79 32 14,4 8,1 
Density [kg/m3] 880 867 854 841 828 
Thermal conductivity [W/mK] 0,135 0,133 0,132 0,131 0,129 
Specific heat capacity [kJ/m3K]  1663,20 1708,2 1750,7 1799,7 1838,2 
Actual specific heat capacity 
[kJ/kgK] 

1,890 1,970 2,050 2,140 2,220 

 
Hydraulic reservoir dimension 
 
The dimensions of the hydraulic reservoir (length, width and height) are determined by 
the amount of oil inside the reservoir (V = 150 l). The dimensions of the hydraulic 
reservoir and its calculation are shown in Table 3. 
 
Table 3: Basic dimensions of a hydraulic reservoir. 
 

Formula Value Unit Description 

l =
V − V1
V2 − V1

∙ (l2 − l1) + l1 790 mm Length of reservoir 

b =
V − V1
V2 − V1

∙ (b2 − b1) + b1 585 mm The width of the reservoir 

h =
V − V1
V2 − V1

∙ (h2 − h1) + h1 410 mm Reservoir height 

V = l ∙ b ∙ h 0,1846 m3 The volume of the reservoir 

VZ = V − VU 0,00364 m3 
The volume of air in the 

reservoir 

h =
VU
l ∙ b

 333,11 mm Height of oil in reservoir 
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We adopt that the thickness of the sheet wall of the hydraulic reservoir is 3 mm. 
Acceptance of sheet thickness of hydraulic reservoir was performed on the basis of 
analysis of existing reservoir at Apkant press. The thickness of the sheet wall on the 
existing reservoir is 6 mm, since the existing reservoir has the role of preventing static 
deformation on the lateral sides of the press, it can be concluded that the optimized 
hydraulic reservoirs does not have to have the same sheet thickness, but can be made 
of thinner sheet thickness. When selecting the material from which the hydraulic 
reservoir will be made, care must be taken of its strength and its thermal properties in 
order to satisfy all the aspects required for the reservoir. The thermal property of the 
material is very important for the calculation of the amount of heat which, through 
conduction through the thickness of the reservoir, is drained from the oil inside the 
reservoir and transmitted to the surrounding air by natural or forced convection. 
Material for reservoir is AISI 1020 steel. 
 
Rib area calculation 
 
Table 4 and 5 show the fluid parameters, geometric characteristics and ribbed 
parameters. 
 
Table 4: Fluid and ribbed surface parameters. 
 

Surrounding fluid (air) Ribbed surface 
𝑡𝑡𝑓𝑓 = 20 [°C] 𝑡𝑡𝑜𝑜 = 20 [°C] 

Air characteristics for: 

 𝑡𝑡𝑠𝑠𝑠𝑠 =
41 + 20

2
= 30,5[°C] 

𝐶𝐶𝑝𝑝 = 1,005 [kJ/kgK] 
𝜈𝜈 = 16,00 ∙ 10−6 [m2/s] 
𝜆𝜆𝑓𝑓 = 2,67 ∙ 10−2[W/mK] 
𝑃𝑃𝑃𝑃𝑓𝑓 = 0,701 

Geometric characteristics of the ribbed 
surface 
𝑙𝑙𝑢𝑢𝑢𝑢𝑢𝑢 = 2,75   [m]           𝑏𝑏 = 0,380      [m] 
𝐿𝐿 = 0,050      ⌈m⌉           𝐵𝐵 = 0,0195   [𝑚𝑚] 
𝛿𝛿 = 0,003      [m]            𝜆𝜆 = 47 [W/mK] 

 
Optimization of the hydraulic reservoir for the Apkant press must be carried out due 
to the inaccessibility of the existing hydraulic reservoir, during the elimination of failures 
occurring on the electric Motor, hydraulic parts, and for inspection of the reservoir and 
cleaning. 
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In addition to the above reasons, the optimization (improvement) of the hydraulic 
reservoir should also be carried out for better heat removal from the hydraulic oil. The 
solution will be a new construction of the hydraulic reservoir, which will be located on 
the ground next to the side of the hydraulic Abkant press. 
 
Table 5: Rib surface calculation. 
 

Formula Value Unit Description 

𝑡𝑡𝑠𝑠𝑠𝑠 = 𝑡𝑡𝑢𝑢𝑢𝑢 =
𝑡𝑡𝑢𝑢𝑢𝑢 + 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖

2  40,50 Co  
Internal wall surface 

temperatures 

𝑡𝑡𝑣𝑣𝑣𝑣 = 𝑡𝑡0 = 𝑡𝑡𝑢𝑢𝑢𝑢 −
𝑄𝑄 ∙ 𝛿𝛿
𝜆𝜆  40,45 Co  

Reservoirs wall outer 
surface temperatures 

𝑅𝑅𝑅𝑅 = �
𝑔𝑔𝑔𝑔𝐵𝐵3∆𝑡𝑡
𝜈𝜈2 𝑃𝑃𝑃𝑃�

𝑓𝑓
 19,8316·103  Rayleihg-ov  number 

𝑁𝑁𝑢𝑢 = �
576

�𝑅𝑅𝑎𝑎 ∙
𝐵𝐵
𝑏𝑏�

2 +
2,87

�𝑅𝑅𝑎𝑎 ∙
𝐵𝐵
𝑏𝑏�

1/2�

−0,5

 3,532371  Nuseltov number 

𝛼𝛼 =
𝜆𝜆𝑓𝑓
𝐵𝐵 ∙ 𝑁𝑁𝑢𝑢 4,7983 W

m2K 
Heat transfer 

coefficient 

𝑚𝑚 = �
𝛼𝛼
𝜆𝜆𝜆𝜆 5,8335 m−1 Coefficient 

Condition: 
𝑥𝑥 = 𝑙𝑙  ;  𝑡𝑡∞ = 𝑡𝑡𝑓𝑓  ;   𝑙𝑙 = 𝐿𝐿

                   
������� 

𝑡𝑡𝑙𝑙 = 𝑡𝑡𝑓𝑓 + �𝑡𝑡0 − 𝑡𝑡𝑓𝑓�
1

cosh (𝑚𝑚𝑚𝑚) 
39,609 Co  

Temperature at end 
of rib 

𝜂𝜂 =
𝑡𝑡ℎ(𝑚𝑚𝑚𝑚)
𝑚𝑚𝑚𝑚  97,25 % 

Dagree of 
rectangular rib 

utilization 
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝛼𝛼 ∙ [(2 ∙ 𝑏𝑏 ∙ 𝐿𝐿 + 2 ∙ 𝛿𝛿 ∙ 𝐿𝐿) ∙ 𝜂𝜂]

∙ �𝑡𝑡0 − 𝑡𝑡𝑓𝑓� ∙ 𝑛𝑛 460,518 W 
The total amount of 
heat emitted by the 

ribs 

 
On the upper side of the hydraulic reservoir there will be an electric motor, a hydraulic 
distribution valve, pump, a suction and return pipeline, and an oil inlet to the reservoir. 
A drainage hole will be located on the underside of the reservoirs, while rectangular ribs 
will be placed on the rest of the reservoir to increase the surface for better heat 
convection during natural convection. Inside the reservoir will be barrier, which will 
have the task of directing the hydraulic oil from the return to the suction section and 
preventing the hydraulic oil from whirling. 
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Figure 6: Model of optimized hydraulic reservoir. 
 

4 Thermal and CFD analysis of optimized hydraulic reservoir 
 
For optimized hydraulic reservoir is used numerical methods and data structures to 
solve and analyse fluid flow problems - Computational fluid dynamics (CFD). Thermal 
analysis of the ribbed surface of the hydraulic reservoir are also presented. Figure 7 
shows the hydraulic reservoir network obtained in the computer program. A denser 
mesh was used for the simulation to obtain more accurate results, while the figure shows 
a slightly larger mesh for better visibility. 
 

a)   b)  
 

Figure 7: a) Hydraulic reservoir mash network; b) Thermal analysis of hydraulic reservoir. 
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a)  b)  
 

Figure 8: Hydraulic reservoir thermal analysis – a) side; b) front view. 
 

a)  b)  
 

Figure 9: Thermal analysis of hydraulic reservoir  
a) return pipeline, b) suction pipeline. 

 
Figures 7, 8 and 9 show a thermal analysis of a hydraulic reservoir. The figures show 
that the temperature of all the sides and even the bottom of the hydraulic reservoir. It 
can be observed a change in temperature by the height of the support of the hydraulic 
reservoir, which is transmitted to the surface of the support by conduction from the 
bottom of the reservoir, which is further transmitted by conduction over the entire 
height of the support. 
 
The conduction of heat by conduction through the support of a hydraulic reservoir is 
accompanied by the convection of heat by convection to the surrounding air. The value 
of these temperatures is in the function of the coefficient of heat conduction of the 
material and the coefficient of heat transfer from the surface to the surrounding air. 
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a)   

b)  

c)  
 

Figure 10: Fluid movement inside the hydraulic reservoir  
a) back side, b) suction side, c) top view. 

 
Figures 10 show the fluid (oil) flow in the hydraulic reservoir from the inlet (return side) 
to the outlet (suction side). It can be noticed that the fluid has turbulent motion on the 
back side, after leaving the return pipe. 
 
5 Conclusion 
 
A hydraulic reservoir is an integral part of a hydraulic unit, which has the task of storing 
a certain amount of hydraulic oil required for the operation of the hydraulic system. 
Today, hydraulic reservoirs are made of materials that have good thermal properties, to 
increase better heat dissipation from hydraulic oil. The normal operating temperature 
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of the working fluid in the hydraulic system is about 50 °C. Usually, the working fluid 
during work is heated to a higher temperature, so it needs to be cooled. The simplest 
way to cool is to place a fan in front of the reservoir, but it has the minimal efficient 
rate. Placing copper tubes in a reservoir through which cold water flows has a higher 
efficient rate, but since the system is open, the water consumption is high. Special closed 
systems with heat exchanger have the best cooling effect. In practice, free air-cooled 
systems are also used, but they are large in size, complex in construction and expensive. 
Based on the results of thermal analysis present in this paper, it can be concluded that 
by using a finned surface, a higher efficiency of the hydraulic reservoir is achieved, by 
increasing the surface from which heat is released to the surrounding fluid (air). The 
amount of heat discharged from the hydraulic oil depends on the thermal characteristics 
of the hydraulic oil and also on the actual value of the heat transfer coefficient. 
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Abstract Flow-induced forces, a consequence of fluid flow passing 
narrow passages, play critical role in determining performance of 
hydraulic directional control valves. The appropriate determination 
and evaluation of such forces is of importance early in a design stage 
because their operation directly affect the necessary force of 
electro-actuators. The paper shows and explains evaluation of flow-
induced forces on directional control valve, by means of 
experimental and numerical approach. Such a valve is designed for 
flow rates up to 80 l/min and pressures up to 350 bar. Measurement 
of (axial) flow forces was performed through two independent 
approaches. It was found out that experimental approach matches 
with simulation approach. Further, the discrepancies were also 
presented, whose origin was recognized and explained. Validity of 
numerical model could be confirmed based on the agreement 
between experimental and simulation approach. By using the 
appropriate numerical model, it is possible to reduce development 
costs, because experimental approach is usually time-consuming 
and expensive. 
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1 Introduction 
 
Flow-induced forces are one of the most important factor to consider in hydraulic 
component development process. This is especially true for proportional hydraulic 
valves but also for conventional on-off valve, actuated by electromagnet. Flow forces 
directly affect valve performance criteria, such as power envelope (see Figure 1), spool 
stability, dynamic response and others [1]. 
 

  
 

Figure 1: Typical p-Q characteristic for hydraulic valve [16]. 
 
In the field of flow forces in hydraulic valves, a significant number research has been 
done. Already in the 1950’s various authors studied the possibilities of reduction or 
compensation of flow forces (e.g. Beackon et al. [2], Blackburn et al. [3] and Clark et al. 
[4]). Backe et al. [5] was the first to propose methods to compensate flow forces. 
Additionally, Lugowski [7] proposed compensation profile in upstream meter-in orifice. 
 
In recent studies, the problem of flow forces was studied by two ways: by numerical 
approach where computational fluid dynamics (CFD) analysis is performed and by 
experimental approach (e.g. E. Lisowski et al. [6], Herakovič [8], Bordovsky et al. [9], 
Yuan et al. [10]). The latter (if performed adequately) is the most accurate method 
because it measure directly the flow force for given design and boundary conditions. 
However, it is not practical to validate all designs only by means of experiment. This 
old-traditional method is expensive in terms of time (and money) and gives limited 
insight into the product behavior and performance. 
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The main goal of this investigation is to perform experimental research of (steady) flow 
forces on directional control valve (produced by Poclain) as well as validation of 
corresponding numerical tool (CFD). 
 
1.1 On flow-induced forces 
 
In a hydraulic valve, the so-called disturbance forces appear that work against solenoid 
or control forces. Flow forces can be understood as forces that appear with a change of 
direction and/or velocity of the flow stream. The forces acting on a sliding spool are 
divided into radial (𝐹𝐹𝑟𝑟) and axial forces (𝐹𝐹𝑎𝑎). 
 
1.1.1 Axial flow forces 
 
Flow force exists due to non-uniform pressure field on the spool area. Static pressure 
field on the left side of the spool (see Figure 2) is uniform whereas the one on right side 
of the spool is affected by the conversion of the potential energy (static pressure) into 
kinetic energy – a negative pressure occurs at vena contracta. A net force is produced 
in a direction that always closes the spool. In such case, flow force acts in a way to 
stabilize the spool [11]. 
 

 
 

Figure 2: Spool pressure and velocity profile. 
 
Flow forces can be classified as steady or transient flow force [12]. Steady flow forces 
are those exerted by the fluid on the spool during steady flow conditions; transient 
forces are the additional forces due to the time variation of the flow condition. 
 

∑ 𝐹⃗𝐹 = 𝐹⃗𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐹⃗𝐹𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑑𝑑�𝑚𝑚∙𝑈𝑈��⃗ �
𝑑𝑑𝑑𝑑

             (1) 
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The stationary part of the flow force for the inlet edge can be calculated from the axial 
momentum component. Here, the following equation usually appears: 
 

𝐹⃗𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜌𝜌 ∙ 𝑄𝑄 ∙ 𝑈𝑈��⃗ = 𝜌𝜌 ∙ 𝑄𝑄 ∙ (𝑣𝑣2 ∙ cos𝛼𝛼2 − 𝑣𝑣1 ∙ cos𝛼𝛼1)              (2) 
 
The non-stationary part of the flow force can be calculated using the length L of the 
accelerated fluid in the control volume of the sliding-spool chamber: 
 

𝐹⃗𝐹𝑑𝑑𝑑𝑑𝑑𝑑 = −𝜌𝜌 ∙ 𝐿𝐿 ∙ 𝑑𝑑𝑄𝑄
�⃗

𝑑𝑑𝑑𝑑
              (3) 

 
2 Numerical approach 
 
Flow force evaluation has been performed by the commercial 3D CFD tool Simcenter 
STAR-CCM+ (v11.04). The primary goal of the CFD simulations is to compare results 
with experimental approach as well as to get the appropriate CFD simulation models 
for further optimization and development of new hydraulic valves. 
 
This part of study refers to static conditions. This means that spool is fixed at given 
position during the analysis; therefore, induced flow forces are resultant forces of static 
conditions. 
 
2.1 Pre-processing steps 
 
2.1.1 Valve geometry 
 
As declared by the valve nomenclature, the 4-ports, 3-position valve and the spool of 
type “1” are used. It is important that 3D CAD model represent actual geometry, used 
for experimental purposes (so, to have representative digital twin). Here, using hydraulic 
fittings on inlet/outlet ports is of importance because they locally effect flow patterns 
and consequently pressure distribution. CFD simulation of directional control valve 
takes into account flow passage in “b” position (i.e. PA and BT) and “a” position 
(i.e. PB and AT) of the spool. Both spool positions are also depicted on Figure 3. 
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Figure 3: Flow passages - “b” side activated (left); “a” side activated (right). 
 

2.1.2 Mesh parameters 
 
In the core mesh, polyhedral mesh has been used (basic size of ~1,4 mm) and local 
mesh refinement has been applied in various regions. In order to accurately capture 
near-wall phenomenon, 6 boundary (prism) layers were used. Sensitivity analyses has 
shown that 8 or even 12 boundary layers do not bring noticeable improvement in terms 
of results. Figure 4 depicts cross section view on P-A chamber of finite volume mesh. 
Mesh setting criteria has been adjusted in order to assure (at least) 6 prism layers in 
entire wetted volume. 
 

 
 

Figure 4: Cross section view of FV mesh. 
 
2.1.2 Boundary conditions and fluid properties 
 
On the inlet ports (P and A or B), various different mass flow rates have been prescribed 
(10, 30, 50 and 80 l/min). On the outlet ports (A or B and T), environmental pressure 
of 5 bar has been prescribed. For simulation of (static) flow force, the assumption of 
incompressibility has been taken into account. In this case, parameters of oil ISO VG46 
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at 50 °C has been used. In particular, constant density of 855,5 kg/m3 and dynamic 
viscosity of 0,0249 Pa s were used. 
 
2.2 Processing steps 
 
2.2.1 Turbulence model 
 
In this particular case, two industry widely used turbulence models have been used: 
realizable k-ɛ and SST k-ω. These models have been applied in order to evaluate their 
impact on results. 
 

  
 

Figure 5: Selected physical models (left: k-ɛ, right: k-ω). 
 
It is worth to mention that default values of parameters in RANS equation have been 
used. Their values could be easily observed in corresponding literature (e.g. [13]). 
 
2.2.2 Convergence (stopping criteria) 
 
Stopping criteria allows specifying how long the solution runs for and under what 
conditions it stops iterating and/or marching in time. For all simulation tasks, residuals 
and physical quantities (i.e. pressure drop and flow forces) were observed. 
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2.3 Post-processing steps 
 
For comparison purposes, results of flow forces from CFD analyses are shown next to 
the experimental results in chapter 3.3. Hereafter, only some fundamental observations 
from numerical simulation are shown and explained. Simulation results are presented 
for two different turbulence models (i.e. k-ε and k-ω). 
2.3.1 Pressure losses 
 
Pressure losses for flow direction PA as a function of spool opening (i.e. spool 
underlap) are depicted on Figure 6 (normalized values). It is clearly seen that the bigger 
the spool opening, the lower the pressure loss. 
 

 
 

Figure 6: Pressure losses for PA. 
 
2.3.2 Flow forces 
 

Figure 7 depicts flow forces for flow direction PA as a function of spool opening 
(normalized values). The trends of flow forces are the same as seen for pressure losses 
- the bigger the spool opening, the lower the flow forces. Both turbulence models 
predict similar results. 
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Figure 7: Flow forces for PA. 
 
2.3.3 Flow coefficient 
 
Figure 8 depicts flow coefficient (Cq) for flow direction PA as a function of spool 
opening (the latter is given in normalized values). It can be seen that the smaller the 
spool opening, the higher the flow coefficient. Maximal value of Cq is achieved at 
smallest spool opening, where flow is (fully) turbulent and flow number (λ) or Reynold 
number (Re) becomes high. In general, the parameter Cq depends flow regime and 
geometry [11], [14]. 
 

 
 

Figure 8: Flow coefficient for PA. 
  



A. Čelik, B. Bobnar & F. Majdič: Evaluation of Flow-Induced Forces in Hydraulic Valves 55 
 

 

3 Experimental approach 
 
Experimental approach was performed at Laboratory for Fluid Power and Controls 
(LFT) from the Faculty of Mechanical Engineering in Ljubljana. 
 
3.1 Development of test device 
 
3.1.1 Measuring system with force sensor 
 
Measuring system includes stroke sensor (LVDT), flow meter, pressure sensors and 
temperature sensor. For spool stroke setting, a micrometer screw was used because it 
enables relatively precise adjustment of the spool position. In order to prevent 
additional radial forces, internal components were connected by axial joints. The 
measuring system with corresponding sensors is shown on Figure 9. 
 

 
 

Figure 9: Measuring system with force sensor. 
 
3.1.2 Measuring system with voice coil actuator 
 
Voice coil or electrodynamic actuator consists of a moving coil whose winding is 
perpendicular to a fixed magnetic flux and a permanent magnet in the core [15]. 
Measurement of flow force with a voice coil actuator is indirect because measured force 
is obtained via electric current required to keep the actuator in a given position. 
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Figure 10: Measuring system with voice coil actuator. 
 
The actuator contains also a Hall Effect sensor, which acts as a stroke sensor. The voice 
coil actuator was controlled by Arduino microcontroller and the control electronics. 
Measuring system with voice coil actuator and corresponding sensors is shown on 
Figure 10. 
 
3.2 Experiment 
 
The existing hydraulic test device was used for test purposes (scheme is shown on 
Figure 11). Hydraulic pump from Hydro Leduc with a displacement of 130 cm3 and 
maximum flow rate of 170 l/min at 65 bar were used. 
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Figure 11: Hydraulic scheme of aggregate. 
 
Hydraulic oil ISO VG46 was used in the specified filtration range – 19/17/14 according 
to standard ISO 4406:1999 [16] and kept in the temperature range of T = 45 ±5 °C. In 
order to ensure the sensor accuracy, they were calibrated before starting the 
measurements. 
 
Measured data were captured by LabVIEW software, except measurements with a voice 
coil actuator, where flow force and the spool stroke were acquired with the Arduino 
software. All measured signals were transmitted to the computer via DAQ device 
National Instruments. For each test sequence, three consecutive measurements were 
made and then the mean value and standard deviation of flow force was calculated 
(using Microsoft Excel). Mean values of flow forces were used for post-processing (i.e. 
plotting) purposes. 
 
3.3 Results 
 
Measured values of flow force were compared with corresponding CFD simulations, 
which took into account two different models of turbulence. The results are shown as 
normalized flow force vs. normalized spool opening for each flow rate given in the 
measurement protocol. 
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3.3.1 Symmetrical flow conditions 
 
Results for symmetrical flow conditions are depicted on Figure 12. The graph represents 
normalized values of flow force Fjet,norm as a function of spool opening xnorm (i.e. spool 
underlap) for various flow rates. It makes sense to provide some explanations that refer 
to the results for each flow rate: 
 

− Values on vertical axes are normalized by the maximal value of Fjet from k-ε 
model of particular test sequence. 

− Q = 10 l/min: measured values of flow force using force sensor match with 
values obtained by the CFD analysis. In addition, some deviation are also 
observed on the measurements using voice coil actuator. Main reason for 
deviation is the instability of voice coil actuator. For this particular flow rate, 
values of flow forces are relatively small (in the range of few newton), which 
means that disturbance effects (e.g. friction, noise on data acquisition...) have 
important contribution. 

− Q = 30 l/min: measured curves have the same trend as seen for the smallest 
flow rate (except that magnitude of flow force is higher). Further, due to the 
test bench power limitation, it was not possible to assure nominal flow rate at 
smallest spool opening (this is why results are not plotted). 

− Q = 50-80 l/min: it can be seen that measured flow forces (especially for load 
cell) demonstrate independence with respect to the spool opening. This is even 
more obvious at maximal flow rate. It is assumed that radial (lateral) flow forces 
play important role and that influence of radial force increases with increasing 
flow rate. Further, radial forces depend on size of radial clearance between the 
spool and the valve housing. It can be seen that values measured using the voice 
coil actuator are higher compare to force sensor. Reason could be that voice 
coil actuator constantly corrects the position of spool according to the load; 
therefore, lateral forces are less affected as the spool moves constantly (no 
stick-slip effect). 

− Influence of higher pressure on T-port on flow force has also been discovered. 
It has been found out that tank pressure (up to 150 bar) has no impact on flow 
forces. 
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Figure 12: Flow force comparison (symmetrical flow conditions). 
 
In order to evaluate the influence of radial clearance on lateral forces, additional 
investigations have been performed by means of standard spool modification. As can 
be seen on Figure 13, influence of lateral forces is greatly reduced by increasing the 
radial clearance (note that gap clearance is decreasing by increasing spool index); on the 
other hand, internal valve leakage is greatly increased as well. 
 

 
 

Figure 13: Flow force for different flow rates and gap clearances. 
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Spools with the biggest gap clearance (i.e. spool1 and spool2) exhibit similar trends as 
the results from CFD analysis. However, some deviation is observed for spool1 at flow 
rate of 50 l/min. It is assumed that flow force reduction appear due to geometrical 
imperfection (i.e. circularity, which have been found to be slightly increased on some 
metering edges). 
 
3.3.2 Non-symmetrical flow conditions 
 
Results for non-symmetrical flow conditions are depicted on Figure 14. Some 
complementary explanations that refer to the results for each flow rate are given 
hereafter: 
 
− Q = 10 l/min: measured values match with the CFD analysis. Values of flow forces 

are relatively small (in the range of few newton); therefore, disturbance effects (e.g. 
friction, noise on data acquisition...) in this case have important contribution. 
 

 
 

Figure 14: Flow force comparison (non-symmetrical flow conditions). 
 

− Q = 30 l/min: in absolute manner, values of flow forces increase and are therefore 
less impacted by disturbance effects. Deviation could be observed at minimal spool 
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opening, using force sensor. The reason is inaccurate position of the spool due to 
limitation of test equipment and impact of spool dimensional tolerances (stack-up). 

− Q = 50 l/min: although there is a good agreement between experiment and CFD 
analysis, deviation at smallest spool opening becomes even more evident. As 
proved by additional CFD investigations, position inaccuracy plays important role 
on flow force evaluation. Sensitivity analysis on spool position accuracy at 
Q = 50 l/min is depicted on Figure 15. It can be seen that 4 % tolerance1 on spool 
position (at smallest spool opening) greatly affects the magnitude of flow force. 
Based on experimental results, the actual position of the spool during the 
measurement was closer to lower tolerance.However, as already mentioned, it was 
not possible to set the spool position more precisely with existing test equipment 

- Q = 80 l/min: it can be seen that lateral forces (measured by load cell) greatly affect 
flow forces, similarly as found in symmetrical conditions at flow rate 80 l/min (see 
Figure 12). In this particular case, there is a significant deviation of flow forces, 
measured by voice coil. The reason for this issue is a poor accuracy of the voice coil 
actuator at given values of flow forces (i.e. actuator works on its limit). 

- Influence of higher pressure on B-port (up to 150 bar) has no impact on flow 
forces. 
 

 
 

Figure 15: Sensitivity analysis on spool position accuracy at 50 l/min. 

                                                      
1 With respect to the full spool stroke 
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4 Conclusion 
 
The main goal of investigation is to perform experimental research on (steady) flow 
forces and validation of numerical tool (CFD) for predicting flow forces in hydraulic 
valves. Therefore, numerical and experimental approaches have been performed under 
the same conditions in order to allow for direct results comparison. Based on 
comparison of experimental and numerical approach, it is possible to conclude that 
CFD tool (if user respects guidelines and best practices) provide acceptable results from 
engineering point of view. The tool can be effectively used in the future for 
development of new valve products or for evaluation of existing components. 
 
4.1 Numerical approach 
 
Computational fluid dynamics (CFD) analysis have been used to perform steady-state 
flow analysis. For simulation of (static) flow force, the assumption of incompressibility 
has been taken into account. In this particular case, parameters of oil ISO VG46 at 
50 °C has been used. Boundary conditions refers to the inlet flow rate and atmospheric 
flow rate on the outlet ports. Polyhedral mesh has been used in the core regions along 
with local mesh refinement. In order to accurately capture near-wall phenomenon, 
boundary (prism) layers were used. In this particular case, two industry widely used (2-
equations) turbulence models have been used: realizable k-ɛ and SST k-ω. These models 
have been applied in order to evaluate their impact on results. Default values of 
parameters in RANS equation have been used. For all simulation tasks, residuals and 
physical quantities (i.e. pressure drop and flow forces) were taken into account for 
stopping criteria. 
 
Finally, pressure drop, (axial) flow forces and flow coefficient have been extracted (post-
processed) from CFD results. All three post-processing variables show the same trend: 
the bigger the spool opening, the lower the output values (pressure drop, flow force, 
flow coefficient, respectively). 
 
4.2 Experimental approach 
 
Two types of measuring devices were developed and manufactured, namely a measuring 
device with a force sensor and a measuring device with a voice coil actuator. 
Measurements of flow forces were made on both measuring devices for symmetrical 
and for non-symmetrical flow conditions. Agreement with CFD analysis is on 



A. Čelik, B. Bobnar & F. Majdič: Evaluation of Flow-Induced Forces in Hydraulic Valves 63 
 

 

acceptable level; for symmetrical flow conditions, flow forces are small and disturbance 
effects become more pronounced compare to non-symmetrical flow conditions. For 
the latter, flow forces are much higher. It has also been observed that in general, the 
experimental results are in agreement with CFD analysis irrespective which turbulent 
model was used. 
 
By comparing experimental results with a force sensor and voice coil actuator, one can 
figure out that the results using force sensor are in a better agreement with CFD analysis. 
The results using voice coil actuator deviated at certain points, especially where values 
are on the power limit of voice coil actuator. It is worth mention here that more skills 
would be needed on usage of voice coil actuator in order to ensure better control and 
output results. 
 
With regard to the spool position accuracy, limitation of the available measuring 
equipment (and financial resources on projects) did not allow to be more precise. 
The problem of lateral (radial) forces was partially solved by applying bigger gap 
clearance (i.e. using spools with smaller diameters). As a result, higher internal leakage 
appears which does not meet catalogue data. 
 
4.3 Future work 
 
This project initiate several topics, which need to be discovered more deeply in the 
future. Namely, special consideration should be devoted to lateral (radial) flow forces, 
which play an important role of hydraulic component power limit. Correlation between 
clearance in gap, spool geometry (e.g. cilindricity, circularity) and number of balancing 
grooves needs to be investigated more deeply. 
 
Further, test equipment represent an important factor for correct and accurate flow 
force evaluation. Here, accurate spool position is the primary matter of interest. When 
using voice coil actuator, which has been found to be less accurate compare to load cell, 
it is essentially to properly control the input and subtract the noise-related phenomena 
from results. With all those improvements, it is then feasible to perform evaluation of 
dynamic flow forces (i.e. due to spool/fluid inertia). 
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Abstract Modern mobile-hydraulic machines with a hydraulic arm 
manipulator are operated with in-cab control joysticks. In this study 
we focused on a hydraulic grapple attachment. Despite its 
usefulness, operating a hydraulic arm with a grapple attachment can 
be challenging for novices - and even for experts. This is especially 
important when working with fragile materials, for example, pipes. 
Therefore, with these machines it is sensible to install a gripping-
force control-assist system. We developed an electro-hydraulic 
control system with an in-cab touch-display controller based on a 
Raspberry Pi microcomputer. The system allows different 
operating modes, depending on the installed attachment, which the 
user can choose. The electro-hydraulic system allows us to use 
attachments such as a universal grapple arm, a tree shear grapple 
arm or a biomass grapple with a saw unit, grapple for bulk materials, 
etc. 
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1 Introduction 
 
To operate a hydraulic grapple that is connected to the manipulating arm of a mobile 
machine, the operator must have a great deal of experience, especially when handling 
fragile objects [1]. The operator uses a joystick to determine the force with which the 
object is gripped [2] to [10]. Therefore, in order to prevent damage to fragile objects, 
such as the drainage pipe in Figure 1, we have developed a hydraulic control system 
with an adjustable gripping force. 
 

 
 

Figure 1: Manipulation of a fragile object. 
 

The construction of the present hydraulic grapple is modular. There is no need to 
change the whole attachment to provide various work functions, but only to replace the 
arms and grip units with a quick-locking screw (Figure 2). A large number of different 
arms can thus be used on one universal unit. In this way a universal grapple with the 
best grip, a biomass grapple, a log grapple and many others can be obtained and used. 
 
A chainsaw can also be mounted on the main drive unit in combination with a biomass 
grapple, for example. These attachments require different operating parameters in order 
to operate properly. The assist-control system we have designed allows for the selection 
and adjustment of the operating parameters for various attachments via an in-cab 
touchscreen. 
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Figure 2: Quick replacement of the arms. 
 

2 Smart-grapple development 
 
2.1 Construction of the grapple 
 
The modular construction of the grapple is shown in Figure 3. The grabber arm is 
secured to the manipulator arm via a connecting joint. The rotation of the predator is 
controlled by a gerotor hydraulic motor, which drives the rotary joint that is connected 
to the main drive unit. For larger predator models, two or more motors are installed. 
The working arms are fixed to the drive unit via a quick lock. 
 

 
 

Figure 3: The main subparts of the Modularis-Drive grapple. 
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Compared to other grapples that use only one hydraulic cylinder, our system uses two 
(Figure 4), which provide twice the gripping force. In addition, this construction allows 
the arms to adjust to the shape of the load and thus provide a better grip. With proper 
settings for the built-in valves, it is possible to choose between synchronous and 
asynchronous motion. 
 

 
 

Figure 4: Mechanism for closing and opening the grapple with two hydraulic cylinders. 
 

3.1 Hydraulic system 
 
Figure 5 shows a schematic of the hydraulic system for the designed smart grapple. A 
proportional two-stage pressure-reducing valve (pos. 6.1) was used to adjust the 
pressure in the grapple’s hydraulic cylinders. In order to monitor the working pressure 
in real time, a pressure sensor was installed in one of the cylinders (pos. 1a). In this way 
the operator can always monitor the force acting on the object during use. 
 
The measured value is checked during the operation by the controller, and if there are 
any overloads an alarm is sounded. The chainsaw is activated with a 2/2-way directional 
control valve (pos. 6.2), which is activated when the hydraulic motor brake is turned on 
(pos. 5.2), and which is actuated by a 3/2-way directional valve (pos. 6.5). The hydraulic 
block described above was installed in the grapple coupling. The oil flow is driven to 
the hydraulic cylinders via a rotating joint (pos. 4). By adjusting the sequential valves 
(pos. 2a and 2b) it is possible to choose between synchronous and asynchronous arm 
movements. 
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Figure 5: Hydraulic scheme of the designed smart-grapple system. 
 

3.2 Control system 
 
The control system is designed in such a way that the user can choose the operating 
parameters according to the kind of attachment to be used. Because the grapple is 
designed so that it can rotate by any number of turns, we had to transmit the signal 
from the pressure sensor to the controller via a wireless connection. For this purpose 
we designed the wireless module shown in Figure 6. The module has one analogue 
voltage input channel for the signal acquisition from 0 to 5 V. The Wi-Fi module ESP-
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WROOM-02 is in charge of the signal transmission. The module is powered by a battery 
that is built into the grapple housing. 
 

 
 

Figure 6: Electronic circuit with a ESP-WROOM-02 wireless module 
 

For the main control unit, we used a CM3-Panel touchscreen with a Raspberry Pi 
computing module as the computer unit. The graphical user interface (GUI), see Figure 
7, was created in the Python software environment. 
 

 
 

Figure 7: The main menu of the GUI 
 
The interface allows us to select the operating mode and to set the desired parameters 
for the chosen attachment. The animation between closing and opening of the arms is 
shown in the middle; below are the values of the cylinder-pressure sensor and the brake 
sensor. On the right is an animation of the pressure difference for the hydraulic motor 
connections. To operate the saw, the pressure difference must be small enough for the 
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operator to switch it on. If the difference is not small enough, the brake must be 
switched on, after which the green signal light is illuminated. We also predicted the 
installation of a pressure amplifier, which, due to the limited space in the grapple 
housing, could not be installed at this stage. The amplifier could be activated via the 
BOOSTER button through the application. 
 
4 Measurements and validation 
 
In the present initial phase of development we tested the system in the laboratory. We 
verified the rotation of the grapple, the operation of the brake, and the opening and 
closing functions of the arms. The control system was also validated in this set. The 
graph in Figure 8 shows the pressure parameters at the inlet and outlet ports of the 
designed hydraulic block. The flowmeter was installed directly into the pump, before 
the mobile hydraulic directional valve, which has a built-in pressure-relief valve with a 
spring setting pressure of 70 bar. Therefore, in Phase 1, when the valve is closed, oil 
flows over the relief valve. Phases 2 and 4 are rotation stages, while the intermediate 
stages are pressure states with the directional valve in the closed position. Due to the 
limitations of the test facility, we did not reach the operating pressures of the mobile 
machine, but the results show that the system is working properly. 

 

 
 

Figure 8: Results of measurements with the rotating grapple in both directions. 
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The graph in Figure 9 shows a test of the brake’s performance that was activated in 
Phase 3 during the rotation of the grapple. The increase in pressure proves that the 
brake is working properly and that the operator can use a chainsaw at this stage. 

 

 
 

Figure 9: Pressure measurements with hydraulic-brake test. 
 
