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PLENARY SPEAK 

FLUID POWER TECHNOLOGY AND 

DEVELOPMENT TRENDS 

Keywords: 
fluid power, 
hydraulics,  
soft robotics, 
digitalisation, 
alternative 
technologies 

 
FRANC MAJDIČ 
University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana, Slovenia 
franc.majdic@fs.uni-lj.si 
 
Fluid power represents one of the possibilities of controlled 
energy transfer. Although nowadays especially political actors on 
a global level strongly push electric drives, hydraulics is still 
unavoidable. Fluid power also impacts the carbon footprint, so 
reducing this impact is a very important trend. From a hydraulics 
perspective, this can be achieved by improving the efficiency of 
individual components. The average overall efficiency of 
hydraulic systems is between 23 % and 30 %, so it is necessary 
to analyse in depth the causes of this situation and take action. 
Users of hydraulic components want to calculate the service life 
of each hydraulic component, similar to bearings. It is also a 
modern trend to set up digital twins, i.e. numerical models and 
measurement and control systems that use machine learning to 
tell the user the current state of the system. The use of computer 
simulations and 3D printing is also very important. 
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1 Introduction 
 
Fluid power is the generation, transmission, and control of power through the use 
of pressurised fluids. Fluid power technology is continuously developing according 
to all other technical improvements from digitalisations, low energy consumption, 
to full diagnostic, green and smart. For decades there has been competition between 
electric and hydraulic drives, today the electric ones are particularly exposed. Global 
political trends are trying to convince that electric drives are the only solution for 
our future, which will be green and progressive. Despite all this, hydraulic drives 
have remained and will remain, as they are constantly improved and adapted to 
global trends. Today, it is impossible to imagine heavy construction, agricultural, 
forestry, mining, marine, aviation, iron, woodworking and other machines without 
hydraulic drives. They are particularly suitable for heavy loads, fast and precise 
positioning, etc. Advantages of fluid power – hydraulics are: high power density – 
small volume of components, good damping of dynamic loads, simple and reliable 
protection of the system against overload, easy change of the direction of movement, 
simple adjustment of force or moment, fast response, large rigidity, etc. 
 
Fluid power is evolving in multiple ways: fluids, components, materials, 
technologies, alternative technologies - 3D printing, mechatronics, digitalization, 
engineering diagnostics, carbon footprint, soft robotics, humanoid robotics, remote 
learning, internet of things, etc. In hydraulics, there are other obstacles on the road 
to improvement: higher production costs, high system complexity, implementation 
effort, incomplete use of digital solutions, etc. 
 
The field of fluid power is also linked to the effects of climate change, which 
indirectly cause natural disasters such as higher temperatures, hurricanes, tornadoes, 
floods, etc. From 1890 to today [1], the ambient temperature in Europe has risen by 
an average of 1,6 °C (Fig. 1). 
 
The environment, therefore, requires quick and effective action so that we do not 
suffer even greater disasters. Experts warn that an increase in the average 
environmental temperature of only 2 °C in the next ten years can cause a complete 
melting of the Arctic ice (Fig. 2) [2], that up to 99 % of tropical coral reefs can 
disappear, that river floods can increase by 170 % (as was the case in Slovenia this 
August), that sea levels can rise by more than a meter. 
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Figure 1: Change of global average land-see temperature during the years [1]  
 

 
 

Figure 2: Change of Artic Sea Ice [2] 
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2 Increasing energy efficiency 
 
Fluid power consumes between 66 · 1010 kWh and 88 · 1010 kWh annually, of which 
40 % is used by mobile machinery, 56 % by industrial hydraulics and 3 % by aviation. 
With the above amount of energy consumed annually, hydraulic systems produce 
between 310 and 380 million metric tons (MMT) of carbon dioxide. According to 
the British Fluid Power Association, the efficiency of downstream fluid power 
systems ranges from 23 % to 30 % [3]. 
 
Hydraulic systems produce kinetic energy in the form of flow and potential energy 
in the form of pressure. Internal tribological contact between movable and stationary 
elements inside of hydraulic components (mostly pumps and valves) do not have 
sealings, but very low gap. Pressure difference in gaps occurs internal leakage, where 
hydraulic pressure energy converts into higher fluid temperature. Inadequate, 
degraded cleanliness of the hydraulic fluid affects more wear and increases the gap 
between two elements. As internal leakage through the gaps increases, the 
volumetric efficiency of the observed component decreases [4]. 
 
Digital hydraulic valves enable energy-efficient use in position and pressure control 
[5]. Such digital valves can be found in many industry branches. They are 
characterised by fast regulation and little or no internal leakage because a seat valve 
is used (Fig. 3). It also allows energy recuperation and can be used in many 
applications, such as cranes, forklifting trucks, etc. 
 
Due to internal leakage in hydraulic components and pressure differences in flow 
through hydraulic lines and components, hydraulic energy is converted to heat. 
Heating the hydraulic fluid changes its properties, which is not desirable. Therefore, 
high-quality heat dissipation is very important. New high-quality cooling solutions 
are constantly being developed for this purpose. of heat dissipation from the 
hydraulic fluid to the environment [6]. 
 
3 Improving system reliability 
 
Reliability for hydraulic fluids include viscosity, wear protection, thermal stability, 
corrosion inhibition, foam resistance, demulsibility (ability to release water), 
oxidation life and cleanliness. Pressure-dependent fluid properties, which include 
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bulk modulus, density and traction, can have a large effect on hydraulic system 
efficiency [4, 7, 8]. 
 

 
 

Figure 3: Micro-positioning system with digital valves [5]  
 
3.1 Predicting of lifetime components in connection with cleanliness of 

hydraulic fluid 
 
The reliability and service life of hydraulic components depend heavily on their 
working conditions, especially on the cleanliness of the hydraulic fluid used. Many 
experts worldwide are engaged in determining the service life of individual hydraulic 
components as a function of cleanliness. Real wear particles with their technical 
properties (hardness, toughness, ...) migrate with the hydraulic fluid and wear the 
sealing sliding surfaces of the components. Because it is difficult to obtain real wear 
particles and because such tests take a long time, research is currently underway to 
determine the acceleration factor of sustained wear tests using an abrasive-aggressive 
standard test powder (MTD) [9] (Fig. 4). Novak et al. for the first time investigated 
the wear of a hydraulic gear pump with external gearing separately with test dust and 
with wear particles [10]. 
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Figure 4: Comparison of volumetric efficiencies of hydraulic pump at different operation 
pressure, test dust and wear particles [9]  

 
3.2 Opportunity for condition monitoring and predictive maintenance over 

digital twins & virtual sensors 
 
Monitoring the condition of hydraulic components and systems can save a lot of 
money due to the high probability of avoiding failures. Damage/wear can be 
detected at an early stage so that early action can be taken on this basis to prevent 
the worst from happening. With proper condition monitoring, we can detect failures 
of individual parts of the observed hydraulic component. American researchers [11] 
have developed a method for detecting a worn valve plate (Fig. 5) of a variable 
displacement axial piston pump that reduces the number of sensors required to five. 
 

 
 

Figure 5: Valve plate with severe damage [11] 
 

To successfully detect the valve plate failure, they measured the inlet and outlet 
pressures, drain pressure, the number of revolutions of the drive shaft, and the actual 
flow rate at the pump's outlet pressure port. 
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4 Building intelligent systems 
 
Trends in the development of fluid power are strongly oriented toward complete 
digitization in several areas [4]: 
 

− Industry 4.0 (cyber-physical systems, IoT) 
− Fusion of physical machines and embedded systems 
− Digital twin / digital shadow of machines, systems, processes 
− Big Data and advanced data analytics, etc. 

 

 
 

Figure 6: Hydraulic press digital twin [4] 
 

5 Reducing the size and weight of components 
 
Size and weight of materials can be reduced by various approaches. To name a few: 
 

− new, alternative materials, 
− shape optimization and iterative processes, 
− 3D printing. 

 
New and alternative materials 
 
First, the tendencies of using new materials are divided into groups according to 
their definition or application. Here we divide them into base materials and materials 
used for coating. Since most hydraulic components are made of metals and metal 
alloys, the tendencies focus on improving the chemical structure of existing 
materials. This is achieved by creating the perfect mix of raw materials and 
combining them (melting) to create more durable materials that can better withstand 
stresses and, if possible, reduce the weight of the final structure [12]. In relation to 
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metallic structures, many studies and thus development of coating layers have been 
carried out recently. The main function of coatings is to better resist corrosion, 
erosion and cavitation. Different materials and alloys bring a wide range of different 
coating properties, which must be very well understood in order to select the right 
coating for a particular application. Coatings can be classified according to the initial 
state of the coating material: 
 

− Vapor phase: chemical vapor deposition (CVD) and physical vapor 
deposition (PVD) (Fig. 7) both use a plasma as the main energy source 
for depositing materials 

− Solution state: electrochemical deposition, salt-gel, … 
− Molten (or partially molten) state: laser deposition, welding, … 

 
Materials used for coatings include hard and soft coatings, which are mostly 
polymers. Metals used for coating applications: molybdenum disulfite, titanium 
nitride, nickel, chromium, copper, silver, gold, cadmium, platinum, indium and 
others. As mentioned earlier, some coatings that are highly wear resistant are not 
based on metals, but are mostly polymers. To name a few: PTFE, polyamides, 
elastomer coatings and others. 
 

 
 

Figure 7: PVD coated gear [13] 
 
Some polymer materials can also be used as stand-alone materials: Polyamides, 
polyester resins, PEEK, UHMWPE, POM, PTFE, and others. 
 
We can hardly talk about new materials without talking about carbon-based 
materials. The widely used carbon fibers combined with polyester resins can be 
either in an organized form as a fabric or in a chaotic state with fibers randomly 
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distributed in the volume, which is called forged carbon fibers. Carbon allows 
structures to withstand large loads while keeping weight to a minimum. Many studies 
have also been conducted on carbon nanostructures in the form of nanotubes [14]. 
These studies have shown that nanotubes can withstand the highest loads measured 
up to now, more than any other known materials. 
 
Shape optimization and iterative processes 
 
Shape optimization is an old process of removing unnecessary volume of initial 
material to reduce the mass of the structure. This can be, has been, and in some 
cases is done by hand. However, knowing how much material can be removed to 
make the structure withstand the applied loads and strains is a very complex 
numerical process. Basically, it's a question of “how much is too much”. Human 
instinct is incapable of such operations, so computers have had to be used to achieve 
optimal results. The use of modern software to determine the optimum shape and 
mass to be removed based on loads and constraints with a known initial volume is 
called topology optimization. In this type of shape optimization, finite element 
methods are used to calculate the stresses that occur in the volume of material to 
determine where and how much material can be safely removed so that the object 
can still perform its intended tasks [15]. 
 
In a slightly different approach, the iterative methods are not limited by the initial 
volume and can produce a variety of different solutions to the same problem, 
allowing the designer to choose the optimal one. Typically, different solutions are 
compared based on strength, the material used, and the overall shape that must meet 
the requirements or constraints. One such process is generative design [16]. 
Generative designs are also distinguished by their purpose. Solutions can be purely 
structural, but in some cases it is the internal structure that needs to be optimised 
for fluid flow. This is then generative design, which incorporates CFD as part of the 
solution to reduce the pressure drop through the structure through which the fluid 
flows. 
3D printing 
 
Directly related to the previous subsection on optimization, some structures are 
impossible or to complex to produce using the subtractive manufacturing techniques 
known and used so far [17]. For these structures, 3-dimensional printing of materials 
is used. Since firstly introduced and patented 1970, 3D printing has become almost 
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an industry in itself (Fig. 8), supporting other processes where possible and where 
other processes fall short [18]. Printing a wide variety of polymers and metals, this 
type of manufacturing can be used to produce complex internal geometries and 
closed structures, which is important in the field of hydraulics [19]. 
 

 
 

Figure 8: Comparison of conventional (left) and 3D printed (right) Hydraulic valve 
[20] 

 
6 Reduction of negative impacts on the environment 
 
It is almost impossible to define all the impacts that hydraulic systems have on the 
environment during and after their life cycle. However, it is important that engineers 
are at least aware of the main pollutants that affect the environment of hydraulic 
systems. In this way, it is possible to reduce these impacts in order to minimize them 
and, consequently, the negative consequences for the environment [21]. 
 
In the context of hydraulics, there are several influences that have a negative impact 
on the environment: 
 

− Reduced air quality, 
− Noise and vibration, 
− Soil and ground pollution, 
− Ground and underground water pollution, etc. 

 
Since all of these environmental impacts are directly related to human health and 
well-being, engineers should consider environmental impacts when designing new 
hydraulic systems. While vibration and noise reductions are related to system 
operation, soil contamination and contamination of the earth are due to improper 
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disposal of fluids and structures. Recycling as many materials as possible can only be 
achieved if the system is designed for reuse in the first place. For example, the 
automotive industry has begun to reduce the use of non-recyclable materials, 
especially plastics [20]. 
 
Dealing with noise and vibration normally requires some type of enclosure. 
However, this is changing in the case of hydraulic systems as they present new 
challenges in terms of maintenance, retrofitting, heat dissipation, etc… 
 
Improving air quality has become an ongoing debate about “how to”, but we have 
yet to move from words to action. Similar to soil and land pollution, air pollution is 
not only associated with equipment when it is in operation. The manufacture, 
transport of parts and the improper disposal of components and fluids can also have 
a major impact on the environment, so we must always look at the entire life cycle 
to understand the big picture. 
 
7 Conclusions 
 
This paper provides an overview of the current state of development and guidelines 
for fluid power. One of the biggest global problems is the warming of the 
atmosphere, to which fluid power also contributes. It produces an average of 345 
million metric tons of carbon dioxide per year. The situation can be improved by 
lower consumption and better hydraulic efficiency, which averages only 26%. The 
main trends in hydraulics are digitalization, digital twins, advanced automation, 
reliability improvement, ability to predict component life depending on operating 
parameters, advanced numerical simulations, building intelligent self-learning 
hydraulic systems, Big Data management and storage, green technologies, advanced 
green hydraulic fluids, new advanced materials, additive technologies – 3D printing, 
etc. 
With further development in the above directions, fluid power will by no means die 
out, but will continue to be used in the future and compete with electric and other 
drives. 
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With the growing complexity of modern machinery and in order 
to ensure their safe and reliable operation, a lot of legal directives, 
regulations and standards have been published throughout the 
world. Mechanical engineers often struggle which have to be 
followed and when. This article focuses on the legal requirements 
which are applicable to hydraulic power units and their 
components in the European Single Market. In European Union 
the fundamental mandatory directive is Machinery Directive 
(2006/42/EC) which promotes the free movement of machinery 
within the single market and guarantees a high level of protection 
for EU workers and citizens. Which part of Machinery Directive 
is important for hydraulic power units and which other directives 
also apply will be described on the following pages. (This article 
was partially prepared before the new Machinery Regulation 
(Regulation (EU) 2023/1230) was published). 
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1 Introduction 
 
There are a number of different regulations worldwide that have to be followed. 
Which of them are applicable is mainly defined by the location where the machine 
will be used at. As there are too many regulations available this article will focus on 
the regulations that are applicable when a machine will used in the European Union 
(EU). 
 
The basic steps when determining which regulations are applicable for our product 
the following steps are recommended [1]: 
 

1. Product Classification: Begin by classifying your product into its 
appropriate category or sector. Different types of products fall under 
specific regulations. For example, medical devices, machinery, electrical 
products, toys, and cosmetics each have their own set of regulations. 

2. Research Directives and Regulations: Identify the relevant directives or 
regulations that pertain to your product category. For instance, machinery 
may fall under the Machinery Directive (2006/42/EC), medical devices 
under the Medical Devices Regulation (MDR), and so on. 

3. Check Harmonized Standards: Harmonized standards are technical 
specifications that provide a presumption of conformity with EU 
regulations. Check if there are any harmonized standards applicable to your 
product category. Harmonized standards are listed on the European 
Commission's official website or in the directives that apply to your product. 

4. Use Online Resources: There are various online resources provided by 
the EU, such as the "Your Europe" portal or the "New Approach" website, 
that offer guidance on product regulations and requirements. 

5. Consult Notified Bodies: Each EU member state has a designated 
authority responsible for overseeing product compliance. These authorities 
can provide guidance on which regulations apply to your product. (List of 
notified bodies can be found in NANDO database: 
https://webgate.ec.europa.eu/single-market-compliance-
space/#/notified-bodies) 

6. Seek Legal and Regulatory Experts: If you're uncertain about the 
applicable regulations, consider seeking advice from legal or regulatory 
experts who specialize in EU product compliance. 
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2 List of regulations applicable to hydraulic power units 
 
The following directives and regulations apply to most of the hydraulic power units 
and when: 
 

Table 1 
 

Name (abbr.) Number Applies to 
Machinery Regulation1 2023/1230 all machinery (all hydraulic power units) 
Machinery Directive 2006/42/EC all machinery (all hydraulic power units) 
Pressure Equipment 
Directive (PED) 2014/68/EU hydraulic power units with built in pressure 

equipment 

Ecodesign Regulation 2019/1781 hydraulic power units using electric motors 
or variable speed drives 

Low Voltage Directive 
(LVD) 2014/35/EU 

hydraulic power units operating with 
input/output voltage between 50 and 
1000 VAC or 75 and 1500 VDC 

Electromagnetic 
Compatibility (EMC) 
Directive 

2014/30/EU 
hydraulic power units using electrical or 
electronic devices which may generate 
electromagnetic disturbances 

ATEX Directive 2014/34/EU hydraulic power units used in potentially 
explosive atmospheres 

Registration, Evaluation, 
Authorisation and 
Restriction of Chemicals 
(REACH) Regulation 

EC 1907/2006 all materials (all hydraulic power units) 

Restriction of Hazardous 
Substances (RoHS) Directive 2011/65/EU hydraulic power units using electrical or 

electronic equipment (EEE) 
Waste Electrical and 
Electronic Equipment 
(WEEE) Directive 

2012/19/EU hydraulic power units using electrical or 
electronic equipment (EEE) 

 
The machinery directive is mutually exclusive with PED, LVD and EMC Directives 
in terms of putting CE mark on the partly completed machinery, however the 
directives have to be followed and risks from all directives have to be taken into 
account when performing risk assessment of machinery. The only directive that 
supersedes the Machinery Directive is ATEX Directive and also the only case where 
CE mark is issued to hydraulic power units. 
 