5 Conclusion 
 
We have designed and built the hydraulic system of a grapple with a control-assist 
system for installation in the cab of a working machine. Due to the limitations of the 
test site, at this stage we were unable to test the operation of the pressure-reducing valve 
to adjust the gripping force, which will be tested in the next phase of the project. The 
designed system is suitable for pressures up to 350 bar (using a 500 bar pressure 
amplifier) and hydraulic oil flow rates up to 60 litres/min. The test on the first prototype 
showed the proper functioning of the device, as well as the correct functioning of the 
control-assist system. 
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Abstract High-dynamics and low energy consumption of 
pneumatic and hydraulic valves can be reached if the new light-
weight and low-friction spools are used. The main part of the paper 
presents the thorough experimental study of the tribological 
conditions inside a pneumatic valve. Within experimental study the 
friction behaviour of new pneumatic valve spools made of 
advanced composite materials is analysed in detail. More and more 
fluid components, such as pneumatic valves, are intended to be 
used without any lubricant; therefore experimental tests are carried 
out in dry working conditions. On the basis of the measured 
actuation force the static and dynamic friction forces are 
determined. The measured actuation forces of composite spools are 
compared with the actuation force of conventional aluminium 
spool. Finally, the new composite spools are validated and the spool 
material with best friction characteristics, the minimal actuation 
force, is defined. 
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1 Introduction 
 
In newer high performance industry applications such as high-response, accurate and 
energy efficient hydraulic and pneumatic drives, new advanced control components 
with better characteristics are required. Here, the step response of the valve has a major 
impact on the improvement of the non-linear behaviour of the drive. The new systems 
also require low energy consumption control components such as hydraulic and 
pneumatic valves. These valve characteristics can be improved by using new materials 
and new sophisticated valve actuators [1]. In many environments, especially in 
pneumatics, neither grease nor oil particles are permissible. Therefore, a thorough 
analysis of the interaction between the seal and the sliding counterface in lubricated and 
dry conditions is required when designing pneumatic valves. 
 
Author in [2] describe the methodology how to design an air-lubricated seals for 
pneumatic cylinders, which can significantly reduce the friction forces. The importance 
of seal geometry, material, and roughness of the counterpart (cylinder bore) was 
investigated in [3] and [4] by means of experimental friction measurements on 
pneumatic piston seals. In [5] and [6], friction force measurements were carried out on 
commercial pneumatic cylinders and seals by means of experimental tests and numerical 
approach; the findings made it possible to develop new low-friction seal geometries. A 
detailed analysis of the seal–counterface contact provided information on seal 
behaviour in terms of sealing capability, friction, and wear are presented in [7]. Surface 
treatment of elastomers and surface texturing as a means of improving tribological 
properties by reducing friction, wear, and the noise of sliding sealing systems were 
addressed in [8] and [9], where elastomer surface conditioning with thin-film or thick-
film coating and solid lubricant embedded in thermoplastic polyurethane seals and flat 
samples was investigated. In [10], the cross-section of hydraulic and pneumatic 
elastomer seals was redesigned and optimized on the basis of a numerical analysis and 
experimental tests, reducing friction to improve performance. 
 
On the basis of the above cited literature it can be seen that most studies are focused 
on the development of new sealing components in pneumatic cylinders. Some of the 
authors analysed the friction behaviour of pneumatic valves, but again, the seals 
represent the main focus of the studies. There is no paper describing in detail the spools 
made of different materials and their characteristics, which might also influence the 
friction behaviour inside the pneumatic valves and consequently the dynamic 
performance of the valve. Therefore, the study presented in this paper focuses on the 
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much more important role of the pneumatic valve spool in order to characterise the 
friction behaviour inside the pneumatic valves and to show how much the actuation 
force can be reduced. 
 
2 Pneumatic valve 
 
2.1 Design of pneumatic valve 
 
Pneumatic valve treated in this study is shown in the photo of Figure 1. It is a directional 
spool valve ISO 3 5/3 BCC (5 ports, 3 stages) which is controlled by two on/off pilot 
stage valves activated with solenoid actuators (Sol1 and Sol2). 
 

 
 

Figure 1: Pneumatic valve ISO 3 5/3 BCC. 
 
The pneumatic valve has two main parts which is analysed and have major effects on 
the tribological behaviour: the cartridge assembly inserted into the main pneumatic 
valve body and the valve spool (Figure 2). 
 
The cartridge assembly consists of six NBR (Nitrile Butadiene Rubber) seals, five 
spacers made of trademark material Lexan 3262R (Polycarbonate-PC with 20 % of glass 
fibres) and two end aluminium covers (Al cover). The spacers assure the exact position 
of the seals along the valve body to achieve the valve functionality and to prevent the 
valve internal leakage between control valve chambers. Arrows, shown in Figure 2 from 
1 to 5, presents the valve ports: 1-inlet, 2 and 4- working ports, 3 and 5-air exhaust. 
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Figure 2: Cartridge-spool assembly. 
 
The functionality of the valve without air leakage is assured with the proper dimensions 
and tolerances of the seals and the pneumatic spool. The manufacturer provides the 
inner and outer diameter tolerance for the NBR seals. Material characteristics and the 
type of the seal are: hardness of 80 Shore, tensile strength of 25 MPa, type PNA 28-2 
80NBR878. 
 
2.2 Spools made of advanced material 
 
The spools analysed in the experimental study are presented in Table 1. A conventional 
spool, made of aluminium (Al), is treated as the reference spool while the other spools 
can be divided into three main groups according to the material classification and 
manufacturing process [11]: 
 

- 1-FWC (filament-wound composites, spools number 3, 4, 9 and 10),  
- 2-ET (engineering thermoplastics, spools number 6 and 8) and 
- 3-LC (laminated composites, spools number 1, 2, 5 and 7). 

 
The raw materials used for the spool manufacturing process are epoxy and phenolic 
resins for the FWC and LC composites. Dicyandiamide is used as hardener and BDMA 
(benzyl dimethylamine) as accelerator. 
 
For reinforcements, several different fabrics are used: glass fabric, woven roving fabric 
and cotton fabric for the laminating process, and glass, carbon, PES (Polyester) and 
aramid for the filament winding process. 
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Table 1: Pneumatic spools made of different materials. 
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2.3 Friction in a pneumatic valve 
 
The friction forces appear in the contact areas between the pneumatic spool and the 
seals. The exact contact locations and the friction forces, Ftr,i, for a single contact can 
be presented with the cross-sectional view of the 3D model as shown in Figure 3b. The 
resultant of the friction forces can be calculated by using equation (1) where Fn,i 
represents the normal component of the force produced by the spool mass and the 
pretension of the seals. The coefficient, μi, represents the friction coefficient at a given 
contact. 
 

 
a) 

 
b) 

 
Figure 3: a) location of the spool/cartridge contacts and b) cross-section of the seal. 
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The cross-section view of a non-deformed seal before the installation is presented in 
Figure 3b as Detail A. The inner and outer surfaces have a conical shape. The inner 
conical surface of the seal is deformed when the spool is inserted into the cartridge 
assembly. That causes the elastic deformation of the seal and the internal compressive 
stress of the seal which results in the increase of the normal component of the friction 
force, Fn,i. 
 
The exact deformation of the seals is very hard to define due to the non-linear 
deformation of the seal material and the uncertainty of the seal diameter measurement. 
Therefore, the tolerances of the inner and outer seal diameter provided by the 
manufacturers represent the only information on which we can rely. Otherwise, the 
FEM numerical calculation of the seals can be performed to analyse the deformation of 
the seals during the installation and during the spool movement. As this research 
focuses on the experimental determination of the actuation forces (friction forces) of 
spools made of different materials, the tribological phenomena of viscoelastic friction 
was not studied in detail. 
 
4 Experimental test rig and the measurement method 
 
The test rig for the measurement of the friction force, Ftr (t), was developed on the basis 
of the systems described in [12]. The scheme of the experimental setup is shown in 
Figure 4. 
 
The tested pneumatic valve is placed in a horizontal position to achieve the most 
common used orientation of the valve in industrial applications. The valve is not under 
pressure which is different from the normal use. We have to be aware that friction 
forces increase with the inlet pressure increase due to seal deformation. In this paper 
the influence of the inlet pressure on friction forces is not considered and will be 
investigate in further research work. 
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Figure 4: Scheme of the experimental setup. 
 
The hydraulic drive unit and the closed-loop control is used to perform desired stroke 
and spool velocity cycle. The test rig was developed to ensure the concentric position 
of the hydraulic cylinder and the pneumatic spool. The connector fixed between 
hydraulic cylinder and force sensor eliminates the torsion loads. 
 
The spool stroke was measured by linear potentiometer with stroke resolution of 0.05 
mm and linearity tolerance below 0.5 %. The force was measured by force sensor HBM 
KMZ26z with the measuring range from 0 to 500 N and linearity error below 0.2 %. 
The measuring parameters, the spool stroke, xp (t), and the friction force, Ftr (t), were 
monitored and saved by using the data acquisition unit BNC-2120 and NI LabVIEW 
software. The measuring cycle for the determination of the friction force consists of 
one forward (+xp) spool stroke. Backward stroke (-xp) can be neglected due to valve 
symmetry as well as symetry of the measured results (Figure 5). Five measuring cycles 
are carried out for a single spool velocity, ẋp. 
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Figure 5: Test cycle and friction characteristic variables for the aluminium spool. 
 
The static friction force, Fstat,i, is determined at low spool velocity cycle (ẋp = 0.2 mm/s). 
In this way the inertia force due to spool mass can be neglected. The dynamic friction 
force represents the measured friction force while the spool is moving with constant 
velocity. It is calculated as twom main parameters, the average dynamic friction force 
Fdyn,avg,i and the minimal friction force during the cycle Fdyn,min,i. 
 
5 Experimental results and discussions 
 
The friction force characteristics of pneumatic spools are determined by using the 
graphical analyses described in Figure 6 and 7. Each measured friction force curve, Ftr 
(t), is analysed in detail where the main parameters, such as static friction force, Fstat,i and 
average dynamic friction force, Fdyn,avg,i are determined. The friction force curves as a 
function of time are presented only for +x direction of the spool stroke due to the valve 
symmetry. Figure 6 shows the measured friction force curve for Al spool at spool 
velocity ẋp = 30 mm/s. Results show the unique distribution of the measured friction 
forces, Ftr,m (t), during the spool movement. On the basis of the constant overall contact 
area between the seals and the spool we expected the typical curve represented with the 
dotted line, Ftr (t). The reason for the deviation can be explained with the non-
homogenous surface structure of the spool and the seals material. The tribological 
behaviour of the contact areas changes during the spool movement, which results in 
the dynamic friction force deviation. The static friction force is determined at minimal 
spool velocity, ẋp = 0.2 mm/s (Figure 7). The dynamic friction force curves show that 
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the increasing of the spool velocity results in a non-linear increasing of the dynamic 
friction force. Also the shape of the friction curve changes with the change of spool 
velocity, which can be seen at three different friction curves at spool velocities ẋp = 0.2, 
60 and 100 mm/s shown in Figure 7. 
 

 
 

Figure 6: Measured friction force curve, Ftr,m (t), of aluminium spool (ẋp = 30 mm/s). 
 

 
 

Figure 7: Static and dynamic friction force. 
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The comparison of pneumatic spools is based on three characteristic forces for each 
pneumatic spool which are presented in Figure 8. The results are shown for the positive 
(+x) spool stroke at velocity ẋp = 30 mm/s. Spool diameter, surface roughness and mass 
of the spools are also considered in the analysis by means of taking into account the 
correction factors [13]. 
 

 
 

Figure 8: Friction force for different spools. 
 
The highest static and dynamic friction forces at a given spool velocity are generated by 
the spool 1 followed by spools number 6, 7, 9 and 5. According to the measurement 
results of the surface roughness and spool mass it can be concluded that the type of 
material and the type of the surface texture have a major influence on the friction force. 
This may be confirmed with the spool number 6. It has a high friction force, 
nevertheless, it has the best surface roughness and the lowest mass. The hardness and 
the type of the surface texture could also be the reason for such a high friction forces 
in this cases. It is very interesting that spool 4 made of filament-wound composite has 
low friction forces although it has much higher surface roughness compared to the 
other spools. It is made of woven cotton fabrics with phenolic resins as the coupling 
agent. In this case, the self-lubricating conditions can be the reason for the low friction 
forces. Spools 2, 3 and 8 have very similar tribological characteristics as the aluminium 
spool. 
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The spool number 10 has the lowest friction force. It has similar surface roughness and 
spool mass compared to the others spools and therefore the reason for low friction 
forces could not be identified at this point. A detail FEM analysis, which will be 
performed in the future, can give the answer of micro holes influence on the friction 
behaviour in dry conditions under pressure. 
 
Figure 9 presents the friction characteristic curves as a function of spool (piston) 
velocity for 10 spools made of different materials and compares them with the reference 
aluminium spool. The lowest friction forces are achieved using the laminated composite 
spool number 10 followed by spools number 4, 3 and Al. The laminated composite 
spool number 7 and spool number 6 made of engineering plastic have the worst 
characteristics. It can be seen that laminated composites have better tribological 
characteristics compared to the filament-wound composites. Laminated composites are 
much easier to machine and therefore the surface roughness is better and dimension 
tolerances can be achieved easier. According to the results, we can conclude that spools 
number 3, 4 and 10 have better friction behaviour compared to the Al spool. 

 

 
 

Figure 9: Friction force as a function of piston velocity. 
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6 Conclusion 
 
In this study, we have done thorough experimental analyses of the tribological 
behaviour of new pneumatic spools made of different composite materials and 
engineering plastics. The main goal was to investigate the material influence on the 
friction force which appears in the contact areas between the spool and the seals. 
Especially the dynamic friction force is important for the use in switching control 
pneumatic valves used in servo pneumatic applications. 
 
The results of the experimental testing show that the friction force can be reduced 
significantly if the proper material for the pneumatic spool is used. Spool material has a 
huge influence on manufacturing process and consequently on different dimension and 
surface roughness accuracy. Those initial spool parameters have major impact on the 
friction behaviour. Not only the size of the static and dynamic friction forces, but also 
the shape of the friction force curve varies a lot. Each spool made of a different material 
has its own unique shape of the friction force curve according to the non-homogenous 
surface structure of the single spool. The results of static friction forces show that the 
spool diameter has major impact. In general the spool with larger diameter corresponds 
to higher static friction force. In some cases the self-lubricated basic material helps to 
decrease not only static but especially the dynamic friction forces. On the basis of the 
experimental results we find that the best tribological characteristics related to the 
minimal friction force are achieved with the composite spool No. 10 manufactured with 
filament winding process. The main reason for low friction forces is the base material: 
polymer composite material based on complex nickel alloy. Spools No. 3, 4 and 10 have 
better friction characteristics compared to the aluminium spool while other composite 
spools have much higher static and dynamic friction forces.  
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Influences on the Efficiency of a Water-Hydraulic Motor 
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Abstract Due to the relative motion between different mechanical 
parts, different contacts are formed. These contacts are very often 
lubricated with oil. Presently, environmental protection and 
ecological awareness are becoming increasingly important, which in 
turn has resulted in a shift to a low-carbon society. As a result, 
water, as an alternative to oil, has gained interest over the years. On 
the one hand, water is less environmentally damaging as a lubricant 
than oil, but on the other hand, water has very poor lubrication 
properties, as its viscosity is 100 times lower than the viscosity of 
oil. However, these limitations might be overcome with the 
appropriate surface engineering. Tribological tests were performed 
in oil and water for two different contacts: steel/steel and 
steel/DLC. The DLC was recognized as a very promising option, 
which ensures low friction and low wear. The DLC was deposited 
on a real hydraulic part in an orbital hydraulic motor and tested 
under real industrial conditions. 
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1 Introduction 
 
Fluid power is one of the ways that we can transfer power. Of course, the main part of 
fluid power is the fluid. Its main features are: power transfer, lubrication, cooling, 
removal of insoluble particles, corrosion resistance, sealing, foaming resistance, 
availability in large quantities, chemical and physical stability, etc. Different hydraulic 
fluids are in use. Mineral hydraulic oils are the most used hydraulic fluids. They are used 
in more than 85 % of cases. The second most used fluid group is the heavy, flammable 
hydraulic fluids and the third is bio-degradable fluids.  This last group of hydraulic fluids 
includes ionic liquids, tap water and other alternatives [1], [2], [3]. 
 
One of most promising solutions to prevent harmful consequences for the environment 
is to use tap water as the hydraulic pressure medium. This solution is harmless to the 
environment, but it is very difficult to realize [4], [5], [6]. One reason being that only 
some relatively simple, water-hydraulic components exist on the market today. Despite 
many years of water-hydraulics research, there is still insufficient understanding of the 
mechanisms and performance and, consequently, the available component designs. 
Some of the reasons lie in many of the specifics that water has compared to oil in 
hydraulic systems, which already affect the research and development phase, and later 
– in the long term – the performance of the water-hydraulic system. Some of these are 
described below. For example, for any research on water hydraulics for real-scale 
components, home-made components and test rigs are required, because they do not 
exist on the market. However, this is associated with costs and technical problems. The 
much lower viscosity of water compared to oil causes a high rate of leakage when using 
clearances typical for oil, while reduced clearances result in excessive wear and high 
friction. Higher working temperatures, which are still common for oil hydraulics, i.e., 
around 70 or 80 °C, are hardly acceptable for water in hydraulic systems, because of the 
evaporation at local contact spots [7]. 
 
In water, micro-organisms develop with time. This causes several problems with 
chemical changes to the water and the growth of algae, which results in sediments. The 
tribological properties of conventional materials (typically stainless steel) in water are 
unfavourable, while comparable material selection is poor, and their properties are 
unknown. For example, a new class of high-potential diamond-like-carbon materials [8] 
to [18] that showed excellent properties in a variety of conditions that are in many ways 
comparable to those in water hydraulics have not been investigated in detail for this 
application yet. Furthermore, another class of materials that has already confirmed 
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excellent properties also suitable for water [19], [20], [21], i.e., ceramics, are probably 
too brittle for the required dynamic conditions in water hydraulics or are too expensive 
for precise manufacturing, but this has not been investigated either. Corrosion and 
cavitation are other well-known problems related to tribological performance and the 
lifetime of components. Therefore, research into the chemical and tribological 
properties that affect the life and performance, as well as the dynamic characteristics, of 
water hydraulics, are required for the successful development of new components, 
which is necessary for the wider use of water in power-control hydraulics. One of 
required water-hydraulic components is a high-torque hydraulic motor [22]. Such a 
motor works well with mineral hydraulic oil. The aim of this investigation is to find 
suitable material pairs for the sliding surfaces lubricated with water under high loads. 
Different tribological tests were carried out. 
 
2 Orbital hydraulic motor 
 
This study deals with the low-speed, but high-torque, orbital hydraulic motor (Figure 1), 
which normally operates under oil-lubricated conditions [8]. Such a hydraulic motor is 
a highly loaded mechanical component that converts hydraulic energy into the rotational 
motion of the shaft. 
 

 
 

Figure 1: Investigated orbital hydraulic motor (Φ 174 mm × 250 mm). 
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The most important parts of a hydraulic motor, regarding the principle of operation, 
are: the inner rotor, the outer ring (Figure 2c), the housing (Figure 2d) and the valve 
plate (Figure 2b). A combination of an appropriate geometry of the mechanical parts, 
the holes in the valve plate and the pressure differences in the lobes ensures that the 
rotational speed of the shaft is up to 25 min-1 and that the torque is up to 1000 Nm. 
 

 
a) b) c) d) 

 
Figure 2: Parts of a disassembled orbital hydraulic motor. 

 
3 Experimental study 
 
Tribological tests were made using the ball-on-flat-disc testing geometry. A 
commercially available reciprocating sliding device (Cameron Plint TE77) was used. The 
specimen (ball and disc) is shown in Figure 3. We tested a variety of different specimens. 
Figure 3 shows two discs (left with a DLC coating and right without – the material is 
AISI 440). The diameter of ball was 25 mm and the diameter of the disc was 20 mm. 
 

 
a) b) c) 

 
Figure 3: Specimens for tribological tests: a) disc with DLC, b) ball and c) disc AISI 440. 
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The conditions of the tribological tests: 
 
Fluid: Mineral hydraulic oil / water 
Material pairs: AISI440/AISI440 and AISI440/DLC coating 
Hardness of sliding surface: 60 HRC 
Roughness: 0.05 µm / 0.2 µm 
 
4 Results 
 
Figure 4 shows the experimental results for the coefficient of friction (COF) using two 
similar surfaces of stainless steel AISI 440 at two different roughnesses (0.05 µm and 
0.2 µm), three different normal forces (14 N, 40 N and 112 N) lubricated with a) oil and 
b) water. The highest COF of AISI 440/AISI 440 lubricated with oil was 0.115 at a 
normal force of 14 N and a roughness of 0.2 µm. The lowest COF in the oil was 0.07 
at a normal force of 112 N and a surface roughness of 0.05 µm. The highest COF during 
water lubrication was 0.46 at a normal force of 112 N and a roughness of 0.2 µm. This 
is four times higher in comparison to oil under the same conditions. 
 

  
     a)          b) 

 
Figure 4: Measured friction coefficient of stainless steel AISI440/AISI440  

a) with oil, b) with water. 
 
Figure 5 shows the experimental results for the coefficient of friction (COF) for one 
surface (disc) with the DLC coating against the AISI 440 ball. The roughness of both 
surfaces was 0.05 µm. The test was conducted at three different normal forces (14 N, 
40 N and 112 N) lubricated with a) oil and b) water. The highest COF of the DLC/AISI 
440 lubricated with oil was 0.08 at a normal force of 112 N. The lowest COF in oil was 
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0.07 at a normal force of 14 N. The highest COF during water lubrication was 0.07 at 
a normal force of 14 N and the lowest COF in water was 0.06 at a normal force of 
112 N. This is 15 % lower in comparison to oil under the same conditions. 
 

 
a) 

 

 
b) 
 

Figure 5: Measured friction coefficient of DLC against AISI 440 a) with oil, b) with water. 
 
5 Conclusions 
 
Basic tribological investigations with stainless-steel AISI 440 against the same material 
lubricated separately with oil and with water were undertaken. The coefficient of friction 
(COF) in the contact of the AISI 440 lubricated with oil was low, as expected, while the 
COF was four times higher in water under the same conditions. After the hard DLC 
coating was applied to the disc, it was found to greatly reduce the COF in water, even 
below the values of the COF in oil. 
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DLC coatings are very promising for water hydraulics, especially for a water hydraulic 
motor. After depositing the DLC coating on the floating ring of the hydraulic motor, it 
began to work. 
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Abstract Nowadays, great emphasis is put on the safety and 
reliability of machines and devices. One of the newer standards for 
the safety of machines and devices is SIST EN ISO 13849-1. An 
important topic in this standard is the determination of the mean 
time to failure of a component or an entire device. The objective of 
this study was to determine the mean time to dangerous failure 
(MTTFD) of a hydraulic brake valve. The valve is a key element in 
a braking system for heavy-duty machines. Since the valve is also a 
safety part of the control system, its potential failure would result 
in a hazardous situation for people. Therefore, it is necessary to 
prove analytically and experimentally the useful operating time of 
the brake valve. To do this, a sustainability test was carried out. 
After 1000 hours of testing, the test was stopped and the mean time 
to failure of the valve was calculated. None of the five valves failed 
during testing. 
 
Keywords: • hydraulic brake valves • mean time to dangerous 
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1 Introduction 
 
The hydraulic brake valve is a pressure-reducing valve and belongs to the group of 
control hydraulic components. The function of this valve is the proportional control of 
hydraulic cylinders that are used for the braking of working machinery. It is controlled 
by the foot through a pedal in the vehicle cabin. The brake valve is part of the braking 
system, which is considered as one of the most important systems in any type of vehicle. 
These systems must provide the function of braking and are therefore usually designed 
to operate in the event of the failure of one of the components. We say that in such a 
system several components that perform the same function are connected in parallel. 
In the case of a brake valve, it is important to perform the braking function, i.e., a safety 
function. If this function fails, people's safety is compromised. In order to increase the 
level of safety, we tried to determine the mean time to failure of the brake valve. One 
of the newer standards for the safety of machines and devices is SIST EN ISO 13849-
1. It describes a method for determining the mean time to failure of the safety part of 
the control system and calculating the reliability of this part. To determine this time, it 
is necessary to determine the criteria or functional characteristics of the valve, for which 
we can claim that the valve failed. In order to determine the mean time to failure, we 
carried out a sustainability test on five brake valves. In addition, we needed to design a 
test station for this valve. The outlet working pressure (F1 and F2) was important for 
the valve; therefore, we monitored it throughout the test. 
 
2 Summary of the standard SIST-ISO 13849-1 
 
2.1 Determining the mean time to failure according to the standard  

SIST-ISO 13849-1 
 
The standard SIST-ISO 13849-1 [1] is an example of a calculated and evaluated mean 
time to dangerous failure (MTTFD) value for one component in a hydraulic system. A 
dangerous malfunction is defined as a failure in the standard that results in a loss of 
safety function. 
 
Instead of using a fixed MTTFD value (e.g., 150 years) as listed in Table C.1 of Annex 
C [1], it can be calculated using the B10D concept, which is used for pneumatic, 
mechanical and electromechanical components, and also for hydraulic components if 
the manufacturer can provide results. The average number of cycles until 10 % of the 
components fail dangerously (B10D) is determined by the manufacturer. The hazardous 
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failure mode of the component must be defined, e.g., sticking of the control piston in 
the end position of the valve. If all the components did not fail at the time of testing, 
then a more detailed analysis of the component's reliability is needed. This analysis takes 
into account that not all the components were defective. With B10D and the average 
number of cycles per year (nop), the MTTFD is defined by equation (1). 
 

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫 =
𝑩𝑩𝟏𝟏𝟏𝟏𝟏𝟏

𝟎𝟎,𝟏𝟏 ∙ 𝒏𝒏𝒐𝒐𝒐𝒐
   [𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚𝒚] (1) 

 
The ISO 13849-1 reliability methods assume that the defects are exponentially 
distributed over time: 𝐹𝐹(𝑡𝑡) = 1 − exp (−𝜆𝜆𝜆𝜆𝜆𝜆). The constant level of hazardous failures 
(λD) can be calculated by knowing the probability of failure (F(t)) at a certain operating 
time (t). Thus, λD, for the time at which 10 % of the components fail (T10D), is estimated 
by equation (2). 
 

𝐹𝐹(𝑇𝑇10𝐷𝐷) = 1 − e−𝜆𝜆𝐷𝐷∙𝑇𝑇10𝐷𝐷   = 10 %  
 

 𝝀𝝀𝑫𝑫 = −
𝐥𝐥𝐥𝐥(𝟎𝟎,𝟗𝟗)
𝑻𝑻𝟏𝟏𝟎𝟎𝟎𝟎

=
𝟎𝟎,𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
𝑻𝑻𝟏𝟏𝟏𝟏𝟏𝟏

 ≈
𝟎𝟎,𝟏𝟏
𝑻𝑻𝟏𝟏𝟏𝟏𝟏𝟏

        
(2) 

 
For an exponential distribution, equation (3) is assumed. 
 

𝑴𝑴𝑴𝑴𝑴𝑴𝑭𝑭𝑫𝑫  =
𝟏𝟏
𝝀𝝀𝑫𝑫

 (3) 

 
Using equation (1), the MTTFD value can be calculated. Because the calculation is 
performed using the B10D concept, the average number of cycles until 10 % of the 
components fail dangerously is needed. 
 
Reliability of the components in the testing without failures 
 
The reliability of the components can be calculated by means of a cumulative binomial 
distribution, taking into account the number of samples (n), the number of samples that 
failed (f) and the probability (RTEST) that each sample is defective. The confidence level 
(CL) tells us how confident we are about the test. 
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𝟏𝟏 − 𝑪𝑪𝑪𝑪 = �
𝒏𝒏!

𝒊𝒊! ∙ (𝒏𝒏 − 𝒊𝒊)!  ∙  (𝟏𝟏 − 𝑹𝑹𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻)𝒊𝒊 ∙ 𝑹𝑹𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻
(𝒏𝒏−𝒊𝒊)

𝒇𝒇

𝒊𝒊=𝟎𝟎

 (4) 

 
For the probability of RTEST, we can assume the exponential or Weibull distribution of 
the components’ failure. In the exponential distribution, the previously described 
equation (2) would be taken into account, expressing the test time (tTEST) and the time 
that we would like to demonstrate (tDEMO), and merging with equation (4) to take into 
account that no component was defective f = 0). 
 

𝒕𝒕𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 = 𝒕𝒕𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 ∙
𝟏𝟏

𝒏𝒏𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∙
𝐥𝐥𝐥𝐥(𝟏𝟏 − 𝑪𝑪𝑪𝑪)
𝐥𝐥𝐥𝐥 (𝑹𝑹𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫) (5) 

 
Equation (5) gives the test time (tTEST) to ensure the time of the component (tDEMO), the 
reliability (RDEMO), and the confidence level in the test (CL) for n samples. The above 
equation can be rearranged by listing only the reliability demonstration factor (RDF), 
which represents an extension or shortening of the test in real time and under normal 
circumstances. Thus, we obtain equation (6). 

 

𝑹𝑹𝑹𝑹𝑹𝑹 =  
𝟏𝟏

𝒏𝒏𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
∙
𝐥𝐥𝐥𝐥(𝟏𝟏 − 𝑪𝑪𝑪𝑪)
𝐥𝐥𝐥𝐥 (𝑹𝑹𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫) 

(6) 

 
The demonstration factor is a coefficient that tells for how long the test time should be 
extended (RDF > 1) or shortened (RDF < 1) to demonstrate the real running time of 
the component. The value depends greatly on the number of samples to be tested. In 
the event that a large number of samples are being tested, it is possible to perform tests 
much more quickly to ensure that the reliability of the component is sufficiently high. 
In the case of the cumulative binomial distribution equation (4), the probability RTEST 
can be a Weibull distribution and we obtain a slightly different equation. Nevertheless, 
due to the nature of the brake valves (several possible failure modes), the same equation 
will be obtained as in the exponential distribution, because the parameter that lists the 
shape of the function in the Weibull's distribution is equal to 1. 
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3 Hydraulic brake valve and test station 
 
Hydraulic valves belong to a third group of hydraulic components that are primarily 
intended to control the hydraulic components of the hydraulic system [2]. Pressure-
reducing valves, with their adjustable settings, determine the size of the outlet pressure, 
regardless of the size of the inlet pressure in the valve. 
 
This section of the article presents more detailed pressure-reduction valves that control 
or brake hydraulic cylinders and are so-called brake valves. Hydraulic brake valves in 
combination with a pedal are designed to brake vehicles such as construction machinery, 
transport vehicles and agricultural and forestry machinery and, last but not least, special 
vehicles. 
 
3.1 Purpose of use 
 
The brake hydraulic valves control the pressure in the braking system. This pressure is 
proportional to the thrust on the pedal. This gives the driver the feeling of braking. The 
valves are designed for use in vehicles equipped with other hydraulic aggregates. This 
action eliminates the need for a separate hydraulic fluid system. There are single-circuit 
brake systems for valves, two-circuit valves and others [3] (Figure 1). 
 

 
 

Figure 1: Schematic display of braking on the front and rear axles [3]. 
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The installation of the brake valve with the pedal can be horizontal or vertical. The valve 
itself and the entire assembly are not affected by the installation, but it must be installed 
correctly, taking into account the manufacturer's instructions. Figure 2 shows an 
example of the horizontal and vertical clamping of the valve. The layout depends on 
the requirements of the supplier or the designer of the entire device or vehicle in which 
the product is installed [4]. 
 

  
 

Figure 2: Vertical and horizontal mounting of the brake valve (on the left) and  
the tester (on the right) [4]. 

 
3.2 Failure modes of the brake valve 
 
The criteria that determine the loss of the safety function due to the failure of the valve 
must be made clear. The manufacturer Poclain Hydraulics and the Laboratory for Fluid 
Technology determined these criteria. The failure of the valve and thus the loss of the 
safety function are considered when the following permissible operating ranges of the 
valve are exceeded: 

 
1) Maximum outlet pressure. The permissible deviation is 20 % of the maximum 

output pressure. 
2) The maximum permissible difference between the working pressure on the 

valve (F1, F2) is 20 % of the maximum outlet pressure. 
3) Maximum permissible external leakage. 
4) Maximum allowed internal leakage. 
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Four failures of the valve are defined. These must be taken into account when 
calculating the reliability. 
 
3.3 Test station 
 
The measurements were made at the hydraulic test site for a sustainability test of the 
brake valves. Due to the need for a representative sample, five samples of brake valves 
were selected according to Errors and Practical Measurement [5]. The test station 
(Figure 3) was designed in the Laboratory for Fluid Technology at the Faculty of 
Mechanical Engineering. Due to the need for sustainable testing, the test station is 
automated. 
 

 
 

Figure 3: Hydraulic diagram of test station for brake valves. 
 
Figure 4 shows the brake-valve test station. The tested brake valves with pedals are 
attached to the base plate. At the top there are point-mounted working hydraulic 
cylinders with ball joints. At the bottom, the bolts are also point-mounted with the ball 
joints on the welded semi-circular mounting, which is screwed to the pedal. In the 
background on the right, there is an aggregate of the hydraulic test station. 
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Figure 4: Test station for hydraulic brake valves. 
 
Figure 5 shows an IR photograph of the test station taken with a FLIR thermo-camera. 
With it, the pressure losses can be detected. 
 

 
 

Figure 5: IR photograph of the test station. 
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4 Experimental research 
 
The length of the entire working cycle was 2.6 seconds. The force with which the 
working hydraulic cylinder operated on the pedal, and illustrated the force of the leg, 
was 470 N. It was calculated according to the pressure-reduction valve set, which was 
set at 30 bar and indirectly, via a working hydraulic cylinder, determined the force on 
the foot. For a lower force, the pedal did not move to its final position in such a short 
time (Figure 6), but at the same time the foot and the entire assembly could not be 
overloaded, as plastic deformation of the pedal could occur, and consequently also the 
failure of the pedal and the valve. These types of results do not reflect realistic operating 
conditions. We measured and recorded the pressures of every 3 cycles per 1000 cycles. 
The sampling frequency of the operating cycle was 100 Hz (the data was captured every 
10 milliseconds). 
 
Figure 6 shows the conditions for a cycle length of 10 seconds at five different loads 
with a maximum of 470 N and five different pressure-reduction valve settings of 10 bar 
to 30 bar. 
 

 
 

Figure 6: Optimization of the load on the pedal for a cycle length of 10 seconds. 
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Key pressure measurements were performed on the F1 and F2 working lines, for each 
valve separately. We then monitored the external and internal leakage of the brake valve. 
In the article by Chen Yunxia [6], a method for theoretically calculating the gap 
enlargement in the sliding type of valves is described. In this way it would be possible 
to calculate the wear of the sliding surfaces and theoretically determine the internal and 
external leakages. We also carried out measurements of cleanliness and monitored the 
mechanical wear on the external mechanical parts (pedals and the pushing part of the 
brake valve). The working pressures of the brake valves F1 and F2 were monitored by 
the pressure sensors (item 7.1 to 7.10) on the hydraulic diagram (Figure 3). We carried 
out an analysis of the measurements on a daily basis and determined the acceptability 
of the operation of the brake valves. We monitored the mechanical wear on the joints 
between the moving parts and the dynamic fatigue of the torsion springs, which ensured 
the return of the pedal to its initial position. We tested four steel pedals that were black-
coloured and one grey-powder-coloured aluminium pedal. 
 
5 Results 
 
All the samples were subjected to 1003 hours of operation and 1,404,092 cycles. The 
length of the cycle was 2.6 seconds, with full load on the pedal. 
B_test = 1,404,092 cycles 
 

𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 1,404,092 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (7) 
 
5.1 Assumption and calculation of MTTFD value 
 
The mean time to failure of the valve is very different from the assumed real load of the 
valve, and two MTTFD values are presented and calculated for two different 
assumptions. In practice, the realistic load depends on the end user, as does the useful 
life of the product. 
  



N. Novak, A. Čelik, M. Žust & F. Majcič: Mean Time to Failure of a Hydraulic Valve 107 
 

 

5.1.1 Assumption 1 
 
Assuming that the real load on the brake valves per day is equal to 10 full-load brakings 
per day, then it follows from assumption 1 and equation (1), the demonstration factor 
of reliability (RDF), which is represented in equation (6) and the measured number of 
operating cycles Btest equation (7), that the MTTFD of these valves is at least: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐷𝐷 =
𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

0.1 ∙ 𝑛𝑛𝑜𝑜𝑜𝑜
∙

1
𝑅𝑅𝑅𝑅𝑅𝑅

  (8) 

 
According to equation (8), it was calculated that the MTTFD of the brake hydraulic 
valves is 880 years.  
 
3.1.2 Assumption 2 
 
Assuming that the actual load on the brake valves per day is equal to 100 full-load 
brakings per day, then the MTTFD for the brake hydraulic valve is determined 
according to the same procedure. Now the MTTFD value is 88 years. The data is 
reasonable, since the useful time of the valve depends on the frequency of use. 
 
5.2 Comparison of the outlet working pressures F1 and F2 on the tested 

valves 
 
Pressure sensors detected the output operating pressures on the F1 and F2 working 
lines on all the valves at the same time. Figure 7 shows the pressure depending on the 
time for each valve, for three working cycles at the beginning of the sustainability test. 
In addition, the system pressure provided by the aggregate (charging pressure) and the 
pressure limit that the brake valves must achieve are shown in Figure 8. 
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Figure 7: Graph shows the working pressure (F1, F2) depending on time of three cycles at the 
beginning of test. 

 
Figure 8 shows the maximum pressures in each measured cycle, i.e., every three 
measurements per 1000 cycles. In the picture below, in a detailed view, it can be seen, 
that the number 3 valve worked most evenly throughout the entire sustainability test. 
For valve number 5, the maximum output pressure gradually decreased somewhere in 
the third quarter, and stabilized at the halfway point of the test, with an average pressure 
change of approximately 9 %. 
 

 
 

Figure 8: Highest measured pressures in each cycle for each valve. 
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Valve number 1 had the most similar operation run as valve number 3. In the end, valve 
number 1 began to achieve smaller pressures than the others, although the reason for 
this was unknown. It might be due to the friction between the mechanical parts in the 
construction. For example, the ball joints on the working hydraulic cylinder and the 
bolts on the construction had a larger friction at the end of the test than at the beginning 
of the test. This is not the result of the improper operation of the valve, but the 
construction and mounting of the pedal on the working hydraulic cylinder and the test 
station itself. At the end of the sustainability test, measurements were made for a longer 
cycle of 3.8 seconds. All the valves reached the maximum outlet pressure and thus 
performed their function. 
 
6 Conclusion 
 

1) We designed a test bench for a sustainability test of five brake valves and pedals. 
2) We showed that all five valves performed 1003 hours of tests and carried out 

1,404,096 cycles without failures. After the calculation according to the SIST-
ISO 13849-1 standard, we proved that the minimum mean time to failure of 
the valve is 880 years, assuming 10 full-load braking per day. Because we carried 
out an accelerated test, we made calculations according to the operated cycles, 
but it was not possible to consider the aging of seals and other possible failures 
due to aging. 

3) We measured the working pressure, which was not less than the smallest 
allowed. Internal leakage was negligible. On average, we maintained the 
cleanliness on 16/13/9. 

4) All the valves still fulfil the conditions for performing their function and thus, 
performing the safety function. 

5) We demonstrated real operating conditions on brake valves and pedals, with 
the implementation of an accelerated sustainability test. The overall 
contribution of the presented research is a conservative estimate of the mean 
time to failure of a brake-valve assembly with pedals that perform the braking 
function.  
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Abstract The increasing of the efficiency, new functionalities and 
decreasing the costs are normally the motivation for new 
developments in the technique. This includes also the use of new 
materials or new production methods. This also applies to fluid 
power and especially the fluid power for mobile applications, where 
efficiency and a low weight have a high priority. In this work will 
be presented a test scenario for hydraulic block for mobile 
applications. In this test should be investigated different materials 
in respect to their fatigue strength. With new production methods, 
for instance selective laser melting, new possibilities in the 
construction are given. These new possibilities should also 
investigate in respect to the fatigue strength. Restrictions in the 
construction of parts which are produced with the method of 
selective laser melting are also described and part of the endurance 
test. 
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1 Introduction 
 
Nowadays, 3D printing technologies are widely used in a lot of industries, in the 
medicine technology and in the field of research offering a range of advantages 
compared to conventional manufacturing techniques. By Wohlers [1], the benefits are 
shorter time to market, use of inexpensive materials, higher production rate, versatility, 
high part accuracy, ability to produce more functionality in the parts with unique design 
and intrinsic engineered features. 
 
In the industry a lot of different 3d printing technologies are used. It can be said, that 
in the metal additive manufacturing three technologies are mostly used [2]: 
 

− the Selective Laser Melting (SLM), 
− the Laser Metal Depositing (LDM), 
− the Deposition Welding. 

 
The Deposition Welding technology is a classical welding technology. The welding itself 
is done by a robot. The different to a classical welding job which is done by a robot is 
in that case, that the whole part is done by welding and not only the welding of different 
sections. 
 
The LDM process is characterized that powder is used to create the additive 
manufactured part.  The powder is applied accurately by a nozzle and a laser beam is 
welding the blowed powder on the part. One of the biggerst advantages of this 
technologie is that no support structures are neccessary, because the nozzle with the 
laser beam is always in the right angle to the surface of the part which is just in 
production [3], [4]. But there are also restrictions in the geometriy of this technologie. 
For instance when a laid tube is prduced. There is no possibility to align the laser when 
the cylinder surface of the laid tube should be closed by the laser process. 
 
The last here described process is the SLM process. It is one of the most common 
additive manufacturing technologies in the industry. 
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Consolidation of loose powder by local laser heating is becoming a promising 
manufacturing technique because of the easy control over both powder deposition and 
laser radiation. SLS/SLM technology makes it possible to create fully functional parts 
directly from metals, ceramics, plastics without using any intermediate binders or any 
additional processing steps after the laser sintering operation [5], [6]. 
 
In the fluid power technology the ,,new’’ manufacturing technology gives a lot of 
advantages [7]. Especially in mobile applications where the weight is an important factor 
the additive manufacturing technology gives new possibilities. Especially for prototypes 
or small lot sizes is the additive manufacturing technology one of the technologies of 
the hour. The advantages are [8], [9]: 
Individual customer products: 
 

− Flexible production from quantity 1, 
− Short production time of a few weeks or days. 

 
Energy efficiency: 
 

− Optimized oil flow, 
− Reduced pressure loss (excess pressure), 
− Less locking screws / leaks. 

 
Weight and design optimization: 
 

− Grid structures, 
− Lower parts weights, 
− Flexible inside and outside geometry. 

 
Functional integration: 
 

− New or optimized functionality, 
− Better control of mechanical properties, 
− Improved sustainability. 

  

https://www.sciencedirect.com/science/article/pii/S0169433207003534#bib2
https://www.sciencedirect.com/science/article/pii/S0169433207003534#bib3
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Hydraulic control blocks and housing of hydraulic valves are the most interesting things 
to produce with additive manufacturing techniques [10]. Especially mobile hydraulic 
control blocks are in the focus of this investigations. Here the freedom to create shot 
connections and to generate part of a low weight are the most interesting things. But 
depending on the additive production technology are also restrictions in the geometry 
of the parts. As before said one of the most common additive manufacturing processes 
is the Selective Laser Melting. Therefore, for this production technology the restrictions 
of the process to the possible geometries should be determined and the possible 
parameters should be determined to get the most freedom in the geometry of the 
hydraulic part. 
 
2 The Selective Laser Melting process 
 
2.1 Process 
 
The Selective Laser Melting process is detailed described by Käfer [2] and Thomson [3]. 
Figure 1 shows the of a SLM Machine. 
 

 
 

Figure 1: Principle of a Selective Laser Melting machine [11]. 
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A base plate is movable placed in a box. On the top of this box is a recoating mechanism 
placed which apply a thin layer of powder in the box. After applying the thin layer of 
powder, the laser beam melts the powder on these places where the sliced part is at that 
time. After this process the movable base plate is lowered down about the thickness of 
one slice of the part and the process starts again. A big advantage of the SLM technology 
is that a lot of different materials can be used, for instance steel, aluminium alloys, nickel 
base alloys ore titanium alloys [11]. In the field of the fluid power the most interesting 
material is steel especially the alloy 1.4404. 
 
2.2 Degrees of freedom and settings of the SLM process 
 
When the Selective Laser Melting process is considered, the following parameters can 
be identified [12]: 
 

− Laser beam power, 
− Dwell time of the laser at one point (or the velocity of the laser beam on the 

surface of the powder), 
− Thickness of one layer of the powder, 
− The grain size of the powder, 
− Dwell time between the individual layers. 

 
There are many investigations on the field of the powder for instance XXX. In this case 
the influence of the powder on the geometry of the part should not be investigated. The 
investigation should include the process parameters of the Selective Laser Melting 
process which are the laser beam power, the dwell time of the laser beam at one point 
and the dwell time between the individual layers. The combination between laser beam 
power and dwell time at one point gives the heat input into the whole box which 
includes the melted part and the filled powder. The dwell time between the different 
layers gives the heat which is transferred from the box out of the machine [13]. 
 
A critical condition in the melting process is the circumstance when the laser beam 
melts direct into the powder. That means there is no structure under the powder layer 
which should be melted. In that case it can happen, that the laser beam break through 
the layer and melts uncontrolled in the powder bed. The result are structures and 
specially surfaces which cannot be used, they are named as so-called dross formation 
[14]. To prevent this situation, support structures are use during the Selective Laser 
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Melting process, which must be removed after the melting process [15]. This is 
associated with additional effort, especially inside of the part. 
 
2.3 Geometric restrictions of the SLM process 
 
As described is in certain situations the most restriction of the Selective Laser Melting 
process the need of support structure. Figure 2 shows different scenarios of the melting 
process where the laser beam break through the powder layer. 
 

 
 

Figure 2: Example of overhanging structures [13]. 
 
The missing structure under the powder layer is the reason to get bad results in the 
melting process. This can be prevented by support structures and the circumstance that 
there is a structure in the near of the beam. This can be enough when only on one side 
of the beam is a structure. It can be said, that there is a critical angle and when the 
surface of the part falls below this critical angle the melting results are not acceptable 
and support structures are needed. To determine this angle Pichler et.al. uses special 
parts which have the shape of a trumpet, see Figure 3. There can be seen how the 
surface quality of the part at decreasing angle of the surface to the base plate. 
 

 
 

Figure 3: Test trumpet. 
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With the right process parameters of the Selective Laser Melting process this critical 
angle can be optimized. 
 
3 Transfer to the fluid power 
 
Figure 4 shows a simple transfer of a classical hydraulic construction to a optimized 
construction. 
 

 
 

Figure 4: Optimized hydraulic part. 
 
It can be seen, that the plug in the vertical drilling hole can be neglected. The cannel for 
the oil is optimized and the material around the cannel is also optimized. But when no 
support structures should be used the critical angle of the Selective Laser Melting 
process must be considerate. That means that the cannel cannot be designed arbitrarily 
flat and the shape of the cannel itself has also restrictions in the diameter. Is the diameter 
to big it is no longer possible to choose a circular shape, see Figure 5. 
 

 
 

Figure 4: Geometric restrictions on a hydraulic part.  
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Based on this findings, different test parts and different test scenarios were developed 
to investigate the influence of the process parameters on the hydraulic conditions of 
hydraulic components und which degrees of freedom are possible in the geometry of 
these components. 
 
4 Test components and test scenarios 
 
4.1 Test scenarios 
 
Two different test scenarios should be investigated. The influence of the process 
parameters on the leakage of the hydraulic component and the influence of the process 
parameters on the geometry of the hydraulic component. 
 
The tests of the hydraulic components are: 
 

− static pressure test of the component, 
− dynamic endurance test of the component. 

 
The static pressure test is to determine the burst pressure of the hydraulic component. 
This should show general the quality of the Selective Laser Melting process and should 
give a feeling to work with additive manufactured parts. The second part is the dynamic 
endurance test with at a pressure level of 350 bar. Preliminary tests have shown that a 
supposed part with no leakage at static pressure becomes leakage after a few load 
changes. The goals of the test are: 
 

− A min. static pressure of 450 bar of the hydraulic test parts, 
− A min. load change of 10e6 at 350 bar. 

 
4.2 Hydraulic test components 
 
To find the optimal process parameters of the Selective Laser Melting process simple 
“thimble’’ is used as test part, see Figure 5. This gives the advantage that the part is fast 
and cheap in the production and nevertheless all the test can be made with these simple 
parts. In one production job can put a lot of these small parts on the base blade and 
with some restrictions each part can be produced with other process parameters. 
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Figure 4: Geometric restrictions on a hydraulic part. 
 
With this part both test the static and the dynamic test can be done. The whole in the 
bottom off the part a ¼ inch thread is made. There the hydraulic pressure supply for 
the test can be coupled on. 
 
To test a combination of more than one property a simplified hydraulic block was 
designed, see Figure 5. This block represents a hydraulic block where cartridge valves 
are putted in and different channels are connected between the cartridge valves. 
 

 
 

Figure 5: Hydraulic test block. 
 
The part is also stress optimized to get a minimum of weight and a maximum of 
stiffness. The geometry optimized design is a challenge in the production of the surfaces 
because overhanging surfaces must be considered and the channels of the oil cannot be 
placed arbitrarily. 
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5 Conclusion 
 
To investigate the possibilities of the additive manufacturing technologies in fluid power 
applications different production technologies were investigated. The in the industry 
most common production technology, the Selective Laser Melting Technology, gives a 
lot of new possibilities for the fluid power. The existing restrictions of this technology 
for hydraulic components were determined and test scenarios developed to optimize 
this technology. 
 
These test gives information knowledge of the strength of the components, the 
endurance of these components and the possibility to build complex geometries. 
 
This should result in hydraulic components which can be produced with a maximum of 
geometric freedom and a minimum of costs, when support structures can be omitted. 
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Abstract When designing devices for testing of hydraulic fluids and 
hydraulic components there are a few things to consider: 
component selection, power consumption of the device, what kind 
of loading profile will be used and so on. Besides all these aspects 
it is also very important to decide which parameters will be 
observed during testing. This is tightly related to the selection of 
sensors and an appropriate control equipment for the acquisition 
of the signals from sensors. Besides reading sensor values, the 
controller is responsible for controlling the entire testing protocol 
including safety functions and actions in case of device 
malfunction. Another very important task of the controller is to log 
data. This article discusses this topic on a case of a custom designed 
device, intended for testing the effect of different types of hydraulic 
fluids on the main hydraulic components. The focus of the article 
is on signal acquisition, processing, interpretation and visualisation. 
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1 Introduction 
 
There are a lot of different tests available for testing lubrication properties of hydraulic 
fluids. The main goal of all these tests is to achieve conditions as similar as possible to 
those that occur in real operation. They try to reproduce mechanical wear mechanisms 
on certain hydraulic components. After examining wear on the components used in the 
test, a statement can be made regarding the effectiveness of the tested hydraulic fluid. 
Tests which depend on analysing component wear are mainly divided in two major 
types: those based on pump wear and those based on valve wear [1]. 
 
Most established pump wear tests are designed on using a big pump from one of major 
manufacturers like Denison, Parker, Eaton-Vicker or Sundstrand pump. These tests are 
therefore generally named after the manufacturer of the pump being used. The main 
reason these pumps are used is the fact that their characteristics are generally well 
known. Most of these tests use a vane or a piston pump. After a test is finished or 
periodically during the test, the pump is analysed for wear. Criteria for wear is most 
often weight loss. The tests must follow strict testing protocols under defined 
conditions, in order to give relevant comparative results. Tests with big pumps are 
relatively very consumptive in means of energy, they use quite a lot of fluid and operate 
under relatively high pressure. There are also alternative testing methods for example 
the “MP-1 test” with a vane pump, which uses only 0,7 litres of fluid and operates at 
pressures lower than 100 bar. These are better in terms energy consumption, but the 
components used are far from real components [2]. 
 
Unfortunately, none of these tests give us information about the effect of hydraulic fluid 
on all the important components – pump, valve, cooler, gaskets and the material of 
pipes and connectors etc. It is also not possible to monitor energy consumption during 
different parts of cycles with them. That is why a combined custom testing rig for testing 
hydraulic fluids was designed to provide a more comprehensive insight into the wear of 
hydraulic components (Figure 1). 
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Figure 1: Testing rig. 
 
The device is based on the use of a B&Cs BG20 gear pump. It uses a proportional valve 
which controls the movement of a two-sided hydraulic cylinder with resistance on each 
side. Schematic diagram of the device can be seen in Figure 2 [3]. The test is composed 
out of predefined number of load cycles. Each cycle consists of hydraulic fluid first 
moving the cylinder to one side until predefined pressure is exceeded and then to the 
other. 
 
The device’s main objective is to age and wear out hydraulic fluid and hydraulic 
components. By analysing components and hydraulic fluid after performing the test and 
by interpreting the measurements made during the test, we can find out about changes 
on the components that occurred during operation. Change of pump and valve 
pressures and pump flow can be noticed during testing which are consequences of 
component wear. 
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Figure 2: Schematic diagram of the testing rig [3]. 
 
2 Components for control and data logging 
 
The designed rig is intended for long autonomous continuous uninterrupted operation. 
for longer periods of time. It can run for a few months or for a predefined number of 
load cycles. Therefore, the components that are used must be high quality and very 
reliable. This applies to all the used parts, but especially the controller, its expansion 
modules and the sensors. 
 
2.1 Components for controlling the device 
 
For controlling the operation, we decided to use a Beckhoff embedded PC CX5140. Its 
4 processor cores offer a lot of computing power for controlling machine operation, 
logging data, and providing user interface with visualisation. We expanded the controller 
with expansion modules listed and described in table 1. Because of modular design, 
controller and modules take up relatively little space in the electric cabinet - Figure 3. 
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Table 1: Used expansion modules 
 

Module Designation Possible connections Purpose 

Digital input module EL1008 8 24 V digital inputs Gathering signals 
from buttons and 
sensors 

Analog input module EL3048 8 analog current inputs 
(0 – 20 mA) 

Gathering signals 
from analog 
sensors 

Digital output module EL2008 8 24 V digital outputs Controlling 
actuators and lights 

Pulse width modulated 
output module 

EL2535 2 PWM outputs Controlling 
proportional valve 

Power consumption 
module 

EL3403 3 phase current and 
voltage  

Measuring power 
consumption 

Resistance measuring 
module 

KL3208 8 analog inputs for 
resistance measurement 
measuring resistance 

Measuring 
temperatures 

 

 
 

Figure 3: Electric cabinet layout [4]. 
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2.2 Sensors 
 
The parameters that we measure in our system are fluid level inside the tank, 
temperature, pressure and flow. A sensor for detecting filter jam is also used. Pressure 
sensors are located after the pump and on A and B ports of the proportional valve, 
while temperature sensors for measuring fluid temperature are located all over the 
system. There is also a sensor present for measuring ambient air temperature. Flow 
measuring turbine, pressure sensors and temperature sensor for measuring temperature 
of oil inside the reservoir have analog current outputs. Filter clogging detector and fluid 
level sensor have digital outputs, while all temperature sensors except for the one 
mentioned before, have analog resistance outputs. The choice of expansion modules 
for the controller is directly related to the types of sensors that we use. That, combined 
with the fact that sensors with analog current output are less vulnerable to noise is why 
all the analog sensors that we had chosen, have analog current instead of voltage 
outputs. Figure 4 shows all the parameters which we follow and a sample of measured 
values. 
 

 
 

Figure 4: Measured values. 
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3 Control program  
 
The control program is made in TwinCAT 3. The program has a modular structure and 
is programmed using a combination of structured text and function block diagrams. 
 
3.1 Control program design 
 
The program controls the whole testing process. The hearth of the program is the main 
block which cyclically runs every millisecond as a task. This block controls the whole 
operation, takes care of initialising the test and organising the whole program by 
cyclically calling all other blocks throughout every program cycle. The blocks that are 
called from the main program do the following: control the proportional valve, handle 
errors, read measured values from sensors and measure flow through the pump as 
illustrated in figure 4. Main block and other simpler block are programmed using 
function block diagrams, while others are programmed in structured text. Some of the 
advantages of using the latter are the ease of writing complex mathematical formulas 
and the possibility of using more complex features like loops. 
 

 
 

Figure 4: Main program block [4]. 
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3.2 Safety functions 
 
A very important aspect to consider when designing a testing device which will run 
continuously for longer periods of time is handling abnormalities during operation. In 
order to assure safe and reliable operation, any anomalies found during testing need to 
be handled correctly. Operation is programmed in a way that when an error happens, 
the test is paused. The cause of error then needs to be eliminated before continuing 
with operation. Possible errors include low fluid level inside tank, lack of pump flow or 
pressure, cooling failure or abnormalities in current or voltage on any of the three 
phases. There is also an emergency stop button present on the machine which stops the 
operation. In case of an alarm, an email can be sent to a predefined address. 
 
4. Data logging 
 
There are a lot of different aspects to consider when designing data logging applications. 
In our case the three most important were how and how often to read data, where and 
how to save it and how to visualise it. 
 
4.1 Data acquisition 
 
Controller reads values from temperature and pressure sensors as well as voltages and 
currents once per every program cycle. At the and of every test cycle, mean, maximum 
and minimum values are calculated from the values acquired during the cycle. Pump 
flow unlike other parameters changes more dynamically, that is why measuring it 
requires a different approach. It is not measured every test cycle like other parameters. 
Once every predefined number of cycles, normal test operation stops, and pump flow 
measurement procedure takes place. It is first measured without any load and then 
under full load. Before every flow measurement fluid must rest for a second. The entire 
measurement therefore takes around 4 seconds to finish. Flow measurement can 
provide us with information about pump wear. 
 
4.2 Transferring and saving data 
 
Measured data is saved to a table inside MySql database for further processing and 
analysis. 
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Writing data to the database requires active internet access, so in order to assure integrity 
of data, safety precautions need to be made in case machine cannot access the database. 
Machine therefore uses a local buffer in which data is saved if connection to database 
is unavailable. When connection to the database is active again, the data inside the buffer 
is transferred to the database. This way we can assure that no data gets lost. Buffer is 
big enough that machine can run uninterrupted for longer periods of time without 
database connection. 
 
Data inside the database is protected from unauthorised access by username and 
password. 
 
4.3 Data visualisation 
 
A website was created for the purpose of visualising measured data. It reads data from 
the database and displays it in form of a graph (Figure 5). Graph can be displayed in 
real time, but it is also possible to view all data which has been saved in the database 
until the last reading. 
 
User has an option to select which out of 21 possible parameters he is interested in. By 
select proper parameters to view we can make some interesting analysis. For example, 
by viewing changes of pressure on different ports of the proportional valve, we can 
determine the wear of proportional valve. By analysing how flow with and without load 
changes over time, or by following power consumption, we can determine pump wear. 
 
Precise analysis is possible by use of zoom in function which allows the user to zoom 
selected parameters on the graph. This way we get a full insight in to the measured 
parameters, which can be viewed from a remote location from different devices 
including smart phones. 
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Figure 5: Web site with graph of selected parameters. 
 
5. Conclusion 
 
This article tries to explain the background of designing a testing rig with real time 
condition monitoring and data logging, the equipment used for such a complex machine 
and the control program for controlling the testing protocol. Because machine is 
intended for continuous operation, machine safety and test integrity also need to be 
taken care of. Another important aspect when designing a device like this, is how to 
manage such amounts of data and its safety. Web application gives us a precise insight 
into the test results and so allows us to interpret them and make useful conclusions. 
Upgrades which could be implemented in the future, among others include functionality 
of sending SMS messages when test is paused because of an alarm or finished and web 
camera with live picture of the test. 
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Abstract The compatibility of an elastomer with hydraulic fluid is 
a critical factor in system performance. Although considerable 
effort has been expended in the attempt to predict seal 
compatibility empirically, these efforts have not been successful to 
date. One reason is the inability to model the broad range of 
environmental conditions and chemical interactions encountered in 
an actual hydraulic system accurately. Another reason is the inability 
to define the term “compatibility” adequately. The paper deals with 
the problem of seal materials` compatibility testing-methods: The 
compatibility of commonly used hydraulic seals` materials in 
combination with mineral based oil. The emphasis is on testing 
three important changes in the properties of the seals: A change in 
hardness, and a change in volume – swelling or shrinkage of the 
seal material. The scope of testing, the parameters of the test and 
the procedure as prescribed by the Standard are presented and 
commented on shortly. 
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1 Introduction 
 
A compatible elastomer is one that will function as an effective seal in an actual 
hydraulic system for an effective period of time. The property changes experienced by 
the elastomer exposed to the system’s fluid and environment should not prematurely 
affect its ability to function as a seal. 
 
The experimental approach principally addresses the chemical interaction between the 
elastomer and the fluid base stock only. This will identify elastomers which are 
obviously incompatible with the fluid base stock, but it does not address subtle chemical 
reactions due to the presence of additives, nor does it address the thermal effects that 
occur in actual systems. There are several of the experimental approaches to identifying 
large variations in seal material in-/compatibility with different hydraulic fluid types. 
 
It is essential to select seal compounds that are compatible with the environment 
(hydraulic system) in which they are used. Even if the proper seal material is chosen 
based on system temperature and pressure, exposure to certain fluids can reduce seal 
performance drastically by altering a compound’s typical physical properties. 
 
A manufacturer of seals, as well those  for  use within hydraulic components, have tested 
thousands of fluids, and are testing many new, popular chemicals continuously to ensure 
seal material compatibility. Their findings, and the resulting guidance, are made available 
to users in order to avoid inappropriate selection of the sealant material for a particular 
type of hydraulic fluid and, thus, to avoid inconvenience [1] to [7]. 
 
2 Hydraulic seals – tasks, forms and materials 
 
Generally, a seal is used between two surfaces to maintain a pressure drop from a higher 
fluid (liquid or gas) pressure area to a lower fluid pressure area, for a specific amount of 
time. A seal’s effectiveness is measured in terms of leakage. Thus, a zero leak seal is one 
that, theoretically, allows no leakage across its interface or sealing contact surface. The 
earliest seals were nothing more than stuffing boxes packed with waxed string or cord, 
leather strips, pieces of rubber, cotton, wool, or even paper [8]. 
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The first advance in sealing technology was the development of V-Rings (Chevron 
Rings) and U-Cups. These seals are reasonably effective, but require hardware 
modifications, which may be complex. Another disadvantage is that these seals are 
unidirectional, because they are pressure-activated. Thus, two seals are needed to seal in 
both directions. As pressure is increased, more V-seals must be added. Thus, three or 
more V-seals can be required to seal system pressures in excess of cca. 140 bar. U-Cups 
have a pressure limitation of cca. 100 bar. 
 
The next advance in sealing technology was the O-ring (Figure 1). The O-ring was 
patented in the 19th century. The original application called for use of the 0-ring in a 
very long groove. The O-ring was intended to roll during the motion of the parts and, 
thus, act like a wiper and seal barrier. An elastomeric O-ring was developed around 
1940. The sizes of the 0-rings were then standardised for universal use. The simple 
design allowed the O-ring to be used both as a static and dynamic seal. Because it was 
a compression seal, it was also a bidirectional seal, in that it was elastic and distorted 
with pressure, and acted as an effective barrier to prevent leakage. 
 

 
Circular cross-section 

 
Square cross-section 

 
X-Type cross-section 

 
 

Profile cross-section (s. c. Lip-seals) 
 

Figure 1: Different forms of ring seals. 
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During the Second World War, the O-ring became the seal of choice, because the war 
effort forced the simplification and standardisation of hydraulic components. During 
this time, many new applications were developed for O-rings, because of their simplicity 
and effectiveness in sealing. 
 
In the area of fluid power technology, different profiled seals (so-called lip-seals) are 
implemented, in regard to application. Some examples of a very wide range and variety 
of different forms of piston-seals are shown in Figure 2. 
 

 
K1 

 
K2 

 
K2S 

 
K3 

 
K4 

 
K5 

 
K5S 

 
K6 

 
K8 

 
K8H 

 
Figure 2: Some examples of different piston-seals cross-section forms 

(TESNILA Bogadi d.o.o.) [6]. 
 
In addition to the various seal-forms is a set of materials used for a very wide selection 
of seals – there are numerous elastomer seal materials. However, nitrile (NBR), 
fluorocarbon (FKM), ethylene propylene (EPR, EPDM), chloroprene (CR), and 
urethane (AU, EU) are the most commonly used materials for industrial applications. 
The designations for the various elastomers, such as NBR, EPDM, and so forth, were 
already developed in 1955, and they are still the subject of development. 
 
These materials can be effective seals over the temperature range of -40 °C to 200 °C 
or more. For hydraulic drives operating under normal conditions, the temperature 
should not exceed 100 °C. Fluorocarbon elastomers can be used with petroleum fluids, 
diester lubricants, silicone fluids, halogenated hydrocarbons, and some acids. They 
cannot be used with phosphate esters, amines, ketones, hot water, steam, and brake 
fluids. However, etrafluoroethylenehexafluoropropylene elastomers are being used 
successfully with newer brake fluids. Fluorocarbon elastomers have relatively high cost, 
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and are normally used where high temperature and longer term compatibility 
requirements are essential. 
 
As an example, Table 1 lists typical material codes that apply to the rubber energizer 
used with PTFE fluid power seals, as usually provided by seal manufacturers. 
Manufacturers have a full range of seal materials to suit various temperature, pressure 
and chemical compatibility requirements. 
 
Table 1: Typical Application Ranges and Recommendations (Parker Hannifin Corp.) [3] 
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3 Standard seal compatibility test procedures 
 
 Seal compatibility test procedures that can be performed easily are described in detail 
in the Standards, e.g. ASTM D471, ASTM D4289, ASTM 1414, ASTM D2240 etc. A 
summary of procedures of testing individual properties is to be found in the relevant 
specialist literature, e.g. [8]. Laboratory equipment is required to perform the tests, 
whether for mechanical testing or for chemical tests (laboratory ovens). The obtained 
results will assist in evaluating optimal elastomers for  specific applications. 
 
The test fluid should be the actual system fluid, and the test temperature should be the 
maximum seal exposure temperature. Test samples should be analysed at 24, 70, 100, 
250, 500, and 1000 h to assess the compatibility of the seal over the minimum service 
life of the fluid [8]. The test is concluded when the property changes exceed the 
established limits. 
 
The test samples should approximate the cross-section of the actual seal used, so that 
the saturation effect is considered properly. The test samples should be either 2-021, -
120, -214, or -320 O-rings per AS568, which is the specification that identifies the actual 
sizes of O-rings. These have an approximate inside diameter of 1 inch (according to the 
Standard, and represent the most popular cross-sections of seals used in industrial 
systems. The test specimens need to be moulded from the same compound as the actual 
seal. 
 
The following tests should be performed on the O-rings (according to the literature and 
Standard) [8]: 
 

a) Hardness change, 
b) Volume swell, 
c) Shrinkage, 
d) Tensile strength change, 
e) Elongation change, 
f) Work function change. 

 
In the context of the Standard, the procedure for the testing of an individual property 
is described more or less precisely. In each case, it is a combination of mechanical and 
thermal loading of the material under the prescribed test conditions, accurate 
measurement of changes in certain quantities (e.g. weighing, measurement of changes 
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in dimensions ...) and calculation of changes in a certain quantity. To make it easier to 
imagine the extent of the required tasks in the framework of individual property testing, 
only an example of testing the volume swell of the seal, as required by the Standard, will 
be given, as follows. 
 
A quartz glass canning jar with a standard two-piece lid need to be used to prevent liquid 
and vapour from escaping. As a heating device, a forced-air oven should be used, 
wherein the temperature shall be maintained within +/– 1 °C. For determining the mass 
of a sample, a scientific advance level precision scale was used, with precision of 0,1 mg. 
The test specimen shall consist of an entire O-ring. The same specimen may be used 
for all tests, with hardness and volume determinations made prior to stress-strain tests. 
 
Procedure: 
 
1. Weigh each test specimen in air, M1, to the nearest 1 mg, and then weigh each 

specimen immersed in water, M2, at room temperature. It is important that all air 
bubbles clinging to the test specimen be removed before reading the weight in water. 
Blot the specimen dry on a lint-free paper towel. 

2. Suspend the specimens in the glass jar by the use of corrosion-resistant wire. Separate 
the specimens by the use of glass beads or corrosion-resistant washers, or by bending 
small loops in the wire. 

3. Suspend the specimen vertically so that cca. 1 inch, of test fluid is between the lower 
extremity of the specimen and the bottom of the apparatus. Add enough test fluid 
to cover the specimen to a depth of cca. 1 inch over the upper extremity of the 
specimen. 

4. Place the test apparatus in the oven at the test temperature for the appropriate test 
time. At the end of the immersion period, remove the specimen from the apparatus. 
Cool the specimen to room temperature by immersing it in a fresh amount of the 
test fluid for 45 min. 

5. At the end of the cooling period, remove the specimen from the fluid and blot dry. 
Weigh each test specimen in air, M3, and then weigh each specimen immersed in 
water, M4. 
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6. The change in volume is calculated as: 
 

[ ]3 4 1 2

1 2
 100               %M M M MV

M M
− − −

∆ =
−

( ) ( )
( )                 (1) 

 
wherein: 
 
M1 = the initial mass of the specimen in air [g] 
M2 = the initial mass of the specimen in water [g] 
M3 = the mass of the specimen in air after immersion [g] 
M4 = the mass of the specimen in water after immersion [g] 
 
Test results are presented as values in % and deviations from recommended values. 
When presented as a function of testing time, trends may be identified in changing a 
particular property. For a critical seal application, property changes limits should be 
monitored as detailed below. These limits have been given in Standards (ASTM, NPFA) 
as recommendations - compatibility programmes, and indicate good chemical 
compatibility. The compatibility test limits, as an example from the literature, are as 
follows [8]: 
 

− Hardness change: +/– 8 pts, 
− Volume swell: 0 to + 15 %, 
− Shrinkage after swell test: -4 %, maximum, 
− Tensile strength change: +/– 20 %, 
− Elongation change: +/– 20 %, 
− Work function change: +/– 12 %. 

 
If all the changes are within these limits, the elastomer should be considered compatible. 
Once a seal material is found to be compatible, all seals for that system should be 
ordered by specific compound and not by ASTM D2000 Line Call Out or generic 
polymer designation. Selecting the initial seal carefully avoids problems later. 
 
To illustrate the property changes that can be experienced in a compatibility test, a 2-
120 NBR 0-ring set was submitted to the compatibility test programme. The O-rings 
were tested in a naphthenic fluid at 100°C. The average test results for the samples are 
shown in Table 2. An examination of the complete test results shows several interesting 
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points. The work function value exceeded 12 % after just 24 h, even though saturation 
did not occur until approximately 500 h, as indicated by the volume swell reaching the 
maximum. The lower the test temperature, the longer the time to saturation. This is why 
short-term tests at low temperatures are meaningless. Work function data also showed 
a reaction trend, with the value starting off as a significant negative change, getting 
positive gradually until the significant positive change at 1000 h. 
 
Table 2: Compatibility Test Results; example for a 2-120 NBR O-Ring [8] 
 

Test 
time 
[h] 

Tensile 
change 

[%] 

Elongation 
change [%] 

Work 
function 

change [%] 

Hardness 
change 
[pts] 

Volume 
change 

[%] 
0 0 0 0 0 0 
24 +7,5 +2,9 –24,1 –1 +3,61 

100 +4,3 –1,3 –12,4 –1 +4,16 
250 –13,3 –17,0 –7,0 –1 +4,21 
500 –63,9 –54,1 +0,5 –3 +4,70 
1000 –73,0 –79,3 +126,0 +8 +2,78 

 
This indicated that the chemical reaction, once begun, continued. If the work function 
was not monitored, the tensile and elongation data would not have indicated 
incompatibility until the 500-h test; thus, any short-term test would have indicated full 
compatibility. If only hardness change and volume change were monitored, there would 
have been no indication of incompatibility. This test sequence illustrates the problem 
of relying solely on volume-swell and hardness changes as compatibility indicators. 
Other recommendations linked to changes in the properties, change limits for 
determining compatibility of elastomer seals for industrial hydraulic fluid application… 
can be found in various literatures (e.g. [9] to [14]). 
 
4. Implementation of material compatibility testing method 
 
Testing the compatibility of seal materials consisted of several of the most commonly 
used materials. In the present case, we limited ourselves to testing the fusibility of sealant 
materials with conventional mineral hydraulic oil and water as an alternative hydraulic 
fluid. The testing was conducted in accordance with the aforementioned Standards and 
procedures. 
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In regard to seal materials, our focus was on the use of sealing materials which are used 
most commonly in hydraulics. For testing purposes we  selected the following materials 
for the seals: NBR, FPM, POM, HPU FRANC, HPU USI, EPDM, MVQ, PTFE I, and 
two materials for the guide/wear bands: SCB, and PTFE. Of each material, five samples 
were manufactured, to ensure the reproducibility of the results. 
 
The basic characteristics of the tested materials are summarised in Table 3. The listed 
number of tested material was  used as the first number of a two-number test code 
system. The tested specimens were made from the materials listed in Table 3. They have 
ring-like form with a square cross-section with dimensions OD x ID x H: 25 x 20 x 5 
mm, as shown in Figure 1. The tested seal form refers to the shape and dimensions 
specified in the Standard, but it is the  sectional square shape (and not the circular one), 
which is closer to forms of dynamic seals used today within the field of Higher 
Operating Pressures. The Standard ASTM D1414 dates from 1956, and has since been 
updated twice, in 1999 and, most recently, in 2003. 
 