3 Directives and regulations in detail 
 
This chapter will briefly describe each directive and present the part that applies to 
the hydraulic power units. 

 
1 Updated version of the Machinery Directive. (see chapter 3.1) 
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3.1 Machinery Regulation (2023/1230) 
 
Machinery Regulation was published on 29. 06. 2023 and will enter into force on 
20.01.2027. Machinery Regulation extends and updates Machinery Directive which 
is therefore repealed. Because of lack of time to study the regulation in detail only 
the most important changes from the machinery directive are pointed out. These 
are: 
 

− A machine's operating instructions only need to be available digitally. 
− Substantial modification of the machine is defined. Makes user the 

manufacturer with all the obligations that entails. 
− Different conformity assessment procedures for different categories of 

machinery. 
− Some paragraphs were amended. 
− The definition of 'machine or related product' was expanded and now 

includes cobots – machines without programming or application. [2, 3] 
 
3.2 Machinery Directive (2006/42/EC) 
 
The main European directive concerning machinery and certain parts of machinery 
is Machinery Directive (2006/42/EC). Intent of the directive is to ensure a common 
safety level in machinery placed on the market or put in service in all member states 
and to ensure freedom of movement within the EU by stating that "member states 
shall not prohibit, restrict or impede the placing on the market and/or putting into 
service in their territory of machinery which complies with [the] Directive". [4] 
 
The Machinery Directive also applies to some other countries which are members 
of the European Single Market and are not part of the EU or European Economic 
Area (EEA). These countries include Norway, Iceland, Switzerland, Lichtenstein, 
Turkey, Andorra and San Marino. (European Commission, 2019) 
 
This means that any machinery, safety component, interchangeable equipment, or 
accessory placed on the market within the EU must comply with the requirements 
outlined in the directive. It applies to both manufacturers based within the EU and 
those outside the EU who intend to sell machinery within the EU market. Non-EU 
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countries might have their own regulations and standards for machinery safety, but 
the Machinery Directive specifically applies to the EU member states. 
 
Machinery Directive distinguishes between complete machinery and partly complete 
machinery [4]: 
 

− Complete machines are those that are designed and constructed to 
perform a specific function on their own. They can be used as standalone 
equipment without the need for additional parts or modifications. These 
machines must meet the essential health and safety requirements outlined 
in the Machinery Directive before they can be placed on the EU market. 
Manufacturers of complete machines are responsible for ensuring that their 
products comply with the directive. This includes conducting risk 
assessments, designing machines with safety in mind, providing appropriate 
documentation, and affixing the CE marking to indicate compliance. The 
CE marking signifies that the machine meets the necessary standards and 
can be legally sold within the EU. 

− Partly complete machines are components or sub-assemblies that are not 
capable of performing a specific function by themselves. They need further 
assembly, modification, or addition of other components to become 
functional machines. These components might include engines, frames, 
control systems, or other parts that, when combined, create a functioning 
machine. 
Incomplete machines are also subject to the Machinery Directive, although 
their requirements are slightly different. Manufacturers of incomplete 
machines must provide information on the intended use of the components 
and any potential risks associated with their assembly. This information 
helps the end user, who will complete the assembly, to understand how to 
safely integrate the incomplete machine into a complete and functional unit. 
 

As it can be seen hydraulic power units in almost all cases fall into category of partly 
complete machines, therefore a closer look to obligations of manufacturer of partly 
completed machinery [6] (differences to complete machinery are in italic): 
 

1. Identify the relevant product Directives/Regulations. 
2. Identify the applicable requirements of the Directives/Regulations. 
3. Identify an appropriate route to conformity. 
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4. Identify the relevant Harmonised Standards to which product could be 
designed. 

5. Identify any other relevant Standards to which the product could be 
designed (if necessary). 

6. Design the product to the requirements of the Standards. 
7. Ensure the design of the product meets the requirements of the appropriate 

Directive/Regulation. 
8. Ensure the product is marked as per the requirements of the identified 

Directives/Regulations/Standards. 
9. Assembly Instructions (Operating and Maintenance Instructions) meet the 

requirements of the identified Directives/Regulations/Standards. 
10. Complete and Document a Product Risk Assessment (It is advised that the 

Harmonised Standard EN ISO 12100:2010 is used for guidance). 
11. Take action against any issues identified in the Risk Assessment. 
12. Assess the product against the requirements of the appropriate Standards. 
13. Assess the product directly against the requirements of the appropriate 

Directives/Regulations. 
14. Take an action against any non-conformities identified in the 

Standard/Directive/Regulations Assessments. (Actions taken should be 
documented where necessary) 

15. Compile the Technical File which consists of: 
a. description of partly completed machinery and its intended function, 
b. risk assessment documentation (requirements, protective measures), 
c. drawings and Schemes, 
d. references of the applied harmonized standards, 

e. description of applied technical specifications, 
f. calculation reports and test results to verify conformity of the 

machine, 
g. assembly instructions (Operating and Maintenance Instructions), 
h. Declarations of incorporation for included partly completed machinery 

16. Produce and Sign the 'Declaration of Incorporation' (‘EC declaration of 
conformity’) and 

17. Display CE mark on the product. 
 
If the product is classed as Partly Completed Machine only the Declaration of 
Incorporation and Assembly Instructions are required to be supplied to demonstrate 
conformity to a third party. Also the CE Mark must NOT be attached to the Partly 
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Completed Machine (Exception: if the partly complete machinery falls under ATEX 
directive – it must be CE marked according to ATEX directive). 
 
The most important harmonized standards for safety of machinery and hydraulic 
power units referred to from machinery directive are [7]: 
 

− EN ISO 4413:2010 - Hydraulic fluid power – General rules and safety 
requirements for systems and their components (ISO 4413:2010) 

− EN ISO 4414:2010 - Pneumatic fluid power – General rules and safety 
requirements for systems and their components (ISO 4413:2010) 

− EN ISO 12100:2010 - Safety of machinery – General principles for design 
– Risk assessment and risk reduction 

− EN ISO 16092-3:2018 - Machine tools safety - Presses - Part 3: Safety 
requirements for hydraulic presses (ISO 16092-3:2017) 

− EN IEC 62061:2021 - Safety of machinery - Functional safety of safety-
related control systems 

− EN 693:2001+A2:2011 – Machine tools – Safety – Hydraulic presses 
− EN 982:1996+A1:2008 - Safety of machinery – Safety requirements for 

fluid power systems and their components – Hydraulics 
− EN 983:1996+A1:2008 - Safety of machinery – Safety requirements for 

fluid power systems and their components – Pneumatics 
− EN 12622:2009+A1:2013 - Safety of machine tools – Hydraulic press 

brakes 
− EN 14673:2006+A1:2010 - Safety of machinery - Safety requirements for 

hydraulically powered open die hot forging presses for the forging of steel 
and non-ferrous metals 
 

3.3 Pressure Equipment Directive (PED) (2014/68/EU) 
 
The Pressure Equipment Directive (PED) is a European Union directive that 
establishes rules and regulations for the design, manufacturing, testing, and 
conformity assessment of pressure equipment. The directive was introduced to 
ensure a high level of safety for pressure equipment, which includes items such as 
vessels, piping, boilers, pressure accessories, and assemblies. Pump housings, 
manifolds etc. are not considered pressure vessels according to PED in any case. [8] 
Pressure vessels used in hydraulics are hydraulic accumulators and piping. If they fall 
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under the PED can be determined from Annex II of the PED. For hydraulic power 
units the following tables are applicable (Considering mineral oil and nitrogen are in 
fluid group 2): Table 2 – gas side of the accumulator; Table 4 – fluid side of the 
accumulator; Table 7 – gas side piping and Table 9 – fluid side piping (Figure 1). 
 

 
Figure 1: PED categories for pressure vessels and piping for fluid group 2 [8] 

 
Accumulators must be checked on the gas side and on the oil side. The gas side is 
always stricter, therefore all accumulators greater than 1 l or P*V>50 bar l fall under 
PED. From Table 7 we can see that in rare cases piping on the gas side could fall 
under PED (DN>32 mm and p*DN>1000 bar mm) and therefore be PED certified 
(the PED certification procedure is not in scope of this article). Piping on the oil 
side almost never falls under ped as diameters greater than DN200 at pressures 
greater than 10 bar are rarely used in hydraulics. [8] 
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When an accumulator falls under PED, it must be purchased with valid PED 
certificate and adequately protected using a PED certified safety pressure relief valve. 
 
How to properly protect the hydraulic accumulators is described in EN 14359 with 
circuit examples in Annex C [9]. Each accumulator must have a manual valve to be 
disconnected from the system, one ball valve to empty it back to tank and must be 
directly connected to PED certified safety pressure relief valve, which must not be 
used as a main system pressure relief valve at the same time as shown in Figure 2. 
When multiple accumulators are used in parallel there is no need to have a separate 
ball valve and safety pressure relief valve for each accumulator. A pressure gauge 
which cannot be disconnected from the accumulator by means of a ball or a check 
valve must be included so that the actual accumulator pressure may be read out 
before starting maintenance work on the machine. 
 

 
 

Figure 2: Basic accumulator protection circuit [9][9] 
 
One important thing to note is that hydraulic power unit as partly completed 
machine does not fall directly under PED directive and thus must not be CE marked, 
because it only uses components with PED certificate. 
 
3.4 Ecodesign Regulation (2019/1781) 
 
Ecodesign Regulation limits the use of inefficient motors and variable frequency 
drives. Therefore it applies to all hydraulic power units using AC electric motors. 
Minimum energy efficiency required by the regulation for motors is depicted in 
Figure 3 and was applied according to the following timetable [10]: 
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− from 1 July 2021:  
o the energy efficiency of three-phase motors with a rated output 

equal to or above 0,75 kW and equal to or below 1000 kW, with 2, 
4, 6 or 8 poles, which are not Ex eb increased safety motors, shall 
correspond to at least the IE3 

o the energy efficiency of three-phase motors with a rated output 
equal to or above 0,12 kW and below 0,75 kW, with 2, 4, 6 or 
8 poles, which are not Ex eb increased safety motors, shall 
correspond to at least the IE2 

o the power losses of variable speed drives rated for operating with 
motors with a rated output power equal to or above 0,12 kW and 
equal to or below 1000 kW shall not exceed the maximum power 
losses corresponding to the IE2 efficiency level 

− from 1 July 2023: 
o the energy efficiency of Ex eb increased safety motors with a rated 

output equal to or above 0,12 kW and equal to or below 1000 kW, 
with 2, 4, 6 or 8 poles, and single-phase motors with a rated output 
equal to or above 0,12 kW shall correspond to at least the IE2. 

o the energy efficiency of three-phase motors which are not brake 
motors, Ex eb increased safety motors, or other explosion-
protected motors, with a rated output equal to or above 75 kW and 
equal to or below 200 kW, with 2, 4, or 6 poles, shall correspond 
to at least the IE4. 

 
 

Figure 3: Current (after 1 July 2023) minimal motor efficiency classes for three phase motors 
[11] 
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3.5 Low Voltage Directive (LVD) (2014/35/EU) and Electromagnetic 
Compatibility (EMC) Directive (2014/30/EU) 

 
Hydraulic power units do not directly fall under Low Voltage Directive [12] and 
Electromagnetic Compatibility Directive [13], therefore they cannot bear CE mark 
as required by LVD and EMC. If the components that fall under LVD (input/output 
voltage between 50 and 1000 VAC or 75 and 1500 VDC) or EMC (electronics 
emitting electromagnetic noise) are used they must have applicable certificates 
available, so that they may be used in the EU. Although when only the Machinery 
Directive applies the risks from other directives still has to be taken into account. 
 
One special case that often causes confusion in practice is the CE marking of the 
electrical cabinets, which are often part of hydraulic power units. To clarify the topic 
we need to distinguish between who is the manufacturer of the electrical cabinet and 
the machine. [14] 
 

− Machine manufacturer is the cabinet builder for his own machine: No 
CE marking on electrical cabinet required as the electrical cabinet is not 
placed separately on the market, therefore only machinery directive applies. 

− Cabinet builder builds the cabinet according to manufacturer’s 
technical documents: 
Cabinet builder is not deemed to be the manufacturer in this case, so no CE 
marking on electrical cabinet required as the electrical cabinet is not placed 
separately on the market, therefore only machinery directive applies. 

− Cabinet builder designs and builds the cabinet for the machine 
manufacturer: 
Cabinet builder is responsible for compliance with EU regulations. There 
are multiple cases: 

a. Cabinet does not contain safety functions, therefore does not 
fall under machinery directive and therefore needs to follow LVD, 
EMC and other directives and thus has to be CE marked. 

b. Cabinet contains safety functions: 
i. When safety functions are implemented entirely by 

the use of safety components, the cabinet does not fall 
under machinery directive and therefore needs to follow 
LVD, EMC and other directives and thus has to be CE 
marked. All the information regarding the safety 
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components have to be transferred from the cabinet 
builder to machine manufacturer. 

ii. When safety functions are implemented by the use of 
normal components, the cabinet falls under machinery 
directive and the cabinet builder has to follow the 
machinery directive for partly complete machinery. 

 
3.6 ATEX Directive (2014/34/EU) 
 
This directive applies to manufacturers, distributors, and importers of equipment 
and protective systems intended for use in potentially explosive atmospheres within 
the European Economic Area (EEA). It also includes components necessary for the 
safe operation of such equipment. 
 
The directive classifies equipment into different categories based on the level of 
protection required. Categories are divided into equipment intended for use in 
Zones 0, 1, 2 (gas/vapor environments) or Zones 20, 21, 22 (dust environments) in 
terms of their potential explosive nature. The categories help determine the level of 
conformity assessment required. 
 
Manufacturers are required to carry out additional risk assessment procedure 
applicable to explosive atmospheres. Primary hazards (potential ignition sources) in 
explosive atmospheres include (EN ISO 80079-36 Table B.1): hot surfaces, 
mechanically generated sparks, flames and hot gases, electrical sparks, electrical stray 
currents and cathodic corrosion protection, static electricity, lightning strike, 
electromagnetic waves, ionizing radiation, high-frequency radiation, ultrasonic 
waves, adiabatic compression, chemical reactions. All of those hazards have to be 
considered along with the applicable ATEX zone and materials present. Using 
ATEX certified components (motors, level indicators, sensors, paint, materials, etc.) 
simplifies the risk assessment process and reduces number of potential ignition 
sources. 
 
When a hydraulic power unit conforms to ATEX Directive it has to be CE marked 
along with the appropriate ATEX classification. [15] 
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Important standards for ATEX are: 
 

− EN 1127-1: "Explosion prevention and protection. Part 1: Basic concepts 
and methodology" 

− EN ISO 80079-36: "Explosive atmospheres. Part 36: Non-electrical 
equipment for explosive atmospheres. Basic method and requirements" 

− EN ISO 80079-37: "Explosive atmospheres. Part 37: Non-electrical 
equipment for explosive atmospheres. Non-metallic" 

− IEC 60079-0: "Explosive atmospheres. Part 0: General requirements" 
 
These standards provide guidelines and requirements for ensuring safety in explosive 
atmospheres, including methods for preventing and protecting against explosions 
and other related hazards. 
 
3.7 Registration, Evaluation, Authorisation and Restriction of Chemicals 

(REACH) Regulation (EC 1907/2006) 
 
REACH primarily focuses on the registration, evaluation, authorization, and 
restriction of chemical substances and their impact on human health and the 
environment. It doesn't directly regulate machines or their mechanical parts. [16] 
However, there are scenarios where REACH could indirectly affect machines and 
their parts: 
 

1. Substances in Machines: If a machine or its parts contain chemical 
substances that are subject to REACH regulations, the manufacturers of 
those substances or articles may have obligations under REACH. For 
instance, if a machine's components contain substances of very high 
concern (SVHCs) in concentrations above 0.1 % by weight, there might be 
communication requirements down the supply chain about their presence. 

2. Materials Used: If the manufacturing of machines involves the use of 
chemicals, whether for surface treatments, coatings, lubrication, or other 
purposes, the manufacturers of those chemicals must comply with REACH 
requirements. 

3. Importers and Manufacturers: Companies importing or manufacturing 
machines within the EU may need to consider REACH if their machines 
contain substances in quantities above 1 ton per year. While the main focus 
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of REACH is on chemical substances, these substances can be used in 
various ways in the production of machines. 

4. Articles Containing SVHCs: If machines or their parts contain substances 
of very high concern (SVHCs) above the 0.1 % threshold, downstream 
users might have communication obligations to inform their customers 
about the presence of these substances. This is especially relevant if the 
substances are intended to be released during normal use. 

5. REACH Compliance of Components: Manufacturers of machines might 
request information about the chemical substances used in the components 
they purchase to ensure compliance with REACH regulations. This is to 
ensure that no restricted or unauthorized substances are present. 

6. End-of-Life Considerations: REACH regulations can affect the disposal 
and recycling of machines containing certain chemical substances, especially 
substances that are restricted or require authorization. Proper management 
and communication about these substances become important during the 
end-of-life phase of machines. 

 
It's important to understand that REACH is primarily concerned with chemical 
substances and their impact on human health and the environment. While REACH 
may not directly regulate machines and their parts as mechanical entities, the 
chemical components within those machines could fall under REACH's scope 
depending on their properties and usage. REACH obliges manufacturers to get the 
information about the SVHCs in parts used to build the machine, combine those 
information and pass it on to the machine builder or end user. 
 
3.8 Restriction of Hazardous Substances (RoHS) Directive 

(2011/65/EU) and Waste Electrical and Electronic Equipment 
(WEEE) Directive (2012/19/EU) 

 
Similarly as with LVD and EMC Directive, hydraulic power units do not fall directly 
into this directives, but some demanding customers may want information that all 
Electrical and Electronic Equipment (EEE) that is used on the hydraulic power unit 
are RoHS compliant. RoHS restricts the use of certain hazardous substances in 
quantities larger than 0,1 %2(mass) in EEE in order to protect human health and the 
environment. These substances are: Lead (Pb), Mercury (Hg), Cadmium (Cd), 

 
2 Except for cadmium for which the limit is 0,01 % 
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Hexavalent Chromium (Cr6+), Polybrominated Biphenyls (PBB), Polybrominated 
Diphenyl Ethers (PBDE). [17] 
 
The Waste Electrical and Electronic Equipment (WEEE) Directive is a European 
Union regulation that aims to minimize the environmental impact of electrical and 
electronic equipment waste. It establishes guidelines for the collection, recycling, and 
disposal of such waste to reduce its impact on the environment and human health. 
WEEE Directive requires users of EEE to increase recycling awareness by 
mentioning in the assembly instructions that the partly complete machinery also 
includes EEEs which must be disposed separately from unsorted municipal waste. 
[18] 
 
7 Conclusion 
 
In conclusion, European directives play a pivotal role in harmonizing regulations 
and standards across the European Union (EU) member states, facilitating the free 
movement of goods and promoting safety, health, environmental protection, and 
consumer rights. These directives cover a wide range of industries and topics, 
ensuring that products placed on the EU market adhere to common requirements, 
enhancing market efficiency, and fostering cross-border trade. 
 