Table 3: Basic characteristics of the tested materials 
 

No. Abbreviation Type Colour 
1 FPM Fluoro Elastomer brown 
2 POM Poly Oxy Methylene white 
3 HPU Franc Thermoplastic PU green 
4 NBR Nitril Butadien Rubber black 
5 HPU USI Thermoplastic PU blue 
6 EPDM Etilen Propilen Rubber black 
7 MVQ Metil Vinil Silicone light gray-dirty white 
8 PTFE I Poli Tetra Fluor Etilen white 
9 SCB (wear tape) Sila Ciklo Butadien green 
10 PTFE (wear tape) Poli Tetra Fluor Etilen black 

 
Hydraulic mineral oil HLP-quality class (OLMA – Hydrolubric VG46) and 
demineralized water (suitable for use in the field of Water Hydraulics) were used as the 
tested hydraulic fluids. 
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5 Test results 
 
Before testing and after each next stage of testing, the test subject must be weighed (in 
air and in water) and its dimensions measured. All three dimensions were measured in 
two positions, rotated by 90 degrees and in five repetitions - see Figure 3. An example 
of the result of seal-testing at 90 oC in duration of 70, 250 and 500 hours, are shown in 
Figure 4. 
 

  
 

Figure 3: Example of geometry measurement results. 
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Figure 4: Example of geometry measurement results. 
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The results are shown in the form of deviations from specified limit values, which refer 
to the classic O-ring and conventional mineral hydraulic oil. Figure 4 shows only a small 
part of the otherwise very extensive Tables of results, which refers to some seal 
materials, and the two hydraulic fluids – a mineral based hydraulic oil and water. 
 
6 Conclusion 
 
Seal designers seek the ideal seal material to cover all possible operating conditions. The 
problem is particularly interesting, because new materials are emerging for sealss, new 
types of hydraulic fluids, or modified formulations of a known basic fluid (eg a new 
additive package). 
 
The first step in this direction is certainly to test the compatibility of a particular sealant 
material with a particular fluid. This is very extensive and time-consuming. This paper 
presents the aforementioned issues faced by manufacturers of both seals and hydraulic 
fluids briefly. The procedure and scope of testing, as well the results of testing of 
conventional materials for seals used in combination with mineral hydraulic oil and 
water, are shown as an example. 
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Test Device and Automated Test Procedures for Measuring 
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Abstract Directional hydraulic valves are one of the basic and very 
important components of a hydraulic system as they control the 
direction and quantity of the flow of hydraulic fluid. In order to 
achieve successful closed loop control of the hydraulic system it is 
necessary to know the static and dynamic characteristics of the 
hydraulic valves, which depend on the operating conditions. 
Influence of operating conditions can be evaluated by using an 
appropriate test device, which must ensure comparability between 
measurements. The paper presents the development of fully 
automated test device for measuring static characteristics of 
directional hydraulic vales according to ISO 10770-1. The test 
device consists of hydraulic system equipped with modern sensors 
and is controlled by a soft PLC. The test procedure is fully 
automatic and the test results are displayed real-time. 
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1 Introduction 
 
Directional hydraulic control valves are hydraulic components for regulating the flow 
direction of the fluid and the flow velocity in the hydraulic system. Their use in the 
hydraulic system allows the actuator to move (cylinder, hydraulic motor ...). The most 
common design of directional valves uses control spool that moves from the starting 
position (usually the middle) to the left or right operating position, depending on the 
desired direction of movement of the actuator. The movement of the spool is controlled 
by either lever, coil, hydraulic force or a spring [1]. 
 
The properties and characteristics of directional hydraulic control valves have a strong 
influence on the behaviour of the entire hydraulic system. The performance of the valve 
is most influenced by its construction, but the characteristics also depend on the 
hydraulic fluid used, which changes the characteristics of the valve with different 
viscosity, compressibility and density. 
 
With developed test device for measuring static characteristics of directional hydraulic 
valves it is possible to obtain information on the properties of a particular valve of a 
particular manufacturer in combination with a particular hydraulic fluid based on 
standardized procedures. At a later repetition measurement of the same valve, we can 
conclude on its wear and degradation of the characteristics. 
 
If we want to compare the characteristics of the hydraulic equipment between different 
manufacturers and evaluate the variation of the characteristic over the useful life of the 
valve, the characteristics must be comparable. Comparability is achieved by 
standardized tests and a standardized presentation of results 
 
2 ISO 10770 STATIC TESTS 
 
ISO 10770 standard applies to electrically modulated hydraulic control valves and 
consists of three parts. The first part refers to the testing of four-port directional valves, 
the second part relates to the testing of three-port valves, and the third part to the 
pressure regulating valves [2]. 
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The standard is divided into electrical tests, performance tests that are further divided 
into dynamic and static tests, and pressure impulse test. This paper focuses on the static 
performance tests of four-port directional valves. According to the standard these static 
tests exclude any dynamic effects. The standard also specifies the test conditions that 
are presented in Table 1. 
 
Table 1: Required test conditions 
 

Ambient temperature 20 ±5 °C 
Filtration According to ISO 4406 

Hydraulic fluid 
Mineral hdraulic oil 
(ISO 6743-4) or other hydraulic fluids 
according to the valve 

Hydraulic fluid temperature 40 ±6 °C at valve inlet 
Fluid viscosity grade VG 32 (ISO 3448) 
Pressure ±2,5 % according to specific test 

Pressure on the return line 
According to manufacturer's 
recommendations 

source: ISO 10770-1 [2] 

 
Further on, the paper will present development of fully automated test device for 
measuring static characteristics of directional hydraulic valves and results of three most 
important and common test for four-port directional valves. 
 
2.1 Internal leakage versus input signal 
 
The internal leakage test measures the internal leakage flow between the individual valve 
ports. During the test both control ports are closed and the tank port is opened. The 
pressure port is loaded with 100 bar or with valve’s maximum pressure allowed. 
 
Before performing the measurement, it is necessary to drive the valve several times over 
its entire control area. The flow of leakage on the tank port is then measured throughout 
the control area. The result is a graph of the leakage flow depending on the control 
signal as shown in Figure 1. 
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Figure 1: Internal leakage versus input signal [2]. 
 
2.2 Output flow versus input signal at constant valve pressure drop 
 
Figure 2 shows the static flow characteristics of the hydraulic fluid as a function of the 
control signal. This characteristic is defined at a constant pressure drop on the valve. 
Work ports are connected together via the flowmeter. The test is carried out at a 
pressure drop of 10 bar, of 70 bar or of one third of the maximum working pressure.  
 
Before performing the measurement, it is necessary to drive the valve several times over 
its entire control area. During the test, the input control signal is adjusted from one limit 
(i.e. negative) to another limit (i.e. positive), while the flow value is recorded. The speed 
of the signal change must be slow enough so that the dynamic effects are not affected 
by the results. Between the test the pressure drop on the valve should be as constant as 
possible and should not deviate by more than 5 %. 
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Figure 2: Output flow versus input signal at constant valve pressure drop [2]. 
 
In the obtained results, the following characteristics of the valve can be identified: 
output flow at rated signal, flow gain, linearity, hysteresis, null zone characteristics 
(spool lap condition, symmetry, polarity and limiting power) [2]. 
 
2.3 Metering test 
 
The purpose of this test is to determine the characteristics of each land of the main 
spool as shown in Figure 3. 
 

 
 

Figure 3: Metering test [2]. 
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The test is made of four different measurements of the flow between two control ports 
at constant pressure drop: the flow from port P to A, P to B, A to T and flow from port 
B to T [2]. 
 
3 Test device and automated test procedure 
 
Based on the ISO 10770-1 test procedures (some described above) a test device was 
designed and built (Figure 4). 
 

 
 

Figure 4: Developed test device. 
 
The hydraulic system (Figure 5) is mounted on the frame made of aluminum profiles. 
It consists of pipes, shut-off valves and several sensors for pressure, flow and 
temperature. Hydraulic power is provided by a hydraulic power unit with variable axial 
piston pump powered by a three-phase asynchronous motor, controlled via frequency 
converter. 
 
The use of variable axial piston pump powered by a three-phase asynchronous motor, 
controlled via frequency converter allows us to perform closed loop control (PID) of 
pump flow from 0 to 80 L/min to achieve desired constant pressure drop on the valve. 
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Figure 5: Hydraulic scheme of test device. 
 
3.1 Automated control system 
 
The PLC system is based on Beckhoff soft PLC with selected digital and analog 
input/output modules to control the system. Besides digital and analog modules, the 
system also incorporates counter modules to measure the flow by two gear type flow 
meters and a PWM current output module to control the coils of proportional 
directional valve. Using this special module (EL2535) allows us to have full control over 
pulse width modulation of closed loop current control together with PID parameters 
of PWM modulation and dither signal to the valve. 
 
Figure 6 shows PWM current closed loop control of two valve coils using default 
settings (left), compared to optimized PID settings (right). It can be seen that optimized 
PID settings greatly improve response of the valve, since the set current (of approx.. 
700 mA) is achieved a lot faster. 
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Figure 6: PWM closed loop control parameterization. 
 
3.2 Control panel 
 
The user interface (shown in Figure 7) is made in C# Windows Forms where it is 
possible to include libraries for the graphical display of signals directly from the PLC. 
 
The HMI graphical interface serves to select the test we want to perform, set the 
appropriate parameters, capture data and monitor the measurement. The results are 
displayed in the form of a graph and a table, and can be exported to Microsoft Excel 
XLS file. 
 
HMI application window contains a hydraulic diagram that is equipped with digital 
displays of pressure and temperature values and a marked pathway of the current 
pipeline, thus making it easier to visualize the path of the hydraulic fluid. Under the 
hydraulic diagram we have indicators of current pump parameters: the rotational speed 
can be set from 0 to 3000 rpm, the flow can be set from 0 to 100 %, and the pressure 
can be set from 0 to 315 bar. The user can also define the desired pressure drop on the 
valve and time/step interval of performing individual measurements. On the right side 
of the window the results of the test are displayed in real time in in the form of a graph 
and a table. 
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Figure 7: Control panel. 
 
3.3 Test procedure 
 
The test procedures are fully automated. For example, we will describe an automated 
test procedure for Output flow vs Input signal test.  
 
Before starting the test, the user inputs maximal valve current (mA), interval increment 
(mA), interval (s) and valve pressure drop (bar). At the moment the automated test 
procedure is started, the current on the valve is set to 0 mA and the pump is set to 
minimal flow, thus the rpms are reduced to 800 rpms and the flow is set to 0 %. 
 
While performing automated test procedure, each set time interval (30 s) the current on 
the valve is increased by interval current increment (25 mA). As the valve starts to open, 
the pump is automatically controlled to achieve the desired pressure drop on the valve 
(10 bar) by raising or lowering pump speed and flow. Adequate time increment allows 
the system to achieve steady state, while flow through the valve and pressure drop on 
the valve are constant. Just before the next increment, the recoding is started. The 
recording of the flow and pressure conditions takes 2 seconds, while a larger number 
of data points are recorded, which are then averaged to achieve most accurate results 
possible. 
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4 Results 
 
Figure 8 shows the results of the internal leakage test. 
 

 
 

Figure 8: Results – Internal leakage test. 
 
During the test both control ports are closed (A and B) and the tank port (T) is opened. 
The pressure port was loaded with 300 bar and valve's internal leakage was recorded. 
The measurement was started with maximum negative signal and increased to 
maximum positive signal with 25 mA steps. To evaluate the accuracy and repeatability 
of the test device, we have made three reiterations of each test (the results of each are 
shown as red, blue and green line). 
 
The static flow characteristics of the hydraulic fluid as a function of the control signal 
is defined at a constant pressure difference on the valve. Since we were measuring a 
proportional directional control valve it was important to ensure a constant pressure 
drop of 10 bar. During the measurement, the signal changes from 0 to positive limit, 
then back to negative limit and back to 0. In this way also the hysteresis of the valve is 
recorded. 
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Figure 9: Results – Output flow vs Input signal. 
 
The obtained results can be seen in Figure 9 and show three reiterations of the test. A 
large hysteresis on the valve and poor linearity when decreasing control signal in both 
directions can be noticed. 
 

 
 

Figure 10: Results – Metering test. 
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Additionally, the metering test is used to determine the flow characteristics of four 
individual connections: P-A, P-B, A-T and B-T.  The measurement was also done with 
25 mA step increase of current signal. The results of (three reiterations) of the test are 
presented in Figure 10. Better flow conditions can be recognized in A-T and B-T flow 
connections compared to P-A and P-B flow connections which have more flow 
restriction. 
 
5 Conclusion 
 
A fully automated test device for measuring static characteristics of directional hydraulic 
valves was successfully developed and built. It allows us to perform all types of tests 
specified in ISO 10770-1 and determine the static characteristics of four-port directional 
hydraulic valves with desired accuracy and repeatability. 
 
The test device allows us to compare properties and characteristics of different new 
valves or to evaluate the performance of a single valve before and after being exposed 
to long-term endurance test, evaluating its performance after the endurance test. 
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Significance of Proportional Valve Steady-State Characteristics 
 

DARKO LOVREC 
 

Abstract Within controlled hydraulic fluid power systems, power 
is transmitted from a hydraulic power source to one or several 
actuators through electrically modulated hydraulic control valves. 
The control valves receive control signals in the form of an 
electrical signal, receive hydraulic power from a power source, and, 
then, control the direction and amount of hydraulic flow to the 
actuator, depending upon the electrical input signal – continuously 
operating valves. In terms of their structure and dynamics, there are 
several types of continuous-acting valves. These include 
proportional valves. In addition to different continously acting 
valve types, there are  a number of performance characteristics that 
must be known in order to apply electrically modulated hydraulic 
control valves successfully. This paper presents in more detail the 
importance of understanding the characteristics of these valves, 
their interpretation, and the, in some cases,  need to know the actual 
characteristics of the valve used. 
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1 Introduction 
 
Hydraulic valves are of different types and designed to perform different tasks: To 
determine the direction of fluid flow and, thus, the motion direction of the actuators, 
to determine the fluid rate and, thus, the motion speed, and for pressure and to regulate 
the pressure. Each task requires a certain type of valve. The simplest working of a 
directional valve is just opening/closing, for starting or stopping fluid flow through the 
system, but, any failures to these hydraulic valves will affect the accuracy and control of 
the entire hydraulic system. 
 
Continuously acting valves can eliminate this disadvantage. In addition,  several 
combined tasks can be performed simultaneously, eg, control the direction and speed 
of the actuator. These tasks can, in principle, be accomplished with two different types 
of continuously acting valves - with  servo valves and with  proportional valves – 
Figure 1. 

 

 
 

Figure 1: Basic types of continuously-acting valves. 
 
Hydraulic servo valves are continuously acting, electrically modulated directional 
control valves that convert the electric input signal, varying from 0 to max. value to an 
accurate hydraulic output. Servo valves are high-performance devices that require an 
electrical input signal for controlling the flow. The low electrical signal input for the 

 

continuously operating directional valves 

control  
proportional valves 

conventional 
proportional valves 

servo valves 
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servo valve can control powerful hydraulic actuators precisely. Normally, they are used 
for efficiency, repeatability, and for obtaining accurate outputs for high dinamical 
motion throughout the modern machinery and devices. The primary function of a servo 
valve usually includes monitoring, feedback, and correction of the control 
signal/output. 
 
The proportional valves, which appeared later, were intended for use in rough industrial 
environments and for less demanding applications, especially in terms of dynamics. In 
contrast to the servo valves, which use a torque motor as an electromechanical 
transformer, using proportional directional valves, the proportional magnets - a variable 
solenoid to adjust a notched spool position in a cast housing for flow direction and 
throttling. With respect to the valve design and its dynamics, the proportional valves 
are further divided into two subtypes - the conventional proportional valves and the 
control proportional valves, which are used increasingly in broad areas of machinery. 
 
High-response valves, regardless of whether they are servo valves or control 
proportional valves, basically provide the same function as directional valves, but at 
much higher speed and accuracy. Servo valves use a low power (torque) motor to 
balance hydraulic pilot pressures that control the main spool. This pilot structure is 
more sensitive to fluid contamination, but dynamics can be very high when used in 
closed loop applications. The servo also has a main spool that fits into a precise sleeve, 
which provides the throttling windows to optimise the mechanical/flow design. All 
three types may be considered, but the specific needs of the application determine which 
is the most appropriate. 
 
These aforementioned design features, in regard to an electromechanical transformer, 
valve spool design, a type of spool overlap etc., are evident in the valve characteristics. 
Knowing the different valve characteristics is the starting point for selecting a suitable 
continuously acting valve-type for a particular application. 
 
2 Steady-state characteristics of continuously acting valves 
 
While for conventional solenoid valves in the datasheet we usually only find the ∆p-Q 
characteristic and performance limit data, in the case of continuously acting valves there 
are other additional characteristics that we not only need to know, but also need to 
interpret correctly. These characteristics can be divided into static and dynamic valve 
characteristics. Valve flow vs. command value/signal in % or flow vs. stroke in %, 
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operating limits are static characteristics, step respond and Bode diagram related to valve 
dynamic are dynamic characteristics. In this paper, we will focus on the static 
characteristics and their importance. 
 
Figure 2 shows an example of the flow-input signal characteristic of a conventional 
proportional valve and a controlled proportional valve, as usually provided by the 
manufacturers of these valves. 
 

  
 

Figure 2: Typical flow-input signal characteristic of a conventional (left) and 
control proportional valve (right) [1]. 

 
Given characteristics for proportional valves are mainly principally, often also, 
simplified and unified, or even "idealised". Certain details, such as where the hysteresis 
is measured (in this case not shown on a graph), or the linearity given... are a matter of 
interpretation and decision by the manufacturer. However, they do not apply exactly to 
the valve used by the hydraulic control system specialist. 
 
As an example of the characteristics interpreting, let's look at a valve’s flow-signal 
characteristic – Figure 3. 
 
A very important valve parameter is the dead zone. A valve with a substantial dead zone 
is rendered useless in applications that seek null as the ultimate operating condition, 
such as in positioning systems and some pressure-control systems. The valve cracking 
point is that instant where the valve just begins to open. That may seem a simple and 
clear statement, however, it is not. Because there is always leakage in spool valves, flow 
variations take place all through the overlap, or dead zone of the valve. The next 
important parameter is the valve linearity, the degree to which the metering curve agrees 
with a best fit straight line. For a proportional valve, hysteresis is the point of widest 
separation between the metering characteristic curve, with increasing input relative to 
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the characteristic with decreasing input, as measured along a horizontal line. This idea 
is presented in Figure 2 for a proportional valve with substantial overlap. 
 

 
 

Figure 3:. More detailed given valve flow-signal characteristic [2]. 
 
Threshold is an attempt to separate and measure the portion of valve hysteresis caused 
by friction from the portion caused by the magnetization properties of the torque 
motor's internal ferromagnetic parts. In that respect, the threshold represents the very 
minimum possible hysteresis when all the magnetic effects have been eliminated. Other 
parameters such as valve flow gain and valve velocity gain should be mentioned [2], [3], [4]. 
 
All very briefly mentioned parameters are important for the comparison of the 
characteristics of the different hydraulic continuously acting valves from different 
manufacturers, to check the characteristics of the same valve types of the same 
manufacturer, to compare the characteristics and evaluate the variation of the 
characteristic over the operational period of the valve, or to evaluate the wear impact… 
the characteristics of the valve under consideration must be known. This can only be 
achieved by measuring the characteristics according to the standardised measuring 
procedure, and a standardised presentation of results. For continuously acting hydraulic 
control valves the Standard ISO 10770 is valid [5]. 
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3 ISO 10770-1 steady-state tests 
 
The ISO 10770-1 Standard applies to modulate hydraulic control valves electrically and 
consists of three parts. The first part refers to the testing of 4-port directional valves, 
the second part relates to the testing of 3-port valves, and the third part to the pressure 
control valves [5]. 
 
The Standard is divided into electrical tests, performance tests that are further divided 
into dynamic and static tests, and pressure impulse tests. For the preselection of control 
valves, the static performance tests of 4-port directional valves are relevant. With this 
Standard, different static tests resp. characteristics are defined: Proof pressure tests, an 
internal leakage test, output flow versus input signal test, flows across lands versus input 
signal, output flow versus load pressure difference, output flow versus valve pressure 
drop, limiting output flow versus valve pressure drop, output flow versus fluid 
temperature, pressure difference versus fluid temperature etc. A typical steady-state test 
layout according the Standard ISO 10770-1 is depicted in Figure 4. 
 

 
 

Figure 4: Layout for ISO 10770-1 steady-state tests as given in the Standard [5] 
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The set of steady-state tests is quite extensive. Proof pressure tests shall be performed 
prior to carrying out any other tests. In accordance with the Standard we focused on 
the following tests: 
 
a) Internal leakage test: 
b) Output flow versus input signal at constant valve pressure drop, to determine: 
 1) Rated flow; 
 2) Flow gain; 
 3) Flow linearity; 
 4) Flow hysteresis; 
 5) Flow symmetry; 
 6) Flow polarity; 
 7) Spool lap condition; 
 8) Threshold. 
c) Flows across lands versus input signal, 
d) Output flow versus load pressure difference, 
e) Output flow versus valve pressure drop, 
f) Limiting output flow versus valve pressure drop, 
g) Output flow versus fluid temperature, 
h) Pressure difference versus fluid temperature, 
i) Pressure gain versus input signal, 
j) Pressure null shift and 
k) Fail-safe function test in accordance. 
 
The Standard specifies the procedure for performing the test fairly accurately, as well as 
the conditions for conducting the individual tests. 
 
To determine the actual characteristic of the proportional valve in question, to compare 
the characteristics of valves of the same size but different manufacturers, to compare 
the characteristics of the same type of valve of the same manufacturer (which serves as 
a starting point for the valve development valve manufacturer), for the pre-selection of 
identical valves of the same valve type for the purpose of comparative tribological 
research (in regard to using new fluid or material used – [6] to [11]), for monitoring the 
valve wear condition after certain operating periods... the most useful in terms of the 
data obtained are the flow- input signal test and the leakage test. 
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Some examples of the characteristics as shown in the Standard ISO 10770-1 are 
depicted in Figure 5. 
 

 
Leakage test characteristics 

 
Output flow vs. input signal 

characteristics 

 
Treshold characteristics 

 
Metering test characteristics 

 
Figure 5: Steady-state characteritics as shown in Standard ISO 10770-1. 

 
4. Steady test characteristic measuring device and test results 
 
The characteristics shown in Figure 5 have only the principal course of the curve. In 
order to determine the actual course of these characteristics, it is necessary to build a 
measuring device. This contains, in addition to the hydraulic part of the device, designed 
in accordance with the Standard proposal, appropriate sensors and with the appropriate 
control and data acquisition system for the automated recording of the individual 
characteristic. The layout of the device for measuring of 4-way directional flow control 
valves and the appearance of the device equipped with sensors are shown in Figure 6. 
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With the device shown, the repeatability of the measurement procedure was performed 
first, and then the following most important characteristics were measured for three 
proportional valves of the same type: Leakage test, metering test, output flow vs. input 
signal test, null shift, dead-band/zone and hysteresis. 
 

 
 

Figure 6: Hydraulic scheme of measurement device layout (left) and  
the actual appearance of the device with sensors (right). 

 
As an example of using a steady-state characteristics measuring device, let's look at its 
use for the purpose of pre-selection of proportional valves for further tribological 
research. 
 
For this research purposes, it is of extraordinary importance that we use valves with 
exactly the same respectively identical characteristics. The importance of the 
preselection process of valves is shown on an example of a classical directional 
proportional valve type of usual market quality, without a control spool measuring 
system. 
 
In the considered case, we used three identical valves of the same manufacturer, with 
the same label and code, and, thus, expected the same characteristics. The results of the 
preselection process are presented in the form of three different valve test-
characteristics: A leakage test, metering test and output flow vs. input signal test. The 
results of the characteristics` measurements are shown in Figures 7, 8 and 9. 
 
Based on a comparison of three different characteristics of the same type of valve, it is 
more than obvious that all valves are not identical, even though they are declared as the 
same type of valve. 
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Figure 7: Comparison of an internal leakage test characteristic for three valves. 
 

 
 

Figure 8: Comparison of metering test characteristics for three valves. 
 

 
 

Figure 9: Comparison of output flow vs. input signal characteristics for three valves. 
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The differences between the characteristics of valves occur due to the  valve 
manufacturer's fault, whether an incorrect/different built-in valve spool, or the error is 
due to the incorrect code listed on the valve plate. 
 
Whatever is the cause of the mistake in these differences, this is reflected consequently 
as different valves with different properties. When conducting the tribological research, 
in this case, false conclusions would arise. If we know exactly the baseline situation, we 
will be able to give an appropriate assessment of the condition of the valve leakage 
range, degree of wear, wear and change in the geometry of the control edges. 
 
5. Conclusion 
 
The paper highlights the background and the importance of understanding the 
characteristics of the continuously acting valves, in the considered case of proportional 
valves, their interpretation, and the usefulness of the individual characteristics. 
 
When we come across characteristics and Standards, such as in the case of the static 
characteristics of proportional valves, we usually think that Standards are only necessary 
for valve manufacturers, as they must measure the characteristics and make them 
available to users in the data sheets. The starting point is really a certain Standard that 
should describe and define measuring procedures and interpretation of a characteristic 
very precisely. Although the Standards are, in part, very precise, on the other hand they 
leave a lot of open questions or undefined issues. These are left to the discretion of the 
manufacturers when specifying the characteristics and numerical values of a specific 
value or parameter. 
 
When performing tribological tests with hydraulic pumps, the specific type of pump 
used is defined precisely. In the case of tribological tests with hydraulic valves, almost 
nothing or very little is specified. For example, in order to compare the impact of 
different hydraulic fluids on the wear of the same type of valve, it is necessary first of 
all to ensure the same starting points. Only in this case, can we rely on the credibility of 
results. In this case, the valve characteristics given in the manufacturer`s data sheet are 
not enough. They need to be measured by standardised procedures for each specific 
valve, since it is necessary to use identical valves for comparison purposes. 
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Except for the use of identical valves in all subsequent tests, we have also come up with 
other important information, for example: To know the actual leakage rate of the new 
valve and the leakage rate of the already worn-out valve, to determine the actual valve 
characteristic compared to those available in data sheets, to know all the characteristics 
of the same valve according the Standard. 
 
The latter certainly includes knowledge of the actual characteristics of the built-in valve, 
as well as its actual condition, which allows monitoring the trend of valve wear and the 
impact of its efficiency. 
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Abstract Many fatigue machines used for industrial or laboratory 
applications are limited to perform a single fatigue test and its 
components are commonly servo- hydraulic or pneumatic actuators 
of high capability, leading to high costs. In the present paper a 
fatigue machine which works up to 40 kN and it is used to 
investigate the fatigue behaviour for industrial materials is 
presented. This machine employs servo-axes mounted with a linear 
motion mechanism to develop fatigue tests from 0.1 to 20 Hz under 
tension. The control and programming of the machine is carried 
out by Beckhoff soft PLC and software, allowing an easy control. 
 
Keywords: • servo hydraulic • fatigue testing device • control 
system • Beckhoff • soft PLC • 
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1 Introduction 
 
The introduction of new materials creates the necessity of understand them mechanical 
properties, one of the most important is the fatigue behaviour, the main interest in those 
tests is to warrant the safety of the component in service [1] to [3]. Evaluate fatigue 
endurance by experimental procedures becomes necessary arguing the fact that 
theoretical equations do not always fit the real fatigue behaviour [4]. 
 
Then, it results necessary to carry out mechanical fatigue tests in different modalities 
and on a wide variety of materials to investigate the principal causes of failure in 
engineering components subjected to uniaxial and multiaxial loading [5]. Fatigue test 
specimens are primarily described by the mode of loading these could be axial stress, 
plane bending, rotating beam, alternating torsion, combined stress testing machines, 
however, may be universal type machines that are capable of conducting all of the above 
modes of loading, depending on the fixturing used [6]. Several authors have designed 
and constructed their own machines for specific applications [7] to [11]. In regard 
fatigue machines, the market is saturated by expensive machines and the variety of 
fatigue machine also depend the regimen of frequencies used [11]. The systematic 
studies on  fatigue have been carried out in the second half of the twenty century on 
aluminium alloys [12], [13]; whereas most recent developments are oriented to the 
fatigue machines controlled by a servo-actuator , or the use of a resonance system to 
induce failure by fatigue [14], [15]. This developed machine is oriented to perform 
fatigue tests under force-controlled mode. The description of the present fatigue 
machine includes the process to carry out fatigue tests in Aluminium alloy 7075-T6. 
 
2 Materials and methods 
 
The chemical composition (% in weight) and the principal mechanical properties are 
listed in Table 1 and Table 2, respectively. In order to obtain mechanical properties of 
AA7075-T6, tensile testing was conducted on universal testing machine Instron 1255 
on 4 specimens (cold rolled Al7075-T6 sheet) of non-standard dimensions at room 
temperature. 
 
Specimens used in fatigue test were machined from an AA7075-T6 plate, the design of 
the specimen were obtained upon specimens designed to ultrasonic fatigue tests, this is 
due to the requirement for the ultrasonic fatigue test are higher than for specimens in 
this regimen of fatigue. 
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Table 1: Chemical composition by weight of Aluminium alloy 7075-T6 
 

Zn  Mg Cu Cr Fe Al 
6.9 

max. 
2.7 

max. 
1.87 
max. 

0 of.2 
max. 

0.4 
max. 

Balance 

 
Table 2: Principal mechanical properties Aluminium alloy 7075-T6 
 

Density Hardness σy σu 
Poisson 

ratio 
Elasticity 
Module 

[kg/m3] 
2800 

[HV0.1] 
155.12 

[MPa] 
453 

[MPa] 
538 

0.33 [GPa] 
70 

 
2.1 Specimen´s geometry 
 
Specimens used in fatigue tests, were designed upon the ultrasonic fatigue specimens, 
in order to adapt the specimens to the machine, Figure 5.  The geometry of the fatigue 
specimens is designed with a reduced cross section that allows present the maximum 
stress amplitude in the middle section with the maximum stress intensity factor. 
Providing the specimen an effective clamping method is an important step of the 
procedure, that can allow the correct force distribution in the specimen, and the correct 
alignment in the axes of the machine avoiding with this other phenomena as can be 
torsion or flexion, wanted phenomena for the study. 
 

 
 

Figure 1: Fatigue specimen dimensions. 
  



174 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
3 Design and description of the fatigue machine 
 
Testing line was manufactured from high-quality materials and adapted to hydraulic 
cylinder and table that were previously manufactured. Original design of testing line 
made in SolidWorks is presented on Figure 2. Machine was adapted for experiments of 
dynamical tests with controlled force, where amplitude and frequency of the force are 
controlled. Testing line was dimensioned with respect to tensile forces. Machine can 
perform uniaxial static and dynamic tensile tests. If the machine would be tested on 
compression, the contact surfaces can be damaged or individual parts can be broken 
down.  Maximum tensile force of the machine is 40 kN. 
 

 
 

Figure 2: Original design of testing line in SolidWorks. 
 
On the table is steel plate attached to I profiles on the table. On the steel plate is bolted 
the testing line. On one side of the testing line is hydraulic cylinder, with wedge grip 
(Figure3) attached to it. On the other side of the testing line is another wedge grip on 
one of the welded brackets. The distance between wedge grips can be adjusted by 
positioning of the hydraulic cylinder or by bolting welded brackets on another position 
of steel plate. System of the wedge grip is self-tightening. 
 
Wedge grip has moving body and stationary jaws. The surface of jaw face that holds the 
specimen is ribbed. Holes through the wedge grip body and jaws were made for centring 
of the specimen with bolts, while preventing opening of the jaws and increasing 
stiffness. Opening of the jaws is also prevented by putting spring on the side of the jaws 
and inner part of wedge grip body, allowing the jaw width to increase when 
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dimensioning. Specimen is easy to set up for testing. When specimen is set in the wedge 
grip, while testing force increases, gripping force increases as well. Body and the jaws 
of the wedge grip is made of tool steel 115CrV3 (DIN). Body of the wedge grip is 
tempered on 850 ±20 MPa. Jaws of the wedge grip are quenched on 52  ±2 HRC. 
 

 
 

Figure 3: Wedge grip. 
 
Force sensor is set on the opposite side of hydraulic cylinder, between two welded 
brackets, because the absolute displacement of the sensor is small between stiffening 
and the specimen. The system can be improved by using of sensor for measurement of 
deformation in order to obtain the tensile characteristics. 
 

 
 

Figure 4: Lateral view of the fatigue test machine. 
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3.1 Hydraulic system 
 
Hydraulic system is powered by Parker PAV 32 adjustable pump capable of delivering 
up to 45 L/min under 315 bar of pressure which controls 74,5/63 x 110 double rod 
hydraulic cylinder with the help of MOOG G761 servo valve. 
 
3.2 Control system 
 
Control system is based on Beckhoff CX5140 quad core soft PLC which runs the 
developed PLC program at 0.1 ms cycles. The CX5140 also runs the HMI application 
developed in Windows C# in parallel. The control runs on Windows 7 Embedded and 
it is used to setup the test and make the recordings during the test. 
 

 
 

Figure 5: Control panel. 
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The control panel is presented in Figure 5 and allows the user to setup the main 
properties of the test, such as: test frequency (Hz), force (N), force amplitude (N) and 
number of cycles. User can also set the parameters of the PID closed loop controller 
and parameters of periodic auto recording. 
 
3.3 First test 
 
After manufacturing of the testing line, the system was tested up to 20 Hz as shown in 
Fig. 6, which presents systems response to PID closed loop force control at 20 Hz. The 
figure reveals that the actual force recorded is not ideal sinus since the lowest possible 
filter was used on the force input signal. 
 

 
 

Figure 6: Machine performance at 20 Hz. 
 
While testing the system, deformations were observed on welded bracket and on the 
horizontal steel plate on which the entire testing line was located. Numerical analysis of 
horizontal steel plate showed calculated maximum value of deformation more than 1 
mm. In order to reduce the deformation and increase rigidity of the system, side plates 
(material S270) were set up. By placing the side plates, access to the sample is not 
prevented. 
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4 Results and discussion 
 
Fatigue test were performed in load control, at a room temperature (20 °C). The 
maximum stress was 110 MPa (20 % of yield stress) and load ratio was R = 0.1, during 
the test the strain amplitude was recorded each 5000 cycle, the strain amplitude 
remained constant but the strain mean value decreases with increasing number of cycles. 
Figure 7 shows a shift of the mean strain between start, middle and end cycle, choosing 
from al the previous records data that we can get from the machine. 
 

 
 

Figure 7: Characteristic stress-strain records during fatigue loading. 
 
The degradation of the material, aluminium alloy 7075-T6, is not visible until the surface 
is analysed with microscope, optical microscope and SEM where used for this duty, it 
was observed degradation of the material during the test, evident up to 107 cycles, 
changing the roughness measurements and residual stresses values before and after the 
tests. Test were conducted under a frequency of 20 Hz, the machine was programed 
upon certain number of cycles, after those the machine automatically stopped if the 
material didn’t fail. 
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5 Conclusion 
 
The description of a fatigue machine is presented with successful experimental results 
on the AA 7075-T6. 
 
The precision of the force applied with this fatigue machine is around ±2% of the 
theorical force values this do not represent a high variability in the results of the 
theoretical values and the real values during test, these results on the test, prove the 
capability of the machine to test small specimens under small forces, this means the 
control system prove that the machine is adequate to be adapted in a lot of type of 
specimens. 
 
Adequate the holding system of the specimen result an easy procedure, this will depend 
the geometry of the base material, making this and advantage, because it is not required 
complex clamping systems. 
 
Regarding the fatigue results of the tests in AA 7075-T6 it can be concluded that 
specimens with smooth surface can be tested over 107 cycles, where it start to appearing 
micro cracks and local plastification on the material, the investigation will not only be 
focus in to the control system but also in fatigue tests of different materials. 
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1 Introduction 
 
In the last decade, energy efficiency become one of the most important research topics 
in hydraulics which lead to a compact electro-hydraulic system. Such systems are 
controlled by valve or pump and they can deliver powerful linear movement. 
Characteristics of these systems are their small-to-power ratio and ability to achieve very 
large forces and torques. The main drawback of valve-controlled hydraulic system is 
their low energy efficiency due to constant fluid throttling [1]. An alternative to valve-
controlled systems are pump controlled systems which are directly driven by the servo 
motor [2], [3], [4], [5]. These systems have superior efficiency and compact structure 
then conventional systems. Additionally, speed control is directly done by the servo 
motor thus allowing us a wide range of regulated speeds, high accuracy and energy 
efficiency. 
 
In the past few years, researches are focused in replacing a double rod cylinder, used in 
pump-controlled systems [6], [7], with a single rod cylinder where the inlet and outlet 
flow of the cylinder is unequal due to difference between cylinder’s areas. The main 
problem of such system is related to the stability of the actuator velocity and the energy 
efficiency if the pump controller is only optimized for static operation. These problems 
are addressed in [8], [9]. 
 