Each directive is tailored to address specific challenges within its respective domain, 
outlining essential requirements, conformity assessment procedures, and obligations 
for manufacturers, importers, and distributors. The Machinery Directive stands out 
as a cornerstone within the framework of European directives, playing a pivotal role 
in ensuring the safety of machinery and equipment placed on the market and used 
within the European Union (EU). With a focus on harmonization, risk reduction, 
and enhanced consumer protection, the Machinery Directive embodies the 
principles of standardization and cooperation among member states. 
 
The Machinery Directive addresses a broad spectrum of machinery, ranging from 
industrial equipment to consumer products, imposing stringent requirements that 
encompass design, manufacturing, and operation. By establishing essential health 
and safety requirements, the directive sets the groundwork for risk assessment and 
mitigation, promoting the development of safer, more reliable machinery. 
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Manufacturers bear a significant responsibility in complying with the Machinery 
Directive, conducting thorough risk assessments, adhering to essential requirements, 
and employing recognized safety standards. The CE marking, affixed upon 
successful conformity, is a testament to a product's compliance with the directive's 
stipulations, thereby fostering consumer confidence and facilitating trade across EU 
borders. 
 
Conformity assessment procedures outlined in the directive facilitate consistent 
evaluation processes while acknowledging the varying degrees of risk posed by 
different machinery. Involvement of notified bodies, when necessary, ensures an 
additional layer of oversight and expertise. 
 
However, the directives are not a static entities. They adapt to technological 
advancements and emerging risks, ensuring that its regulations remain current and 
relevant. Stakeholders must remain vigilant, staying informed about updates and 
revisions, and actively participating in the dialogue surrounding machinery safety. 
The directives underscore the EU's commitment to safeguarding the welfare of its 
citizens, promoting workplace safety, and fostering a competitive market 
environment. It bridges the gap between innovation and responsibility, emphasizing 
that progress can coexist with precaution. 
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Transmission lines are the most simple elements in a fluid power 
system from the point of view of traditional fluid power system 
design, simply connecting two individual ports of different 
components without introducing any additional dynamic effects. 
In reality, this wishful thinking works only when the system 
operates quasi-statically with respect to the time constants of 
wave propagation across the lines. An increasing number of 
industrial applications faces problems by pushing fluid power 
systems to operating frequencies high enough to excite 
significant dynamic effects in transmission lines. In order to 
mitigate these problems in a model-based systems engineering 
framework, efficient computational methods for the modelling 
and simulation of hydraulic transmission lines are crucial. This 
paper gives an overview of the state of the art in computationally 
efficient simulation models with a special emphasis on very 
compact low order models. 
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1 Intruduction 
 
Fluid power technology relies on a small number of basic working principles. First 
of all, the displacement principle used in hydraulic pumps and motors (including 
hydraulic cylinders for translator motion). Secondly, the resistance principle used in 
various valves for control purposes. For basic system design, the story already ends 
here, and the designers of hydraulic drive systems apply the same principles that 
were used for conceiving Joseph Bramah’s hydraulic press invention in 1795 or 
Kepler’s gear pump invented around 1600. For all these concepts, the hydraulic fluid 
may be regarded as a mass-less and incompressible ideal medium for transmitting 
the hydrostatic pressure without adding any dynamic effects to the system. The 
friction losses of the viscous fluid in pipelines and hoses are however included in 
classical fluid power system design. There is abundant literature on the so-called 
minor pressure losses due to long lines and various fittings for branching and 
connecting these line elements. From the point of view of the hydraulic design 
engineer, the simple line representing a pipeline connection in a circuit schematic 
represents an almost ideal connection between two points in the fluid power system: 
The pressures at these end points are assumed equal except for a pressure loss 
depending on the flow. This pressure loss is kept small by a proper dimensioning of 
the line diameter according to line length and expected flow rates. 
 
The described engineering approach neglects pipeline dynamics and in most cases, 
this is perfectly justified because of the hydrostatic nature of fluid power systems. In 
some cases, however, either the mass inertia of the oil column in the lines or the 
wave propagation effect caused by the interplay of inertia and compressibility can 
cause severe problems. 
 
These effects are known at least since the days of ancient Rome when supply lines 
for potable water were equipped with devices against the water hammer 
phenomenon which was mathematically explained by Joukowsky in the late 19th 
century. 
 
The first approaches for analysis and design of pipeline systems under the influence 
of fast dynamic processes have been graphical methods in characteristic coordinates, 
later on computer codes where developed in order to solve systems of partial 
differential equations. All of these methods are typically regarded as out of scope for 
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the fluid power design engineer and their use has been restricted to two groups of 
special cases: The first case arises when a system is dimensioned with classical 
knowledge of hydrostatic behaviour, but some dynamic effects result in malfunction 
and some sort of trouble-shooting is needed. The second possibility arises, when 
known hydrostatic solutions are pushed to higher and higher operating frequencies 
resulting in wave propagation in lines becoming important at some point. Section 3 
of this paper will give industrial application examples for both cases. 
 
During the last three or four decades both the broad availability of computer systems 
capable of numerical simulation and the mathematical modelling skills of mechanical 
and electrical engineers have improved dramatically. The symbiosis of mechanical 
and electrical engineering together with computer science, now known as 
mechatronics and the new paradigm of model-based systems engineering have led 
to new possibilities in hydraulic circuit design. Computer based simulation systems 
are increasingly used in system dimensioning. In order to be helpful in the system 
design phase, these simulation tools need to be easy to understand and use and they 
must be computationally efficient resulting in very small simulation times. 
 
However, most numerical simulation models for wave propagation available in 
applied mathematics and engineering literature are either more or less the complete 
opposite of a fast and computationally efficient tool, or they are over-simplified and 
fail to capture the real system behaviour with sufficient accuracy. 
 
The remainder of this paper is organised as follows: Section 2 contains a brief 
overview on the state of the art in hydraulic transmission line modelling and 
simulation, with a special emphasis on the trade-off between computational 
efficiency and accuracy of the models. Section 3 presents an example from industrial 
applications where the dynamics of transmission line plays an important role. Section 
4 contains some conclusions. 
 
2 Overview on the state of the art in transmission line modelling 
 
2.1 Modelling assumptions 
 
In the most simple case, a perfectly cylindrical (and thus straight) pipe with a length 
much bigger than its diameter is passed through by a weakly compressible liquid 
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with Newtonian fluid friction behaviour. The pipe walls are assumed rigid and the 
temperature is assumed to be constant. Then, the unknowns are the three-
dimensional flow velocity and the scalar values of pressure and density inside the 
pipe. A material law like 
 

𝜌𝜌 = 𝜌𝜌0 ∙ �1 + 𝑝𝑝−𝑝𝑝0
𝐾𝐾
�              (1) 

 
links the density ρ to the pressure p with a reference density ρ0 given at a reference 
pressure p0. The kinematic viscosity ν is assumed with a constant value due to the 
constant fluid temperature in this model. 
 

 
 

Figure 1: Cylindrical pipe geometry with radial and axial coordinates as well as various 
assumptions on the axial velocity profile: Plug flow (green), Parabolic Hagen-Poiseuille 

profile (red), dynamic flow profile under frequency-dependent friction (blue). 
Source: own. 

 
When it comes to describing the flow velocity inside the pipe, the Navier-Stokes 
equations from fluid mechanics must be somehow adapted to the problem at hand. 
The cylindrical geometry of the pipe calls for the use of a cylindrical coordinate 
system (axial coordinate x, radial coordinate r, circumferential angle) for formulating 
the equations of motion for the fluid. In general, this would result in three equations 
for the momentum balances in axial, radial and circumferential direction. It is 
common sense in the fluid power community to disregard any swirl flow in the pipe, 
i. e. to set all circumferential velocity components zo zero a priori. Also the flow 
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velocity in radial direction is omitted in most models and the pressure in the pipeline 
is assumed to be independent of the radial coordinate at any given axial position and 
time. All these assumptions result in a problem for the unknown distributions of 
pressure p and velocity in axial direction 
  

𝑝𝑝 = 𝑝𝑝(𝑥𝑥, 𝑡𝑡),𝑢𝑢 = 𝑢𝑢(𝑥𝑥, 𝑟𝑟, 𝑡𝑡)                        (2) 
 

of the form 
 

∂𝑢𝑢
∂𝑡𝑡

+ 𝑢𝑢 ∂𝑢𝑢
∂𝑥𝑥

= −1
ρ
∂𝑝𝑝
∂𝑥𝑥

+ ν �1
𝑟𝑟
∂𝑢𝑢
∂𝑟𝑟

+ ∂2𝑢𝑢
∂𝑟𝑟2

� + 4ν
3
∂2𝑢𝑢
∂𝑥𝑥2

,                      (3a) 
∂𝑝𝑝
∂𝑡𝑡

+ 𝑢𝑢 ∂𝑝𝑝
∂𝑥𝑥

= −𝐾𝐾 ρ
ρ0

∂𝑢𝑢
∂𝑥𝑥

.                        (3b) 

 
The first equation (3a) comes from the axial component of the Navier-Stokes 
momentum balance equation. The second one (3b) is motivated by mass 
conservation. The parameters in these equations are the fluid density at ambient 
pressure ρ0, the kinematic viscosity ν and the bulk modulus 𝐾𝐾. 
 
At the rigid pipe wall, the flow velocity needs to be zero to fulfil the no-slip condition 
known from fluid mechanics. A number of over-simplified models disregard this 
condition by neglecting any viscous friction effects and assuming a so-called plug 
flow with a constant flow velocity over the whole pipe diameter as shown by the 
rectangular flow profile in Figure 1 (in green colour). This approach was useful in 
early water-hammer analysis for hydro-power plants. 
 
In the next level of model complexity the flow profile is assumed to always have a 
parabolic shape as in the stationary laminar flow case (shown in red colour in Figure 
1). Such models are very popular among engineers, because the partial differential 
equation system (3) can be simplified strongly by a set of easy to understand 
arguments: 
 

− Following the ancient “divide et impera” principle, the pipeline is divided 
into a number of identical sections in axial direction. 

− Within such a section, the velocity is assumed equal to the parabolic profile 
in radial direction and with a linear gradient in axial direction: 
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𝑢𝑢(𝑥𝑥, 𝑟𝑟, 𝑡𝑡) = �𝑢𝑢0(𝑡𝑡) ⋅ �1 −
𝑥𝑥
𝐿𝐿
� + 𝑢𝑢1(𝑡𝑡) ⋅

𝑥𝑥
𝐿𝐿
� ⋅ �1 −

𝑟𝑟
𝑅𝑅
� �1 +

𝑟𝑟
𝑅𝑅
� 

− For the pressure, a linear axial gradient is used: 

𝑝𝑝(𝑥𝑥, 𝑡𝑡) = 𝑝𝑝0(𝑡𝑡) ⋅ �1 −
𝑥𝑥
𝐿𝐿
� + 𝑝𝑝1(𝑡𝑡) ⋅

𝑥𝑥
𝐿𝐿

 

− The density variations of the hydraulic liquid are small, so the assumption 
ρ
ρ0
≈ 1 simplifies eq. (3b). 

 
Substitution of all these assumptions into eqs. (3), averaging the first equation over 

the cross sectional area ( 1
𝑅𝑅2π ∫ …𝑅𝑅

0  2π𝑟𝑟 𝑑𝑑𝑟𝑟) and integrating both equations from 0 to 

L over x yields a simple system of ordinary differential equations 
 

�̇�𝑢0 + �̇�𝑢1 +
2

3𝐿𝐿
(𝑢𝑢1 + 𝑢𝑢0)(𝑢𝑢1 − 𝑢𝑢0) =

4
ρ0𝐿𝐿

(𝑝𝑝0 − 𝑝𝑝1)−
8ν
𝑅𝑅2

(𝑢𝑢1 + 𝑢𝑢0) 

�̇�𝑝0 + �̇�𝑝1 +
(𝑢𝑢1 + 𝑢𝑢0)(𝑝𝑝1 − 𝑝𝑝0)

2𝐿𝐿
= −

𝐾𝐾
𝐿𝐿

(𝑢𝑢1 + 𝑢𝑢0) 

 
For the pressures and flow velocities at start (index 0) and end (index 1) of a section. 
This concept simply needs to be rolled out for N sections, so the second section will 
have indices 1 and 2, up to the last section with indices N-1 and N. Concepts more 
or less similar to this are found in a number of commercial simulation software 
packages including SimScape Fluids. 
 
This simple approach of the segmented pipeline is quite sufficient for simple 
simulation tasks with low requirements on model fidelity. When it comes to 
questions where a precise modelling of the real physical behaviour of a viscous, 
compressible liquid in a pipeline is needed, the assumption of the radial velocity 
distribution always staying in a parabolic shape is not helpful. The real flow shows a 
behaviour, where the flow in the core of the pipeline can transiently have an opposite 
direction as compared to the boundary layer. The profile shown in blue colour in 
Fig. 1 depicts such an example. The reason for this can be found in a difference 
between the core flow which is mainly influenced by inertia effects and the boundary 
layer where the influence of viscous friction is stronger. 
 
 



B. Manhartsgruber: Wave Propagation in Hydraulic Transmission Lines - State of the Art in 
Efficient Simulation Models 37. 

 

 

Mathematical models taking this dynamic, so-called frequency dependent friction 
effect into account [4] and software implementations of these models can be found 
in [2] where a method of characteristics is employed or in [3] where the transmission 
line matrix method is used. A very compact low order model has been presented in 
[4]. 
 
3 Example 
 
3.1 Pump with long suction line 
 
The example is motivated by the failure of a large hydraulic pump with long suction 
line. The damaged pump was one of several 1000 cc axial piston units sharing a 
common suction line. This line was kept on an elevated suction pressure by a feed 
pump and a pressure limit valve. The damage in the axial piston pump turned out to 
be induced by cavitation due to strong pressure oscillations in the suction line. 
 
The plant operators reported about the occurrence of strong cavitation noise 
depending on several factors. First of all, the oil temperature during start-up of the 
plant: The problem would typically never occur after a cold start of the hydraulic 
system and it would also not develop when the plant was warming up during 
continuous operation of the pumps. If, however, the plant was shut down for a short 
time and then restarted with warm oil conditions, there was a chance of ending up 
in a situation with strong cavitation. A cavitation-free operation mode could be 
reached “with good luck” by several start-up trials. And additionally, the problem 
seemed to occur most likely on the last of three pumps along the common suction 
line, i. e. the pump with the lowest mean pressure level during operation of all units. 
 
In order to find out, whether the start-up conditions could decide about two 
different final operation states, one with and one without cavitation, a computer 
simulation model is built. The focus is not on precisely reproducing the real system 
behaviour, but on explaining the mechanism that enables at least two different 
operating conditions for the same pump, at the same speed of rotation and with the 
same hydraulic load. 
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For starting up the large 1000 cc constant displacement units, a dedicated start-up 
hydraulic system is used with a boost pressure pump operated at a 50 bar pressure 
level and delivering a flow large enough to drive the pump in motor mode and 
accelerate it together with the inertia of its electrical motor to a speed near the 
operating speed, in this case 993 rpm. For the model presented here, the dynamics 
of the large asynchronous induction motor is neglected completely and a simple grid-
synchronous speed assumption is used. Figure 2 shows the axial piston pump taking 
in fluid either in motoring model from a 50 bar start pressure supply or in pumping 
mode from a long suction line with a 5 bar constant feed pressure at the end. The 
left half of the Simulink schematics shows the modelling of the angular speed during 
the start-up phase. The R-S flip-flop block is initially switched on and the torque 
generated by the pump in motoring mode accelerates the rotary inertia modelled by 
the single integrator block. The output of this integrator is fed as angular speed back 
to the pump model. Once the angular speed reaches the synchronous grid speed of 
1000 rpm, the flip-flop is reset resulting in the angular speed becoming constant at 
1000 rpm, the 50 bar start pressure being cut-off by a switching valve and the load 
on the high pressure side being increased by reducing the valve opening of the load 
orifice. 
 

 
 

Figure 2: Model of pump with long suction line (MATLAB/Simulink). 
Source: own. 
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The axial piston pump is modelled with nine individual pistons located relative to 
the crank angle according to 
 

𝜑𝜑𝑖𝑖 = 𝜑𝜑 −  𝑖𝑖 ∙ 2𝜋𝜋
9

,   𝑖𝑖 = 0 . . 8      

 
The chamber volumes are 
 

𝑉𝑉𝑐𝑐,𝑖𝑖 = 𝐴𝐴𝑝𝑝 ∙ (ℎ0 + 𝑟𝑟 + 𝑟𝑟 ∙ cos𝜑𝜑𝑖𝑖)     
 
and the pressure build-up in the chambers is described by orifice equations and the 
compressibility law as 
 

�̇�𝑝𝑐𝑐,𝑖𝑖
𝑉𝑉𝑐𝑐,𝑖𝑖

𝐾𝐾
= −�̇�𝑉𝑐𝑐,𝑖𝑖 + α𝐴𝐴𝑖𝑖𝑖𝑖(φ𝑖𝑖)�

2�𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑝𝑝𝐶𝐶,𝑖𝑖�
ρ

− α𝐴𝐴𝑜𝑜𝑢𝑢𝑡𝑡(φ𝑖𝑖)�
2�𝑝𝑝𝐶𝐶,𝑖𝑖 − 𝑝𝑝𝑜𝑜𝑢𝑢𝑡𝑡�

ρ
 

 

�̇�𝑝𝑖𝑖𝑖𝑖
𝑉𝑉𝑖𝑖𝑖𝑖
𝐾𝐾

= 𝑄𝑄𝑖𝑖𝑖𝑖 −�α𝐴𝐴𝑖𝑖𝑖𝑖(φ𝑖𝑖)�
2�𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑝𝑝𝐶𝐶,𝑖𝑖�

ρ

8

𝑖𝑖=0

, 

�̇�𝑝𝑜𝑜𝑢𝑢𝑡𝑡
𝑉𝑉𝑜𝑜𝑢𝑢𝑡𝑡
𝐾𝐾

= �α𝐴𝐴𝑜𝑜𝑢𝑢𝑡𝑡(φ𝑖𝑖)�
2�𝑝𝑝𝐶𝐶,𝑖𝑖 − 𝑝𝑝𝑜𝑜𝑢𝑢𝑡𝑡�

ρ

8

𝑖𝑖=0

− 𝑄𝑄𝑜𝑜𝑢𝑢𝑡𝑡 

 
with opening functions shaped like in Figure 3. 
 

 
 

Figure 3: Opening functions (scaled by max. area value). 
Source: own. 



40 INTERNATIONAL CONFERENCE FLUID POWER 2023: 
CONFERENCE PROCEEDINGS. 

 
The modelling of the switching valve for cutting off the 50 bar supply pressure is a 
done by an orifice equation controlled by an opening function 𝑢𝑢𝑐𝑐𝑢𝑢𝑡𝑡(𝑡𝑡) and the check 
valve between the suction line and the pump also by an orifice equation with an 
opening that reacts to the pressure differential without dynamics between a crack 
pressure 𝑝𝑝𝑐𝑐𝑟𝑟 where the check valve starts to open and a full opening pressure 𝑝𝑝𝑓𝑓𝑜𝑜 
where the full orifice opening is reached. Together the two valve models result in 
the flow 
 

𝑄𝑄𝑖𝑖𝑖𝑖 = 𝑢𝑢𝑐𝑐𝑢𝑢𝑡𝑡 ⋅ 𝑄𝑄𝑐𝑐𝑢𝑢𝑡𝑡�
50 bar− 𝑝𝑝𝑖𝑖𝑖𝑖

Δ𝑝𝑝𝑖𝑖
 

+𝑄𝑄𝑐𝑐ℎ𝑒𝑒𝑐𝑐𝑒𝑒�
𝑝𝑝𝑆𝑆𝑢𝑢𝑐𝑐 − 𝑝𝑝𝑖𝑖𝑖𝑖

Δ𝑝𝑝𝑖𝑖
⎩
⎨

⎧
0 𝑝𝑝𝑆𝑆𝑢𝑢𝑐𝑐 − 𝑝𝑝𝑖𝑖𝑖𝑖 < 𝑝𝑝𝑐𝑐𝑟𝑟

𝑝𝑝𝑆𝑆𝑢𝑢𝑐𝑐 − 𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑝𝑝𝑐𝑐𝑟𝑟
𝑝𝑝𝑓𝑓𝑜𝑜 − 𝑝𝑝𝑐𝑐𝑟𝑟

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

1 𝑝𝑝𝑆𝑆𝑢𝑢𝑐𝑐 − 𝑝𝑝𝑖𝑖𝑖𝑖 > 𝑝𝑝𝑓𝑓𝑜𝑜

 

 
The pressure 𝑝𝑝𝑆𝑆𝑢𝑢𝑐𝑐(𝑡𝑡) is output by the transmission line model. On the delivery side, 
a transmission line model connects the volume 𝑉𝑉𝑜𝑜𝑢𝑢𝑡𝑡 to a load orifice and further 
back to tank pressure. 
 
3.2 Transmission line modelling by method of characteristics 
 
The initial goal for this paper was to compare different modelling approaches for 
their ability to explain the phenomenon of operating conditions depending on the 
start-up procedure observed in the real plant. Unfortunately, only one of the models 
resulted in a good match between model and reality at acceptable simulation times. 
This was the Zielke-Suzuki [1, 2] method of characteristics. This method is known 
to be very accurate but computationally inefficient due to the discretization approach 
with a detailed friction model being applied over and over again at each node of the 
axial grid along the pipeline. 
 
The reason, why the other models [3, 5] did not perform well was found in their 
inefficient coupling with boundary conditions algebraically coupling the pressure 
with the flow rate at the boundary. Figures 4 and 5 show the results for two different 
values of the switching time of the valve cutting off the 50 bar start pressure supply. 
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Figure 4: Pressure at pump intake during start-up and shortly thereafter, 200 milliseconds 
switching time at the cut-off valve. 

Source: own. 
 

 
 

Figure 5: Pressure at pump intake during start-up and shortly thereafter, 500 milliseconds 
switching time at the cut-off valve. 

Source: own. 
 

 
4 Conclusions 
 
For an industrial example with high demands on the transmission line model fidelity, 
a benchmark example has been shown. The classical method of characteristics in an 
implementation with efficient treatment of valve boundary conditions shows 
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excellent results in explaining the interesting plant behaviour of the final period 
pressure pulsations at the pump intake having two different amplitudes depending 
on the switching time between start-up and suction pressure. More modern and 
theoretically more efficient models failed in the first attempt due to unsolved 
problems with valve boundary conditions. Further work is under way to resolve this. 
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Hydrostatic Bearings, in addition to ball bearings and sliding 
guides, represent a possibility for machine tools to bear moving 
parts precisely. Compared to the aforementioned types of 
bearings, hydrostatic bearings are nearly frictionless, have no 
stick-slip effect, and exhibit very good damping behavior. 
However, hydrostatic bearings have higher costs due to the 
complex construction involved. In order to support a hydrostatic 
bearing with a constant pressure support, a pre-throttle is 
required. The type of pre-throttling used results in different 
characteristics of the bearing. A design tool has been developed 
to characterize various methods of pre-throttling hydrostatic 
bearing arrangements for machine tools. This tool allows for the 
selection of the type of pre-throttling, the geometric dimensions 
of the bearing, and real or assumed load cycles. As a result, the 
actual behavior of the bearings in the machine tool can be 
determined during the design phase. 
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1 Intruduction 
 
oiseuille Equation, a linear pressure drop across the gap is assumed, as illustrated in 
Figure 2. This assumption holds true for rectangular pockets, with the exception of 
the corners of the pockets. 
 
A hydrostatic bearing can exclusively withstand pressure forces on the bearing. To 
accommodate both tensile and pressure forces, two hydrostatic bearings must be 
employed (see Figure 1. As a result, the tool slide is clamped and maintained at the 
center of the two bearings, disregarding its own weight. 
 

 
Figure 1: Sketch tool slides of a machine tool. 

Source: own 
 

For linear tool slides, mostly rectangular pockets are used. The characteristics of the 
bearing can be described by the Hagen-Poiseuille Equation for rectangular pockets 
(see Equation 1). This equation establishes the relationship between the flow rate 𝑄𝑄 
through the bearing, the pressure drop across the bearing ∆𝑝𝑝, and the geometric 
dimensions of the bearing 𝑏𝑏, ℎ, and 𝑒𝑒. It is notable that the gap height ℎ enters the 
flow equation with a cubic exponent, and the viscosity 𝜂𝜂 also influences the flow. 
While the gap height depends on the load and the type of pre-throttling, the viscosity 
depends on the medium and its temperature. 
 

𝑄𝑄 = 𝑏𝑏 ℎ3∆𝑝𝑝
12 𝜂𝜂 𝑙𝑙

                                                                                  (1) 

 
To support a tool slide in one direction (x, y or z direction), at least three bearings 
are necessary; normally, four bearings are used. Therefore, the bearing arrangement 
for one direction consists of a total of 8 hydrostatic bearings, which are combined 
into four bearing units (see Figure 2). The forces on the individual bearing units can 
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be determined by establishing static equilibrium. To describe the mathematical 
relationships, only one bearing unit is considered. Figure 2 shows a sketch of a 
hydostatic bearing and the pre-throttle. The pre-throttle is neccessary to reduce the 
system pressure of the constant pressure system to the load pressure of the bearing. 
This system is known in electrical engineering as a voltage divider. 
 

 
Figure 2: Hydraulic circuit diagram, hydrostatic bearing. 

Source: own 
 
The result is a system with a constant pre-throttle (not when a progressive quatity 
regulator is used) and a variable throttle (hydrostatic bearing). Which type of 
throttling is used has an affect on the behavior of the hydrostatic bearing. Four 
different possibilities for pre-throttling can be distinguished: 
 

− by a capillary, 
− by a throttle, 
− by a orifice, 
− by a progressive flow regulator. 

 
Each of the four different types of throttling has distinct characteristics, leading to 
varying behavior in response to load changes of the hydrostatic bearing. 
 
The capillary can be regarded as a thn tube with a laminar flow inside. The flow 
depends on the pressure drop and on the viscosity of the fluid, see Equation 2. This 
provides an advantage when the temperature of the medium is changing, as the flow 
through the hydrostatic bearing is also dependent on viscosity. 
 

𝑄𝑄 = 𝜋𝜋 𝑟𝑟4∆𝑝𝑝
8 𝜂𝜂 𝑙𝑙

                                                                                                      (2) 
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If an orifice is used as a pre-throttle, the flow depends on the geometry of the orifice 
and the density of the fluid. Additionally, the pressure drop across the orifice follows 
a quadratic relationship in the equation (refer to Equation 3). One advantage of using 
an orifice is that it can be placed very close to the hydrostatic bearing, thereby 
minimizing the dead volume between the orifice and the hydrostatic bearing.  
 

𝑄𝑄 = 𝛼𝛼 𝐴𝐴�2 Δ𝑝𝑝
𝜚𝜚

                                                                                     (3) 

 
When achieving a load-independent gap height, a progressive flow regulator must 
be employed. The flow through the hydrostatic bearing then follows the 
characteristic outlined in Equation 1. In our case, a flow compensator is utilized, as 
presented by Mörwald [7]. This involves a variable cylindrical annular throttle. The 
length of this throttle depends on the force equilibrium between a spring and the 
pressure on the face side of the spool. The gap height is variable and needs to be 
calculated separately for each distinct hydrostatic bearing. 
 
The shape of the spool can not be calculated analytical, it must be calculated discret. 
Base of the eauation is the force equilibrium in the spool of the progressive flow 
regulator. To each pressure drop over the spool a position of the spool is given. 
Beginning with a start discredization (zero overlab gives a divition by zero) and the 
equation of continuity each new gab height can be calculated out of the old gab 
height and the next discret step. Therefore it is necessary to calculate the pressure 
drop to the last step then the difference between the pressure drop of the last step 
and the aktualy absolute pressure drop. With this result the new gap height of the 
aktual step can be calculated. 
 
The actual fow for each step can be calculated with Equation 4. The pressure drop 
will be quantsized with the same number as the quantization of the maximum stroke 
of the spool. 
 

𝑄𝑄𝑖𝑖 = 𝑏𝑏 ℎ3∆𝑝𝑝𝑏𝑏,𝑖𝑖
12 𝜂𝜂 𝑙𝑙

                                                                                                 (4) 

 
Now the pressure drop of the progressive flow regulator must be calculated. 
 

Δ𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟,𝑖𝑖 = 𝑝𝑝𝑝𝑝 − Δ𝑝𝑝𝑏𝑏,𝑖𝑖                                                                                     (5) 
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The nex step is to calculate under the assumption that the flow in each quatization 
is the same the pressure drop to the last step of calculation 𝑖𝑖 − 1,  
 

Δ𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟,𝑖𝑖=𝑖𝑖−1 =  ∑ 12 𝑄𝑄𝑖𝑖 𝜂𝜂 Δ𝑙𝑙
𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋 ℎ𝑛𝑛3

𝑖𝑖−1
𝑖𝑖=1                                                                 (6) 

 
where 𝑑𝑑𝑠𝑠𝑝𝑝𝑜𝑜𝑜𝑜𝑙𝑙 is the diameter of the spool and ℎ𝑖𝑖 is the gap height of the discrete 
gap. 
 
In the next step the pressure drop of the actual step van be calculated. 
 

Δ𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟,𝑖𝑖=𝑖𝑖 = Δ𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟,𝑖𝑖 − Δ𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟,𝑖𝑖=𝑖𝑖−𝑖𝑖                                                  (7) 
 
At last the gap height of the actual step 𝑖𝑖 must be calculated. 
 

ℎ𝑖𝑖 =  �
12 𝑄𝑄𝑖𝑖 𝜂𝜂 Δ𝑙𝑙

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜋𝜋 Δ𝑝𝑝𝑠𝑠𝑝𝑝𝑝𝑝,𝑛𝑛=𝑖𝑖

3                                                                                  (8) 

 
The result of this calculation is exemplary shown in Figure 3. In this case is the 
diameter of the spool 6 mm and the stroke also 6 mm. 
 

 
 

Figure 3: Shape of the gap between spool and housing of the progressive flow controller. 
Source: own 
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To describe the transfer behavior of a hydrostatic bearing a hydraulic-mechanical 
model must be developed. The hydraulic part of the system will be described with 
hydraulic resistances, capacitances and inductances. The mechanics of the 
hydrostatic bearing will be described with Newton's law of motion. In Figure 4 can 
be seen the model of a hydrostatic bearing consisting of the hydraulic network and 
the mechanic which is described in [7]. 
 

 
 

Figure 4: Equivalent circuit, hydrostatic bearing. 
Source: [8] 

 
This system is implemented in the Siemens AMESIM software to construct both 
the hydraulic and mechanical components of a hydrostatic bearing system. The oil 
volume between the pre-throttle and the hydrostatic bearing is also considered. 
 
3 Model 
 
The AMESIM model consists of different parts. The first one is comprised of the 
global variables. These variables define the general conditions of the system. A 
distinction is made here between geometric variables and hydraulic variables. The 
geometric variable defines the dimensions of the bearings, and the hydraulic 
variables define the hydraulic conditions. 
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After defining the global variables, the type of pre-throttling is selected. The precise 
geometric dimensions of the capillary or orifice are not necessary. The following 
step involves calculating the exact dimensions of the capillary orifice, which is 
achieved through the optimization algorithm of the AMESIM software. In situations 
where a progressive flow controller is employed, the geometry of the spool must be 
calculated. This task is accomplished using a second software tool, Matlab. 
 

 

 
 

Figure 5: Model of the system hydrostatic beraing with a capillary as pre-throttle. 
Source: own 

 
Figure 5 depicts the model for the system with the capillary used as a pre-throttle. 
The model comprises four parts: the signal part, where the load on the bearing can 
be selected; the pre-throttle part; the mechanical part of the bearing; and the 
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hydraulic part of the bearing. The hydraulic part of the bearing is divided into a 
hydraulic cylinder that manages the forces on the bearing, and the bearing gap which 
generates the oil flow through the bearing. 
 
For the other two versions of the pre-throttle, only the pre-throttle block is displayed 
in Figure 6. The shape of the control edge of the progressive flow controller is pre-
calculated using Matlab, and the flow characteristic is integrated into the sub-model, 
as depicted in the left part of Figure 6. 
 

   
 

Figure 6: The different models for the pre-throttles. 
Source: own 

 
4 Results 
 
To compare the various versions of pre-throttle in the hydrostatic bearings, two 
diagrams are employed. The first one illustrates the bearing gap in relation to the 
bearing load (Figure 7). It can be observed that using the capillary and the orifice as 
pre-throttles results in a variable gap height based on the bearing load. The profile 
of the gap height varies. On the other hand, the progressive flow controller 
maintains a consistently ideal gap across the middle of the two bearings, although 
some oscillations are visible in the curve. These oscillations stem from the spring-
mass system of the progressive flow controller. 
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Figure 7: Compatison of the gap height over the load of tifferent types of pre-throttles 
Source: own 

 
In the second figure, Figure 7, a dynamic load with a frequency of 25 Hz is applied 
to the bearing. In this scenario, the two conventional pre-control versions result in 
an oscillating gap over the bearing's operational time. The amplitude of the gap 
oscillation is smaller when using the orifice as the pre-control method. 
 
This can also be observed in Figure 6, where the curve's slope is shallower. 
Additionally, the progressive flow controller yields an oscillating gap with a 
significantly smaller amplitude. This outcome is due to the mass of the spool within 
the progressive flow controller.  
 

 
 

Figure 9: Comparison of the gap height with a dynamic load 
Source: own 
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Spool valves suffer from friction between spool and sleeve when 
the spool is not radially stabilized in a central position but 
unstably moves outwards and touches the sleeve or housing. 
Circumferential grooves for pressure equalization are a classical 
remedy for the problem offering some relief but not a real 
solution for stabilizing the spool in the middle. The use of conical 
geometries offering a stabilizing mechanism has been suggested 
repeatedly in the fluid power literature and a few very elegant 
solutions for generating these geometries solely from pressure 
induced elastic deformations of initially cylindrical geometries 
have been published. Some of these proposals are based on 
strongly simplified models assuming a rigid cylindrical core of the 
spool surrounded by elastically modelled lands deforming under 
pressure. The geometry of these lands typically assumes an 
initially perfect cylindrical geometry. The purpose of this paper 
is to look into the situation when the first assumption is dropped. 
What if the whole spool is modelled with elastic deformation? 
This question is answered by a simulation model based on finite 
element analysis combined with a solution of the Reynolds 
equation for the pressure in the gap between spool and sleeve. 
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1 Intruduction 
 
Spool valves are one of the most common elements used in fluid power circuits. As 
several variable orifices can be integrated in a single spool and sleeve assembly this 
valve design allows for the complete directional control of a hydraulic cylinder or 
motor by just one moving element and thus, by a single mechanical or 
electromechanical control input. This geometrical design flexibility comes at the 
expense of demanding manufacturing tolerances in order to fit the spool precisely 
enough into the sleeve or housing to prevent excessive leakage. If the cylindrical 
shapes of the two parts differ too much from the ideal geometry due to 
manufacturing errors or pressure-induced deformations, the friction on the spool 
becomes a severe issue making precise spool positioning impossible in proportional 
or servo control applications. 
 
The friction effects on the spool are known to be sensitive to the pressure field in 
the gap [1]. Asymmetries in this pressure distribution may result in the spool being 
pushed out of its centre position with an increase due to more pronounced mixed 
friction or even pure metallic contact at the smaller gap side. A classical 
countermeasure against pronounced pressure asymmetries along the circumference 
of the gap is known in the form of circumferential grooves on the cylindrical lands 
of the spool. 
 
A further important mechanism is related to the stabilizing or destabilizing process 
of conical sealing gaps depending on the convergence or divergence of the gap from 
the high-pressure side to the low-pressure side. The principle is long known from 
hydraulic servo-cylinders with deliberately manufactured precise gaps with tiny cone 
angles [2]. The effect may also occur in spool valve geometries by deviations from 
the ideal cylindrical manufacturing or by a pressure-induced elastic deformation [3, 
6]. Recently, the design rules for getting a stabilizing pressure-induced deformation 
from simple-to-manufacture geometries has come into focus. In [4] the effect is 
studied for an elastically deforming sealing land on a rigid spool core. In the present 
paper, this study is expanded for the fully elastic spool. 
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2 Problem modelling 
 
To provide the possibility to retrace the process described in this paper this chapter 
sketches the most relevant modelling parameters. Next to the basic geometry 
parameters and material properties the loads and boundary conditions are in focus. 
 