A new concept of a single rod cylinder pump-controlled system called Direct Driven 
Hydraulic (DDH) drive is proposed in [10]. In the proposed system two reversible 
pumps/motors are utilized and mutually interconnected with a shaft and a servo motor 
via gear transmission. Through reversible pumps/motors units, servo motor directly 
controls inlet and outlet flow of an asymmetric cylinder. Detailed working principle is 
described in [10], [11]. A compact structure of a DDH setup was investigated in [11] 
where oil tank was replaced by the accumulator. The study showed that the proposed 
system can easily balance volume flow in asymmetrical cylinder. In [12], [13] a detailed 
thermal analysis of DDH was carried out and showed that DDH reached acceptable 
and safe temperature range within steady state operation point. All components of a 
DDH system were heated considerably and the temperature rise of the components 
presented an exponential trend. From energy efficiency point of view, the test carried 
out in [14] showed that energy efficiency considerably depends on piston motion and 
motor speed. Lifting efficiency varies from 48 % to 20 % while lowering efficiency 
varies from 32 % to 8 %. Energy efficiency of an excavator was investigated in [15] 
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where three DDH units replaced LS hydraulic system and simulations showed that 
overall energy efficient for a given cycle could reach 73.3 %. 
 
In this paper, a PID control of direct driven electrohydraulic setup (DDEH) is being 
investigated and compared to a conventional hydraulic system. Comparison of both 
systems is done for the same working conditions thus allowing as to mutually compare 
obtained experimental results for both systems. In Section 2 a self-made experimental 
setup is introduced while in Section 3 and Section 4 a detailed mathematical model is 
derived and simulated. Conclusion and further work are given in Section 5. 
 
2 Experimental setup 
 
The partially build experimental setup is shown in Figure 1. The proposed setup consists 
of two independent subsystems as shown in Figure 2. The first subsystem is the classical 
electro hydraulic system controlled using proportional valve and designed for obtaining 
reference experimental results. The subsystem uses a 1.1 kW Končar AC motor and 
Hydronit gear pump with displacement of 3.7 cm3/rev for hydraulic power supply. 
Position control of a double acting hydraulic cylinder in a gravitational field is achieved 
with Argo-Hytos PRM2 proportional valve. 
 

 
 

Figure 1: Experimental setup: a) classical hydraulic system, b) DDEH system. 
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The second subsystem is related to the proposed DDEH system. The DDEH system 
uses speed-controlled AC servo motor and belt transmission for propelling the 
hydraulic pumps connected to the cylinder’s chambers. One hydraulic pump directly 
controls the amount of oil pumped into the system and at the same time second pump 
controls the amount of oil pumped from other side of double acting cylinder. Required 
operating system pressure is determined by the payload. Servo drive controls the fluid 
flow, position of the payload and direction of motion. Argo-Hytos gear pumps with 
displacement of 4.8 cm3/rev and 2.5 cm3/rev were used for reversible pump 1 and 
pump 2 respectably. The cylinder is chosen to match the pumps as described in [16]. 
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Figure 2: Schematic representation of experimental setup: 1) DDEH, 2) classical system. 
 
The position of the cylinder is measured with Micro Epsilon analog wire sensor. The 
system pressure is measured with Hydac HAD 7446 pressure sensor and the flow is 
measured with Hydac EVS 3106 sensor. List of all used components is given in Table 1. 
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Table 2: Components of a DDEH system 
 

 Component Model 

H
yd

ra
ul

ic
 p

ar
t 

Cylinder Hidromehanika ϕ32/22 × 300 

Valves (2/2 and 4/2) ARGO-HYTOS SD2E-A2/L2I12M2-A 

Proportional valve 
ARGO-HYTOS PRM2-063Z11/8-
24EKBK1N2V-A 4/3 

A – side pump 
ARGO-HYTOS GP1-4,8B-SAVB-
SGBGB-N002 

B – side pump 
ARGO-HYTOS GP1-2,5B-SAVB-
SGBGB-N002 

Power pack pump Hydronit gear pump 3.7 cm3/rev 

E
le

ct
ric

 p
ar

t AC motor Končar 5AZCD 90SB-4 B14 F115 1,1kW 

Servo motor 
Mitsubishi electric servo motor HG-
SN152JK 

Motor controller Mitsubishi electric servo drive MR-JE-200A 
Control unit Mitsubishi electric PLC FX5U-32MT/ESS 

Se
ns

or
s Pressure sensors HYDAC HDA 7446-A-100-000 

Flow sensors HYDAC EVS 3106-A-0020-000 
Linear position sensor MICRO-EPSILON WDS-500-P60-SR-U 

 
The considered experimental electro-hydraulic system is made in the Laboratory for 
automation and robotics at the Faculty of Mechanical Engineering and Naval 
Architecture, University of Zagreb. 
 
3 System modeling 
 
3.1 Modeling of the hydraulic cylinder 
 
The schematic representation of the asymmetric hydraulic cylinder and forces acting on 
it, is given in Figure 3. The goal is to model the actuator which lifts the load in the 
gravitational field. 
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Figure 3: Schematic model of the hydraulic cylinder. 
 
The force balance equation for the hydraulic cylinder can be written as follows: 
 

𝑚𝑚𝑦𝑦 ̈ = 𝑝𝑝𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑝𝑝𝐵𝐵𝐴𝐴𝐵𝐵 − 𝐹𝐹𝑓𝑓 −𝑚𝑚𝑚𝑚       (1) 
 
Where 𝑚𝑚, 𝑦𝑦 and 𝑔𝑔 represent the mass, displacement and gravitational acceleration 
respectively, 𝑝𝑝𝐴𝐴 and 𝑝𝑝𝐵𝐵 are cylinder chamber pressures, 𝐴𝐴𝐴𝐴 and 𝐴𝐴𝐵𝐵 are piston head and 
rod-side areas while 𝐹𝐹𝑓𝑓 represents friction force. For the friction force, the LuGre model 
[17] is utilized and it is given as: 
 

𝐹𝐹𝑓𝑓 = σ0𝑧𝑧 + σ1
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ σ2𝑣𝑣        (2) 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑣𝑣 − σ𝑜𝑜𝑧𝑧
𝑔𝑔(𝑣𝑣)

|𝑣𝑣|         (3) 

 

𝑔𝑔(𝑣𝑣) = 𝐹𝐹𝑐𝑐 + (𝐹𝐹𝑠𝑠 − 𝐹𝐹𝑐𝑐)𝑒𝑒−�
𝑣𝑣
𝑣𝑣𝑠𝑠
�
2

       (4) 
 
where σ0, σ1 and 𝑧𝑧 are average stiffness, dampening and deflection of bristles, σ2 is 
viscous friction coefficient, 𝑣𝑣 and 𝑣𝑣𝑠𝑠 are relative and Stribeck velocity while 𝐹𝐹𝑐𝑐 and 𝐹𝐹𝑠𝑠 
are Coulomb and static friction. Pressure dynamic of the cylinder chambers is given 
with equations: 
 

𝑝̇𝑝𝐴𝐴 = 𝐵𝐵
𝑉𝑉0,𝐴𝐴+𝐴𝐴𝐴𝐴𝑦𝑦

[𝑄𝑄𝐴𝐴 − 𝑄𝑄𝐿𝐿 − 𝐴𝐴𝐴𝐴𝑦̇𝑦]       (5) 

 

𝑝̇𝑝𝐵𝐵 = 𝐵𝐵
𝑉𝑉0,𝐵𝐵+𝐴𝐴𝐵𝐵(𝐿𝐿−𝑦𝑦)

[𝑄𝑄𝐵𝐵 + 𝑄𝑄𝐿𝐿 + 𝐴𝐴𝐵𝐵𝑦̇𝑦]      (6) 
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where 𝐵𝐵 is bulk modulus, 𝑄𝑄𝐿𝐿 is neglectable leakage flow between cylinder chambers, 𝐿𝐿 
is piston stroke while 𝑉𝑉0,𝐴𝐴 and 𝑉𝑉0,𝐵𝐵 are dead volumes. 
 
3.2 Classical system modeling 
 
Dynamics of the spool displacement 𝑥𝑥𝑣𝑣 in relationship to the input voltage signal 𝑢𝑢 can 
be expressed as second-order system in the following form: 
 

𝑥̈𝑥𝑣𝑣 = −2𝜉𝜉𝜔𝜔𝑣𝑣𝑥̇𝑥𝑣𝑣 − 𝜔𝜔𝑣𝑣2𝑥𝑥𝑣𝑣 + 𝐾𝐾𝑣𝑣𝜔𝜔𝑣𝑣2𝑢𝑢       (7) 
 
where ω𝑣𝑣, ξ and 𝐾𝐾𝑣𝑣 are natural frequency, damping and gain of the proportional valve. 
The flow through proportional valve orifices with assumed zero-overlap is given as: 
 

𝑄𝑄𝐴𝐴 =

⎩
⎨

⎧𝐶𝐶𝑑𝑑𝑥𝑥𝑣𝑣𝑤𝑤�
2
𝜌𝜌
�|𝑝𝑝𝑆𝑆 − 𝑝𝑝𝐴𝐴|, 𝑥𝑥𝑣𝑣 ≥ 0

𝐶𝐶𝑑𝑑𝑥𝑥𝑣𝑣𝑤𝑤�
2
𝜌𝜌
�|𝑝𝑝𝐴𝐴 − 𝑝𝑝𝑇𝑇|, 𝑥𝑥𝑣𝑣 < 0

      (8) 

 

𝑄𝑄𝐵𝐵 =

⎩
⎨

⎧−𝐶𝐶𝑑𝑑𝑥𝑥𝑣𝑣𝑤𝑤�
2
𝜌𝜌
�|𝑝𝑝𝐵𝐵 − 𝑝𝑝𝑇𝑇|, 𝑥𝑥𝑣𝑣 ≥ 0

−𝐶𝐶𝑑𝑑𝑥𝑥𝑣𝑣𝑤𝑤�
2
𝜌𝜌
�|𝑝𝑝𝑆𝑆 − 𝑝𝑝𝐵𝐵|, 𝑥𝑥𝑣𝑣 < 0

      (9) 

 
where 𝐶𝐶𝑑𝑑, 𝑤𝑤 and ρ are the discharge coefficient, the area gradient and the fluid mass 
density, respectively while 𝑝𝑝𝑠𝑠 and 𝑝𝑝𝑇𝑇 are supply and tank pressure respectively. For the 
position control of the hydraulic cylinder, a PID controller is utilized and it is given as: 
 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾p 𝑒𝑒(𝑡𝑡) + 𝐾𝐾i ∫ 𝑒𝑒(𝑡𝑡)𝑑𝑑𝑑𝑑 + 𝐾𝐾d𝑒̇𝑒(𝑡𝑡)                 (10) 
 
where 𝐾𝐾p, 𝐾𝐾i, 𝐾𝐾d represents proportional, integral and derivate gain and 𝑒𝑒(𝑡𝑡) represents 
the control error between the desired displacement trajectory and the measured cylinder 
displacement given as: 
 

𝑒𝑒(𝑡𝑡) = 𝑦𝑦𝑟𝑟(𝑡𝑡) − 𝑦𝑦(𝑡𝑡)                   (11) 
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The mathematical model of the classical electrohydraulic system with the proportional 
valve can be written in the standard state-space form as 𝒙̇𝒙 = 𝒇𝒇�𝒙𝒙(𝑡𝑡),𝒖𝒖(𝑡𝑡)� where state 
variables 𝒙𝒙 = [𝑥𝑥1 𝑥𝑥2  𝑥𝑥3  𝑥𝑥4  𝑥𝑥5  𝑥𝑥6  𝑥𝑥7  𝑥𝑥8]𝑇𝑇 are chosen as: 𝑥𝑥1 = 𝑦𝑦, 𝑥𝑥2 = 𝑦̇𝑦, 𝑥𝑥3 = 𝑧𝑧, 
𝑥𝑥4 = 𝑝𝑝𝐴𝐴, 𝑥𝑥5 = 𝑝𝑝𝐵𝐵 , 𝑥𝑥6 = 𝑥𝑥𝑣𝑣,  𝑥𝑥7 = 𝑥̇𝑥𝑣𝑣 and 𝑥𝑥8 = ∫ 𝑒𝑒(𝑡𝑡), then the simplified 
representation of the actual system dynamics which includes the controller can be 
written in the state-space form as follows: 
 

𝑥𝑥1̇ = 𝑥𝑥2  

𝑥̇𝑥2 = 𝑥𝑥4
𝐴𝐴𝐴𝐴
𝑚𝑚
− 𝑥𝑥5

𝐴𝐴𝐵𝐵
𝑚𝑚
− 1

𝑚𝑚
𝐹𝐹𝑓𝑓 − 𝑔𝑔  

𝑥̇𝑥3 = 𝑥𝑥2 −
σ0𝑥𝑥3
𝑔𝑔(𝑥𝑥2)

|𝑥𝑥2|  

𝑥̇𝑥4 = 𝐵𝐵
𝑉𝑉0,𝐴𝐴+𝐴𝐴𝐴𝐴𝑥𝑥1

[𝑄𝑄𝐴𝐴 − 𝐴𝐴𝐴𝐴𝑥𝑥2]                 (12) 

𝑥̇𝑥5 = 𝐵𝐵
𝑉𝑉0,𝐵𝐵+𝐴𝐴𝐵𝐵(𝐿𝐿−𝑥𝑥1)

[𝑄𝑄𝐵𝐵 + 𝐴𝐴𝐵𝐵𝑥𝑥2]  

𝑥̇𝑥6 = 𝑥𝑥7  
𝑥̇𝑥7 = −2𝜉𝜉𝜔𝜔𝑣𝑣𝑥𝑥7 − 𝜔𝜔𝑣𝑣2𝑥𝑥6 + 𝐾𝐾𝑣𝑣𝜔𝜔𝑣𝑣2𝑢𝑢  
𝑥̇𝑥8 = 𝑒𝑒  

 
3.3 Modeling of DDEH system 
 
For the DDEH drive, the simplified schematic representation is given in Figure 4. The 
flow and torque producing elements are two reversible pumps/motors mutually 
connected to the servo motor. Input to the system is rotational speed of the servo 
motor. The simplified nonlinear mathematical problem describing the DDEH drive 
interacting with its environment is derived below and dynamics of the servo motor is 
neglectable. 
 

M
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2000 rev-1

n

 
 

Figure 4: Schematic representation of DDEH drive. 
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The flow through the pumps is given as:  
 

𝑄𝑄𝐴𝐴 = 𝑛𝑛𝐷𝐷𝐴𝐴                    (13) 
 
𝑄𝑄𝐵𝐵 = −𝑛𝑛𝐷𝐷𝐵𝐵                    (14) 
 

where 𝑛𝑛 is rotational speed of the servo motor, 𝐷𝐷𝐴𝐴 and 𝐷𝐷𝐵𝐵 are pump displacements and 
all leakages flow are neglectable. For the position control of the hydraulic cylinder, a 
PID controller is utilized and it is given with (10). The mathematical model of the 
DDEH system can be written in the standard state-space form as 𝒙̇𝒙 = 𝒇𝒇�𝒙𝒙(𝑡𝑡),𝒖𝒖(𝑡𝑡)� 
where state variables 𝒙𝒙 = [𝑥𝑥1 𝑥𝑥2 𝑥𝑥3 𝑥𝑥4 𝑥𝑥5 𝑥𝑥6]𝑇𝑇 are chosen as: 𝑥𝑥1 = 𝑦𝑦, 𝑥𝑥2 = 𝑦̇𝑦, 𝑥𝑥3 = 𝑧𝑧, 
𝑥𝑥4 = 𝑝𝑝𝐴𝐴, 𝑥𝑥5 = 𝑝𝑝𝐵𝐵 and 𝑥𝑥6 = ∫ 𝑒𝑒(𝑡𝑡), then the simplified representation of the actual 
system dynamics which includes the controller can be written in the state-space form as 
follows: 
 

𝑥𝑥1̇ = 𝑥𝑥2  

𝑥̇𝑥2 = 𝑥𝑥4
𝐴𝐴𝐴𝐴
𝑚𝑚
− 𝑥𝑥5

𝐴𝐴𝐵𝐵
𝑚𝑚
− 1

𝑚𝑚
𝐹𝐹𝑓𝑓 − 𝑔𝑔  

𝑥̇𝑥3 = 𝑥𝑥2 −
σ0𝑥𝑥3
𝑔𝑔(𝑥𝑥2)

|𝑥𝑥2|                  (15) 

𝑥̇𝑥4 = 𝐵𝐵
𝑉𝑉0,𝐴𝐴+𝐴𝐴𝐴𝐴𝑥𝑥1

[𝑄𝑄𝐴𝐴 − 𝐴𝐴𝐴𝐴𝑥𝑥2]  

𝑥̇𝑥5 = 𝐵𝐵
𝑉𝑉0,𝐵𝐵+𝐴𝐴𝐵𝐵(𝐿𝐿−𝑥𝑥1)

[𝑄𝑄𝐵𝐵 + 𝐴𝐴𝐵𝐵𝑥𝑥2]  

𝑥̇𝑥6 = 𝑒𝑒  
 
4 Simulation model and numerical results 
 

The numerical simulations are carried out in Matlab program to verify the stability of 
the process for proposed controllers. The simulations were performed using the Matlab 
ODE solver. In these examples, the relative and absolute tolerance for the ODE routine 
was set to 10-6. The developed controllers were tested for a sinusoidal and square wave 
reference signal. Parameters used for carrying out the numerical simulations are given 
in Table 2. 
  



190 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
Table 3: Parameters values used in simulation 
 

Par. Value Par. Value Par. Value 
𝑩𝑩 1460 MPa 𝐹𝐹𝑐𝑐 300 N 𝐾𝐾𝑣𝑣 0.12·10-3 m/V 
𝝆𝝆 890.8 kg/m3 𝐹𝐹𝑠𝑠 700 N ω𝑣𝑣 100 rad/s 
𝑳𝑳 0.3 m 𝑣𝑣𝑠𝑠 0.08 m/s ξ 0.7 
𝒅𝒅𝟏𝟏 32 mm 𝑝𝑝𝑠𝑠 100 bar 𝐶𝐶𝑑𝑑 0.65 
𝒅𝒅𝟐𝟐 22 mm σ0 3·105 N/m 𝑤𝑤 7 mm 
𝒎𝒎 150 kg σ1 600 Ns/m 𝐷𝐷𝐴𝐴 4.787 ccm 
𝑽𝑽𝟎𝟎,𝑨𝑨 27.5·10-6 m3 σ2 50000 Ns/m 𝐷𝐷𝐵𝐵 2.514 ccm 
𝑽𝑽𝟎𝟎,𝑩𝑩 9·10-6 m3 𝑇𝑇 60 sec   

 
4.1 Simulation results 
 
The numerical simulations for classical and DDEH systems were carried out for square 
and sine wave input signal. First, simulation results were obtained for square input signal 
and the results are shown in Figure 5 and Figure 6. From the obtained simulation results 
can be concluded that classical system has smaller steady state error in comparison to 
DDEH system. Dynamics of DDEH system is much slower than dynamics of classical 
system due to smaller flows through pumps, which is shown in Figure 6. 

 
Figure 5: Position and tracking error for square wave input signal. 
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Second test case was done for sine wave input signal and simulation results are shown 
in Figure 7 and Figure 8. It is shown that for both systems phase shifting occurred, but 
for DDEH system phase shifting is more evident. Error in amplitude is higher for 
DDEH in comparison to classical system and also dynamics is slower, similar to the 
case for square wave input signal. 
 

 
Figure 6: Control signal and flow for square wave input signal. 
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Figure 7: Position and tracking error for sine wave input signal. 

 
Figure 8: Control signal and flow for sine wave input signal. 
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5 Conclusion 
 
Simulation results have shown that PID controller for the DDEH system in comparison 
to classical system have larger tracking error and slower dynamics. For sine wave input 
signal significant phase shifting occurred. PID controller can only achieve satisfying 
results for slow square wave input signal where the settling time is a much higher. In 
future work, numerical simulations would be experimentally validated and nonlinear 
control algorithms such as fuzzy control or sliding mode control should be considered 
and implemented in order to achieve better results. 
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1 Introduction 
 
Testing of materials and components is necessary to improve design of new, renewed 
or repaired components. Spatially live time is tested to achieve best results. Popular 
method is to use standard equipment, which provides loads in one direction. For 
complex investigations, additional test facilities must be used. The goal of research is to 
build hydraulic servo axis suitable to use in multi-axis test facilities. 
 
This article represents the continuing work by development of servo axis with suitable 
control unit [1]. Also, the possibilities of different measurement of force was tested [2]. 
By using universal hydraulic servo axis, the demand is on solved problems with control 
of position and force, therefore first step is to achieve stableness work of unit. 
Additionally, the development of suitable human interface is necessary. Multi-axis 
testing facilities need also independent control for each axis with different task 
demanded by test protocol. Therefore, development of suitable control is necessary [3], 
[4]. The used PLC enables with use of standard PID control approach also possibility 
to ad discrete version of control approach. This is necessary for further investigations, 
spatially for development of different reference functions, additional filters and 
nonlinear approaches for control algorithms. 
 
2 Electrohydraulic servo system 
 
Test rig was developed for experiments with testing of different mechanical parts. Rig 
consists of hydraulic system and control system with industrial computer for control 
and acquisition. 
  
2.1 Hydraulic system 
 
Hydraulic system is presented on Figure 1. 
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Figure 1: Hydraulic schema of test rig. 
 
System consists of hydraulic pump driven by induction electromotor for supply of 
hydraulic fluid to two hydraulic cylinders. Hydraulic cylinder was designed for long term 
tests with integrated position sensor and is shown on Figure 2. 
 

 
 

Figure 2: Hydraulic cylinder. 
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Test rig is also equipped with additional pressure sensors for observation of pressure in 
different points of system. 
 
2.2 Control part of test system 
 
For control of two hydraulic servo axis, industrial control system based on industrial 
PLC controller vas used. Figure 3 shows PLC controller in electrical cabinet. 
 

 
 

Figure 3: PLC for control and data acquisition. 
 
Beckhoff CX5140 industrial PLC was used for control and data acquisition. For 
performing control additional modules to control digital and analogue signals are added 
to base unit. Additional to standard modules for PLC, additional electronic control for 
servo valves was used. Different methods of force control were tested; a Wheatstone 
bridge module was added (Beckhoff module EL3356). 
 
2.3 Force measurement 
 
To perform adequate force control, a force measurement must be implemented. We 
tested three different approaches. 
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The most common approach is use of standard force transducer provided from 
measurement equipment manufacturer. We used Force transducer U10M/25kN from 
manufacturer HBM. 
  
When tests for long term loads is applied, there are problems with installation space of 
standard measurement transducers. Therefore, two concepts of transducers were made 
to test applicability of this. 
 
Test transducer A is suitable for tension and compression measurement of force load 
and is shown on Figure 4. 
 

 
 

Figure 4: Transducer type A. 
 
Test transducer B is construct for measurements of compression force load and is 
shown on Figure 5. 
 

 
 

Figure 5: Transducer type B. 
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For construction of transducers, standard strain gauge with resistance of 120 Ω was 
used. Both transducers use full bridge connection. The body of transducer is prepared 
for nominal load (40 kN), which gives a deformation of approximately 1000 µstrain. 
Producer advises, that higher value of internal resistance is used for building force 
transducers (for example 350 Ω or 1000 Ω) and deformation by nominal load of 1000 
µstrain. Using lover resistance strain gauges enables better noise reduction ratio, which 
is recommended for industrial environment. For Wheatstone bridge the full bridge 
connection was used. We also want to prove possibility of using low cost transducers 
in such environment. 
 
Another possibility to achieve a data for force is by measuring pressure drop between 
two chambers of cylinder. 
 
3 Experimental results 
 
For testing purpose one servo cylinder was used in configuration shown on Figure 6 
and Figure 7. 
 

 
 

Figure 6: Testing system 1. 
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Figure 7: Testing system 2 with experimental specimen. 
 
First test was using triangular reference value to see the difference between standard 
measurement transducer, test transducer and measurement of force with pressure 
difference, as shown on Figure 8. 
 

 
 

Figure 8: Comparison of measured results. 
 
Then the closed loop force control with use of PID control concept was applied. For 
reference the sinusoidal form was used, result is shown on Figure 9. 
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Figure 9: Time diagram of Force control with sinusoidal reference. 
 
For tests mostly sinusoidal reference of force is applied. Figure 10 shows the reference 
signal and the measured force versus time by using frequency of 10 Hz. 
 

 
 

Figure 10: Time diagram of force control with sinusoidal reference f = 10Hz. 
 
4 Conclusions 
 
Representing results show that by long term test on designed experimental rigs, 
transducer with applied strain gauge can bring satisfying results. 
 
Construction of testing equipment was made mostly with standard elements. For 
control purposes, industrial multicore controller was used. The usage of equipment 
suitable for industrial environment enables scope of use for developed test rig. 
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The tests also give the answer to usage of self-produced transducers. The concept of 
tensile - compression and compression transducers enables designing custom 
environments for different types of tests. Using of standard bridge modules gives 
opportunity to build complex testing devices.  Good results by achieved accuracy 
expands field of application also for control purposes. Simplification of used 
components for design also lowers costs for build the test environments. 
 
 
References 
 
[1] Štefane, M., Lovrec, D. (2015). Modern control system for servo hydraulic linear drive, 

International Conference Fluid Power, Sept.14.-15., Maribor, Slovenia, University of 
Maribor Press, pp. 85-94 

[2] Jerebic, L. (2018). Closed loop force control on linear hydraulic servo axis, master thesis, 
University of Maribor, Faculty of Mechanical Engineering 

[3] Detiček, E., Kastrevc, M. (2017). Nonlinear position control of electrohydraulic servo 
systems, International Conference Fluid Power, Sept.14.-15., Maribor, Slovenia, 
University of Maribor Press, pp. 73-84 

[4] Nakkarat, P., Kuntanapreeda, S. (2009). Observer-based backstepping force control of 
an electrohydraulic actuator, Control Engineering Practice, vol. 17, no. 8, pp. 895-902, 
DOI:10.1016/j.conengprac.2009.02.011 

[5] Hoffman, K. (1998). An Introduction to Measurement using Strain Gages, published by 
Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany 

[6] N.N. (2008). HBM publication, The Route to Measurement Transducers- A Guide to the 
Use of the HBM K  Series Foil Strain Gages and Accessories 

 
 
  



204 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
 
 



INTERNATIONAL CONFERENCE FLUID POWER 2019 
CONFERENCE PROCEEDINGS 
D. Lovrec & V. Tič (eds.)  

 
 
 

Nonlinear Mathematical Modelling of Electrohydraulic Servo 
Systems 

 
MITJA KASTREVC & EDVARD DETIČEK 

 
Abstract Highly nonlinear nature of electrohydraulic servo system 
is well known. Main reasons for nonlinear and non-differentiable 
mathematical description of systems dynamics are the fluid 
compressibility, leakage flows, friction forces and nonlinear fluid 
flow through servo valve orifices. Accurate nonlinear mathematical 
models based on physical analysis are necessary for construction of 
computer simulation models. These models are used for detailed 
analysis of nonlinear dynamic behaviour and for development of 
different control strategies. Article presents a nonlinear 
mathematical model for electrohydraulic servo rotational system 
and using of diferent aproach to simulate dynamical behaviour of 
such system. 
 
Keywords: • electrohydraulic servo system • nonlinear model • 
computer simulation • dynamic simulation • analysis • 

 
 
 
 
 
 
 
 

 

 
 
CORRESPONDENCE ADDRESS: Mitja Kastrevc, University of Maribor, Faculty of Mechanical Engineering, 
Maribor, Slovenia, e-mail: mitja.kastrevc@um.si. Edvard Detiček, University of Maribor, Faculty of 
Mechanical Engineering, Maribor, Slovenia, e-mail: edvard.deticek@um.si. 
 
DOI https://doi.org/10.18690/978-961-286-300-5.17                ISBN 978-961-286-300-5 
Dostopno na: http://press.um.si.



206 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
1 Introduction 
 
Conventional hydraulic systems have been widely used as power units because they can 
generate very large power compared with their size. Combining these actuators with 
electro hydraulic servo-valves and sensors as well as appropriate control electronics, we 
get electrohydraulic servo systems. 
 
Detecting, transmitting and processing the signal by use of electric and electronic 
components, driving the load with hydraulic transmission in the electro-hydraulic servo 
control system. So, it can make full use of electrical system for its convenience and 
aptitude, make full use of hydraulic system for its rapid response speed, big load stiffness 
and accurate positioning characteristics to make the whole system more adaptable. 
 
Electro-Hydraulic Actuators (EHA) are highly non-linear systems with uncertain 
dynamics in which the mathematical representation of the system cannot sufficiently 
represent the practical circumstances [1], [2]. The electro-hydraulic actuator can use 
either proportional valve or servo valve [3]. It converts electrical signal to hydraulic 
power [4], [5], as well as conversion to the pneumatic power [6]. 
 
An electrohydraulic servo system is composed of the following components: a pump 
that feeds the system with hydraulic fluid from a tank, an accumulator located on the 
discharge side of the pump that acts as a supporting source of energy, a relief valve to 
limit maximum operating pressure. The main components of the system are axial-piston 
hydraulic motor and a servovalve. The servovalve directs the oil flow through the 
appropriate position of its spool according to electric input signal, and consequently, 
determines the direction of the motion and speed of the hydraulic actuator. Besides 
control computer and power electronics, an important elements of such control systems 
are also low noise velocity sensor and pressure sensors [7]. 
 
For engineering analysis, it is always preferable to develop explicit equations that include 
symbols, but this is not always practical. In cases where the equations are too costly to 
develop, numerical methods can be used. The general process of analysing systems of 
differential equations involves first putting the equations into standard form, and then 
integrating these with one of a number of techniques. State variable equations are the 
most common standard equation form. In this form all of the equations are reduced to 
first-order differential equations. These first order equations are then easily integrated 
to provide a solution for the system of equations. Repetitive calculations can be used to 
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develop an approximate solution to a set of differential equations. Starting from given 
initial conditions, the equation is solved with small time steps. Smaller time steps result 
in a higher level of accuracy, while larger time steps give a faster solution. First-order 
integration provides reasonable solutions to differential equations. That accuracy can 
be improved by using higher order derivatives to compensate for function curvature. 
The Runge-Kutta technique uses first-order differential equations (such as state 
equations) to estimate the higher order derivatives, thus providing higher accuracy 
without requiring other than first-order differential equations. 
 
For computer simulation, different software is available from professional like Matlab 
Simulink to different free software. In this article two very similar programs are used 
for dynamical simulations, namely Matlab Simulink and SCILAB Xcos. Simulink is a 
graphical environment for dynamic system modelling, simulation and analysis 
interactively [8], [9]. Using Simulink or Xcos environment, can build complex system 
simulation model, using the mask function to simplify the model, using script files to 
initial the module variables, which provides great convenience for PID parameters 
setting and change the variable value of the various modules. 
 
2 Analysis and mathematical modelling of electrohydraulic system 
 
Layout of the experimental rotary electrohydraulic servo system is shown in Figure 1. 
 

 
 

Figure 1: Experimental rotary electrohydraulic servo system EHS 160. 
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Two stages servo valve consists of three main parts: the electrical torque motor, the 
hydraulic amplifier and the valve spool assembly. The dynamics of the valve spool with 
no noticeable decline in accuracy in a wide range of frequencies can be described 
through the first order transfer function between the valve opening area (Asv) and 
control input (u):  
 

sv sv sv svA A K uτ ⋅ + = ⋅   (1) 
 
where svK  is the servo valve gain and svτ is the servovalve time constant. The constant 

mentioned can be determined for the manufacturer‘s catalogue or by certain tests. Due 
to the fact that the input of the valve is an electric current, but the interface card output 
is in the form of an electric voltage it is in common to use a current to voltage converter. 
The constant of this converter is considered in the servo valve gain coefficient [8], [9]. 
For an ideal critical centre, servo valve with a matched and symmetric orifice the 
input/output flow rate from the servo valve through the orifices (assuming negligible 
leakage) can be expressed in the following form: 
 

( )s L sv
L d sv

P p sign A
Q C A

ρ
−

=   (2) 

 
Where 1 2L C Cp p p= −  is a load pressure or pressure difference between both chambers, 

1 2S C CP p p= +  is the supply pressure and LQ  is the load flow. Assuming no external 

leakage, LQ can be considered as the average flow in each path 1 2

2
C C

L
Q QQ +

= . Where 

1CQ  and 2CQ  are flow rates to and from the servo valve. 
 
Cd and ρ in equation (2) indicate the flow discharge coefficient and fluid density, 
respectively. The sign function stands for the change in the direction of fluid flow 
through the servo valve. Employing the compressibility equation for the fluid flow in 
the actuator dynamics along with the oil leakage will result in the following expression: 
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2
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= − Θ −   (3) 
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Where β  and 0V  are, respectively, the fluid bulk modulus and the oil under 

compression in one chamber of the actuator. mD  and LC  represent the actuator 
volumetric displacement and total leakage coefficient, respectively. By applying 
Newton’s second low for rotary motion of a hydraulic actuator and neglecting the 
Coulomb’s frictional torque: 
 
Where mD  is the volumetric displacement of hydromotor. B  is the viscous damping 

coefficient, TJ  is the total inertia of the motor and load referred to the motor shaft and 

LT  is the load torque, while ,Θ Θ   are angular velocity and acceleration. By combining 
Equations (1) to (3) we get: 
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By choose 1x = Θ , 2 Lx p= and 3 SVx A=  as a state variables we can finally the system 
described with third order nonlinear state space model: 
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3 Simulation model 
 
By using programs like Simulink and Xcos the approach is very similar. Advantage of 
using such software is that the description of the mathematical model is made by using 
graphically introduction with standard (prepared in forward) blocks. Most of such 
software have prepared libraries, such as Sinks (output module group), Source (input 
module group), Linear (Linear link -module group), Nonlinear (non-linear links module 
group), Math (mathematical operation module group), Continuous and Connections 
modules group and so on. Each module contains many sub-module. 
 
Models are supported with constants (due the simulation) which can be used as exact 
numbers or symbol constants. Therefore, the script files are used. This enables user to 
change some constants due the process of investigation. For the simulation script file is 
used to transfer parameters, which are not input or output parameter but refers to the 
use of variable in script files to passes parameters. Because the variables that script files 
created are variables of program working space, when a program run to the end, the 
variables store in the working space. The other programs or simulation model can 
directly call these variables, in order to achieve the purpose of transmitting parameters. 
 
Because of complex structure, user is able to combine some features from different 
parts of software package, for example some calculations described in script file. 
 
A complex simulation model, in order to be versatile and portable, each module 
parameter often set in parameter name rather than specific value. Assign or initialize 
these variables before simulation. Figure 2 the Simulink model represented with two 
control loops. Each use PI controller block and nonlinear described process model 
(described in section 2) for velocity control. The first system is manual tuned. For 
second system, tuning of controller parameter is used with prepared producer tuning 
operation. 
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Figure 2: Matlab –Simulink simulation scheme. 
 
Figure 3 shows the inside of the subsystem - nonlinear model. The Matlab script is used 
for initialize the start constants and parameters needed for simulation. For represents 
the results of simulation, the Matlab graphic representation is used, customized by usage 
of Matlab graphics commands and script file. 
 

 
 

Figure 3: Matlab –Simulink subsystem –nonlinear model. 
 
Similar procedure is used by use of the SCILAB and Xcos. The figures 4 represents the 
Xcos simulation scheme with similar to that used with Matlab-Simulink (shown on 
Figure2). Likewise, in Figure 5 representation of subsystem called superblock for 
nonlinear system, is shown. 
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Figure 4: SCILAB-Xcos simulation scheme. 

 
 

Figure 5: SCILAB-Xcos subsystem (Superblock) –nonlinear model. 
 
4 Results 
 
For velocity control systems, two cases where investigated.  First, the traction control, 
where the step response is use as a reference. In second part, the disturbance is applied 
on working system with switch on and of load. Both cases where investigated with two 
PI closed loop configuration, where the first system has manually obtained parameters 
for PI controller, where in second case the parameters are obtained by provided tuning 
tool in Matlab-Simulink. The parameters for simulation in SCILAB are identical to those 
in Matlab-Simulik for comparison purposes  
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The results of simulation is presenting in the same figures, where the notation a is used 
for Matlab –Simulink and b for SCILAB-Xcos results. 
 
Table 1: Main parameters of the EHS system 
 

3 23,4 10   kgmtJ −  = ⋅    5 3
0 2,7121 10  mV −  = ⋅    6 Nms1,1 10  

rad
B −  = ⋅   

 

2
7 m5,527 10  

VsvK −  
= ⋅  

 
 

3
6 m0,72 10  

radmD −  
= ⋅  

 
 

5
.12 m9,25 10  

NsLC
 

= ⋅  
 

 

[ ]90,35 10  Paβ = ⋅  [ ]0,0023 ssvτ =  0,63dC =  

[ ]0,7 NmLT =  

 
Figure 6 shows the complete simulation with step response and disturbance switched 
“on” and “of”. 
 

a)  
 

b)  
 

Figure 6: Results of complete simulation process. 
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5 Conclusions 
 
In this paper, a development of nonlinear model for velocity controlled electrohydraulic 
servo system is presented. Comprehensive investigation was carried out on the 
mathematical modelling and computer simulation of dynamic behaviour of whole 
system, based on real experimental setup. 
 