2.1 Fundamental geometry and material parameters 
The geometry consists of two lands which are connected by a rod and guided in a 
rigid pipe. 

 
 

Figure 1: General problem setup. 
Surce: own. 

 
Table 1: Geometric and material parameters 

 
symbol name value 

h gap height 10 µm 
D outer spool diameter 12 mm 
d inner spool diameter 6 mm 
B land width 10 mm 
l rod width 20 mm 
r radius 1 mm 

p0 outer pressure 1 bar 
p1 inner pressure 200 bar 
E Young’s modulus of steel 210 e3 N/mm2 

µ Poisson’s ratio 0.3 
ν fluid viscosity 34.4 mm2/s 

 
Figure 1 sketches a cut through the rotationally symmetric setup, while widely 
overrepresenting the height of the fluid gap. Along the simulations the width of the 
lands B is varied along with the diameter of the rod connecting both lands. All solid 
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deformable parts are assumed to be made from steel; the parameters of the fluid can 
be taken from table 1. 
 
2.1 Simulation setup in Abaqus 
 
In order to maximize the efficiency and reduce calculation time a symmetric 
boundary condition is set and therefore the number of elements can be halved. As 
the reaction to a small displacement along the z-axis and tilting around the   x-axis 
shall be examined, the according displacements have to be introduced. To avoid 
distorted mesh elements the outer areas of the lands are separated into extra sections 
with different mesh-controls as noticeable in Figure 2. As the pipe is modelled as a 
rigid body, the boundary conditions are applied directly to the elements of the fluid 
gap. Special attention comes to modelling the fluid gap, as described in the following 
section. 
 

 
 

Figure 2: General problem setup. 
Surce: own. 

 
2.1.1 Reynolds user-element 
 
Finite element methods require that the dimensions of an element don’t differ too 
much to obtain numeric stability and acceptable convergence rates. Therefore, in 
case of hexahedral elements, cubes would be the preferred case. Assuming the radial 
direction is resolved with five elements one fluid gap would contain about 500.000 
elements, resulting in an unbearable computing effort. 
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The pressure along the z-axis provides valuable insight. The pressure along the 
radius is of little interest and can be assumed constant due the small gap height. 
Furthermore, the inertial forces of the fluid are negligible, the geometry can be 
unreeled onto a flat plane and hydraulic oil behaves like a Newtonian fluid. As a 
result, the Reynolds-equation can be used, to implement a so-called user-element in 
Abaqus. The theoretical and mathematical derivation can be found in [5]. 
 
2.1.2 Boundary conditions and external forces 
 
The fluid elements need to be tied onto the spool and pinned at their outer radius. 
Pressure is applied as an external load onto the surfaces of the spool. In addition, 
these pressures have to be implemented as boundary conditions for the fluid gaps. 
 
The introduction of the displacement takes place over a coupling with decreasing 
weighting over the influence radius at the middle of the spool. Thus, unrealistic 
stresses and supporting effects in the areas of interest can be avoided. After the 
pressures are applied the spool will be shifted parallelly by 0.5 µm along the  
z-axis and afterwards rotated by 10-5 radians around the x-axis. Additionally, a 
contact between spool and pipe is introduced, therefore a minimal height of the 
user-element can be guaranteed and the acquisition of the height values simplifies. 
The gap pressure is read directly form the output database and visualized in a 
different program. 
 
3 Analysis and interpretation of the simulation results 
 
Along with the course of pressure and deformation the stability is evaluated 
depending on the geometry. The simulation was performed for a variety of 
parameter combinations of the spool width B and the inner diameter d.  
 

3.1 Deformation and pressure course 
 
Figure 3 shows the deformed spool with a deformation scale factor of 30000. The 
deformation decreases while going from high to low pressure. 
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Figure 3: Elastic deformed spool with a width B of 5 mm (deformation scale factor 30000)  
Surce: own. 

 
The pressure course over the length of the spool is dominated by the linear pressure 
gradient resulting of the boundary conditions; comparable as it would occur using 
an ideal cylindrical gap without eccentricity or tilt. Therefore, the pressure gradient 
is subtracted from the solution before visualisation. Figure 4 shows the unrolled 
pressure over the radius and angle. As the symmetry boundary condition applies to 
the pressure as well, the angle is limited by ±90°. Due to the pressure boundary 
conditions the derivation is zero at both borders of the cylinder. The coordinate 
system of figure 1 applies and has its origin in the middle of the spool. 
 

  
 

Figure 4: pressure deviation compared to the ideal cylindrical fluid gap without eccentricity 
or tilt; B = is 5 mm, d = 5 

Surce: own. 
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3.2 Determination of stable areas 
 
To determinate conditions for stability the simulation was performed for a variety 
of parameter combinations of the spool width B and the inner diameter d. This way 
the development of the reaction force and the momentum as in figure 5 and a 
stability map as in figure 6 can be derived. 
 

 
 

Figure 5: Reaction force and momentum in dependency of the spool width B 
Source: own. 
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For a given rod diameter the system gets instable if the width gets too small. As 
figure 3 displays the stability depends from the inner diameter. The courses of the 
reaction forces and the reaction momentums look similar.  
 

 
 

Figure 6: Stability criteria with red marked stability limit 
Source: own. 

 
3.3 Conclusion 
 
In this paper the theory can be supported, that the width of the rod has major 
influence on the stability of the spool; the diameter of the rod has only little 
impact. In contrary to previous papers, the stabilizing effect can be shown to occur 
also if the rod is modelled as an elastic body. 
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Piston-axial pumps play a crucial role in various industrial and 
mechanical systems, where the efficient conversion of 
mechanical energy into fluid pressure is essential. This study 
investigates the impact of the tilt angle of an inclined plate on the 
gradient of pressure increase within a piston-axial pump cylinder. 
By systematically altering the tilt angle of the inclined plate, the 
research aims to uncover how this parameter influences the 
distribution of pressure gradients along the piston's axial 
movement. The findings from this investigation are expected to 
enhance our understanding of fluid dynamics within such pumps 
and provide insights into optimizing their design and 
performance. 
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1 Intruduction 
 
Piston-axial pumps are widely utilized in applications where controlled fluid flow 
and pressure generation are vital, including hydraulic systems, automotive engines, 
and various industrial processes. These pumps feature a reciprocating piston that 
drives fluid through a cylinder, creating pressure gradients that facilitate fluid 
movement. The efficiency and effectiveness of such pumps are influenced by 
numerous factors, including the geometric and operational parameters of their 
components. 
 

 
1 – Connection of the suction pipeline, 2 – Suction space of the pump, 3 – Cylinder block,  

4 – Discharge space of the pump, 5 – Connection of discharge pipeline, 6 – Piston,  
7-Switchboard, 8 – Slantwise panel, 9 – Drive shaft, 10 – Bearing of the drive shaft of the pump 
 

Figure 1: Construction and control spaces of axial piston pump. 
Source: own. 

 
One such component is the inclined plate situated within the pump cylinder. This 
inclined plate can impact the distribution of pressure gradients along the axial 
movement of the piston. The tilt angle of the inclined plate, defined as the angle 
between the plate's surface and the horizontal axis, is a critical parameter that can 
potentially influence the fluid dynamics within the pump. 
 
Understanding the relationship between the tilt angle of the inclined plate and the 
resulting pressure gradient distribution is essential for optimizing pump 
performance. This study aims to systematically investigate this relationship to 
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provide insights into the underlying mechanisms governing the fluid dynamics 
within piston-axial pump cylinders. 
 
2 Methodology 
 
The experimental setup consists of a piston-axial pump cylinder with an inclined 
plate positioned at a specific tilt angle. A fluid medium is circulated through the 
pump, and the pressure increase along the axial movement of the piston is measured 
using pressure sensors placed strategically within the cylinder. The experiments are 
conducted by varying the tilt angle of the inclined plate while keeping other 
parameters constant. 
 

 
 

Figure 2: A detail of drive shaft bearing. 
Source: own. 

 
The collected pressure data are analysed to determine the pressure gradient along 
the axial direction for each tilt angle. Statistical analysis techniques are employed to 
assess the significance of the observed variations and correlations between the tilt 
angle and pressure gradient. 
 
3 Results 
 
The results of the experiments reveal a clear relationship between the tilt angle of 
the inclined plate and the gradient of pressure increase along the piston's axial 
movement. Different tilt angles lead to distinct pressure gradient profiles, indicating 
that the fluid dynamics within the pump cylinder are influenced by this parameter. 
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Figure 3: Impact of the angle β of the slope of slantwise plate to the gradient of pressure 
increase in the cylinder, pc. 

Source: own. 
 

 
 

Figure 4: Impact of the angle β of the slope of slantwise plate to the gradient of pressure 
increase in the cylinder, pc. 

Source: own. 
 

 
 

Figure 5: Impact of the angle β of the slope of slantwise plate to the pressure flow in the 
discharge chamber, pv . 

Source: own. 
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Changing the angle of inclination of the inclined plate affects the gradient of pressure 
rise and fall in the cylinder, so that larger values of the angle correspond to steeper 
gradients of pressure rise, fig.3, and gentler pressure drop gradients, Figure 4. The 
angle of inclination of the inclined plate affects the flow of pressure in the pressure 
chamber so that at larger values of the angle, the pressure pulsation is greater, Figure 
5. 
 
The observed variations in pressure gradients emphasize the importance of the 
inclined plate's tilt angle in shaping the flow patterns and pressure distribution within 
the piston-axial pump cylinder. The findings suggest that optimizing the tilt angle 
could potentially enhance pump efficiency, reduce energy consumption, and 
minimize undesirable flow phenomena such as cavitation. 
 
3 Conclusion 
 
This study highlights the significance of the tilt angle of the inclined plate in a piston-
axial pump cylinder and its influence on the gradient of pressure increase along the 
piston's axial movement. The results provide valuable insights for engineers and 
researchers working on pump design and optimization, contributing to the 
development of more efficient and effective piston-axial pumps for various 
applications. Further research can delve into the intricate fluid dynamics 
mechanisms underlying these observations, enabling a deeper understanding of the 
interactions between geometric parameters and pump performance. 
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On the basis of theoretical and experimental studies, the 
appropriate structure of the sliding contact in the framework of 
the water hydraulic axial piston pump was designed. Load 
experiments for the developed water hydraulic axial piston pump 
were carried out on a water hydraulic component test installation. 
Experimental test results show that the volumetric efficiency and 
noise characteristics of the water hydraulic piston axial pump are 
significantly improved under hydrodynamic lubrication 
conditions compared to dry lubrication conditions. The 
conclusions obtained from these studies are very significant for 
further research and development of piston axial pumps of water 
hydraulics. 
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1 Intruduction 
 
Axial piston water pumps serve as crucial components for water circulation, supply, 
and pressure generation in a wide array of applications. To meet the growing demand 
for efficient and reliable water transport, optimizing these pumps during their 
development phase is of paramount importance. This study focuses on identifying 
and addressing critical aspects that contribute to achieving enhanced pump 
performance, reliability, and longevity. 
 
An important factor that defines the working characteristics of the pump is 
represented by different pairs of friction inside the pump. The most important 
couple is the sliding contact between the shaft and the bearings. In this connection, 
we note two important factors in the operation of the piston-axial pump of water 
hydraulics, lubrication and wear, as well as sealing and leakage. Various experiments 
were conducted using sliding contact components manufactured from PEEK 
material with different compositions. It was concluded that PEEK þ 10wt % CF, 
10wt % polytetrafluoroethylene (PTFE) and 10wt % graphite give the most 
favourable properties for sliding contact operation under dry friction conditions. 
 

 
 

Figure 1: Axial piston water pump. 
Source: own. 

 
The wear mechanism of PEEK radial bearings operating in dry conditions was 
determined. The wear characteristics of EP and PEEK materials that can be used 
for sliding bearings inside piston-axial pumps of water hydraulics in conditions 
lubricated by dry and abrasive media were experimentally studied. It was found that 
the tested results differed significantly with different working fluids. 
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2 Key Parameters for Optimization 
 
2.1 Piston Geometry 
 
The geometry of pistons in axial piston pumps significantly influences fluid flow 
dynamics and efficiency. Optimizing parameters such as piston diameter, stroke 
length, and crown profile can lead to improved hydraulic efficiency and reduced 
frictional losses. 
 
2.2 Cylinder Arrangement 
 
The arrangement of cylinders within the pump, whether inline or swashplate, 
impacts the volumetric efficiency and overall performance. Evaluating the pros and 
cons of each arrangement and determining the optimal choice based on the specific 
application requirements is crucial. 
 
2.3 Fluid Dynamics 
 
Understanding the flow patterns and pressure distribution within the pump is 
essential for optimization. Computational Fluid Dynamics (CFD) simulations can 
provide insights into the effects of design changes on fluid behaviour, helping 
identify areas for improvement. 
 
2.4 Material Selection 
 
Choosing appropriate materials for pump components is vital to ensure durability 
and reliability. Materials must withstand the pressures, temperatures, and wear 
associated with pump operation while maintaining dimensional stability. 
 
3 Results 
 
The results of optimizing the parameters of the hydrodynamic processes of the axial 
piston pump are shown diagrammatically in Figure 2 (a to f) for different operating 
modes and for those used in experimental research. 
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a) b) 

  
c) d) 

  
e) f) 

 
Figure 2 (a to f): Diagrams of characteristic parameters of the axial piston pump, for the 

operation regime: n = 875.6 min-1 and p = 200 bar. 
Source: own. 

 
From the diagrams in Figure 2, we can observe great similarity: pressure flow in the 
suction collector, pressure in the cylinder, pressure in the discharge chamber, flow 
through suction distribution body and flow through suction collector depending on 
the angle of a drive shaft in case of different operating modes of the axial piston 
pump. 
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The Table 1 shows numerical values of the initial and four optimized parameters of 
the axial piston pump, which significantly affect the level of cylinder delivery ηc. 
 

Table 1: Initial and optimized numerical values of the four parameters, hydrodynamic 
processes of the axial piston pump 

 

No Name of the 
parameter 

Analytical 
expression 

Computer 
program Dimension Numerical values 

initial optimal 
1. Suction pressure pu PU Pa 2.68E5 2.71E5 

2. 

Parietal radius of 
the suction 
opening of 
distribution 
panel 

R2 R2U m 5.1E-2 4.5E-2 

3. 
Angle of the 
suction phase 
beginning 

α2 ALM2G ° 29.77 27.1 

4. Spring rigidity of 
discharge valve cv CVI N/m 1104.7 1160 

 
Value of discharge chamber, suction chamber volume, as well as the length of 
discharge pipeline do not have a significant effect on the maximum coefficient of 
cylinder delivery ηc . In further analysis, the attention is paid to the impact of initial 
and optimized parameters to the maximum coefficient of cylinder delivery ηc, for 
different operating regimes of the axial piston pump, which is shown in Table 2. 
 
Table 2. Values of cylinder delivery coefficient ηc  in case of initial and optimized parameters 
of axial piston pump for different operating regimes 
 

No 
Operating regime Values of cylinder delivery coefficient ηc  % 

p bar nmin-1 Initial 
parameters 

7 optimized 
parameters 

4 optimized 
parameters 

1. 50 800 93.6 96.2 95.8 
2. 160 800 86.6 93.1 92.6 
3. 180 800 85.3 92.1 91.7 
4. 180 1000 85.3 92.1 91.7 
5. 200 800 84.1 91.4 90.65 
6. 200 875.6 84.1 91.4 90.65 
7. 200 1000 84.1 91.4 90.65 
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4 Conclusion 
 
Comparing the results of optimized parameters to the initial ones, the requirements 
for the analysis of the parameters of the construction of the distribution of working 
fluid are obvious in case when looking for an optimal solution to the construction 
of axial piston pump. 
 
Optimizing axial piston water pumps during the development phase involves a 
comprehensive approach that considers various design and operational parameters. 
By focusing on piston geometry, cylinder arrangement, fluid dynamics, and material 
selection, engineers and researchers can create high-performance pumps that meet 
the demands of diverse applications. Embracing iterative design, simulation tools, 
and multi-objective optimization ensures the development of efficient, reliable, and 
robust axial piston water pumps for modern industries. 
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Hydraulic robotic arms have a wide range of applications. It 
utilizes hydraulic power, which involves the use of pressurized 
fluid to generate and control movements. Hydraulic robotic arms 
consist of several components, including hydraulic cylinders, 
pumps, valves, and actuators. The advantage of using hydraulic 
systems in robotic arms is their ability to generate high forces and 
torque, enabling the arm to lift heavy loads. Hydraulic systems 
also provide smooth and precise control over movements, 
allowing for precise positioning and manipulation of objects. 
However, hydraulic systems can be more complex and require 
additional maintenance compared to other types of robotic arm 
mechanisms. In order to analyze the structural integrity of the 
hydraulic robotic arm were created a kinematic model. For 
complemented the design analysis process was created cad 
model, allowing simulations and analysis of the robot for view 
the motion of each link and characterize their dynamics. 
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1 Intruduction 
 
Robot is an important element in today's production and assembly. A hydraulic 
robotic arm is a mechanical device that mimics the movements and functions of a 
human arm using hydraulic systems. Hydraulic robotic arms have a wide range of 
applications. They are commonly used in industrial settings for tasks such as heavy 
lifting, assembling, welding, and material handling. They can also be found in 
construction equipment. Additionally, hydraulic robotic arms have been used in 
medical fields for surgical procedures and rehabilitation. A hydraulic robotic arm 
typically consists of several interconnected segments, often referred to as links or 
joints. Hydraulic actuators are the key components responsible for moving the joints 
of the robotic arm. They usually consist of a hydraulic cylinder and motors. 
Hydraulic fluid is used to transmit force from the actuators to the joints. The 
movement of the hydraulic robotic arm is controlled by a hydraulic control system. 
Valves are used to regulate the flow of hydraulic fluid to different actuators, enabling 
precise control over the arm's movement. To make the robotic arm more intelligent 
and adaptable, sensors can be integrated into the system. These sensors can provide 
feedback on the arm's position, force exerted, and other relevant data. This feedback 
can be used to adjust the arm's movements and ensure accurate and safe operation. 
 