Two different software was used for simulation of dynamical behaviour of proposed 
nonlinear system. The results of simulation give detailed information about behaviour 
of the system. Information provided thru this simulation is important for choose best 
control and for search for optimal parameters of it. Mostly this can be done with a 
different software, which is available on market. Two software Matlab and SCILAB 
were selected because of similarity in used mathematical solvers and principle of 
operation. 
 
Matlab is already very popular commercial program which give customer best possibility 
spatially by combination of different libraries and modules for achieve results 
comparable with experiments. Due to this complexity computer with higher preferences 
is necessary, also user must be aware that development of product sometimes give 
additional adaptation of already tested research. Therefore, a good technical support is 
necessary. Because this is a commercial product, the support is provided for all payed 
parts of product. 
 
In the odder way a similar product SCILAB is available under GNU General Public 
License. That means that is free for use with some legal limitation which comes with 
the license. Interesting is that the user interface for both products is very similar what 
enable user to work easily with both products. That is important spatially for researcher, 
teachers and students.  Because of this licence normally the technical support is poor, 
documentation is mostly available in electronically form (helps, forums…). 
 
Generally, both software’s satisfy for investigation, which was presented in this article. 
Authors have noticed that error diagnostic by SCILAB is not so supportive as by 
Matlab, what is very important for newcomers by solving complex task. It is preferable 
to learn the usage systematically with supplier tasks (on web there are some very useful 
training tutorials and hints for other users). 
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1 Introduction 
 
Electrohydraulic servo systems are encountered in a wide range of modern industrial 
applications because of their ability to handle large inertia and torque loads and, at the 
same time, achieve fast responses and high degree of both accuracy and performance. 
Typical applications include processing of plastics, industrial robots, aircrafts, flight 
simulators, lunch vehicles, flight simulators, floating cranes [1], testing systems [2] and 
numerous of military applications. Depending on desired control objectives, an 
electrohydraulic servo system can be classified as either a position, velocity or a force-
torque system. 
 
This paper investigates velocity closed loop control system of hydraulically driven 
process of iron centrifugal die casting in industry. The research is conducted in 
laboratory environment and by computer simulations. 
 
An electrohydraulic servo system is basically composed of the following components: 
a pump that feeds the system with hydraulic fluid from a tank, an accumulator located 
on the discharge side of the pump that acts as a supporting source of energy, a relief 
valve to limit maximum operation pressure. The main components of the system are 
axial-piston hydraulic motor and a servovalve. The servovalve directed the oil flow 
through the appropriate position of its spool according to electric input signal, and 
consequently, determines the direction of the motion and speed of the hydraulic 
actuator. Besides control computer and power electronics are important elements of 
such control systems also low noise velocity and pressure sensors. 
 
For successful closed loop velocity control, development of suitable controller, which 
could reflect such characteristics, is very significant, although the dynamics of electro 
hydraulic servo system is highly nonlinear [3] and [4]. 
 
The presence of flow nonlinearities and internal friction make the selection of 
appropriate closed loop controllers, based on classical linear control theory difficult. 
Therefore, a nonlinear design procedure is employed here. A stabilizing controller has 
been designed using the technique of feedback linearization. Even though this 
controller successfully achieves the desired objectives, another controller is designed 
using the backstepping approach, which avoids unnecessary cancellations that can have 
a detrimental effect in the presence of parametric uncertainties or unmoulded dynamics. 
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The appropriate simulation of nonlinear mathematical model of the system validates 
the performance of designed controller. 
 
The fundamental concept of backstepping method is introduced by Krstic et.al. in their 
book [5]. The approach focusing on the stabilization problem in stochastic nonlinear 
systems is developed in the extension of this book. The backstepping control method 
is also presented in [6], [7], [8], [9] and [10] where this technique is explained in detail 
for regulating and tracking problem. 
 
Feedback linearization employs changes of coordinates and feedback control to 
transform a given nonlinear system into an equivalent linear system. A major advantage 
of feedback linearization approach is related to the cancellations that are introduced in 
design process. Namely some kinds of nonlinearities can have positive effect on system 
stability. Their cancellation can lead to instability in the presence of modelling 
uncertainties. On the other hand, backstepping represents a recursive design scheme 
that can be used for systems in strict feedback form with nonlinearities no constrained 
by linear bounds. At every step of backstepping a new Control Lyapunov Function 
(CLF) is constructed by augmentation of CLF from previous step by a term which 
penalizes the error between »virtual control« and its desired value, so called stabilizing 
function. A major advantage of backstepping is the construction of a Lyapunov 
function whose derivative can be made negative definite by a variety of control laws 
rather by a specific control law. Additionally, as a design tool, backstepping is less 
restrictive than feedback linearization and its previously mentioned design flexibility can 
put »beneficial nonlinearities« to good in use. 
 
2 Simplified model of the system  
 
For the purpose of design of a closed loop controller the complete mathematical model 
of the system, which consists of the hydraulic motor dynamics, including the load and 
SV dynamics, can be simplified according to manufacturer’s data of real system 
components [11]. Usually a simplification can be obtained when the dynamic of the 
servo valve with control electronics is much higher than the dynamic of the hydraulic 
motor and load. 
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For hydraulic system with Dm = 0.72 10-6 [m3/rad], Vt = 2.7143 10-5 [m3] and Jt = 
3.4 10-3 [kgm2] the minimum natural frequency is: 
 

[ ]
2

min
4 rad88,68 14,11 Hz

s
m

H
t t

D
J V
β

ω
⋅  = = ⇒ ⋅  

    (1) 

 
Natural frequency of servovalve can be read out, from the manufacturer’s data sheet. 
In our experimental electrohydraulic system we have additional limitation of fluid flow 
so we use only 10 % of signal, what means that natural frequency of servovalve is high 
(acc. more than 150 Hz). 
 
Because of very high natural frequency of servo valve with comparison to hydraulic 
system (ωHsv >> ωHmin), considering also dynamic effect of manifold which decreases 
hydraulic natural frequency, the dynamic of servovalve can be neglected. 
 
For calculation we use a first order transfer function between the valve opening area 
(As) and control input (u): 
 

sv sv sv svA A K uτ ⋅ + = ⋅     (2) 
 
where svK the servo valve is gain and svτ is the servovalve time constant. Therefore, the 
simplified system equations have the following form: 
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    (3) 
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3 Controller design 
 
For a special class of nonlinear dynamical systems, the backstepping control has 
emerged us successful control strategy. Some of nonlinear systems can be observed as 
a system constructed from subsystems. The number of subsystems depends of dynamic 
model order. Because of this recursive structure, the designer can start the design 
process at the known-stable system and design ”back out”, new controllers that 
progressively stabilize each outer subsystem. The process is finished when the final 
external control is reached. 
 
The mathematical description of nonlinear system in new set of coordinates allows us 
to use the backstepping approach to force it to behave like a linear one. 
 

By choosing state variables 1x = Θ , 2 Lx p= and 3 SVx A=  the system described in 

equation (3) become: 
 

( )
1 1 1 2 2 3

2 4 1 5 2 6 3

3 7 3 8

S L

x a x a x a

x a x a x a P p x

x a x a u

= − + −

= − − + −

= − +







   (4) 

 
Where constants a1-a8 are defined as: 
 

1 2 3 4
0

5 6 7 8
0 0

2, , , ,

22 1, , ,

m L
m

t t t

d sv
L

sv sv

D TBa a a a D
J J J V

C Ka C a a a
V V

β
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τ τρ

= = = =

⋅
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   (5) 

 
A symbolic representation of the applied rotary electrohydraulic servo system is 
suggested in Figure 1. 
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Figure 1: Shema of Electrohydraulic velocity servo system. 
 

The problem of designing a controller, which provides asymptotic stability of the 
operating point of interest. Assuming that the full state information is available, the 
underlying technique for solving this problem is backstepping. Backstepping control is 
a technique for designing stabilizing controls for special class of nonlinear dynamic 
systems. These systems are built from subsystems that radiate out form an irreducible 
subsystem that can be stabilized using some other method. Because of this recursive 
structure, the designer can start the design process at known stable system and »back 
out« new controllers that progressively stabilize each outer subsystem. The process 
terminates when the final external control is reached. 
 
The detailed derivations of finding backstepping control input are covered in next 4 
steps: 
 
First, we define negative errors for system (4): 
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Step 1a 
 
First negative error and its derivative is: 
 

1 1 1 1

1 1

e x r x z r
e x r

= − ⇒ = +
= −  

   (7) 

 
Step 1b 
 
Define first candidate of control Lyapunov function (CLF1): 
 

2
1 1

1
2

V e=    (8) 

 
Here we introduce first negative control error 1 1e x r= − . The derivative of Lyapunov 

function is: 
 

( )1 1 1 1 1V e e z x r= = −       (9) 

 
Inserting the first equation of system (5) and second term in equation (6) we get: 
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       (10) 

 
Step 1c 
First virtual control is defined as: 
 

( )1 1 1 3 1 1
2

1 a x a r C e
a

α = + + −   (11) 
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With selection of virtual control, we achieve the following form of augmented 
Lyapunov function: 
 

2
1 2 1 2 1 1

V a e e C e= −  (12) 

 

Partial differentiations of 1α  with respect to the terms 1x , r r  are performed below: 
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Now we define virtual control for the second equation of (4). 
 
Step 2a 
 
Second error term and its derivative are: 
 

2 2 1

2 2 1

e x
e x

α
α

= −
= −  

 (15) 

 
Inserting second equation of system (4) and above derivative, we become following 
term: 
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Step 2b 
 
Selection of second virtual control. With the augmentation of first Lyapunov function, 
we define the second Lyapunov function: 
 

2
2 1 2

1
2

V V e= +  (17) 

 

With differentiation of second Lyapunov function 2V  is: 
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Step 2c  
As a second virtual control select in above equation and define: 
 

[ ]2 2 1 4 1 5 2 1 2 2
6 2

1

s

a e a x a x C e
a P x

α α= − + + + −
−

  (19) 

 
With selection of second virtual control, we achieve the following form of augmented 
Lyapunov function: 
 

( )2 2
2 1 1 2 2 6 2 2 3sV C e C e a P x e e= − − + −  (20) 

 
In next step we will need the partial derivative of 2α  with respect the variables 1x , 2x ,

r , r , r, so introduce the first equation of system (4): 
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We get: 
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In final step, we define the third control, which is no more virtual. Namely, we introduce 
here real control variable u. Define the third error term: 
 

3 3 2

3 3 2

e x
e x

α
α

= −
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 (23) 

 
and introduce the third equation of system (4): 
 

2
3 2 3

1
2

V V e= +  (23) 

 
Put into equation of derivative of second augmented Lyapunov function: 
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Now we select real control law u in such a way that the 3V  get the form – equation (25): 

 
2 2 2

3 1 1 2 2 3 3V C e C e C e= − − −  (25) 
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Finally, we get a controller equation: 
 

( )6 2 2 7 3 2 3 3
8

1
su a P x e a x C e

a
α = − − + + − 
  (26) 

 
4 Results 
 
In order to verify the effectiveness of the proposed backstepping control algorithm, 
simulation experiments have been done on the electrohydraulic servo system. Main 
parameters of the system are given in table1. Computer simulation scheme i.e. Simulink 
model represents Figure 2. 

 

  
 

Figure 2: Computer simulation scheme in Matlab-Simulink. 
 

 
 

Figure 3: Detail of backstepping block in scheme on Figure 2. 
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Table 1: Main parameters of the EHS system 
 

3 23,4 10  kgmtJ −  = ⋅    5 3
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[ ]0,7 NmLT =  

 
For presentation of dynamical behaviour, the step reference us used. Commonly the 
systems in practice are mostly exposed to change of load; therefore, PI controller was 
optimized for such load case. 

 

 
 

Figure 4: Simulation results of the system step response. 
 

In Figure 4 the comparison of systems dynamic response between PI-controller and 
backstepping controller on step reference (0 - 500 rpm) is shown. First we can see the 
similar response in first part by step response, where PI controller have overshoot and 
backstepping controller (BS controller) have none (see Figure 5). 
 

0 1 2 3 4 5
Time [s]

0

200

400

600

800

V
el

oc
ity

 [r
pm

]

Reference 
PID 
BS 



E. Detiček & M. Kastrevc: Nonlinear velocity control of electrohydraulic servo systems 229 
 

 

 
 

Figure 5: Dynamic response on Step reference. 
 

In Figure 6 the comparison of systems dynamic response by step implementation of 
load change is shown. 

 

 
 

Figure 6: Dynamic response by implementation of disturbance. 
 
Figure 7 shows details by switching disturbance shown on Figure 6. 
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a  

b  
  

Figure 7: Detail dynamic response by implementation of disturbance;  
a - switching on, b - switching off. 
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5 Conclusions 
 
In this paper, a controller design procedure is presented in order to control velocity of 
the electro-hydraulic servo system. Comprehensive investigation was carried out on the 
mathematical modelling and computer simulation of dynamic behaviour of whole 
system, based on real laboratory experimental data. 
 
The nonlinear control of a velocity servo system consisting of an electrohydraulic servo 
valve and an axial piston hydraulic motor, which has third relative degree and is 
minimum phase, was investigated. These facts allow the design of a stabilizing control 
law based on feedback linearization. Due to potentially harmful influence of 
cancellations in the presence of unmodeled dynamics and parametric uncertainties the 
controller has been designed using the backstepping design procedure. Studies have 
shown that Lyapunov based approaches are the best strategies for the systems with 
complex dynamics. This is because the Lyapunov function is based on the system 
dynamics itself, thus, offering more flexibility in building the control signals. Firstly, 
backstepping relaxes the matching conditions, which means that the perturbation 
signals or the uncertainties in the system model are not restricted to show in the state 
equations that contains the input signal of the system. Secondly, backstepping avoids 
the cancellations of useful nonlinearities and takes the advantage of the useful ones to 
increase the system stability and reduce the amplitude of the control signal in order to 
avoid saturation. 
 
All derived results are validated by computer simulation of the nonlinear mathematical 
model of the system. Additionally, the functionality of different mathematical software 
for dynamical analysis were investigated.  Investigations were conducted as a 
preliminary research of closed loop control of hydraulically driven process of iron 
centrifugal die casting in industry. 
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Hydraulic Power Drives for Shredders 
 

ALEŠ NOVAK & ANŽE ŽAKELJ 
 

Abstract Intensive heavy-duty continuous operation is typical of 
shredders, which cut through tough materials such as tires, plastic, 
wood and metal. The materials vary in size and hardness, requiring 
constant shaft speed and torque adaptation. Shredders are one of 
the most heavy-duty applications in the waste treatment segment 
and require reliable and efficient power units to generate the power 
and rugged motors to convert it into torque. The duty cycles are 
very demanding and machines in large waste treatment plants work 
24/7 shredding up to 1 million tons of waste per year. Poclain 
Hydraulics has developed the complete system solution for such 
machines consisting of high torque low speed radial piston motors, 
dedicated valves and power units named Hydraulic Power Drive 
(HPD). 
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• recycling • waste • 
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1 Introduction 
 
Waste treatment and recycling are one of the hot topics these days when we generate 
more and more waste. After more ecological way of life to decrease waste, there are 
several approaches and solutions how to treat generated waste. Typically, the waste is 
pressed (e.g. presses, automatic balers) or shredded before further treatment. 
 
Power units from Poclain Hydraulics used in recycling industry were mainly dedicated 
to presses (e.g. automatic balers). Recently we have extended the range of power units 
to offer hydraulic drives also for shredders. During the project to propose the best 
system solution we got new knowledge and know-how on another technological 
approach in waste recycling – heavy-duty rotating tools. 
 
All sorts of waste are fed into the horizontal shears of a shredder: wood, furniture, 
electronics, household appliances, used asphalt, tires and other plastic material etc. [1]. 
Shredders are working at low speed and high torque that is typical application for 
hydraulic radial piston motors in direct drive. Other possibilities are electric motor 
driven shredders with gear-box for recycling of less demanding materials or hydraulic 
high speed motors (axial piston motors) with gear-box. Heavy-duty shredders 
(shredding also tires, plastic foil etc.) are typically hydraulic driven to be able to 
withstand the frequent shocks and changes in the rotation direction. Shredders are 
designed as single or dual shafts. 
 

 
 

Figure 1: Dual shaft shredder. 
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The goal of the project was to meet the severe requirements of the machine and to build 
the standard offer of power units for shredders of different sizes. 
 
2 Hydraulic system solution 
 
Poclain Hydraulics has developed the complete system solution for shredders consisting 
of: 
 

− One or two high torque low speed radial piston motors (HTLSM). 
− Cross-over relief and anti-cavitation valves (CORAC). 
− Power unit Hydraulic Power Drive (HPD). 

 

 
 

Figure 2: Hydraulic system solution. 
 
2.1 Hydraulic HTLS motors 
 
High torque low speed radial piston motors enable direct drive without the need for 
less efficient gearbox. There are several advantages of the HTLS motors – see Figure 3: 
 

− Cam-lobe technology: heavy duty (450 bar), precise movement, constant 
speed, 
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− Modularity, 
− Direct drive (high efficiency, compactness), 
− High power density, 
− Flat ports for valve block mounting (relief and anti-cavitation valves), 
− Hollow shaft option shortens the time required to replace the shredder shaft 

that are very often renewed. 
 

 
 

Figure 3: Modularity, cam-lobe technology. 
 
The developed industrial motor range - see Figure 4, fulfilling the need of industrial 
applications (shredders, paper industry, tunnel boring machines, plastic injection 
machines, marine winches etc.). The range exists with several shaft possibilities (splined 
shaft, female splined shaft, shrink disk) and mounting kits (torque arms, shrink discs). 
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Figure 4: HTLS motors for industrial applications. 
 

2.2 Power transmission valves 
 
Pressure peaks, shown on Figure 5, are part of the shredding working cycle and without 
relief and anti-cavitation valves the hydraulic motors and pumps would be destroyed in 
a short time. Functionally are separated cross-over relief valve block, anti-cavitation 
block or both functions combined in a single block – CORAC; see figure 6. The valve 
blocks are designed to be flanged on the motor as separate functions or combined 
functions in a single block. 
 

 
 

Figure 5: Pressure peaks showing loss of charge pressure. 
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Typical situation and the worst case of the shredder operation that is showing the need 
for anti-cavitation valves are the high-pressure peaks. During these pressure peaks in 
the high-pressure line the pressure in the low-pressure line (charge pressure) is lost 
almost or nearly to zero bar. During this situation, the motors are cavitating unless anti-
cavitation valves are used. 
 

 
 

Figure 6: CORAC valves. 
 
The relief valves are direct acting relief cartridges with quick response time of 2 ms 
operating at high flow to be able to react quickly when the object gets jammed in the 
machine. 
 
2.3 Hydraulic power unit 
 
The machine slows down, stops and/or reverses the direction of the rotation very 
quickly; the obvious system design was in closed-loop circuit taking in to consideration 
maximum efficiency and optimal components sizing. The power units consist of: 
 

− High-pressure axial piston closed-loop pumps up to 280 ccm per rev. The big 
size shredders requests tandem pumps per one shredder shaft. 

− Gear pumps for charge flow, anti-cavitation and auxiliary functions. 
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− Cross-Over Relief and Anti-Cavitation valves (CORAC) to protect the motor 
from over pressure and cavitation. Valve blocks are either mounted on the 
power unit or flanged on the hydraulic motor. 

− AC electric motors up to 250 kW per pump or shaft. 
− Hydraulic accumulators for anti-cavitation and fast pumps’ command response 

time. 
− Heat exchanger (air or water cooler). 
− Reservoir with frame. 
− Electric wiring cabinet. 
− Diagnostic components prepared for power limitation and condition 

monitoring. 
 

 
 

Figure 7: HPD – Hydraulic Power Drive for dual shaft shredder. 
 
Poclain Hydraulics has developed a range of standard hydraulic power drives (HPD) 
for different shredder sizes, for single and dual shaft drives: 
 

− up to 250 kW per shaft drive and 
− up to 560 ccm/rev per shaft drive. 
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Beside the severe technical characteristics, another design challenge was to develop the 
range of standard drive units. The standard offer currently consists of 16 power drives 
for single and dual shredders that helps customers decide together with the radial motor 
the best choice to fit their machine. 
 
2.3.1 Pumps and valves solution 
 
In terms of the best technical solution, system standardization and cost effective 
solution we decided to integrate some valve functions on pump. Beside the main pump, 
the unit integrates also exchange valve; pressure relief valve; intermediate block for 
condition monitoring; anti-cavitation valves; filter; pumps for charge flow, anti-
cavitation and auxiliaries; accumulators for anti-cavitation and fast pump command – 
Figure 8. 
 

 
 

Figure 8: Hydraulic schematic of the single shaft drive. 
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Figure 7: Tandem pump equipped with valves. 
 
3 Condition monitoring and predictive maintenance 
 
We are monitoring on several running shredders the main parameters (several pressure 
values, temperature, speed etc.) for predictive maintenance and on-line monitoring of 
the processes and equipment. Industrial machines are very sensitive to brake-downs 
causing production line stop and huge costs that both could be avoided in case of 
predictive maintenance. 
 
Condition monitoring is the major component of the predictive maintenance. In case 
of hydraulic system solution for shredders the main components are hydraulic motors 
and pump and the main factor of its lifetime are pressure peaks. We are already 
monitoring several shredders on the market, building the algorithm to help customers 
plan the maintenance service to extend the lifetime of the machine and to avoid eventual 
breakdowns. 
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4 Conclusions 
 
HPD standard range of power units for shredders was developed based on long-term 
experiences and know-how from using Poclain Hydraulics’ HTLS motors on shredder 
drives. In terms of heavy-duty cycles, constant changes in the direction of rotation and 
in terms of reliability, roughness, cost-effectiveness and optimal sizing of components 
a closed-loop hydraulic circuit was the best choice. The main component of the power 
unit, as are pumps and valves, were chosen to meet high-pressure values and fast 
response time. The design of the power units has been proven during the first 
commissioning. We expect the future development of the system to be continued and 
oriented in to condition monitoring and developing algorithm for preventive 
maintenance planning. 
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Adaptive hydrostatic drive for airport passengers stair 
 

VINCENT KNAB & MARKO ŠTEGER 
 

Abstract Poclain Hydraulics and Tips have been working together 
on a new version of airport passenger stairs that uses complete 
hydrostatic drive for its movement around the airport. Its main 
advantages are high torque and high accuracy at extremely low 
speeds, which are the qualities needed when steering a vehicle in 
the proximity of multi-million euros worth aircrafts. Hydrostatic 
technology on this vehicle offers smooth operation without any 
need of shifting during acceleration from stand still to its full speed. 
Direct wheel drive hydraulic motors eliminate the need of 
additional mechanical transmission which increases efficiency and 
saves space on the vehicle. 
 
Keywords: • hydraulic drive • passenger stairs • low speed precision 
• radial motor • valve • 
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1 Introduction 
 
Airports throughout the world use a variety of machines for their daily operations of 
servicing airlines, passengers and cargo. Most of the ground support machines operate 
in busy environments which obliges them to move carefully and also slowly, especially 
when it comes to manoeuvring in direct proximity of the aircrafts. While moving 
carefully and slowly, some of the ground support vehicles also need to move under 
heavy loads. An example of such machine would be airport passenger stairs which has 
to move its mass of around 10 tons directly towards the aircraft and coming to halt right 
next to it. 
 
A type of powertrain which includes both low speed drive precision and high torque 
for heavy load movements is direct hydraulic drive. To move around, Tips’ passenger 
stairs use Poclain Hydraulics’ smart hydraulic system, consisting of a pump, control 
valves and two in-wheel hydraulic motors. All hydraulic components are monitored and 
managed by the electronic unit, which processes signals recorded by on-board system 
condition sensors, giving information to the IC engine in order to achieve maximized 
efficiency at any given moment. 
 

 
 

Figure 1: TIPS 2458Cd passenger stairs. 
Source: https://www.tips.si/si/runway2458cd.html 
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2 Hydraulics drive system 
 
2.1 General technical architecture 
 
Passenger stairs’ power source is a diesel engine, powering Poclain Hydraulics P90 
heavy duty pump, supplying hydraulic flow in the system which is fully operational at 
pressure as high as 450 bar. Hydraulic flow supplies two MS05 radial motors which are 
mounted directly on the rear shaft. The positioning of the motors presents a huge 
improvement in comparison to competition’s in-direct motor installation products, 
where additional gear box is needed for reducing the final speed on the wheels. On the 
way from the pump to the motors, there are two additional valves that assure smooth 
and safe drive. They are called FD-H2 flow divider and VE60 high performance 
exchange valve. 
 
2.2 Hydraulics P90 pump 
 
The main source of hydraulic power on the vehicle is the Poclain PH P90 pump. 
Displacement is controlled by the system’s electronic control unit, which sends PWM 
(Pulse Width Modulation) signals to the two main control solenoid valves that pilot the 
servo cylinder of the pump. The exact position of the pump swashplate is tracked by a 
Hall effect feedback potentiometer of which inputs are constantly processed by the 
ECU to reach a very high pump displacement control accuracy. Maximum hydraulic 
limit of 450 bar enables the P90 pump to be included in different heavy duty 
applications, such as airport passenger stairs. 
 

 
 

Figure 2: P90 pump control schematics. 
Source: https://www.poclain-hydraulics.com/_upload/ressources/media/pdf/pump-range.pdf 
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2.3 Hydraulics MS motor 
 
The modular design of the MS range of motors lets you create a motor that matches 
performance requirements while easily integrating into your design constraints. This 
flexibility will reduce your development costs and speed up the market entry of new 
machines. Radial piston cam design enables high efficiency at any speed and 
operating pressure while minimizing downtime due extreme durability. 
 
The passenger stairs machine uses two MS-05 motors for its drive, enabling drive 
under heavy loads with high precision at low speeds. Besides moving the machine, 
the motors also provide two additional functions: service brake and parking brake. 
Service brake is controlled hydraulically with drum mounted directly on the motor, 
while the negative parking brake requires inducing pressure for motors to start 
moving, which provides a fail-safe feature while the vehicle is not in use. 
 

 
 

Figure 3: MS motor with drum brake. 
Source: https://www.poclain-hydraulics.com/en/products/motors/ms/ms-mse05 

 
2.4 Hydraulics FD-H2 flow divider 
 
Uneven loading and diverse driving surface can cause motors on the same axle to rotate 
at different speed at the same. The consequence of this effect is slipping of drive wheels. 
Poclain Hydraulics’ system uses FD-H2 flow divider valve to cope with the described 
phenomenon. In case of one wheel spinning faster than the other, electronically 
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operated valve limits and equilibrates the flow to provide required wheel adherence. 
The FD-H2 is a high performance valve, capable of operating at pressure as high as 500 
bar. 
 

 
Figure 4: FD-H2 flow divider. 

Source: https://www.poclain-hydraulics.com/en/products/valves/flow-divider/fd-h2-2 
 

2.5 Hydraulics VE60 exhange valve 
 
Compact exchange valves bleed hot oil from the low pressure side of a hydrostatic 
transmission circuit to be cooled, filtered or used as a source of oil for flushing pump 
and motor cases. VE60 high performance exchange valve is used on the drive system 
of the Tips 2458Cd passengers stairs vehicle. Exchange valve insures safety of 
operations and top performances in harsh climate conditions, even when the machine 
is constantly in use. 
 

 
Figure 5: VE60. 

Source: https://www.poclain-hydraulics.com/en/products/valves/exchange-valves/ve60hp 
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3 Conclusion 
 
Cooperation between Poclain Hydraulics and Tips resulted in several successful projects 
in recent years. The 2458 Cd passenger stairs vehicle is the first Tips’ product which 
uses only Poclain components in the hydraulic drive architecture. One of its most 
important features is a combination of smart sensors which send signals to the on-board 
computer in case of direct proximity of the aircraft. The computer limits the speed of 
hydraulic motors, so the vehicle can travel at the top speed of 0.22 m/s in this mode. 
The combination of hydraulic drive and the use of high tech sensors contributes to the 
possibility of driving the vehicle with high precision at low speeds and assuring high 
safety standards when closing the distance to the aircraft. 
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AddiDrive Technology - Hydraulic Drive System for 
Optimum Mobility of Trucks in Harsh Environment 
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Abstract Since 2005, Poclain Hydraulics has helped more than 
25,000 Heavy Commercial Vehicles conquer the last off-road mile. 
The hydraulic hybrid transmission, AddiDrive, transfers torque to 
a non-mechanically powered axle only when needed. The system, 
including in-wheel hydraulic motors, closed loop heavy-duty pump, 
valve, electronic control, tank, cooler and filter, drives at speeds up 
to 30 kph. AddiDrive delivers torque to the front wheels while 
augmenting the efficiency and safety of trucks used in construction, 
forestry & municipal applications. A more economical and 
environmentally friendly solution, AddiDrive helps users maximize 
uptime and payload. 
 
Keywords: • AddiDrive • hydraulic hybrid transmission • torque 
transfer • improved Total Cost of Ownership • heavy commercial 
vehicles • 

 
 
 
 

 
 
 
 
 
CORRESPONDENCE ADDRESS: Paola Ipsa, Poclain Hydraulics Industrie, Verberie, France, e-mail: 
paola.ipsa@poclain.com. 
 
DOI https://doi.org/10.18690/978-961-286-300-5.21                ISBN 978-961-286-300-5 
Dostopno na: http://press.um.si.



250 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
1 Introduction 
 
Poclain Hydraulics, as a part of the Poclain Group, is a global leader in hydrostatic 
transmissions based on radial pistons and cam-lobe motors technology. The 
independent and family owned Group has more than 2000 employees worldwide. 
Poclain’s solutions have been employed for decades for agriculture, construction, 
forestry, industrial and trucking activities. 
 
For off-road mobile applications such as agriculture or construction equipment, Poclain 
Hydraulics hydrostatic transmission generally consists in the main transmission of the 
machine. For on-road applications such as Heavy Commercial Vehicles (Class 6-8) or 
Light Commercial vehicles (Class 1-2), Poclain has developed various AddiDrive on-
demand additional mobility solutions. 
 
This paper will focus on AddiDrive closed loop system for Heavy Commercial Vehicles. 
 
2 Vocational truck market needs 
 
Today the most popular trucks on the market are those used for on-road application 
such as long haul. Those trucks are optimized when driving on the road, although, not 
for the rough terrains, as they are not supposed to go off-road. On the other hand, the 
mechanical AWD trucks are perfect off-road, however, with a limited on-road 
performance. Having only these two alternatives can represent a big problem for 
vocational application users who spend the 95 % of their time on-road and 5 % off 
road. Either they are based on standard, long haul, truck and they can get stuck in off-
road conditions, or, if based on mechanical AWD transmission, their performance are 
very limited on-road. 
 
Truck driver’s and fleet manager’s main concern is maximizing the productivity and 
safety. In this regard, maximizing payload and minimizing downtime, along with 
maximizing tires’ lifetime, minimizing fuel consumption and extending material’s 
lifetime are the most valuable levers. Thus, having such needs implies finding the right 
compromise between several criteria. 
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3 AddiDrive concept 
 
3.1 Mechanical AWD truck 
 
A common solution to avoid any risk in terms of mobility is to acquire a mechanical 
AWD truck which will cope to any kind of difficult situation with or without load. 
However, mechanical AWD is associated with constraints, such as reduced turning 
radius which limit dramatically the truck's manoeuvrability. Furthermore, as the ride 
height is higher, it brings constraints when driving on-road (e.g. when it comes to height 
restrictions for bridges and tunnels). Moreover, mechanical AWD is reducing the 
payload and increasing the fuel consumption, which is not suitable when driving from 
90 to 95 % of time on the road. Mechanical AWD is a solution for high mobility needs 
and low distance driving. 
 
3.2 AddiDrive 
 
Poclain Hydraulics has developed a compromise solution, trying to combine the best of 
both worlds by giving to a standard truck more capability in off-road condition without 
changing significantly its on-road performance. In fact AddiDrive guarantees great 
mobility in difficult driving conditions such as mud, snow, slope or sand, improving 
truck’s manoeuvrability by keeping standard truck’s turning radius and improving the 
grip in low adherence conditions. 
 
The system has a minimal impact on payload (-400 kg vs. a standard truck, while the 
mechanical AWD truck impacts payload by -1000 kg to -1200 kg) and fuel consumption 
(1,5 to 2 % in addition to standard truck, while mechanical AWD impacts the fuel 
consumption by 10-15 % vs. a standard truck) [1]. On the other hand, avoiding the 
slippage, AddiDrive increases the tires’ lifetime [1]. Additionally, keeping the same cabin 
height as standard truck, AddiDrive improves driver’s comfort compared to mechanical 
AWD truck. 
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Figure 1: AddiDrive strategical positioning. 
 
Besides the affirmed advantages to end users, AddiDrive has a positive impact on the 
environment. When having AddiDrive, there is no need of paving the acces to the 
working site for standard trucks, the tires lifetime is extended, while the fuel 
consumption is reduced. Finally, AddiDrive helps reducing the risk of cash out, usually 
spent for towing the standard truck when getting stuck. 
 
Given the benefits of AddiDrive on the total cost of ownership and the environment, 
since 2005 the system has been installed in Europe and the USA on more than 25,000 
Heavy Duty trucks dedicated to construction, earthmoving, forestry, utility, heavy 
haulage and other activities. The solution is adopted1 by MAN, Daimler, Renault 
Trucks, Terberg (for Volvo) and Iveco in Europe and by Terra Drive System in North 
America. 
 
3.3 System architecture and working mode 
 
AddiDrive is a complementary hydraulic hybrid transmission that increases the mobility 
of a vehicle by transferring the torque on a non-mechanically powered axle. 
 
The system includes two hydraulic radial piston motors, integrated directly in the spindle 
of a steering or straight axle, axial variable piston heavy duty pump, mounted at the 
engine PTO, the valve block, electronic control, tank, cooler and filter (Figure 2). 
                                                      
1 In closed loop version. Open loop versions available in Europe with SAF Holland and Paul Nutzfahrzeuge 
(for DAF). 
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Figure 2: Representation of AddiDrive integration. 
 
When the system is activated, the pump, powered by the internal combustion engine 
PTO, generates and provides the flow to the valve block. The valve block, which 
ensures the safety and manages motors’ activation, splits the flow between two motors, 
which, finally, provide traction. The system is piloted by the electronic control, which 
manages the communication and additional functions. To ensure cooling of the running 
system, a constant flow of oil is exchanged out of the closed circuit and cool down 
before returning to the oil tank. 
 
Contrary to a mechanical axle, AddiDrive delivers the torque only on-demand. The 
driver, manoeuvring the switch on the dashboard, activates the system making it ready 
to engage and disengage. The engagement and disengagement can be done on-the-fly, 
even while the vehicle is moving. 
 
Two modes are provided: The Traction mode where torque can be transferred to the 
hydraulic powered axle and Freewheeling mode where the two hydraulic motors are 
disengaged. 
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Figure 3: AddiDrive closed loop system architecture. 
 
When in Traction mode, the system can drive the truck up to the speed of 30 kph, after 
what AddiDrive automatically disengages. Depending on the resistance created by the 
machine, max torque of the motors can be provided from 0 kph until the system reaches 
maximum allowed power of 82 kW, maximum system pressure is up to 450 bar. 
Moreover, maximum tractive effort generated by 1L hydraulic motors at 450 bar is 
optimized with truck load and low condition adherence typically encountered in difficult 
situation (adherence coefficient around 0,3). While the Traction mode is active, the 
pump stroke is controlled to ensure the synchronization between the front and rear 
wheels (see Figure 3). 
 

 
 

Figure 4: AddiDrive engagement strategy. 
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When the system is disengaged, the pump remains in neutral position, while the charge 
pump is de-rated through the valve block. Consequently, the two motors are in 
Freewheeling mode, thus the system drag losses are minimum. If the speed drops under 
20 kph, the system will re-engage automatically, while after 40 kph, it is automatically 
deactivated. 
 
3.3.1 Additional functions  
 
Besides the standard Traction and Freewheeling mode, AddiDrive performs the Creep 
and Boost functions. 
 
Creep mode is tailored for activities which require a high precision on a constant slow 
speed. Once the Creep mode is activated, the pump displacement is proportional to the 
driver command and to the engine speed, while the vehicle is driven exclusively by the 
system at constant slow speed. The function is running up to 18 kph and can climb the 
maximum slope of 13 %2. The driver can set up the speed with cruise control, throttle 
pedal or joystick. When the targeted speed is reached, it will be regulated by the system, 
whatever the engine speed. Indeed, if ICE rpm increases to pilot the auxiliaries, the 
pump swash plate is adjusted to keep constant the vehicle speed. 
 