 
 

Figure 1: Hydraulic robotic manipulator. 
Source: own. 

 
2 Structure of hydraulic robot arm 
 
The structure of a hydraulic robot arm can vary widely depending on its intended 
purpose and complexity. However, the key components and structure commonly 
found in hydraulic robots are base, hydraulic elements, sensor and control elements. 
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The base serves as the foundation of the robot and provides stability and support. 
It often contains the hydraulic reservoir, pump, and control systems. Depending on 
the robot's design, it may have multiple joints and segments to enable various 
degrees of freedom and movements. Hydraulic robots are equipped with end 
effectors or tools that allow them to interact with their environment. These tools 
can include grippers, welding torches, cutting tools, or any other devices relevant to 
the robot's intended tasks. The task of the structure of hydraulic robotic arm is to 
realize the necessary movement of the robot gripper during the implementation of 
the work task. This means that it is necessary for the gripper to achieve the planned 
position and orientation at each point of the path, as well as the appropriate speed 
and acceleration. 
 
The following figure will show the movement of the hydraulic robot arm when 
transferring a rectangular object from the stand to the work table. The robotic arm 
is positioned above the object of manipulation and grasps it with a two-finger 
gripper. 
 

 
 

Figure 2: Designed hydraulic robotic arm. Lifting objects and placement object. 
Source: own. 

 
3 Components of a robotic arm 
 
The representation of the flow of energy through the hydraulic system of robotic 
arm is presented in Figure 3. The diagram shows that at the beginning there is a 
source of mechanical energy, and that finally, the series of energy conversions ends 
again with mechanical energy (the hydraulic motor or cylinder provides a torque or 
force that drives the load). Therefore, the hydraulic system has the role of an energy 
transmitter. 
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Figure 3: Energy flow through the hydraulic system. 
Source: own. 

 
Hydraulic system consists of a hydraulic motor and two hydraulic cylinders. The 
hydraulic motor has the role of rotating the entire robot. Hydraulic cylinders are 
used for translational movements of hydraulic arm segments. The cylinder that 
drives the first segment of the arm has a stroke of 255 mm, and the cylinder that 
drives the second segment has a stroke of 305 mm. The following figure shows the 
hydraulic diagram of the entire system with all components. As can be seen, the 
executive elements of this system are a hydraulic motor and two hydraulic cylinders. 
 

  
 

Figure 4: Hydraulic diagram of the robotic arm and main elements. 
Source: own. 

 
A hydraulic cylinder is a mechanical actuator that converts hydraulic energy (the 
pressure of hydraulic fluid) into linear mechanical force and motion. Hydraulic 
cylinders can be integrated into the joints of robotic arms to provide controlled and 
powerful movement. They are particularly useful in applications where the robot 
needs to lift heavy objects, as hydraulic cylinders can generate substantial force while 
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maintaining precise control over the motion. Table 1 shows all the data that will be 
subsequently used to create the mathematical model. 
 

Table 1: Data for hydraulic cylinders 
 

 Hydraulic cylinder 1 Hydraulic cylinder 2 

Piston surface of 
cylinder 

𝐴𝐴11 =
𝐷𝐷1∙2π

4  

𝐴𝐴11 = 1962,5 [mm2] 
𝐴𝐴12 =

𝐷𝐷1∙2π
4  

𝐴𝐴12 = 1453,8 [mm2] 

Rod surface of 
cylinder 

𝐴𝐴21 =
(𝐷𝐷12 − 𝑑𝑑12 ) ∙ 𝜋𝜋

4  

𝐴𝐴21 = 945.5 [mm2] 
𝐴𝐴22 =

(𝐷𝐷12 − 𝑑𝑑12 ) ∙ 𝜋𝜋
4  

𝐴𝐴22 = 945.1 [mm2] 

 
Hydraulic system requires a 
extraction speed v1=50 [mm/s] for 
cylinder 1 

Hydraulic system requires a 
extraction speed of v2=30 [mm/s] 
for cylinder 2. 

Travel time for the 
total stroke 𝑣𝑣𝑖𝑖1 =

 𝑒𝑒1
 𝑡𝑡1 → 𝑡𝑡1 = 5,1 [𝑒𝑒] 𝑣𝑣𝑖𝑖 =

 𝑒𝑒2
 𝑡𝑡2 → 𝑡𝑡2 = 10,1 [s] 

Required amount of 
oil for the given speed 

𝑄𝑄𝑐𝑐1 = 𝑣𝑣𝑖𝑖1 ∙ 𝐴𝐴11 

𝑄𝑄𝑐𝑐1 = 98125 �
mm3

s � 

𝑄𝑄𝑐𝑐2 = 𝑣𝑣𝑖𝑖2 ∙ 𝐴𝐴12 

𝑄𝑄𝑐𝑐2 = 58830 �
mm3

s � 

Connecting rod 
retraction speed 𝑣𝑣𝑢𝑢1 =

𝑄𝑄𝑐𝑐1
𝐴𝐴21

= 103.8 [mm/s] 𝑣𝑣𝑢𝑢2 =
𝑄𝑄𝑐𝑐2
𝐴𝐴22

= 62.3 [o] 

Selected: ∅50/36𝑥𝑥255 ∅50/36𝑥𝑥305 
 
A hydraulic motor is a mechanical device that converts hydraulic pressure and fluid 
flow into rotational mechanical power. Hydraulic motors can be integrated into the 
joints of a hydraulic robot to provide rotational motion. This allows the robot to 
achieve different degrees of freedom and perform various movements. Hydraulic 
motors can be used to rotate specific components or manipulators attached to the 
robot. This rotation can help orient the end effector, tool, or sensor for precise 
positioning and interaction with the environment. Table 2 shows all the data for 
hydraulic motor that will be subsequently used to create the mathematical model. 
 
Hydraulic pump creates pressure that drives the hydraulic actuators, such as 
hydraulic cylinders or hydraulic motors, which move the robotic arm or other 
components. The pump's flow rate and pressure are carefully controlled to ensure 
precise and controlled motion of the robotic arm or other parts. This control is 
essential for accurate positioning, movement, and interaction with the robot's 
environment. 
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Table 2: Data for hydraulic motor 

 
Maximum angular speed 𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅𝑥𝑥 = 160 [rad/s] 
Max. revolutions of the rotary joint of the 
robot 𝑛𝑛𝑅𝑅𝑅𝑅𝑥𝑥 =

𝜔𝜔𝑅𝑅 𝑅𝑅𝑅𝑅𝑥𝑥

2𝜋𝜋 = 25 [𝑟𝑟𝑝𝑝𝑟𝑟] 

The transmission ratio of the reducer 𝑖𝑖 =
𝑛𝑛𝑀𝑀 𝑅𝑅𝑅𝑅𝑥𝑥

𝑛𝑛𝑅𝑅 𝑅𝑅𝑅𝑅𝑥𝑥
= 20 

Max. revolutions of the hydraulic motor 𝑛𝑛𝑀𝑀𝑅𝑅𝑅𝑅𝑥𝑥 = 𝑖𝑖 ∙ 𝑛𝑛𝑅𝑅 𝑅𝑅𝑅𝑅𝑥𝑥 = 500 [rpm] 
Selected hydraulic motor  
Maximum starting pressure 𝑝𝑝𝑠𝑠𝑅𝑅𝑅𝑅𝑥𝑥 = 280 [bar] 
Maximum working pressure 𝑝𝑝𝑟𝑟𝑅𝑅𝑅𝑅𝑥𝑥 = 210 [bar] 
Working volume 𝑉𝑉 = 16.5 [cm3] 
Maximum rotation speed 𝑛𝑛 = 3000 [rpm] 
The flow required for this hydraulic motor 𝑄𝑄𝑀𝑀 = 𝑛𝑛𝑀𝑀 𝑅𝑅𝑅𝑅𝑥𝑥 ∙ 𝑉𝑉 = 8.25 [l/min] 

 
There are different types of hydraulic pumps commonly used in hydraulic robots, 
including gear pumps, vane pumps, piston pumps, and more. 
 

Table 3: Data for hydraulic pump. 
 

Total flow for all components in the 
hydraulic system 

for cylinder 1: 𝑄𝑄𝑐𝑐1 = 5.88 [l/min] 
for cylinder 2: 𝑄𝑄𝑐𝑐2 = 3.53 [l/min] 
hyd. motor: 𝑄𝑄𝑅𝑅 = 8.25 [l/min] 

𝑄𝑄𝑅𝑅𝑅𝑅𝑥𝑥 = 𝑄𝑄𝑐𝑐1 + 𝑄𝑄𝑐𝑐2 + 𝑄𝑄𝑐𝑐3 = 17.66 [l/min] 
Vane hydraulic pump is selected with the following characteristic:  
Maximum pressure 𝑝𝑝𝑅𝑅𝑅𝑅𝑥𝑥 = 137 [bar] 
Maximum flow 𝑄𝑄𝑅𝑅𝑅𝑅𝑥𝑥 = 30 [l/min] 
Working volume 𝑉𝑉 = 16.4 [cm3] 
Maximum rotation speed 𝑛𝑛𝑅𝑅𝑅𝑅𝑥𝑥 = 1800 [rpm] 

Required rotation speed for this pump 𝑛𝑛 =
𝑄𝑄
𝑉𝑉 = 1075 [rpm] 

 
While hydraulic systems are often associated with hydraulic actuators like cylinders 
and motors, electric motors are also commonly used in combination with hydraulic 
systems for different parts of a robot. One common application of electric motors 
in hydraulic robots is to drive hydraulic pumps. An electric motor can provide the 
necessary rotational power to drive the pump, pressurize the hydraulic fluid, and 
initiate movement in the hydraulic system. Electric motors offer precise speed and 
torque control, which can be advantageous when combined with hydraulic systems. 
Electric motors can drive hydraulic pumps at varying speeds, allowing for finer 
control over the hydraulic system's performance. Today, some of the following types 
of electric motors are most often used in robotics: DC Motors; AC motor; stepper 
Motors. In this work, an AC asynchronous motor will be used. An AC asynchronous 
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motor, commonly known as an induction motor, is a type of electric motor that 
operates on alternating current (AC) and is widely used in various industrial and 
commercial applications due to its simplicity, robustness, and reliability. According 
to the design task, an alternating three-phase asynchronous cage motor was selected, 
with power of 7.5 kW, and the speed of the motor is 1440 rpm. 
 
Valves are devices used to control or regulate the start, stop, direction, and flow of 
pressurized fluid supplied by a hydraulic pump. Distributors and servo valves will be 
used for this hydraulic system to control and position the executive elements of the 
hydraulic system. A servovalve is a critical component in a hydraulic system that 
controls the flow of hydraulic fluid with high precision. Many servovalves operate 
in a closed-loop system, where feedback sensors provide information about the 
current position, velocity, or force of the actuator. For this hydraulic system is 
selected servo valve has the following characteristics: Maximum pressure pmax = 315 
bar; maximum flow Qmax=48 l/min. 
 
Sensors are vital components in hydraulic robots as they provide critical feedback 
about various parameters, allowing the control system to monitor, adjust, and 
optimize the robot's performance. Sensors enable the robot to interact with its 
environment, perform tasks accurately, and ensure safe operation. Robotic system 
use devices for measuring translational and rotational movements called encoders, 
then sensors for measuring pressure, as well as a turbine flowmeter. 
 
Finishing devices for a robotic arm refer to tools, attachments, or components that 
are added to the end effector (gripper or tool) of the robot arm. These devices are 
designed to perform specific tasks that are often the final steps in a process. The 
choice of finishing devices depends on the application and industry in which the 
robotic arm is being used. A gripper is a type of end effector commonly used in 
robotic arms to grasp, hold, and manipulate objects. Grippers come in different 
types, each suited for specific applications. Three-Finger Gripper consist of three 
fingers that move radially to encircle an object. They offer versatility and can grasp 
a wide range of object shapes and sizes. Two-Finger Grippe, similar to a three-finger 
gripper, has two fingers that move to grasp an object. It's suitable for tasks where 
objects have simple shapes and sizes. Vacuum Grippe use suction to hold objects. 
They are effective for grasping objects with smooth and flat surfaces, such as sheets 
of material or boxes.  
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a) b) c)  
 

Figure 5: Gripper with two fingers a), three-finger b) and Vacuum gripper c). 
Source: own. 

 
4 Modelling of hydraulic robot arm 
 
Hydraulic robotic arm is defined using the hydraulic manipulator equation that 
includes inertial, gravitational, centrifugal, and external forces acting on the motion 
dynamics. This model is derived as a function of angles and moments. The base 
coordinate system x0y0z0 is defined in the x0y0 plane, which represents the base, and 
the z0 axis is the axis around which the robot manipulator rotates. The joint angle q1 
is defined as the angle from the x0 axis to the x1 axis around the z0 axis. At the very 
end of the reverse joint, the x1y1z1 coordinate system is defined, with the axis z1 
around which the joint q2 rotates. The joint angle q2 represents the angle from the 
x1 axis to the x2 axis in the direction of the right coordinate system. The coordinate 
system x2y2z2 is attached to the end of arm 1 (boom) (joint q2), where the joint q3 
rotates around the axis z2. The joint angle q3 represents the angle from the x2 axis to 
the x3 axis around the z2 axis in the direction of the right coordinate system. The 
x3y3z3 coordinate system is attached to the end of arm 2 (stick) (joint q3) and the 
direction of the z3 axis is parallel to the z2 axis.  
 

 
 

Figure 6: Defining joints and coordinate systems. 
Source: own. 
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Using the joints and coordinate systems defined above, the dynamic equation of the 
robotic arm is described by the following equation: 
 
𝐷𝐷 �𝑞𝑞(𝑡𝑡)��̈�𝑞(𝑡𝑡) + ℎ�𝑞𝑞(𝑡𝑡), �̇�𝑞(𝑡𝑡)� + 𝑐𝑐�𝑞𝑞(𝑡𝑡)� + 𝐵𝐵�̇�𝑞(𝑡𝑡) + 𝑑𝑑(𝑡𝑡) = 𝜏𝜏(𝑡𝑡)                     (1) 
 
Where is: 
 
𝜏𝜏(𝑡𝑡) - moments generated by hydraulic cylinders; 
𝐷𝐷 �𝑞𝑞(𝑡𝑡)� - symmetric inertial n x n matrix; 

ℎ�𝑞𝑞(𝑡𝑡), �̇�𝑞(𝑡𝑡)� - n x 1 nonlinear vector of Coriolis and centrifugal force; 

𝑐𝑐�𝑞𝑞(𝑡𝑡)� - n x 1 gravitational force vector: 
𝐵𝐵 – diagonal damping matrix; 
𝑑𝑑(𝑡𝑡) – external disturbances involving friction in the joints. 
 
The moments generated by the hydraulic cylinders 𝜏𝜏(𝑡𝑡) are a function of the angles 
of the joints q, while the forces of the hydraulic cylinders Fopt act on the joints as a 
function of the linear displacement of the cylinder XL(i) (t). Moments generated by 
hydraulic cylinders are related to forces by the following expression: 
 
 𝜏𝜏 = 𝐽𝐽 ∙ 𝐹𝐹𝑜𝑜𝑝𝑝𝑡𝑡               (2) 
 
Where J represents the Jacobian matrix that has the following form: 

 𝐽𝐽 =

⎣
⎢
⎢
⎢
⎡
𝜕𝜕𝑥𝑥𝐿𝐿1
𝜕𝜕𝑞𝑞1

0 0

0 𝜕𝜕𝑥𝑥𝐿𝐿2
𝜕𝜕𝑞𝑞2

0

0 0 𝜕𝜕𝑥𝑥𝐿𝐿3
𝜕𝜕𝑞𝑞3 ⎦

⎥
⎥
⎥
⎤

              (3) 

 

 𝜕𝜕𝑥𝑥𝐿𝐿1
𝜕𝜕𝑞𝑞1

, 𝜕𝜕𝑥𝑥𝐿𝐿2
𝜕𝜕𝑞𝑞2

, 𝜕𝜕𝑥𝑥𝐿𝐿3
𝜕𝜕𝑞𝑞3

  represent the relationships between the joint angles and the linear 

displacement of the cylinder. The hydraulic dynamics of each cylinder is defined by 
the following equations: 
 

 𝑉𝑉1
𝛽𝛽𝑒𝑒
∙ 𝑃𝑃1̇ = −𝐴𝐴1 ∙ �̇�𝑥 − 𝐶𝐶𝑡𝑡𝑅𝑅 ∙ (𝑃𝑃1 − 𝑃𝑃2) − 𝐶𝐶𝑒𝑒𝑅𝑅1 ∙ (𝑃𝑃1 − 𝑃𝑃2) + 𝑄𝑄1         (4) 
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 𝑉𝑉2
𝛽𝛽𝑒𝑒
∙ 𝑃𝑃2̇ = 𝐴𝐴2 ∙ �̇�𝑥 + 𝐶𝐶𝑡𝑡𝑅𝑅 ∙ (𝑃𝑃1 − 𝑃𝑃2) − 𝐶𝐶𝑒𝑒𝑅𝑅2 ∙ (𝑃𝑃1 − 𝑃𝑃2) − 𝑄𝑄2         (5) 

 𝑉𝑉1 = 𝑉𝑉ℎ1 + 𝐴𝐴1 ∙ 𝑥𝑥𝐿𝐿              (6) 
 𝑉𝑉2 = 𝑉𝑉ℎ2 − 𝐴𝐴2 ∙ 𝑥𝑥𝐿𝐿              (7) 
 
Where is: 
 

𝑥𝑥𝐿𝐿 – displacement of the cylinder; 
𝑉𝑉1 - volume of the bore part of cylinder including the volume of the pipe from the 
valve to the cylinder; 
𝑉𝑉ℎ1 - volume when xL=0; 
𝑉𝑉2 - volume rod part of cylinder piston including the volume of the pipe from the 
valve to the cylinder; 
𝛽𝛽𝑒𝑒 - modulus of elasticity; 
𝑃𝑃1 – cylinder bore surface; 
𝑃𝑃2 – cylinder rod surface; 
𝐶𝐶𝑡𝑡𝑅𝑅 - coefficient of internal oil leakage; 
𝑄𝑄1, 𝑄𝑄2 - flows at the entrance and exit from the cylinder. 
 

The mechanical subsystem model was created in the Matlab-SimMechanics, which 
is an efficient modelling and simulation tool. This tool uses blocks for modelling 
bodies and joints with corresponding inputs and outputs where each block defines 
some physical property such as mass, moment of inertia, possible joint movements, 
etc. The sensor block provides information about the output movements, while the 
actuator block defines the inputs. Since the arms of the hydraulic robot are 
connected to linear hydraulic cylinder, these actuators are modeled as translator 
joints in the mechanical part of the system. 
 

 
 

Figure 7: Translator joint of the hydraulic cylinder in the kinematic model. 
Source: own. 
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In order to create a kinematic model of the system, it is necessary to know the masses 
of the members and the moments of inertia. The following table 4, shows these 
parameters for hydraulic robotic arm. 
 

Table 4: Masses and moments of inertia of members. 
 

Parameters Moment of inertia 
Ixx  [𝐤𝐤𝐤𝐤 ∙ 𝐦𝐦𝟐𝟐] 

Moment of inertia 
Iyy  [𝒌𝒌𝐤𝐤 ∙ 𝐦𝐦𝟐𝟐] 

Moment of inertia 
Ixy   [𝐤𝐤𝐤𝐤 ∙ 𝐦𝐦𝟐𝟐] Mass 

Element 1 388.48 1798.10 1991.41 45 
Element 2 568.14 515.50 968.33 32 

 

 
 

Figure 8: Kinematic model of hydraulic robotic arm. 
Source: own. 

 
The Figure 8, show the kinematic model of the hydraulic robotic arm, on which the 
masses and moments of inertia of the members are defined using the body block, 
while the hydraulic cylinders are shown using translator (prismatic joints). 
 
The hydraulic subsystem is modelled using the SimHydraulics tool. Hydraulic 
systems consisting of a hydraulic cylinder controlled by a proportional electric valve. 
The figure 9, show a hydraulic cylinder modelled in Simhydraulics. It can be noted 
that the hydraulic cylinder is controlled with 4/3 valve, and with a measuring 
components. 
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Figure 9: Hydraulic cylinder in Simhydraulics. 
Source: own. 

 
In addition to the hydraulic cylinder, the robotic arm also has a hydraulic motor, the 
model is present on a figure 10. 
 

 
 

Figure 10: Hydraulic motor in Simhydraulics. 
Source: own. 
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By running the created models in Matlab Simulink, it gets information about the 
movements of the elements of the hydraulic system. It can also obtain data 
information according to which the pressures and forces acting on the elements of 
the system. The following figure shows the diagram of the displacement of the 
hydraulic cylinder during the movement of the hydraulic robotic arm and hydraulic 
cylinder pressure change. 
 

a)  b)  
 

Figure 11: Displacement (a) and hydraulic cylinder pressure change (b). 
Source: own. 

 
4 Conclusion 
 
There are many tasks where hydraulic robotic arms have an advantage over classic 
electric manipulators. Machines in the construction, industry, as well as the control 
of the movement of heavy loads require high power in relation to weight, rigidity, 
and short response time, which can be provided by using hydraulic robotic arms. 
Hydraulic robotic arms (or manipulators) are composed of hydraulic cylinders, 
hydraulic motors that produce the forces and moments needed to move the joints 
and are controlled by servo valves, hydraulic pump that provides high fluid pressure 
in the system, and an electric motor that controls the hydraulic pump. Three types 
of grippers were designed and presented: gripper with two fingers; three-finger 
gripper and vacuum gripper. In the end, the components were modelled using 
Matlab and Cad software, and their movement was simulated. This research presents 
a simulation model of a mechanism with a hydraulic drive system that performs 
linear or transversal motion and rotation. The procedure of manual calculation is 
simplified by creating a simulation model. The provided model gives the force, 
displacement, velocity, and acceleration of the piston from the hydraulic cylinder. 
This model-based design is a procedure that allows for the simpler construction of 
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dynamic systems as hydraulic arm robot and the optimization of hydraulic drive 
systems based on the results of computational modelling. 
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The motor is a cyclically controlled hydraulic motor, whereby 
two cylinders generate a rotary movement from a translatory 
movement. This is done by shifting two matching screw surfaces 
to each other. With a weight of 250 kg, a torque of 170 kNm is 
generated. The two synchronous cylinders are each moved with 
a Moog D633 proportional control valve in a closed control 
loop. The exact movement is necessary to be able to precisely 
adhere to the control times of the cycle-controlled hydraulic 
motor. After the system had been run in, resonance behavior was 
observed in several machines, with the pistons and valves 
vibrating at around 200 to 300 Hz. The valve spools also oscillate 
at that frequency despite the internally closed control loop. After 
several measures were carried out, the resonance phenomenon 
could finally be prevented by changing the hose lengths of the 
connecting lines and by taking measures on the software side. 
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1 Intruduction 
 
The motor is a cyclically controlled hydraulic motor, whereby two cylinders generate 
a rotary movement from a translatory movement. This is done by shifting two 
matching screw surfaces to each other. This hydraulic motor is installed twice in the 
boom of a concrete pump placing boom, where it is used to move the last two 
booms. With a weight of 250 kg, the first one produces a torque of 170 kNm, while 
the second one, weighing 135 kg, produces around 46 kNm. 
 

 
 

Figure 1: Concrete Pump Boom with two hydraulic motors. 
Source: own 

 
With the cycle-controlled hydraulic motor [1], [2], two synchronous cylinders are 
actuated, each controlled with a Moog D633 proportional control valve. A rotary 
movement is derived from a translatory motion, achieved through the specific tooth 
geometry. The tooth flanks are shaped as helical surfaces, generating rotational 
motion when the gears mesh. Notably, the helical surfaces facilitate contact across a 
surface rather than a line. 
 
With the cycle-controlled hydraulic motor [1], [2], two synchronous cylinders are 
actuated, each controlled with a Moog D633 proportional control valve. A rotary 
movement is derived from a translatory motion, achieved through the specific tooth 
geometry. The tooth flanks are shaped as helical surfaces, generating rotational 
motion when the gears mesh. Notably, the helical surfaces facilitate contact across a 
surface rather than a line. 
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Figure 2: Parts of the hydraulic motor. 
Source: own 

 
The two pistons each feature two rows of teeth, with corresponding counter-teeth 
within the housing. To transmit torque, the pistons are affixed to a shared shaft 
through splines, preventing relative rotation between the pistons. In the provided 
Figure 3, one cycle of movement, the pistons are depicted in blue and green, while 
the housing is shown in red. The four separate images illustrate one of the four cycles 
through which the load is transferred between the pistons. Within each cycle, the 
pistons alternate between the two sets of teeth. These teeth are located within the 
piston chamber, ensuring a continuous flow of pressurized oil for lubrication of the 
tooth flanks. 
 

 
 

Figure 3: One cycle of movement. 
Source: own 

 
The pistons' motion is controlled by two Moog D633 proportional control valves. 
An LVDT displacement sensor accurately measures the piston's position. This 
enables closed-loop control, where the valves and displacement sensors work 
together to move the pistons. Precise movement is essential to maintain strict 
adherence to the timing of the cycle-controlled hydraulic motor. 
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The motor receives oil from a constant pressure system at 300 bar. The supply line 
to the motors spans 30 meters along the boom. A diaphragm accumulator is installed 
into the supply line to mitigate pressure fluctuations that may arise. The safety-
oriented check valves, positioned before the cylinder chambers, are omitted in the 
provided circuit diagram [Figure 4: hydraulic schematic of the cycle controlled 
hydraulic motor] to ensure clarity and legibility. 
 

 
 

Figure 4: Hydraulic schematic of the cycle controlled hydraulic motor. 
Source: own 

 
After the system had undergone a break-in period, resonance behaviour was 
observed in multiple machines, causing pistons and valves to oscillate at 
approximately 200 to 300 Hz. This results in highly disagreeable noise and places 
additional stress on the system's components. 
 
2 The Oscillation of the pistons and valves 
 
2.1 Description of the resonance phenomenon 
 
Under specific operating conditions, a resonance phenomenon arises within the 
motor. The pistons and proportional control valves oscillate at a frequency of 200 
to 300 Hz, displaying a relatively substantial amplitude. This leads to pressure 
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fluctuations that can reach up to 100 bar, even when the load pressure is at 220 bar. 
The diagram [Figure 5: Plots of the start of oscillation] below illustrates the initiation 
of an oscillation cycle, depicting the paths and differential pressures of the pistons, 
along with the supply pressure, valve control value, and the current valve positions. 
 

 
 

Figure 5: Plots of the start of oscillation. 
Source: own 

 
This resonance phenomenon frequently emerges under specific operating 
conditions. These conditions encompass factors such as oil temperature, torque, 
speed, and the positioning of the booms relative to one another. The oil temperature 
must be at least 35 °C; beyond 55 °C, occurrences of this phenomenon are almost 
negligible. The motor must be subjected to a torque load of no less than 30 %, and 
the speed must attain 80 % of the maximum speed. The boom's position and torque 
are somewhat interrelated, with the phenomenon being more prone to manifest in 
certain boom positions. 
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Another requirement pertains to the motors' service life. During the initial four 
months following production, the vibration does not manifest. Subsequently, this 
behaviour can arise sporadically. It gradually becomes more frequent as the usage 
duration progresses, eventually occurring regularly after an additional 3 months. This 
pattern initially hints at running-in and wear-related behaviour. Seal replacements 
offer temporary relief for approximately 2 months, after which the vibration 
resurfaces. Interestingly, the dismantling and reassembly process, even without 
altering components, leads to changes in the behaviour. A certain period elapses 
before the phenomenon recurs. 
 
2.2 Possible causes 
 
This is obviously a hydraulically oscillating system, with a spring-mass system 
consisting of a piston and an oil column coming into consideration first. Due to the 
low mass and the short oil column, however, the natural frequency is many times 
higher. The seals and the mechanical contacts also have an influence due to possible 
stick-slip effects, unlockable check valves that may close, resonance of the steel 
structure or possible excitation from the oil supply. 
 
2.2.1 Excitation through oil supply 
 
The system is powered by an axial piston pump connected to a diesel engine. Despite 
having 9 pistons and operating at speeds ranging from 1440 to 2100 rpm, the 
excitation frequency might seemingly match; however, the fluctuations are likely 
attenuated by the 30-meter hose line and the presence of an accumulator. Various 
speed tests have failed to reveal any discernible impact on the resonance occurrence. 
 
2.2.2 Closing check valves 
 
The pistons are secured against unintentional movement with hydraulically 
unlockable check valves. There was a suspicion that these could possibly close in 
operation. Measurements of the control pressure at the valves have shown that they 
are constantly open when driving. 
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2.2.3 Stick-slip effects on the mechanical friction contacts and the seals 
 
The pistons are in mechanical contact with other components, both within the 
gearing in the oil chamber and on the output shaft featuring splines. Relative 
movements occur at these junctures, with hydraulic oil serving as lubrication within 
the oil chamber and grease on the shaft. These contacts exhibit a run-in behaviour, 
leading to an enhancement of surface smoothness over time. This phenomenon 
could account for shifts in resonance behaviour over the system's lifespan. However, 
attempts involving various lubricants on the splined shaft failed to yield any 
discernible alterations. 
 
The alteration in behaviour subsequent to seal replacement implies that the seal has 
undergone a run-in process. However, the feasibility of replacing the seal every six 
months is limited. Modifying the material is equally challenging, as the required 
testing period would be considerably protracted, and changing materials after several 
years is not a viable solution either. 
 
2.2.4 Geometric influence 
 
It is striking that it only affects the large motor in the two sizes. The valve block is 
the same, but the mechanical components have significantly different dimensions. 
So, there must be a connection here, which unfortunately could not be deduced up 
to now. The different masses and oil volumes will probably play a role. Due to the 
circular shape, there are also different ratios between oil volume, ring area, mass and 
seal lengths compared to the large series. 
 
2.2.5 Accumulator 
 
The size of the accumulator is specified for reasons of space and weight. Although 
changing the preload pressure and volume did not change anything. 
2.2.6 Proportional control valve 
 
Lastly, attention turns to the proportional control valve, which, as evident from the 
illustration [Figure 6: Bode-diagram Moog D633 with -9dB line], vibrates with 
notable amplitude and/or potentially triggers the vibration. The Moog D633 valves 
feature an internal closed-loop control system designed to regulate valve movement, 
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theoretically capable of damping vibrations. Measurements indicate that the control 
signal remains vibration-free. The Bode diagram aids in determining the valve's 
natural frequency, which, at 𝑓𝑓𝑒𝑒= 30 to 50 Hz, remains distant from the vibration 
range of 200 to 300 Hz. The natural frequency fluctuates based on oil parameters 
and valve opening. Vibration-related effects can potentially arise due to electronic 
control mechanisms. 
 

 
 

Figure 6: Bode-diagramm Moog D633 with -9dB line. 
Source: [3] 

 
In the end, it is likely a blend of valve attributes, piston mass, seal friction, the length 
of the oil column in the hose, and the presence of the accumulator within the supply 
line. 
 
2.2.7 Control system 
 
After analysing the measurement data, a reason for the start of the oscillation could 
be found. A spike can occur when calculating the valve control signal. This comes 
from a calculation inaccuracy in connection with the control frequency of 1 kHz. 
The next waypoint of the piston is calculated for the position controller. [4] The 
current speed is used for the feedforward of the valve controller. The cycles have 
different calculation methods, which is why the last two waypoints are differentiated 
according to time to determine the current speed. This can result in a twice as high 
speed for 1ms and thus a high valve signal. This spike is sufficient as a one-off 
excitation to start the oscillation. 
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With the help of a software modification, at least this one-off excitation could be 
prevented, the calculation basis will be changed later for a better speed calculation. 
The graphic [Figure 7: spike at valve signal] below shows marked where the spikes 
occurred. 
 

 
 

Figure 7: Spike at valve signal. 
Source: own 

 
3 Solutions 
 
At the end, two solutions were identified to resolve the issue. Given the dependency 
on speed, a software adjustment was implemented. Whenever an oscillation 
surpassing 150 Hz is detected in the present valve position signal, the motor's speed 
is deliberately reduced. In many cases, initial vibrations generate minimal noise, and 
a slight speed reduction of 10 % to 15 % often proves adequate. This adjustment 
remains inconspicuous to users while effectively curbing sustained vibrations. 
Importantly, this solution could be swiftly executed via remote maintenance across 
numerous machines worldwide, requiring no physical modifications. 
 
A second solution involved altering the lengths of two hydraulic hoses. After 
numerous tests, it was discovered that extending one hose per piston effectively 
detunes the oscillatory system, preventing resonance altogether. Alternate solutions, 
including mechanical redesign or component replacements, were unfeasible due to 
the global deployment of approximately 30 machines. Changing the two hoses 
emerged as a swift and cost-effective resolution. Furthermore, this approach is 
deemed the most viable and promising solution. 
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Figure 8: New longer hoses (yellow and blue). 
Source: own 
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This article presents four handmade laboratory systems with 
pneumatic and electric drive which have been designed as 
educational test models in the field of mechatronic control 
systems The article first presents a system of pneumatically 
powered wheelchair, which could lift patients into a horizontal 
lying position up to the height of the hospital bed, which enables 
a simple procedure for transferring the patient to the bed. Then, 
an automated system for mixing liquids in a defined ratio, where 
the construction solution, component selection, manufacturing 
and control program are presented. The article then describes the 
design, construction, and control of a pneumatically driven 
system for sorting objects according to their colour. The final 
section of the article describes the design and manufacture of a 
mobile robot with a pneumatic drive that can move on vertical 
surfaces. Climbing is achieved using vacuum grippers, and the 
surfaces on which the robot can move is limited to smooth ones. 
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1 Intruduction 
 
The development of modern fluid power systems is moving towards greater 
inclusion of microprocessors, sensors, and communication components in the final 
product solutions. Mechatronic engineering, which includes mechanical, electrical 
and information technologies, the direction of modernization of traditional 
disciplines such as hydraulic and pneumatic systems and enables their digital 
transformation and new areas of application [1]. The rapid technological progress of 
digital technologies, concepts such as the Internet of Things, visual systems, 5G 
network or artificial intelligence are becoming the subject of scientific research and 
practical applications in various fields, including the area of fluid power systems [2]. 
The question arises whether "traditional" techniques such as pneumatic and 
hydraulic systems can survive in the future digital era and retain their current wide 
applicability, in terms of the radical demands of digital technologies and energy 
efficiency? Therefore, the realization of high-performance fluid power systems that 
would be applied in modern industrial plants requires a symbiosis of mechanical 
systems with technologies such as microelectronics, sensors, and sophisticated 
control methods to achieve optimal system behaviour. In many applications, 
pneumatic drives can be a cheaper alternative to electric and hydraulic systems, 
especially for small loads, but significant attention should be directed towards more 
advanced ways of controlling these systems [3]. The use of electronic components 
for sending and processing signals enables the application of advanced control 
methods in fluid power systems and their application in industrial and mobile plants 
that use the principles of modern digital technology. This extends the potential 
application of these systems to the field of flexible modules that are connected in 
complex production systems, robotic systems, transportation systems, modern 
systems in the production of renewable energy sources, etc. [4]. 
 
This paper presents several self-made experimental mechatronic systems driven by 
pneumatic and electric drives, which indicate development trends, and can be used 
for education in the field of advanced control techniques. 
 
2 Pneumatically powered wheelchair 
 
This chapter describes the design and manufacture of a pneumatically powered 
wheelchair which could lift the patient into a horizontal lying position up to the 
height of the hospital bed, thus enabling a simple procedure for transferring the 
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patient to the bed. Lifting patients with limited mobility from their wheelchairs and 
transferring them to the bed is a very demanding activity for the medical staff. 
Realization of an automated system that enables the easy transfer of patients from a 
wheelchair to a bed and vice versa would greatly facilitate this physically demanding 
activity, which is mainly performed by female medical staff. Such wheelchairs should 
be stable, safe and ergonomic. It is necessary to ensure that structural elements can 
endure the weight of all components, the weight of the patient, withstand the 
dynamic loads during lifting, lowering and moving the patient, and the final product 
should have a simple control. 
 