When in Boost mode, the system brings the highest pressure as soon as the gas pedal is 
applied on a stationary vehicle, delivering the highest torque to take off the truck. This 
function is appreciated after tipping (when the rear truck or trailer's wheels are typically 
covered with the discharged material) and when starting the vehicle on the slope or 
irregular and rough terrains. 
 
3.3.1 System management  
 
During steering and braking phases, thanks to the Bypass function, the system has no 
influence on vehicle’s behaviour. The software prevents unexpected torque during gear 
shifting and braking. Furthermore, to avoid any unexpected movement while the vehicle 
is driving at very low speed or stationery, the software keeps the system disengaged as 
long as the throttle pedal is at less than 5 %. 
 

                                                      
2 Depending on truck cinematic and loads. 
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Warm-up Standstill function controls the temperature while the vehicle is stationary, 
increasing it up to the level needed by the pump for piloting. On the other side, Warm-
up Driving function increases and/or maintains the oil temperature to prepare for a 
potential system activation while the vehicle is driving in Freewheeling mode. 
 
Furthermore, the software makes sure the system will avoid over power, over pressure 
and over torque situations. While, in case of use of pump rear PTO to operate auxiliary 
system on the truck, following driver request, the torque can be reduced to protect the 
engine PTO. 
 
4 Conclusion 
 
When introduced on Heavy Commercial Vehicles in Europe and in the USA, AddiDrive 
has revolutionized the truck world: 
 

― improving dramatically their traction and manoeuvrability, thus vocational 
truck drivers never get stuck, 

― improving at the same time their productivity, profitability and safety, as the 
fleet's uptime is maximized, while fuel and tires expenses are optimized – which 
reduces truck's environmental impact. 

 
Finally, AddiDrive has raised hydraulic transmission’s innovation bar widening the 
technology to commercial vehicles. 
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devices can be done manual by hand or automatically by a Fast 
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be done with the booms of the excavator and only the mechanical 
lock is done automatically. The tasks of the Fast Change System are 
the save mechanical locking of the devices and the passage of 
hydraulic lines. That means, that hydraulic couplings must be 
integrated in the Fast Change System. Which can be coupled under 
pressure, which are working without leakage and have a high live 
time. This article shows the flow optimization of a hydraulic 
coupling system for hydraulic Fast Change Systems with the goal to 
minimize the pressure losses in the coupling system and to increase 
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1 Introduction 
 
Modern excavators are normally equipped with a Fast-Changing Coupling System. This 
gives more flexibility in the use of the excavator, because the worker can change the 
working tool at the end of the boom of the excavator very fast and it is normally not 
necessary to leave the carbine of the excavator. There existing al lot of different buckets 
which can be changed but is can also be used other tools, for instance hydraulic 
hammers, which needs a hydraulic power supply. Also, are systems available which 
supply the tool with electrical and with hydraulic power [1]. 
 

 
 

Figure 1: Fast-Changing Coupling System [5]. 
 
To generate this hydraulic power supply hydraulic couplings are needed in the Fast-
Changing Coupling System. There are many regulations for the safety operating of these 
Fast-Changing Coupling System [2], but also the hydraulic power supply must work 
reliable and efficient. There are different ways to equip an excavator with a Fast-
Changing Coupling System. One possibility is to use a Fast-Changing Coupling System 
of the manufacturer of the excavator for instance of Liebherr [3] or Volvo [4]. The other 
possibility is to use a Fast-Changing Coupling System of a third party like the company 
Winkelbauer GmbH [5]. The requirements mentioned above are shared by all systems. 
 
A Fast-Changing Coupling System is shown in Figure 1. It consists of a part which is 
mounted on the excavator and a part which is mounted on the working tool. All these 
systems consist of the mechanical part of the steel construction, the hydraulic lock and 
the hydraulic coupling system [5]. 



J. Edler, M. Haas & F. Wagner:  
Flow Optimization of a Hydraulic Fast Change Coupling System for Mobile Excavators 259 

 

 

2 Simulation of the existing Hydraulic Coupling 
 
2.1 Geometry and Mesh 
 
In a first step the existing hydraulic coupling will be build up in a cad 3D drawing. In 
Figure 2 is a 2D view shown. It can be seen, that in the hydraulic coupling system are 
some springs implemented. These springs are necessary for the function of the hydraulic 
coupling system, but for the simulation they will be neglected. This give the advantage, 
that the symmetry can be used. A further advantage is that the mesh is easier to generate, 
because the complicated geometries of the springs are not in the model. 
 

 
 

Figure 2: Existing hydraulic coupling. 
 
In the next step the negative volume or the hydraulic coupling will be generated. This 
volume represents the fluid in the hydraulic coupling system and this volume will be 
used in the flow simulation. To get better results the mesh should be generated with a 
finer mesh wide in the critically regions of the model. Therefore, the geometry of the 
fluid will be split into separate volumes as in Figure 3 can be seen. 
 

 
 

Figure 3: Separated volumes of the fluid. 
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The final setup of the model is shown in Figure 4. There can be seen only a quarter is 
considered. Also, the final mesh is shown in Figure 4. This final mesh is the result of a 
mesh study, which is described by Finck [6] and Fritsch [7]. The mesh has been refined 
until the simulations result didn’t change anymore, that means the result of the 
simulation is independent of the mesh size. 
 

 
 

Figure 4: Final simulation model. 
 
2.2 Setup and Boundary Conditions 
 
In modern excavators are a lot of different mineral oils used which depends on the 
environment conditions where the excavator is working, on environmental regulations 
and on the company, which is building the excavators. In this case it cannot be said 
which oil is used in the hydraulic coupling and so it will be used a standard oil model of 
a mineral oil HLP46, see Table 1. 
 
In the simulation will be used three boundary conditions. The inlet boundary condition 
defines the flow through the hydraulic coupling, which is given as the nominal flow 
from the manufacturer. In our case the nominal flow is 250 l/min. A further point is, 
the flow through the hydraulic coupling system can be in both sides, that means the 
simulation must also be done in both flow directions. The outlet boundary condition is 
a pressure condition and is set up to 270 bar. This pressure is not so important, because 
only the pressure drop in the hydraulic coupling is interesting. 
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Table 1: Specifications HLP46 
 

 Value Unit 

kinematic viscosity 16 mm2

s
 

density 852 kg
m3 

dynamic viscosity 0,01363 kg
m s

 

specific heat capacity 1885 
J

kg K
 

molar mass 530 kg
kmol

 

coefficient of thermal expansion 0,0007 1
K

 

 
The last boundary condition is a symmetry condition to consider the symmetry of the 
model. In Figure 5 are the boundary conditions on the model shown. The simulation is 
done stationary and no turbulence model was used, see Edler [8] and Mörwald [9]. 
 

 
 

Figure 5: Boundary conditions. 
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2.3 Results of the simulation of the existing hydraulic coupling 
 
Figure 6 shows the pressure distribution in the hydraulic coupling. The whole pressure 
drop over the hydraulic coupling is 32 bar. It can be seen that the pressure drop is not 
constant over the whole hydraulic coupling. 
 

 
 

Figure 6: Pressure distribution in the hydraulic coupling. 
 
There is a bottleneck between some holes and a spring which generates a big pressure 
drop. This bottleneck can also be seen in Figure 6. In the velocity distribution over the 
hydraulic coupling can this bottleneck also be seen, Figure 7. Another region with a 
higher-pressure drop is an inlet area of the hydraulic coupling. Here are also holes which 
decrease the cross section of the hydraulic coupling. This area should also be improved. 
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Figure 7: Velocity distribution in the hydraulic coupling. 
 
Figure 8 shows the areas which are identified for the redesign to decrease the pressure 
drop. The redesign is done in two steps. The first one is the area with the highest 
pressure drop and the second one is the area if the nut in one part of the hydraulic 
coupling system. 
 

 
 

Figure 8: Areas for the optimization. 
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3 Redesign and Simulation of the Hydraulic Fast Coupling System 
 
Figure 9 shows the different steps of the optimisation. Based on the existing system was 
in the first step the area of the highest pressure drop optimized (area 1 in Figure 8). One 
point of the optimization was that the redesign must be compatible with the old design. 
Figure 9b shows that the bottleneck between the holes in the coupling and the spring 
which is necessary to close one part of the coupling is neglected. This optimization hast 
the most potential to decrease the pressure drop in the hydraulic coupling. 
 

 
 

Figure 9: Optimized hydraulic coupling, a) original, b) step one area 1 and  
c) step two area 2. 
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Figure 9c shows the second and final optimized version of the hydraulic coupling 
system. The holes in the nut on one side, see detail A in Figure 9c, will be redesigned. 
Figure 10 shows the different steps of this redesign. The last version gives the biggest 
cross section for the flow, but is not so easy to manufacturing. 
 

 
 

Figure 10: Optimized nut, a) original, b) step one and c) final version 
 
The redesign consists of some iteration steps between redesign and simulation. At the 
end of this steps the pressure drop can be lowered up to 5,67 bar. That means that the 
pressure drop could be decreased about 81,25 %. In a view that two hydraulic coupling 
systems are necessary on a Hydraulic Fast Change Coupling System then the efficiency 
is extremely increased with the redesign of the hydraulic couplings. Table 2 shows the 
results of the different iterations steps of the redesign.  
 
Table 2: Results 
 

 pressure drop 
in bar 

max. velocity  
in m/s 

optimization  
in % 

original version 32 92,7  
step one 6,7 41,3 76,3 
step two 5,67 40,5 81,25 
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4 Conclusion 
 
With the redesign of the hydraulic couplings it is possible to decrease significant the 
pressure drop of the hydraulic couplings. With the new design is the pressure drop in 
the hydraulic coupling von be decreased from 32 bar up to 5,67 bar. This is a massive 
advantage in the efficiency. At a nominal flow of 250 l/min and the use of two hydraulic 
couplings the power losses are decreased from 27 kW up to 5 kW. Second the 
requirement that the new design must be compatible with the original design can also 
be met. This is very important, because there are al lot of existing hydraulic coupling in 
the field and it make no sense to exchange all these couplings. 
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1 Introduction 
 
The main issue with the motion of radial gates, Figure 1, which are most often used at 
the spillway of dams of hydroenergy objects, is to provide the synchronous motion of 
gate endpoints  within allowed error tolerance to avoid the tilting of a gate, which would 
in turn prevent the guiding mechanism of a gate to function properly causing the gate 
to get stuck. The guiding of radial gates is provided by the parallelism of lateral concrete 
walls which are in contact with sealing rubber (sliding friction) or with guiding wheels 
(rolling friction) - Figure 2. 
 

  
 

Figure 1: Radial gate. 
 
Synchronous motion can be provided by passive and active synchronization. Passive 
synchronization is provided by equalizing pressures in hydraulic cylinders at both ends 
of a gate relying on the property of the gate (sufficient stiffness) to obtain the self-
synchronization. Passive synchronization does not envisage generating any external 
control signals to guarantee synchronous motion. 
 
Active synchronization includes the stroke measurement of each hydraulic cylinder, 
creation of control signal proportional to the current position difference between the 
left-hand side and the right-hand side hydraulic cylinder which accelerates or decelerates 
the motion of the hydraulic cylinder piston rods by activating certain hydraulic valves. 
Radial gates can be manufactured with various stiffness which directly determines the 
choice of synchronous motion control, i. e. passive or active synchronization. 
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Figure 2: Guiding and sealing details of a radial gate. 
 
To provide the synchronous motion of small and relatively light radial gates with width 
up to 12 m, i. e. the gates with low water pressure, the configurations of electric-
hydraulic drives with active synchronization must be selected, because the small wieght 
of the gate is obtained at the expense of reduced stiffness of the gate construction. 
 
This paper does not consider the alternatives of volumetric control of a hydraulic drive 
(the change of the pump oil flow and/or pump/motor regime), but only the throttle 
control of oil flow for lifting and lowering. It should also be pointed out that with lighter 
gates, the hydraulic cylinder dimensions are such that full oil circulation from the piston 
rod cylinder chamber to the reservoir happens during the gate lowering. For this reason, 
the alternatives with direct oil flow from piston rod cylinder chamber to piston cylinder 
chamber will not be taken into consideration. 
 
The real load of the hydraulic cylinders is inertial, approximately 50 % of the gate weight 
per cylinder. Also, the load from the external friction of the sealing rubber or the rolling 
wheels should be taken into account. The friction force should be up to 20 % of the 
gate weight and distributed in such a way that the diference due to friction load between 
the left-hand and the right-hand side of the gate  is not greater than 50 % [5]. 
 
2 Selection of the design solution 
 
In order to compare the two hydraulic configurations, it is necessary to consider the 
design approach that defined the two different configurations. When an electric-
hydraulic drive is designed, a criterion which determines the optimal design solution 
must be defined. It is the most important part of the design activity. 
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There are four criteria to follow when we define the structure of the electric-hydraulic 
drive (i. e. the hydraulic functional schematic): 
 

1. Structure and parameters, 
2. Adaptation to external conditions, 
3. Minimal number of elements,  
4. Modular principle. 

 
After an optimal configuration of the electric-hydraulic drive is defined, a couple of 
criteria regarding the adequate control of the drive are taken into consideration, such 
as: 
 

1. Response time  
2. Stability  
3. Accuracy. 

 
Regarding the electric-hydraulic drives for synchronous motion, the criterion for 
selection of the optimal structure is response time of the drive because, if higher, it, in 
any case, provides the better quality of the synchronous motion, i.e. the smaller error. 
Other criteria are second in importance and will influence the final structure only when 
and if they do not contradict the time response criterion. 
 
Figure 3 and Figure 4 show the hydraulic functional schematics which are the subject 
of the design analysis and comparison. 
 
It is clear that both hydraulic functional schematics comply with the modularity 
principle. Structurally, the two configurations are different. The configuration shown in 
Figure 3 provides synchronization by oil bleed-off. The faster hydraulic cylinder 
decelerates during lifting and the slower hydraulic cylinder accelerates during gate 
lowering. Configuration shown in Figure 4 (Module 1) doesn’t have the option to bleed 
off hydraulic oil directly, but through the pressure relief valve during gate lifting. During 
gate lowering, there is no bleed-off at all, but hydraulic oil remains in the hydraulic 
cylinder  and its motion decelerates. This is the key difference between these two 
configurations. 
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Figure 3: Hydraulic functional schematic of a configuration with bleed-off valves (left) 
and its energy efficiency diagram (right). 

 
When compared by the number of elements, the solution shown in Figure 4 (without 
module 2) is more favourable. 
 
When compared by the number of parameters, both configurations have 4 variable 
parameters each (alternative in Figure 3 – regulation of two flow regulators in Graetz 
bridge rectifier and two distributor valves for bleed-off synchronization and alternative 
in Figure 4 – regulation of two flow regulators for each of the two distributor valves in 
Graetz bridge rectifier – module 1). If the intensity of the control signal for 
synchronization exceeds 50 % of its maximum value, then another module (module 2) 
can be added to the configuration shown in Figure 4 for additional regulation of oil flow 
by means of a 4/3 distributor valve and a pair of flow regulators. 
 
Since both configurations have synchronization based on on-off distributor valves, they 
have approximately similar time responses. 
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Figure 4: Hydraulic functional schematic of a configuration with direct throttling 
and its energy efficiency diagram. 

 
Altenative shown in Figure 4 always decelerates the faster cylinder which affects the 
total time of radial gate manipulation. It is usually not important, but at flow-through 
hydroelectric power plants, where the radial gate should compensate the failure of the 
turbine in a short period of time (couple of minutes) it could be quite significant. In 
such cases the advantage is with the alternative shown in Figure 3 with bleed off valves. 
 
Anyway, the final selection among the alternatives shown in Figure 3 and Figure 4, 
depends on the configuration of mechanical guiding and the possibility to compensate 
the error in verticality when building the concrete walls. Alternative shown in Figure 4 
has greater flexibility because it provides two different oil flow values amplitude-wise 
(50 % and 100 % of the flow value), and not just regarding the different time intervals 
when the flow correction control signal is active, as is the case with alternative in Figure 
3. If the error trend is constant (one side of the gate is always slower), then the more 
favourable soulution is given in Figure 4, specifically the upgraded version (module 1 + 
module 2), because the position difference of two sides of the gate can more easily be 
regulated by independently adjusting the flow throttles that control the flows through 
the 4/3 distributor valve. 
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Figure 5: Hydraulic functional schematics of a configuration with proportional valves and its 
energy efficiency diagram. 

 
If the criterion of minimal number of hydraulic components is taken into consideration, 
than the alternative given in the hydraulic functional schematic in Fig.5 is proposed, 
because it provides either acceleration or deceleration when gate motion is about to 
begin or end (stop) with the same proportional control valves used to synchronize the 
cylinder motion [6], [8]. 
 
3 Control component of an electric-hydraulic drive for synchronous 

motion of radial gates 
 
The quality of synchronous motion  which is provided by an electric-hydraulic drive for 
lifting and lowering of radial gates is estimated using the following criteria: 
 

1. Total error integral of synchronous motion above the defined error threshold. 
2. Maximum error of synchronous motion during lifting and lowering 

manipulations. 
3. Maximum control intensity for error correction of synchronous motion. 

  



274 INTERNATIONAL CONFERENCE FLUID POWER 2019: CONFERENCE PROCEEDINGS. 
 
The criterion of total error integral above the defined threshold is based on comparison 
of the actual total error integral of the actual control configuration with the maximum 
error that would theoretically occur if there was no control at all and no constraints on 
the gate to stop its tilting. According to this criterion, the control configuration is better 
if its total error integral relative to the maximum total error integral is smaller. 
 

 
 

Figure 6: Error integral and tilting angle. 
 

1 2s v t v t∆ = −  - total error integral,      (1) 

S
t

v
=  - total gate motion time,       (2) 
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L L L v v L
α

∆ ∆ ⋅ ∆ ⋅ ∆
= = = =

⋅
 - gate tilting angle,    (3) 

wherein: 
S  - maximum cylinder stroke (m), 
L - gate width (m). 
 
For known geometric characteristics of the gate and known relative velocity difference, 
it is possible to calculate the tangent of angle α  and the maximum error integral (Figure 
6) – equation (4): 
 

s Ltgα∆ = . [2]         (4) 

 
The criterion of maximum control intensity for error correction of synchronous motion 
enables us to complete the control structure of an electric-hydraulic drive for radial gate 
manipulation. If the control intensity does not exceed 50 % of its maximum value 
during radial gate lifting and lowering, it means that the selected drive is robust enough 
to withstand external disturbances, with minimum risk to fail to correct the error and 
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to cause the gate to stop unexpectedly. If control signal intensity exceeds 50 %, then 
the issue of structural adaptation opens up, i. e. introduction of another control 
component to provide synchronous motion. In this way, the quality of the selected 
design solution is improved. 
 
4 Experimental results 
 
Figures 7, 9 and 10 show experimental results of load distribution during radial gates 
lifting and lowering for different electric-hydraulic configurations. Figure 8 shows the 
experimental result of error of synchronization. 
 

  
 

Figure 7: Gate lifting and lowering, small HPP „Crveni breg“, Serbia. 
 
Figure 7 shows the start of the transient regime of lifting and the stationary process of 
lowering of a radial gate at the small HPP Crveni breg“, the Nišava river, Serbia. The 
configuration of the hydraulic drive is equivavelent to the configuration with distributor 
valves with bleed off shown in Figure 3. The stiffness of the gate steel construction is 
unsufficient to absorb the changing load and for that reason one of the cylinders is 
subjected to low pressure oscillations (from 2 to 4 bar), while the peaks in pressure 
oscillations in the other are 10 times higher [7]. 
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Figure 8: Load distribution and synchronization error, small HPP „Crveni breg“, Serbia. 
 
Figure8 shows error of synchronization during stationary process of lowering of the 
radial gate at the small HPP Crveni breg“. The error threshold is 15 mm and the 
hydraulic drive with the control unit allows the error to rise no more than 2 mm above 
the threshold before it reduces the error to its design values [7]. 
 

 
 

Figure 9: Gate lifting and lowering, sluice „Opovo“, Serbia. 
 
Figure 8 shows the start of the motion of the radial gate at the sluice „Opovo“, the 
Tamiš river, Serbia. Both lifting and lowering transient regimes at the beginning of gate 
motion are depicted. The configuration of the hydraulic drive is equivavelent to the 
configuration with direct throttling shown in Figure 4. The lowering diagram shows 
that, because of the high stiffness of the steel construction of the gate, the accuracy of 
synchronization is high, the error is maintained below the threshold, but the distribution 
of load is uneven so that the difference in pressure values in hydrauli cylinders is up to 
30 % [4]. 
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Figure 10: Gate lifting and lowering, complex of hydro-objects „Gorodets“, 
 Russian Federation. 

 
Figure 10 left shows the start of the motion of the gate at the complex of hydro-objects 
(navigation locks) „Gorodets“, the Volga river, Russian Federation. Both lifting and 
lowering transient regimes at the beginning of gate motion are depicted. The 
configuration of the hydraulic drive is equivavelent to the configuration with 
proportional distributor valves with bleed off shown in Figure 5. The lifting diagram 
shows pressure peaks which correspond to the moment when hydraulic drive 
overcomes the static friction of the gate and its guiding mechanism. The lowering 
diagram shows pressure drop at the start of motion. Both diagrams show a satisfactory 
distribution of load of the steel construction and sufficient level of stiffness [3]. 
 
During final commissioning works of a radial gate with its electric-hydraulic drive, it is 
necessary to determine the real stiffness of the gate since the value of synchronous 
motion error depends on it and on the motion resistance force. The gate stiffness is 
determined by calculation or most precisely by experiment using (5), in the direction of 
piston rod motion, with unitary pressure change: 
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And the permissible gate tilt [1] as: 
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The above explained calculation of stiffness should be a part of the off-line 
identification parameter procedure. 
 
5 Conclusion 
 
Taking into consideration the specific disturbance effects which are not easily forseen 
and determined in the course of design process for electric-hydraulic drives for radial 
gates, the above mentioned design principles give the solution of the problem in the 
first iteration of commissioning, error trend identification and the possibility to add 
another control module. Based on experimental results of the load distribution (by 
pressure measurements) with or without tracking the changes of the synchronous 
motion velocity, it is possible to compare similar configurations of electric-hydraulic 
drives for radial gates with different stiffness. The influence of steel construction 
stiffness is most obvious during radial gate lowering when the error of synchronous 
motion is within permissible limits, but a very unfavourable load distribution occurs 
caused by drastic difference between pressure values in piston rod chambers of left-
hand and right-hand side cylinder. That is the situation when one of the cylinders carries 
almost the entire weight of the radial gate. 
 
Beside the hydraulic configuration of the drive, special attention should be payed to the 
control algorithm structure that is applicable for the actual hydraulic configuration. Final 
estimation of the design solution is obtained with software comparison of the maximum 
theoretical error integral and the actual one. 
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pneumatic manipulator with two-degrees-of-freedom actuated by 
pneumatic cylinders that performs the task of transferring work 
items. The article then describes the design, construction and 
angular position control of the rudder blade on a wooden boat 
model. The experimental setup shows the way the ship's steering 
system works, but with the use of a pneumatic drive instead of 
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1 Introduction 
 
Modern technical systems are most often highly complex and interdisciplinary in nature 
involving synergistic integration of many branches of engineering. Designing advanced 
technical systems requires combined action and cooperation which then results in 
increased effectiveness and productivity. Mechatronic engineering is an exciting new 
multidisciplinary branch of the engineering field which combines mechanical, electrical 
and computer engineering, but also includes a combination of robotics, electronics, 
sensorics, telecommunications, systems and control engineering [1]. 
 
In mechatronic engineering applications, actuators play an important role for generating 
movement in a mechanism or system. Generally speaking, mechatronic systems may 
have three main types of actuators: electric, hydraulic, or pneumatic drives. Electrical 
motors are by far the most widely used actuators within mechatronic systems, because 
they are reliable and accurate and they are relatively easy to control, so they dominate 
in all segments of application. In mobile systems DC motors are preferred due to the 
technology of today's batteries, while AC motors are preferred in stationary applications 
since it is very easy to use electric power from the electric grid. Owing to the fact that 
hydraulic drives provide high force multiplication they are used to manipulate heavy 
loads. 
 
This paper presents several self-made experimental systems actuated by pneumatic 
drives, which have been designed and manufactured as test models within the fields of 
electro-pneumatic systems, mechatronics, autonomous systems and feedback control 
education. Pneumatic drives are used in applications that require relatively high power-
to-weight ratio, high speed action capabilities and clean operation, combined with lower 
price of overall system. In many applications, they can be a cheaper alternative to electric 
and hydraulic systems, especially for light loads [2]. Unfortunately, position and force 
control of pneumatic actuators are difficult due to nonlinear effects in pneumatic 
systems caused by the phenomena associated with air compressibility, friction effects, 
variations of load and process parameters in time etc. Thus, increased attention is being 
paid to development of pneumatic equipment, as well as to improvement of control 
strategies. Realization of controlled pneumatic drives today is a symbiosis of mechanical 
systems with other technologies such as microelectronics, sensorics, and sophisticated 
controls to achieve high qualities in modern industrial applications [3]. 
  

https://typesofengineeringdegrees.org/what-is-electrical-engineering/
https://typesofengineeringdegrees.org/what-is-electrical-engineering/
https://en.wikipedia.org/wiki/Robotics
https://en.wikipedia.org/wiki/Electronics
https://en.wikipedia.org/wiki/Computer_engineering
https://en.wikipedia.org/wiki/Telecommunications
https://en.wikipedia.org/wiki/Systems_engineering
https://en.wikipedia.org/wiki/Control_engineering
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The introduction of the electronic control signal has made possible to apply modern 
control techniques to pneumatic powered drives. This way the range of potential 
applications of pneumatic systems is extended to the field of flexible manipulation tasks 
and robotics [4]. One of the research directions in pneumatics relates to the area of 
pneumatic artificial muscle actuators (PAMs) using biological principles for system 
design and control as an attempt to replicate natural human movement. Pneumatic 
muscles are suitable for use in bionic systems, i.e. biologically inspired designs of 
technical systems, where the applications of biological methods and processes found in 
nature are used to improve engineering systems and modern technological products [5]. 
Scientific and technical works have shown that overall system performance can improve 
when some biological principles are incorporated within the designing of engineering 
solutions. Some new applications are also identified, particularly in the areas of bio-
robotics, human-friendly orthopaedic aid devices for the rehabilitations of polio patients 
as well as within industrial applications for the actuation of new devices and 
manipulators ([6] to [9]). Their properties such as compactness, high strength, high 
power-to-weight ratio, inherent safety and simplicity are worthy features in advanced 
manipulating systems. 
 
2 Autonomous vehicle driven by pneumatic muscles 
 
Autonomous robot vehicles with alternative drives, advanced motion control 
capabilities, driverless technology and moving in an unstructured environment with 
obstacles are one of the most demanding tasks of modern engineering. From the 
environmental point of view, autonomous vehicles can have an advantage in terms of 
reducing greenhouse gas emissions and increasing energy efficiency, so autonomous 
vehicles usually have a hybrid or full electric drive. Pneumatic artificial muscles as soft, 
lightweight and compliant actuators could have a great potential as a drive for new types 
of mobile systems and they allow some new features of the controlled system. 
 
The prototype of an autonomous vehicle powered by pneumatic artificial muscles is 
shown in Figure 1. The autonomous vehicle has a crankshaft mechanism that converts 
linear motion of the pneumatic muscles (they can exert a pulling force) into rotational 
motion of the driving wheels on the vehicle. The crankshaft is used to drive the vehicle 
and takes over the total pulling force of the pneumatic muscles. Three pneumatic 
muscles are used and each segment of the crankshaft is rotated in relation to the 
previous segment by 120° to get a full circle after activating all three muscles. The 
crankshaft mechanism is mounted in four bearings, because there is an unbalanced 
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bending load on certain shaft rotation segments. The crankshaft is made of stainless 
steel using the turning and milling process [10]. 
 

 
 

Figure 1: Autonomous vehicle driven by pneumatic muscles. 
 
In the chassis construction process the main criterion was to design a strong chassis on 
which all components can be connected using screws. Another criterion was the 
simplicity of the construction. The L-profile 20x20x2 mm was chosen as the main 
structural element. The parts under the influence of the dynamic stress are further 
strengthened. The chassis dimensions are 1100x360 mm and the whole chassis was 
made in welding technology. For the realization of this autonomous system it was 
necessary to design vehicle mechanics, especially the drive shaft and the system for 
steering the vehicle. The steering mechanism of the vehicle is achieved by using a 
pneumatic linear stepper motor controlled by a microcontroller. For the vehicle 
steering, rack and pinion geometry is chosen which allows the difference in rotating the 
inner and outer wheel. The features of the pneumatic linear stepper motor can be found 
in [11]. 

         
 

Figure 2: Vehicle steering mechanism. 
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The actuator has a lightweight, completely metal-free and fully customizable design. The 
pneumatic linear stepper motor consists of a toothed rack and 3 pistons with teeth. 
Since the cylinders have a phase shift, the individual cylinder activation causes the 
toothed rack to move. Each cylinder in one activation moves the toothed rack by 1/3 
steps. The size of the steps depends on geometry and dimensions of the teeth. The 
operation of this actuator is quite simple and relatively accurate positioning can be 
obtained. 
 

 

 
 

 
Figure 3: Pneumatic stepper motor [11]. 

 
There are two power sources on the vehicle. The first source is used to start the 
compressor and allows 12 V and up to 300 A maximum current. The other source 
provides power for the valve block and uses a Turnigy 6S rechargeable battery with a 
capacity of 3000 mAh, rated voltage 22.2 V. The control system is implemented using 
the Arduino microcontroller. The vehicle control and rules for autonomous driving are 
programmed in the Arduino CAE code using several program libraries. The Arduino 
microcontroller monitors the obstacles using ultrasonic sensors and controls the air 
flow into the drive system via MOSFET transistors. This module has LED diodes that 
serve as a power indicator for the control system. An air compressor produces 
compressed air that is stored in a tank. The air then passes into the pneumatic muscles 
using electromagnetic valves controlled by the microcontroller. The compressor, as the 
largest consumer, uses the power suplly that is controlled by using the pressure switch, 
regardless of the control system. The pressure switch starts the compressor when the 
pressure in the tank drops below 5 bar. This vehicle has many advantages such as 
increased safety and lower adverse environmental impact because the vehicle's drive is 
achieved by using compressed air. 
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Further work on system upgrade will be focused on enabling the vehicle to overcome 
obstacles and drive without human control. The vehicle will have the ability for desired 
trajectory tracking and when detecting an obstacle by using sensors, the control program 
will start the algorithm for stopping or avoiding the obstacle. 
 
Table 1: Vehicle specifications 
 

Vehicle specifications  Components 
Actuators Festo DMSP-10-150N pneumatic muscles 

Vehicle steering Linear pneumatic stepper motor T-84 
Valve block Festo VTUG-10-SH2-S1T-Q6 

Air preparation units Festo MSB4-1/4:C3:J1-WP 
Air reservoir Festo CRZVS-2 
Compressor AirLift 400C Viair Dual Chrome Compressors 

Power supply 12V 8000mAh Li-Po battery 
Control unit Arduino MEGA 2560 

Valves control N-channel MOSFET transistor RFP30N06LE 
 
3 Electro-pneumatic manipulator 
 
The majority of modern industrial robots and manipulators are successfully applied for 
repetitive and relatively simple manufacturing tasks that require organized work space 
and little interaction between robot and its environment. Robotic manipulators with 
pneumatic drive are used mostly for pick and place operations such as loading machines, 
placing components on assembly lines, taking parts from conveyor belts, lifting or 
carrying payload to a predetermined position, etc. [12]. Such drive units are fast, accurate 
and very cost effective. Therefore, pneumatic drives are traditionally used in 
manipulation tasks to quickly move loads between two positions using simple on-off 
valves. 
 
A prototype of an electro-pneumatic manipulator, with two-degrees-of-freedom is 
shown in Figure 4. The manipulator simulates continuous delivery and transfer of 
workpieces in some production process. Automation of the process is achieved by 
adding an inductive sensor to the manipulator working space. 
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Figure 4: Robotic manipulator actuated by pneumatic cylindrical drives. 
 
The inductive sensor is used to detect the presence of metal object and to send signals 
to a microcontroller, which controls the pneumatic manipulator. In order to reduce the 
cost of construction, the parts are mainly made of metal sheet and then laminated, but 
also some parts are made using 3D printer. The manipulator was designed and 
manufactured in the Laboratory for automation and robotics to enable students to gain 
practical knowledge in the field of mechatronics, electro-pneumatics, robotics, industrial 
engineering, automated manufacturing systems, etc. Pneumatic cylinders are used as the 
main actuating system for the manipulator arm and they are controlled by a solenoid 
valve manifold (SMC, type SS5Y3–10–2259OHV). The valve block has one input and 
four outputs which provides air flow to the actuators, which can be independently 
controlled by a 24 V voltage signal that activates the particular solenoid One compact 
guide cylinder (SMC, type MGPM50 – 250) and one standard double acting cylinder 
(SMC, type C95SB50 – 100) are used to achieve the translational movement of the 
manipulator. A pneumatic gripper was realized by using a small pneumatic cylinder 
(SMC, type CDQSKB16–10DM). The gripper was attached at the end of mechanical 
structure of the manipulator arm which is used as the end effector to grasp objects. 
Permanent work items delivery to the manipulator was achieved using a pneumatic 
cylinder (SMC, type C85N20-40-XB6 ISO) with a cylinder stroke of 40 mm. 
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This manipulator acts as a pick and place robot, capable of picking objects from one 
location and drop them at another location. For detecting the presence of a workpiece 
and sending the signal to the control unit, an inductive sensor (Winston, type LM18-
3005PN) was used. An Arduino Mega2560 micro-controller was used as a control unit. 
The microcontroller contains all the necessary parts to be able to operate independently 
of additional external control units. Because of the high reliability, low cost and small 
dimensions they are often used in low-cost control applications. The microcontroller is 
programmed using the Arduino software tool based on the C++ programming 
language. The air flow is provided through an air supply unit and directional control 
valves, which are controlled by a relay module, supplying each cylinder connected to 
the valve block with compressed air. 
 
4 Rudder blade control on a wooden boat model 
 
Angular position control of a wooden boat rudder blade was a project with the aim of 
enabling students to explain the way in which the ship's control is carried out. The 
project consists of designing, manufacturing and controlling the experimental model 
where a pneumatic drive is used instead of a hydraulic drive that is commonly used in 
real systems due to much larger forces in real ships. The model consists of a wooden 
back, a pneumatic cylinder, two electro-pneumatic valves, a relay module, a 
microcontroller, two angular encoders, a voltage stabilizer and a voltage inverter. The 
wooden part of the boat stern was made of a 15 mm thick panel that was used to make 
boat ribs, Figure 5. The pneumatic cylinder (SMC, type C95SDB160-100) with a 
cylinder stroke of 100 mm was chosen for the movement of the rudder blade 
mechanism. Through two electro-pneumatic on/off valves (Festo, type VUVS-LK20-
M32C) air is supplied to the cylinder chamber. The valves are controlled by a digital 
voltage signal of 24 V. An Arduino Uno microcontroller was used as a control unit. 
Since such a module can give its digital outputs a 5 V amplitude signal, and to activate 
the valve it is necessary to have a 24 V signal, a relay module converter for Arduino 
microcontroller has been added. The voltage converter (MDR-60-24) was selected for 
supplying the valve, and the Arduino module was powered by a 12V voltage stabilizer. 
Two rotary encoders with 600 digital pulses per shaft revolution were used to measure 
the angle of the steering wheel and the angle of the rudder blade. 
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Figure 5: Construction process of the boat stern. 
 
The user rotates the steering wheel and sets the desired angle of the boat's rudder. This 
angle is read by a rotary sensor and the measured signal is sent to the processor. At the 
same time, the second rotary sensor reads the achieved rudder blade angle and sends 
the measured signal of the current position in the processor. The processor calculates 
the angle error and decides which output pin will be set to 5 V and thus activate the 
relay module. When the relay module is activated, a 24 V voltage signal is sent to the 
connected electro-pneumatic valve. The valve opens and releases compressed air into 
the appropriate cylinder chamber. Consequently, the cylinder rotates the rudder blade 
through the lever mechanism. 
 
On that way, the rotating rudder blade mechanism automatically tracks the desired 
angular position that the user achieves on the boat steering wheel. Special attention was 
given to the precise control of the rotating mechanism achieved by using the PID 
controller. The controller acts on a control error calculated from the measured signal of 
the current position of the rudder blade and decides which electro-pneumatic valve 
should be opened to achieve the cylinder motion in the right direction. This system is 
very suitable for demonstration of the principle of real ships control. 
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Figure 6: Boat rudder blade control. 
 
5 Rotary device driven by pneumatic cylinders 
 
Pneumatic cylinders are mechanical devices that use the power of compressed air to 
produce a force and because they do not contaminate the environment is the preferred 
type of actuator where a clean process is required. Compressed air machines can have 
many potential advantages over other types of drives due to their simplicity in design, 
durability and compact size of pneumatic systems, low cost, easy maintenance, readily 
available, cheap energy source, etc. This project-oriented work shows details of the 
design, fabrication and testing of a pneumatically powered slider-crank mechanism for 
the purpose of classroom demonstration and experimentation. The model consists of 
two pneumatic cylinders, two bistable pneumatic valves, four mechanically activated 
valves and a crankshaft mechanism mounted in four bearings, Figure 7. 
 
Two pneumatic cylinders (Festo, type DSNU-16-40-P) with a cylinder stroke of 40mm 
were used to drive the crankshaft mechanism. Two bistable 5/2 valves (Festo, type 
VUWS-L20-B52-G18) release compressed air to the cylinders. Bistable valves are 
pneumatically activated by four mono-stable roller lever valve (Festo, type R/O-3-PK-
3) which are mechanically activated and they are switched to the open position using 
cam mechanism on the rotating shaft. 
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Figure 8. shows a rotary device that is designed for educational purposes to demonstrate 
the functioning of different valve types and to demonstrate the working principle of a 
slider-crank mechanism that converts straight-line motion into rotary motion. The 
teaching model was successfully manufactured and operated as originally planned and 
the continuation of the work will be aimed at achieving the crankshaft speed control. 
 

   

   
 

Figure 7: Manufacturing process of slider-crank mechanism. 
 

 
 

Figure 8: Rotary device driven by pneumatic cylinders. 
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6 Conclusion 
 
This paper has presented several experimental systems powered by pneumatic actuators. 
These systems have been designed in the Laboratory for automation and robotics at the 
Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb as test 
models within the field of mechatronic systems, pneumatic drives and automatic control 
education of mechanical engineering students. The complete educational experience 
involving theoretical and practical applications of different control techniques is 
recognized by educators in universities and control laboratories around the world. 
 
The article was first introduced the design and practical realization of a prototype of an 
autonomous vehicle which uses compressed air and pneumatic muscle actuators for its 
drive. This project is largely based on experiences from past activities in our Laboratory, 
which has resulted in several successfully implemented experimental systems in the field 
of mechatronic systems actuated by pneumatic actuators [13], [14]. Then the paper has 
described the design and construction of a robotic manipulator with two degrees of 
freedom actuated by pneumatic cylinders that allows the actions of transferring the work 
items. Then the article has presented the design, construction and angular position 
control of the rudder blade on a wooden boat model. Finally, the article describes the 
design and construction of a slider-crank mechanism actuated by pneumatic cylinders. 
 
By using these pneumatic-based experimental models that have an intuitive and 
attractive operating principle, students have the opportunity to learn about mechanical 
systems construction and control of practical systems built from real industrial 
components. 
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Abstract To attain quick results on the state of oil filling, and to 
downsize the research cost, several different construction devices 
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first level of examination, have been developed. Within the 
framework of this work, the results of reliability testing of the OTC 
- KITTIWAKE device have been presented, by conducting parallel 
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1 Introduction 
 
Diagnostic of the states of industrial and motor oils are becoming a more and more 
important segment of the maintenance process for the newly constructed machines and 
motors. It is true that the oil analysis is, at first glance, an expensive process, and that 
therefore only the users of expensive and highly productive machines, decide on the 
systematic approach, as do the organized systems with a high degree of insight on the 
effects of lubrication process regarding the proper work of machines and/or motors 
with internal combustion. The state of oil process diagnostic can be approached on 
several criteria, but always with the same starting assumption, that for a machine or a 
motor with internal combustion, oil with appropriate exploitation characteristics has 
been chosen. 
 
The end purpose is the same: 
 

a) to lubricate a machine or a motor with oil of required and unchangeable 
characteristics for as long as possible, 

b) use oil in the course of its whole potential capacity, 
c) realize oil change in a time that is correlated with the useful exploitation cycle, 
d) always keep the costs of oil examination economically affordable and 

technically justifiable. 
 
Industrial (hydraulic, circular, reductive, turbine and other) and motor oils represent 
different chemical systems. Machines and motors are two different worlds; during the 
exploitation, they are loaded in entirely different ways. Mechanism of the characteristic 
changes is also different, and so the approach to the diagnostic of the industrial and 
motor oils is different. 
 
Out of the mentioned groups of industrial oils, the next stand out: 
 

− transformer oils, which are used mainly because of their dielectric 
characteristics, and 

− emulsions for cooling and lubricating within the process of metal refinement 
with rubbing of the metallic chips, which are exposed to the process of the 
biological degradation because of the flourishing of the microbiological systems 
(aerobic and anaerobic bacteria, fungus), moreover, due to their particularities, 
they are not the object of this analysis. 
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2 Degradation mechanisms of industrial and motor oils 
 
The general conception of oil degradation comprises the processes of chemical and 
mechanical oil degradation. With industrial and motor oils, these are mostly two 
different mechanisms. 
 
2.1 Degradation mechanism of industrial oil  
 
The process of chemical degradation of industrial oils is defined in the most significant 
number of cases with the change of the acidity degree. Oils are by their universal nature 
acidic. The degree of acidity is defined by an acidic or neutralizing number, which is 
used to define the amount (mg) of basic calcium-hydroxide (KOH) which must be 
added to one gram of the oil sample until the complete neutralization of all the present 
acids in the oil. 
 
The conception of oil acidity comprises the total acidity (TAN – total acid number), 
which consists of three segments: 
 

− the acidity of the base oil – the natural characteristic which is low due to the 
conducted process of refinement, and it is between 0,01 and 0,05 mgKOH/g; 

− additive acidity – additives which are used to correct the starting characteristics 
of the essential oil or define new ones, are acidic materials. The degree of acidity 
depends on the chemistry of the additives, which means that the package of 
additives of the same configuration, intended for the same type of oil can have 
a different degree of acidity. Characteristic examples are the packages of 
additives for hydraulic oils whose degree of acidity for the same type of oil can 
be between 0,4 to 1,0 mgKOH/g. 

− Acids created during the use of oil – they are the products of the chemical 
degradation, created as a result of the chemical bond of oil molecules with 
oxygen. 

 
The allowed degree of the oil acidity defines the lifetime of oil usage (from the viewpoint 
of the chemical degradation process), because parallel with the rising of the oil acidity 
rises its aggressive reaction with metal surfaces, and its viscosity and density grow too. 
Parallel with the process of chemical degradation, the ability of the oil to complete the 
function of lubricating (enduring high pressures and stopping the abrasion) is falling. 
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Mechanical degradation of industrial oils is the result of contamination with hard 
particles, water, and air [1] to [3]. Most of the time, the hard particles infiltrate the oil 
from the outside, but they can result from the abrasion processes of the lubricated 
elements. The index of hard particles in oil defines the degree of cleanliness of the oil, 
and it is also defined in relation with the size of the gap inside the tribological 
construction, the character of the tribological construction and the value of the oil work 
pressure. Hard particles in oil lead to the process of abrasive wearing of the surfaces 
which are in contact. The degree of oil cleanliness is defined about the size and number 
of the hard particles in the sample of oil, according to ISO 4406/17, NAS 1638, SAE 
AS4059F (latest revised) and some other standards [4]. The first three standards are 
most frequently used. 
 
Water infiltrates the oil from the environment – for example, condensation in the free 
space of the reservoir or breach through the sealing system. Water in oil increases the: 
viscosity, climbing, corrosion, and decreases the lubricating ability of the oil. Unto a 
certain amount and a certain point in time, it can be said that there is free water in oil, 
but it later builds stable emulsions with oil in which specific molecules of oil have 
chemically bound water. Air can exist in oil in an un-solute state (if it is in shape of air 
bubbles) or solute state (inside the oil molecules). It changes from one state to another 
during the pressure change and then it comes to the climbing of and to the mechanism 
of the so-called aeration surface abrasion. 
 

2.2 Degradation mechanism of motor oil 
 
The process of chemical degradation of oil is entirely different from the processes 
described with industrial oils. Motor oils have qualities of base materials, and they 
receive that characteristic in a disperses manner – by detergent additives. The degree of 
required baseness of the motor oil is defined according to the contents of sulphur in 
the fuel because oil conducts the role of neutralization of sulphuric acid which is created 
in the process of fuel combustion in the motor. While the degree of the oil baseness 
decreases parallel with the process of acid neutralization, the interval of motor oil 
utilization is defined concerning the remaining base potential. The baseness of the 
motor oil (TBN) is defined as the same as the neutralization number in mg KOH/g. 
 
Contamination of motor oil is most often internal and is a result of washing the surfaces 
of the combusted products. 
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3 Procedures for examining the industrial and motor oils 
 
Two or three levels of oil examination are defined to economically rationalize the 
procedures of examining the states of industrial oils (hydraulic, circular, reductive, 
turbine, and other). 
 
3.1 Procedures for examining the industrial oil 
 
The first level of the examination are the following characteristics: viscosity, 
neutralization number, water content (not in all oil systems) and the degree of oil 
contamination (not in all oil systems). 
 
The second level of the examination is all the characteristics from the first level of 
examination + viscosity index (only with oils with VI over 100), flash point, corrosion, 
de-emulsion characteristic, anti-foaming characteristic. 
 
In the third level of the examination are all the characteristics from the second level of 
examination + submission extreme pressures (EP) and abrasion prevention (AW), the 
content of additives and contaminants (based on origin and material). 
 
The volume of the examined merits and the level of examination (first, second, third) 
depend on the demand of the installation to be lubricated, type of oil, and the size of 
oil charge. Examining of oil in the first level is conducted via practices that are defined 
by methods regulated by various standards (ISO, ASTM, DIN, IP, and others) or by 
non-standardized practices – simulation of standard methods or completely new 
practices. 
Examination of oil in the second level is conducted via practices that are defined by 
standard regulated methods, and in the third level examination is conducted via standard 
and new methods which are not defined by standards [1] to [3]. 
 
3.2 Procedures of examining the motor oil 
 
Examination of motor oils is conducted mostly in two levels. In the first level of 
examination the value of viscosity is measured, out of the total base number TBN, and 
contents of un-solute materials, and in the second level, and in the second level the 
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sulphate ash, burner, fuel content (if the focus of burner is decreased), and viscosity 
index. 
 
Especially noteworthy is the first level examination, which is most often realized, due 
to its low cost. 
 
3.3 Alternative methods for oil state diagnostic 
 
By the development of the measuring equipment, but also due to the real need to quickly 
attain the actual representation of the state of oil, and keep the costs of examination as 
low as possible, several alternative methods for oil state diagnostic have been developed, 
mostly on the first level of examination. The next methods are listed here: measuring 
the dielectric characteristics, method of oil stain, and method of examination via the 
chemical-electrical procedure using the KITTIWAKE device. Devices for the 
diagnostic of the state of oil based on the change of dielectric characteristics have been 
developed by a large number of manufacturers, and they add up to value comparison 
and the character change of the dielectric characteristics of the new oil and the oil 
currently exploited. These devices have been widely applied in the continuous process 
of motor oil diagnostics on the heavy load vehicles used for transporting materials to 
distant localities. 
 
Results shown provide direction for further activities, and they cannot be used in 
problematic areas. The method of oil stain was developed in the USA and it is defined 
by the ASTM standard. It is the character assessment based on the spilling of a drop of 
oil over the filter paper. Based on the appearance of the oil stain, a conclusion is 
provided regarding the possible process of degradation or contamination of the oil. This 
method has not found a broader field of application. 
 
A very close degree of approaching to the results of testing with the standard methods 
has the electronic-chemical procedure on the Oil Test Center (OTC)- KITTIWAKE 
device, whose results were the object of the author’s research. 
 
In the last couple of years, the analysis of oil with the spectrometric method is the one 
most frequently used. There are a few different procedures, but each one registers the 
contents: additives, metals (iron, copper, zinc...), elastomer, admixtures from the 
environment (sand, silicon...) and other. Based on the attained results of testing and the 
known conception of the additive packages the state of oil, from the outlook of the 
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additive content, can be identified and eventual processes of wearing surfaces in contact. 
Moreover, if the material of the parts of the tribological construction is known, the 
component whose surface is exposed to the process of wearing can be exposed. The 
lack of method is the high price of the device, but disregarding that, this is the method 
that will be used more and more often in the future and which will significantly 
contribute to the advancement of the diagnostic procedure of the state of oil. 
 
4 Correlation of the examination results 
 
The authors of this work have been examining the essential characteristics of the oil 
with the OTC - KITTIWAKE device in the last ten years. The examination has been 
conducted on 1100 samples of used hydraulic, and motor oils, and based on the attained 
results, the state of the examined oil charge has been identified. 
 
Identification of the state in the first level: 
 

− of hydraulic oils has been conducted based on the examination of viscosity, 
total neutralization number (TAN), water content, and degree of oil purity 
(examination conducted on a different device), and 

− of motor oils based on the examination of viscosity, TBN, the total content of 
un-solute materials and water content. 

 
The OTC – KITTIWAKE is a mobile computerized device (figure 1) whose basic 
model was developed for the need of dislocated units of NATO pact – ships, tank units, 
mechanized units and other. Later, the basic configuration has been remodeled for the 
need of the civil sector. 
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Figure 1: The appearance of the KITTIWAKE device [5]. 
 
Device manufacturer, in his professional publications, cites the good correlation of the 
devices examination results with the results of standard examination methods, which 
the authors of this work have confirmed through examination. In the following text is 
a short review of the examination procedures with the OTC – KITTIWAKE device 
and a correlation with the results of examination with standard methods, and of the 
most critical merits in the first level of examination: viscosity, the neutralization number 
and the total base number (TBN). 
 
4.1 Viscosity 
 
A partial appearance of the autonomous viscosity measuring device is shown in Figure 
2. 
 
The procedure of viscosity measuring corresponds to the procedure of measuring using 
the viscosimeter with a ball (Höppler). The oil is poured into the examination tube, the 
ball is put in, and then the entire mass is heated to the examination temperature (40 or 
50  °C). 
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Figure 2: The appearance of the viscosity measuring device [5]. 
 
The temperature is shown on display, which is an integral part of the device. When the 
oil mass is heated, the device turns and lays to the opposite, a slope side. Inside the tube, 
the ball falls through the oil, and the sensors measure the fall time. In the integrated 
computer, the measured time is calculated into viscosity, and its value is shown on 
display. 
 
Co-ordinate measuring of viscosity with the standardized method and the 
KITTIWAKE method has been conducted on about the fifth hundred samples. 
Satisfactory comparative results have been produced with deviations of about 5%, and 
this is illustrated with the results from motor oil sample examinations taken from the 
motor of mobile machines in the course of its complete exploitation lifetime of 500 
hours (Table 1). 
 
Table 1: Comparative viscosity results of engine oils [6], [7] 
 

Sample’s Age Standard Method Standard Method Deviation 

Zero hours 114,0 mm2/s 114,0 mm2/s - 1,4 % 
250 hours 116,5 mm2/s 107,9 mm2/s - 7,14 % 
330 hours 121,1 mm2/s 125,4 mm2/s + 3,55 % 
420 hours 133,1 mm2/s 131,4 mm2/s - 1,27 % 
500 hours 136,2 mm2/s 142,3 mm2/s + 4,47 % 

  Average ± 3,57 % 
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4.2 Neutralization number 
 
The base part of the device is the same for the measuring of the neutralization number 
(TAN), total base number (TBN), water content, and un-solute materials. The different 
parts are the construction of the measuring cell, chemicals that are added to the sample, 
and the measuring procedure. 
 

 
 

Figure 3: The appearance of the KITTIWAKE device – measuring of neutralization number [5]. 
 
Figure 3 shows the appearance of the base part of the device with a built-in computer 
and a display and a measuring cell as a separate element for measuring the values of the 
neutralization number. 
 
The procedure of measuring the neutralization number is next: into unique test tube for 
the TAN examination, 10 ml of a specific red-coloured reagent (A) is poured, and with 
the other colourless reagent, vibration (neutralization) of the first reagent is performed 
until a green liquid appears. The test tube is inserted into the TAN examination cell, 
and the display shows the value which should be under the order of 80. 
 
When the reagent is vibrated long enough, it is then calibrated to the value of zero, and 
then the test tube is opened, and 1 ml of examination oil is added. Reagent turns red if 
the oil is acidic, and then, the procedure of vibrating with the reagent B is once again 
applied in order to neutralize the acidity and restore the liquid to its original colour – 
green. Before the vibrating, reagent B is picked with a specialized pipette in the amount 
of 1 ml. After the vibrating, instead, adding specific amounts of reagent and when the 
liquid turns green again to the level under 80, measurement and calculation of the TAN 
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value of the oil which is being examined, is conducted. The added value of the reagent 
B is measured on the pipette and typed into the computer, which completes the 
calculation and shows the results on display. 
 
Co-ordinate measuring of the neutralization with the standard, and the KITTIWAKE 
method has been conducted on about sixth hundred samples. The results of testing on 
the KITTIWAKE device are excellent because minimal deviations between ±0,05 and 
0,1 accrued – depending on the actual value of the neutralization number, which 
oscillated between 0,05 to 1,1 mg KOH/g with the examined samples. 
 
4.3 Total base number TBN 
 
It should be mentioned that this examination method is comparative, which means that 
the value of the new and old oil is compared. For examination purposes, it is necessary 
to pour 10 ml of a specific reagent into a particular TBN examination cell, and add into 
it 20 ml of new oil when determining the benchmark value of the new oil, and the same 
amount of the used oil conducting a research and determination of the TBN value of 
the used oil. The cell with mixed oil and reagent is shaken about 2 minutes and placed 
on the TBN value reading spot, where it remains until the figure on display stabilizes – 
Figure 4. 
 

 
 

Figure 4: Measuring the total base number [5]. 
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When the value stabilizes, the referent values can be read. After reading the referent 
value for the new, once more repeated procedure for the used oil, the figures from the 
display are inputted into the computer, and it calculates the TBN value of the used oil. 
 
Co-ordinate measuring of the total number with the standard method, and the 
KITTIWAKE method has been conducted on over fifth hundred samples. In a chart 
that follows, the results of the parallel examination of samples of the mobile machine 
motor oil (in the course of its complete exploitation lifetime of 500 hours), are shown. 
 
Table 2: Comparative TBN results of engine oils [6] to [9] 
 

Sample’s Age Value of the TBN (mg KOH/g) Deviation 
Standard Method Kittiwake Method 

Zero hour 9,71 9,6 - 5,5 
250 hours 8,13 8,5 + 4,5 
330 hours 7,65 7,9 + 5,3 
420 hours 6,26 7,0 + 11,8 
500 hours 5,76 5,8 + 0,7 

  Average ±5,56 
 
Attained results with a deviation of ±5,56 can be considered satisfying. 
 
5 Conclusions 
 

1. Examining the oil is becoming a more and more important segment of the 
common maintenance process of motors with internal combustion. 

2. Since the costs of examination with standard methods are high, and the time 
from taking samples to receiving results long, examination with the devices 
whose measuring procedures are not standardized is more and more frequent. 

3. Devices for fast measuring of oil characteristics are usually electronical, and 
they function based on change: dielectric characteristics of oil, the character of 
infrared or laser beam movement. 

4. One of the several devices for the fast examination of essential characteristics 
of oil is a computerized KITTIWAKE device which functions based on 
measuring the time of movement, dielectric characteristics, or infrared 
movement. 
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5. With the KITTIWAKE device, essential characteristics are measured on the 
first level: viscosity, TAN, TBN, water content, and content of un-solute 
materials. 

6. While working with the KITTIWAKE device, the examination of the reliability 
of attained results has been conducted, by comparing the attained results with 
the results of testing the same samples using standardized methods. 

7. Since the deviations are minimal (viscosity: ± 3,57 %; TAN: 0,05 to 0,1 and 
TBN: ±5,56) it can be concluded that the KITTIWAKE device possesses a 
high degree of reliability and that it can be used for oil examination on the first 
level of examination 
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1 Introduction 
 
While the gas, steam and hydro turbines and generators are in the operation, oil mist is 
being created in the air. Oil mist emission can bring serious consequences both for 
human and the machines, like health risks by inhalation, lack of work safety, lube oil 
loss in the system, fire hazard etc. 
 
Oil droplets are only the size 0.15 µm to 1.0 µm and they can escape through the seals 
of the bearings. To prevent that oil droplets, escape from the turbine bearings or the 
tank, it is necessary to filter the air from that area with oil mist separators.  
 
Oil mist separators are important component of lubricating oil systems in turbines. 
 
In Serbia, the first hydro power plant who had good experience with this kind of device 
was Serbian HPP Djerdap 1. The separator called STENO has been successfully 
connected to carrying bearing of the generator. It is interesting that the name of the 
device was inspired by nature. There are small black beetles that live in the desert and 
use their wings to separate water droplets from the desert air. 
 
The Iron Gate I Hydroelectric Power Station is the largest dam on the Danube River 
and one of the largest hydro power plants in Europe. It is located on the Iron Gate 
gorge, between Romania and Serbia. It has 12 vertical Kaplan turbines (6 Serbian / 6 
Romanian), with water throughput of approximately 750 m³/s per turbine, and overall 
electrical output approximately 2300 MW (Serbia + Romania). Serbian side of the power 
station produces approximately 5.65 TWh annually. 
 
In December 2016 the manufacturer of STENO got the inquiry to install oil mist 
separators for six vertical Kaplan turbines on Djerdap. However, the flow rate of 
STENO was undefined, so it was agreed to use a STENO 300-S which has a maximum 
flow rate of 350 Nm³/h in standard configuration. To assure a volume flow of 
450 m³/h, STENO has been equipped with a frequency converter. The engineers also 
agreed to support during the commissioning of STENO at the first turbine A1 and do 
measurements of the flow rate [1]. 
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2 Installation of STENO at turbine A1 
 
STENO has been connected only to the generator carrying bearing. One extraction 
connection is installed at the bearing. Another one is placed below the bearing. The 
location where STENO is installed can be seen in Figure 1. 
 

 
 

Figure 1: Drawing Turbine A1. 
 

 
 

Figure 2: Seal of generator carrying bearing. 
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Since the maximum allowed vacuum pressure of seal (Figure 2) at the generator carrying 
bearing is 150 Pa (1, 5 mbar) a flow through the seal should be avoided. Dirt ingress is 
expected. To avoid this effect piping has been installed that a continuous flow through 
the bearing is reached. Therefore, two circuit ring pipes have been installed (Figure 3). 
 

 
 

Figure 3: Piping connection to STENO. 
 
Circuit ring pipe 2 (DN 80) is connected to the extraction pipe of STENO and at two 
points (DN 50) at the horizontal top surface of the bearing (Figure 4). Between the 
connection at the bearing and the maximum oil level is a distance of 150 mm. A view 
through the sight glass at the bearing showed that due to rotating effects the oil level at 
the border of the bearing is higher. Circuit ring pipe 1 is connected to the upper side of 
the bearing with four connections (DN 50). 
 
The other end of circuit ring pipe 1 is connected to the environment. The flow through 
circuit ring pipe 1 can be adjusted with ball valve KH 2. Due to this arrangement a 
continuous flow from the environment through circuit ring pipe1, through the bearing, 
through circuit ring pipe 2 to STENO is reached (Figure 4). The bearing is continuously 
flushed with fresh air (white arrows). 
 
Referred to Figure 4, there is no connection (“air connection”) from the right side, 
where STENO is connected to, to the left side of the bearing. Therefore an extraction 
flow is reached only at the right side. To collect the oil mist which is produced on the 
left side of the bearing a spot extraction (DN 80) has been installed underneath the 
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bearing. The flow from the spot extraction (blue arrows) can be adjusted with ball valve 
KH1. 
 

 
 

Figure 4: Schematic of flow in the bearing. 
 
STENO has been installed at only one bearing instead of two bearings as discussed 
during the project planning phase. 
 
Due to the fact that the sealing is very sensitive to vacuum pressure the connection at 
the bearing and to STENO has been done different as proposed. 
 
After installing and checking the measurement equipment and setup several precise tests 
with different settings, the results of the tests showed that the oil is being condensed in 
the space between the generator carrying bearing and the turbine guide bearing, so it 
was necessary to connect the turbine guide bearing to STENO too. 
 

 
 

Figure 5: Turbine guide bearing. 
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The final settings of STENO are shown in Table1. 
 
Table 1: Final settings 
 

Pressure before filter (pos. 11) -5 mbar 
Pressure at pos. 18 -2 mbar 
Volume flow ≈200 m³/h 
KH1 Open  
KH2 Open  

 
3 Proposal for turbine A2-A6 
 
Based on the results of the measurements, the engineers proposed to use a STENO 
300-S with a frequency converter. The capacity of this device is needed because of the 
recommended changes of piping and the possibility to connect the other bearings too. 
 
3.1 Installation of piping / STENO 
 
In the following chapters recommendations are stated to improve the systematic for oil 
mist collection. Regarding the condensed oil in the suction pipe to STENO it is not 
possible to avoid the condensation effects. The proposed changes will reduce this effect 
but not avoiding it. In addition, condensed oil in the room between generator carrying 
bearing and turbine guide bearing can be reduced but not avoided. 
 
3.2 Changing flow direction through bearing 
 
Because of the small distance between the current suction connection and the adjusted 
oil level due to rotating effects, the engineers proposed to change the flow direction 
through the bearing. 
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Figure 7: Modified flow direction in bearing. 
 
3.3 Changing of the spot extraction 
 
The efficiency of the spot extraction below the generator carrying bearing is assumed 
as low. To improve the efficiency, it is necessary to collect the produced oil mist on the 
left side of the bearing. In addition, close (seal) the gap between shaft and bearing 
housing (if possible) or decrease it. At least four extraction points distributed on the 
circumference are necessary. According to Figure 8, two possibilities for 
implementation are available. Possibility 1 represents a circuit ring pipe with four 
vertical pipes. With that solution it is possible to adjust the flow from the left side of 
the bearing. Possibility 2 is pipes which are installed in the bearing and connect the left 
air side with the right air side. No adjustment of the flow possible. 
 

1. Extraction pipes (min. 4) 
inner side

Decreasing the gap
(seal)

2. Extraction pipes (min. 4) 
through the bearing

 
 

Figure 8: Changing spot extraction. 
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Figure 9: Circuit ring pipe inner side. 
 
3.4 Air for flushing the bearing (optional) 
 
The air for flushing the bearing is unfiltered now. To avoid dirt ingressions, it is possible 
to install breather filters or breather dryers. Two possibilities are shown in Figure 11: A 
and B. Position A would be at the end of the vertical pipes of circuit ring pipe 2. Position 
B would be at the top of the bearing with a maximum distance to the oil level. 
 
3.5 Flow adjustment / adjustment of vacuum pressure for every suction 

point 
 
To adjust the vacuum pressure, respectively the volume flow for every suction point / 
suction area it is necessary to have a ball valve on a pressure gauge for every junction as 
shown in Figure 11. 
 
3.6 Pressure measuring / Pressure measuring at the bearing 
 
The scale range of the installed pressure gauges is too great. Pressure gauges with a finer 
scale range e.g. 0 to -40 mbar shall be used. 
 
In addition, for measuring the vacuum pressure in the bearing it would be advantageous 
to have a measuring connection at the bearing. An example is shown in Figure 10. 
 

Bearing housing 
(transparent)

Shaft

Extraction pipes 
(Left side)
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Figure 10: Pressure measuring connection at bearing (example). 
 
3.7 Connection of turbine guide bearing (optional) 
 
To decrease the oil condensation in the room between generator carrying bearing and 
turbine guide bearing it will be advantageous to connect the turbine guide bearing to 
STENO too. 
 

 

SP 2

SP 1

A

Turbine guide bearing

B

Circuit ring pipe

Circuit ring pipe

Breather/
Breather dryer

A

STENO 300 S-1.2

 
 

Figure 11: Schematic for changes of piping. 

 

Pressure measuring connection
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4 Conclusion 
 
After the installation of STENO, the employees from the power plant are satisfied with 
the results. They used to clean the space around the bearing every 3-4 days, now they 
do this twice per month. The air is cleaner, with no dangerous oil droplets that have 
been inhaled before. This year, the HPP Djerdap made an offer for five more STENO 
devices and agreed to make some changes as being suggested by our engineers. Also, 
there are negotiations underway with the Romanian side of the hydropower plant. 
 
Using devices for oil mist separation it is possible for over 99 % of the relevant oil 
droplets to be separated. This makes it possible to reduce the residual oil content to less 
than 10 mg/m³, even for high oil mist concentrations. This is due to mist separators 
performs two jobs - preventing oil mist from escaping and separating and recovering 
the lubricating oil. 
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1 Introduction 
 
Generally, it is hard to convince someone, how important it is to consider the loss of 
the medium when designing a fluid system. This goes especially for compressed air. As 
soon as we start talking about higher value media, companies start to consider it more 
and more. But even with the considerate, some facts may escape the mind. For example, 
leakage downstream. Meaning when the medium leaks through the valve to the next 
department, even though the valve is closed. 
 
A case of leakage downstream, presented a problem to our customer. A company 
working with Liquid Petrol Gas (LPG) needed to close of multiple compartments with 
similar or negligible pressure differences. Due to the required nominal pipe size, 
abbreviated DN which stands for “Diametre Nominal”, and the high pressure-norm 
(PN), the customer decided to use pilot operated piston valves. The results did not 
satisfy though. The problem with pilot operated valves is that they require certain 
pressure difference to start functioning, meaning the valves were unsuitable for the 
application. 
 
In this contribution we would like to present, how we reached an estimation of the 
media loss through the leakage, what we offered as a replacement and why we 
considered the replacement as the best choice. 
 
2 Considerations and calculations 
 
2.1 Valve as study sample 
 
First a diaphragm valve was used in our case study. The differences were considered 
minimal and more conservative, which is the reason why we did not make a decision to 
invest into pilot operated piston valves. 
 
Measured and estimated values of the used PN16, DN10 valve, are as following: 
 

− Diameter of the entry: 19 mm, 
− Diameter of the exit: 14 mm, 
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− Surface of chamber 1 (Figure 1) exit section: Limited by 2 diameters. Inner 
diameter of 14 mm and outer diameter of 27,5 mm, giving a surface area of 
about 440 mm2, 

− Surface of chamber 2 effective section: about 640 mm2,  
− Spring tension: about 90 g force per 1 mm compression, 
− Pressure at the entry and exit of the valve can vary a lot (generally about 5 bar 

pressure, but may go up to 18 bar), but what we were truly interested in was 
the pressure difference between them. And even here, we are mostly interested 
in the range where the valve is not guaranteed to work properly. This being 
known as about 0,5 bar. 

− Density of LPG: about 900 kg/m3,  
− Area of leakage was determined by the diameter of the diameter, where the 

diaphragm covers the exit (being 12 mm) multiplied by the gap emerging 
through the flow at max 0,5 bar. This was measured as up to 0,24mm. Result 
being 27 mm2. 

 
2.2 Operation of the valve 
 
At the normal operation of the valve, it undergoes the following steps [3]. The fluid 
enters at the chamber 1 (Figure 1). 
 

 
 

Figure 1: Design of a pilot operated diaphragm valve, presented chambers 1, 2 and 3. 
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As soon as the pressure rises to the minimum required working pressure, in both 
chambers, 1 and 2, the force from the upper side of the diaphragm exceeds the force 
from bellow. To open the valve, the plunger (P) needs to be pulled upwards with the 
help of an electromagnetic coil. As soon as this happens, the medium leaks through the 
newly formed orifice into chamber 3. This causes the force on the upper side of the 
diaphragm to decrease and bellow to increase, moving the diaphragm upwards. 
 
Note, that during these phases minor leaks can already occur on the valve. For example, 
at the start, before the chamber 2 fills up with the medium, the force, bellow the 
diaphragm is higher than above, letting some of the medium escape through. 
 
If the pressure difference is not above the required minimum, the diaphragm will not 
properly seal off chamber 3, allowing the medium to creep through. And to the contrary, 
if opened, there will not be enough differential pressure to push the diaphragm upwards 
and fully open the flow. 
 
2.3 Calculations 
 
The calculations were done as following. First the resistance of the spring and the 
differentials pressures that may emerge was compared. Our conclusion was that the 
tension of the spring is negligible. It just holds the diaphragm in place. 
 
Bernoulli’s equation was taken for the rough measurement of the diaphragm movement 
and went directly to the flow measurement [1]. 
 

𝑝𝑝1 + 1
2
𝜌𝜌𝑣𝑣12 +  𝜌𝜌𝜌𝜌ℎ1 = 𝑝𝑝2 + 1

2
𝜌𝜌𝑣𝑣22 + 𝜌𝜌𝜌𝜌ℎ2     (1) 

 
Here we took out the potential energies as they are negligible in our case and joined p1 
and p2 into Δp, as this is an information that we do have. We used another equation to 
consider the velocity of the fluid at entry. The volume flow rate equals the following: 
 

𝑅𝑅𝑣𝑣 = 𝑎𝑎1𝑣𝑣1 =  𝑎𝑎2𝑣𝑣2,        (2) 
 

which solves for: 
 

𝑣𝑣1 = 𝑎𝑎2
𝑎𝑎1
𝑣𝑣2,         (3) 
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Considering that the area in the valve entry (a1) is much larger than the leakage area (a2) 
we can also neglect the entry velocity. Leaving us with the following equation: 
 

∆𝑝𝑝 = 1
2
𝜌𝜌𝑣𝑣22         (4) 

 
Solving for velocity we get the equation used: 
 

𝑣𝑣2 = �2∆𝑝𝑝
𝜌𝜌

         (5) 

 
To get the volumetric flow we the surface of the leakage area: 
 
 𝑅𝑅𝑣𝑣 = 𝑎𝑎2𝑣𝑣2         (6) 
 

Inserting the values from section 2.1 we get a velocity of 10 m/s at the 0,5 bar 
differential pressure. This gives us a volumetric flow of 9x10-6 m3/s. The price of LPG 
in Slovenia was taken from a source [2], stating to be 0,64 USD/l or 0,576 EUR/l. This 
gives us a loss at 5,2x10-3 EUR/s or as a more useful result 0,32 EUR/min. If this would 
leak for a full day at the calculated rate, the company would have a loss of 460 EUR 
daily. This is the worst-case scenario which is not expected to happen. Mostly because 
the pressure differentials would diminish over a much shorter time and then there is the 
time where the valves operate as normal. But we do get a good estimate with what we 
are dealing, when using this type of valves. 
 
3 The alternative 
 
3.1 Choosing the valve type 
 
As an alternative we needed to take a valve that can operate at pressure ranges up to 18 
bar, differential pressure needs to be without a low limit and the amount transferred 
needs to be relatively large, namely DN10. A majority of electrically operated valves gets 
here out of the question. Leaving us with either actuator operated valves or with coaxial 
valves. The bulkiness of the actuator operated valves did not bother the customer, but 
since the actuator operated valves require another medium to operate, being 
compressed air, the customer preferred the latter. 
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3.2 Coaxial valves 
 
The coaxial valves benefit from the fact that they are pressure balanced [4]. The central 
pipe, moving back and forth in the valve hits the sealing in a way, that the fluid may 
reach the full frontal and rear face at all times. This makes the resistance to movement, 
emerging from pressure on both faces negligible. With this, close to zero, resistance we 
can operate the movement of the pipe, being actually a large modified plunger, with 
common power used on the coil. An additional benefit to this is the fact that the valve 
needs not to be so bulky. But again, this was not a deciding factor with this particular 
customer. 
 
3.3 Long term gain - considerations 
 
Due to the lack of certain information, like volumes of the compartments or flow from 
the downstream compartments, and due to high variables, like the actual pressures, it is 
nigh impossible to determine what the actual gain is in terms of saves. But when we 
consider the options that the customer wants or needs, we get down to these 2 valve 
types and as we can say that there is no notable leakage on the coaxial valves, it was the 
only other option to present to the customer. 
 
4 Results 
 
All we can present as a result at this point is a satisfied customer, who plans to use the 
same valve for future applications. But we also got a confirmation that the loss, which 
the customer was able to measure as it is just a “before and after” analysis, was reduced 
to pay for the alternative in a few weeks. Meaning that our considerations and 
calculations were accurate enough. 
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Table 1: The equation 6 with additional parameters. Gap is in mm2, ∆p is in bar and the results are 
in mm3/s 
 

∆p\Gap 0.04 0.08 0.12 0.16 0.20 0.24 
0.05 0.50 1.01 1.51 2.01 2.51 3.02 
0.10 0.71 1.42 2.13 2.84 3.55 4.27 
0.20 1.01 2.01 3.02 4.02 5.03 6.03 
0.30 1.23 2.46 3.69 4.92 6.16 7.39 
0.40 1.42 2.84 4.27 5.69 7.11 8.53 
0.50 1.59 3.18 4.77 6.36 7.95 9.54 

 

 
 

Figure 2: Coaxial valve MK10 in application. 
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