2.1 Designing and manufacturing of structural parts 
 
The mechanical parts were designed in the SolidWorks software package and then 
made by hand. In order to reduce the price of the product, for making the lower 
plate, connecting plate and top plate, as well as the footrest and backrest, wood was 
chosen that ensures sufficient strength of the structure, Figure 1. Parts like angle 
profiles for attaching the cylinders, a slider and a telescopic rod for height adjustment 
were also used. 
 

           
a)      b) 

Figure 1: Lifting mechanism, a) components on the lower plate, b) upper plate. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8493 [5] 

 
The seat is the most loaded part of the system because the components are located 
on it, and it must have sufficient strength to withstand the weight of the patient 
during lifting and lowering. The bottom plate and the seat are connected with screws, 
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and a pneumatic cylinder (SMC MGPM50-250) is attached that allows the patient to be 
lifted. The footrest enables raising the legs and achieving a horizontal position of the 
patient together with the backrest, as well as a simpler and more stable transfer from 
the wheelchair to the hospital bed. The rotational movement of the footrest plate 
from 0° to 90° is achieved using two pneumatic cylinders placed at an equal distance 
from the centre of the footrest panel. Rotation is enabled by the hinges, placed 
between the connecting plate and the footrest plate. To reduce friction and damage 
the foot plate during the movement of the cylinder piston rod, a nut with a wheel is 
installed at the end of the piston rod as shown in Figure 2a. The footrest is smoothly 
placed in a horizontal position by using the wheels. In the case of a fully extended 
cylinder piston, the height of the wheelchair handgrip limited the transfer of the 
patient to the bed. For this reason, the handles were removed, and a telescopic rod 
was installed that has the ability to adjust the height, Figure 2b. This made it possible 
to pull in and out the rod during raising and lowering the wheelchair. 
 

     
a)     b) 

Figure 2: Made parts for the system operation, a) nut with wheel, b) telescopic rod. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8493 [5] 

 
All parts on which the patient lies are covered with a 2 cm sponge and then with 
canvas for a better aesthetic. Additional 4 cm sponges are placed at the bottom of 
the footrest for better comfort and ergonomics. Also, for better aesthetics of the 
wheelchair, stainless steel plates with a thickness of 1.2 mm are also attached, which 
also protect the wooden plates. The back part of the backrest, the lower part of the 
footrest and the edges of the seat are covered with panels, thus hiding the pneumatic 
cylinders used to raise the legs. 
 
2.2 Control system 
 
Controllino Mini PLC with software that is fully compatible with Arduino is used as 
a control device. The basis of the Controllino device is the ATMEGA328P 
microcontroller, which is actually an integrated chip that controls devices and 
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processes, stores and executes the program. A valve block with electromagnetic 
valves (SMC SY5320-5DZ-C6F-Q) is used to control the direction of movement of the 
cylinders. To adjust the speed of cylinder movement, speed control valves (SMC 

AS2201F-02-06SA) with a locking rotary knob are used, Figure 3. 
 

 
 

Figure 3: Control components. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8493 [5] 

 
At the beginning of the program, Controllino initializes all necessary variables, then 
certain pins are assigned the property of input or output pins. When the program is 
run, the control algorithms are saved in Controllino and executed in an infinite loop 
where the values of the variables are examined and the given actions are performed. 
By sending an electrical signal, the positions of the electromagnetic valves are 
controlled, which determines the direction of movement of the cylinders. Electric 
signal transmitters send information about the position of the cylinder piston and 
allow the system to work properly. By using a microswitch, the action of raising and 
lowering the wheelchair is enabled. 
 
2.3 Description of system operation 
 
The modified wheelchair is used to raise the patient from a sitting position to the 
height of the hospital bed, Figure 4. The transfer of the patient takes place in the 
stages of lifting to the working height, moving the patient to the hospital bed and 
lowering the wheelchair to the starting position. When we place the patient in the 
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wheelchair, the legs should first be connected using a strap, in order to secure them 
from unwanted movements and to secure the patient during the lifting process. After 
that, the patient is raised in a lying position, parallel to the hospital bed. The working 
height of a hospital bed is usually from 75 to 95 cm. The manufactured wheelchair 
in its final position, when the piston rod of the lifting pneumatic cylinder is fully 
extended, has a working height of 95 cm. The telescopic rod for height adjustment 
allows to reduce the height by 20 cm, and adjust the height to the required value. 
Using a microswitch mounted on the handle for pushing the wheelchair, raising and 
lowering operations are initiated. 
 

         
 

Figure 4: Functioning of wheelchair. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8493 [5] 

 
This type of wheelchair system allows the medical staff to transfer patients more 
easily, but they are still needed to move the patient from a lying position on the 
wheelchair to the hospital bed and to manually adjust the height of the wheelchair 
lift to the working height of the hospital bed. 
 
3 Automated system for mixing liquids in a defined ratio 
 
Mixing liquids in a defined ratio is represented in many applications, for example: in 
production processes for mixing various adhesives and catalysts, in the catering 
industry for mixing non-alcoholic and alcoholic beverages, in agriculture for the 
preparation of pesticides, for the preparation of a mixture of fuel and two-stroke oil 
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and many others. In all the processes mentioned above, there is a need for automated 
systems for mixing certain liquids. The goal of this project was to create a conceptual 
device for mixing liquids in a defined ratio that would be easily portable and 
inexpensive. 
3.1 Device construction 
 
The device is structurally designed so that on the front side there is an LCD screen 
with control buttons and potentiometers, on the left side there is a stand for a 
container and a glass into which two liquids will be poured and mixed, and two liquid 
containers with built-in pumps. The back part is adapted to glass containers. 
Considering that the tanks are heavy enough without liquid, no support is provided 
for them. Figure 5 shows a 3D model of the device, which was used for the 
production of structural parts on a 3D printer. 
 

 
 

Figure 5: 3D model of the device. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8460/datastream/PDF [6] 

 
3.2 Control and measuring components of the device 
 
An Arduino Nano microcontroller was used to program the device. This created a 
simple and cheap platform for connecting a computer to a real device. Initializing 
specific pins is very easy, as well as sending or receiving data through them. An LCD 
screen with 16 characters in 2 lines was chosen to display the status and menu on 
the device, as shown in Figure 6. This screen is widely used as a display of basic 
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information on simple mechatronic devices, because it is small in size, has good 
backlighting, and is easy to program and mount on devices. 
 

 
 

Figure 6: LCD screen on the device. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8460/datastream/PDF [6] 

 
In order to reduce the number of outputs on the microcontroller, an I2C adapter is 
installed that reduces the required number of outputs to only 4 outputs: two for 
powering the screen and two for I2C communication. The accuracy of the process 
of pouring liquid into the tank is ensured by using the tank filling sensor in the 
feedback loop. A weight sensor with strain gauge technology is used for this purpose, 
Figure 7. Due to the very small changes between the diagonals on the measuring 
bridge, it is necessary to amplify the signal and convert it into digital form. For this 
purpose, a 24-bit analogue-to-digital converter (HX711) was used, which has two 
input channels connected to the diagonals of the bridge. 
 

 
 

Figure 7: Force sensor with converter. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8460/datastream/PDF [6] 

 
For the compactness of the device, submersible centrifugal pumps with a smaller 
nominal flow rate were chosen. In order to protect the Arduino microcontroller 
from excessive loads by directly connecting the pumps, relays were used to power 
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the pumps from a separate circuit. The basic technical characteristics of the pumps 
are: power supply: 3 V to 6 V, pump delivery height: 40 to 110 cm, flow rate: 120 
L/h, pump dimensions: diameter 24 mm and length 33 mm. 
 
3.3 Description of system operation 
 
Two glass containers with a volume of 1500 ml containing liquid A and liquid B are 
located in the rear part of the device. At the bottom of each tank is a submersible 
centrifugal pump that pushes the liquid through a pipeline to an external tank where 
mixing takes place. The external tank is on the stand where the mass of the supplied 
liquid is measured. On the front of the device is an LCD screen that shows the 
desired ratio of two liquids and the volume of the mixing tank. The ratio and volume 
parameters are changed using two potentiometers. The mixing process is started by 
pressing the start button. The final system is given in Figure 8. 
 

 
 

Figure 8: Automated beverage mixing system. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8460/datastream/PDF [6] 

 
4 System for sorting items by colour 
 
Sorting products according to different features is a very common task in automated 
production lines. Humans usually do not have serious problems with classifying 
objects based on colour and shape, because they have a developed visual system in 
their eyes. However, manual sorting of products in industry is an extremely 
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monotonous process, and the continuous process of manual sorting of products 
brings problems in quality assurance. On the other hand, when using a machine for 
sorting objects by colour, various problems can arise, such as insufficient lighting 
and shadows created by other objects. 
 
Building an educational model of a sorting system using colour detection sensors 
can be useful for explaining object recognition and sorting technology in various 
applications. 
 
4.1 System construction 
 
The device has four compartments for sorted items, as shown in Figure 9. Sorting 
is done using two turntables that are driven by pneumatic cylinders, which rotate 
depending on the colour of the object. The pivot plates are placed along the edge of 
the back plate, which ensures that the cylinder does not perform a useless stroke. A 
wide hole is designed on the back of the box so that turntables can enter and exit 
without touching the box. The turntables are connected to pneumatic actuators. An 
electric servomotor rotates the disk and brings the objects individually from the 
tubular feeder into the scanning position, and then to the hole where they fall onto 
the turntable. The colour detection sensor is glued to the wooden support. 
Pneumatic cylinders are attached to aluminium profiles that ensure precise 
adjustment of the device's operation, Figure 10. 
 

    
 

Figure 9: 3D model of the system for sorting items by color. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8482 [7] 

 
The supports and the upper turntable are made of a standard aluminum L-profile 
with dimensions of 20x30x2 mm. The lower turntable is made of wood and has 
larger dimensions. Two single-acting pneumatic cylinders (SMC CD85N10-30S-B) 
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controlled by electromagnetic valves (SMC SYJ512-5LOU-M5-Q) are used for rotating 
the turntables. 
 

    
 

Figure 10: Actuators and turntables. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8482 [7] 

 
4.2 Control and measuring components of the system 
 
PLC Controllino Mini was applied as the control device. For the sorting process, a 
colour detection sensor (TAOS TCS3200) was used, Figure 11. The sensor has 4 groups 
containing 16 photodiodes each. Three groups have optical filters that do not allow 
certain wavelengths to pass to the photodiodes. In this way, the intensity of red, blue 
and green light is detected. The fourth group of photodiodes has no filter. This type 
of sensors are cheap and easy to integrate into the system. 
 

       
 

Figure 11: PLC Controllino Mini and color sensor TAOS TCS3200. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8482 [7] 
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4.3 Description of system operation 
 
The logical commands executed in the control algorithm are as follows: 
 

− the servo motor turns the moving disk to the position under the tubular feeder 
and the object falls into the hole on the disk, 

− the servomotor rotates the disk with the item to the colour sensor, 
− the colour sensor reads the state and sends a signal to the Controllino device, 

where the colour of the object is determined, 
− the actuators are placed in one of four possible positions, 
− the servomotor rotates the disc to the hole through which the object falls onto 

the turntable. 
− the procedure is repeated. 

 
The algorithm is executed in the control loop, where it is determined which 
turntables are activated based on the detected colour of the object. 
 
5 Pneumatic powered wall-climbing robot 
 
Mobile robots that can move on vertical surfaces leave an intense impression on the 
observer and represent a demanding engineering task that requires knowledge of 
constructions, electronics and programming. Such robots should ensure strong 
adhesion to the wall, carry work tools and equipment, and flexible motion during 
the execution of specific tasks. Various methods are used to achieve adhesion and 
movement of robots on vertical surfaces, which include bio-inspired soft robotics, 
magnetic adhesion systems or the application of vacuum techniques. Application of 
vacuum is a widely used method for wall-climbing robots, and the main limitation is 
the requirement for good sealing of vacuum grippers, so such systems are only 
effective on smooth surfaces. 
 
5.1 Conceptual solutions of a mobile robot 
 
The initial concept in the development of the mobile robot contained six vacuum 
grippers, as shown in Figure 12. After testing the system, it was seen that four 
grippers are sufficient to firmly hold the robot on a vertical surface, and this concept 
was accepted. However, the rubbers on the vacuum grippers were not hard enough 
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and did not slide well on the vertical surface, which caused difficult movement. 
Finally, the problem was adequately solved by installing four grippers of a larger 
diameter with harder rubber. 
 

    
 

Figure 12: 3D model of the initial concept of the robot. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8470 [8] 

 
5.2 The main components of the robot 
 
The realized robot for movement on smooth vertical surfaces is driven 
pneumatically, and holding the robot on a vertical surface is achieved using four 
vacuum grippers. A pneumatic cylinder (SMC MXS16L-75B-X42) was used as the body 
of a mobile robot on which vacuum grippers (ZPT63HN-A16) were mounted. Two 
ejectors (ZH10B-06-06) are used to create a vacuum on the grippers, and their 
operation is based on the Bernoulli principle. The ejector weighs only 13.6g, which 
practically means that it can be placed on the air supply pipe. The main components 
of the robot are shown in Figure 13. Three electromagnetic 5/2 valves (SY3120-

5MOU-C6-Q), which are mounted on the connection plate (SS5Y3-20-03-00F-Q), are 
used to control the direction of movement of the cylinder as well as to control the 
vacuum in the grippers. The control device PLC Controllino Mini is used to control 
the movement of the robot. Controllino offers the flexibility of using open-source 
code, but also ensures the reliability of industrial PLCs. 
 

           
a)    b)   c) 

 

Figure 13: Main components: a) pneumatic cylinder, b) vacuum gripper, c) ejector. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8470 [8] 
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5.3 Operation of the mobile robot system 
 
The control of the vacuum grippers and the cylinder is done using the Controllino 
device, from which the control signals are sent to three electromagnetic valves. By 
changing the working position of the valves that control the grippers, the vacuum 
on that pair of grippers is lost and they have the possibility of sliding on the surface. 
By changing the working position, the valve that controls the cylinder moves to the 
upper or lower end position. Pneumatic powered wall climbing robot is shown in 
Figure 14. 
 

 
 

Figure 14: Pneumatic powered wall climbing robot. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb%3A8470 [8] 

 
6 Conclusion 
 
The paper has presented four handmade experimental systems with pneumatic and 
electric drive which have been designed as educational test models in the field of 
mechatronic control systems. The laboratory systems can be used as test models 
within the field of fluid power drives and automatic control education of mechanical 
engineering students. 
 
By using such systems, students have the opportunity to learn about mechanical 
systems construction and control of practical systems built from real industrial 
components [9, 10]. The educational process, which includes theoretical and 
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practical applications of different control techniques applied to various mechatronic 
systems, gives students an insight into the control of real systems. 
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In the modern industrial environment, we increasingly encounter 
the challenges and concepts of the fourth industrial revolution, 
also known as Industry 4.0, where the main emphasis is on 
automation, digitization and general integration of all elements 
of the production process, which represents a drastic change in 
the way products are produced. Consequently, this rapid 
progress in technologies also applies to the automation and 
control of fluid power systems, which presents new challenges in 
the education system and research work performed at 
universities, where all new technologies and progress in 
development have to be studied and explored. 
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1 Intruduction 
 
Industry 4.0 has become an increasingly important topic in recent years and 
represents the so-called fourth industrial revolution. Industry 4.0 is thus a complex 
technological system that includes a huge number of concepts of new technologies, 
which are shown in Figure 1. These concepts include cyber-physical systems (CPS), 
Internet of Things (IoT), Internet of Services (IoS), robotics, computing in the 
cloud, cognitive computing and augmented reality, which are the result of 
technological progress in network connections, data analysis, machine learning, 
universal connectivity of machines and devices, self-diagnostics, etc. All of the above 
concepts could be presented together with the term "smart factory". It is 
characterized by the fact that it includes devices, machines, production modules and 
products that are capable of independent exchange of information, initiation of 
actions and mutual control. The latter enables an intelligent production 
environment. [1-3] 
 

 
 

Figure 1: Industry 4.0 core elements [4]. 
 
All these key elements and technologies, which are rapidly developing, present a 
great challenge for the future engineers, as well as for the education system and research 
work performed at universities, where all new technologies and progress in development 
have to be studied and explored.  
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2 Didactics in fluid power automation and Industry 4.0 
 
Didactic systems in fluid power engineering and automation have been increasingly 
developing in past decades. Basic fluid power system components such as cylinders, 
valves and simple control systems have been enhanced with modern automation 
technologies that are part of the I4.0 strategy. Thus, the emphasis is not only on the 
elemental fluid power elements, but also increasingly on state-of-the-art control 
technologies and concepts of I4.0. 
 

 
 

Figure 2: DLMPS-500C Modular Production System Industry 4.0 [5]. 
 
As presented in Figure 2, the market offers various solutions for didactics and 
research work in the field of fluid power systems, automation and I4.0, from 
different manufacturers, such as SMC, Lucas Nuelle, Dolang, etc. Their properties 
and setup mainly vary in complexity and type of used components.  
 
3 Festo CP Lab Cyber physical production system for I4.0 
 
One of the more powerful and sophisticated comprehensive learning and research 
systems for Industry 4.0 is represented by the Festo CP Lab, which is also available 
at the University of Maribor. It is a professional and compact cyber-physical system 
that contains all the components and technologies necessary for in-depth learning 
and research of digital, fully automated production technologies containing fluid 
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power systems, as well as the design and programming of digital network plants. CP 
Lab covers complex, software-related I4.0 topics in the field of mechatronics and 
automation. [6, 7] 
 
CP Lab consists of individual modules, which represent the stations of real 
production plants. The mentioned modules can be treated as an independent 
workstation or they can be connected in different layouts using a circular system, 
which represents production line that transports workpieces between individual 
processing stations with the help of a conveyor belt. By combining individual 
modules, we can create different circulation systems that are adapted to different 
requirements. The system can also be combined with other systems (e.g. CP Factory) 
or different manipulators. [6, 7] 
 

 
 

Figure 3: Festo CP Lab-408-1. 
Source: own. 

 
With the described features, CP Lab represents a compact, expandable, flexible and 
reconfigurable learning and research system for the study of Industry 4.0. Basically, 
there are four different configurations of CP Labs offered by Festo, each of which 
consists of different modules or workstations. Configurations differ from each other 
primarily in terms of the number of modules they consist of. Thus, there are 
configurations consisting of four, six, eight or ten workstations. At the university, 
we have the opportunity to work with the 
CP Lab 408-1 system, which is shown in Figure 3. The system consists of eight 
workstations that can be changed and adapted to each other. [7] 
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3.1 Attainable didactic and research activities 
 
The presented CP Lab 408-1 system enables didactic and research work to be 
performed on core elements and technologies of all levels of modern production 
systems in I4.0, ranging from low-level fluid power systems and electrical control 
systems, to higher level Programmable Logic Controllers (PLCs), Human Machine 
Interfaces (HMI) and SCADAs, all up to Manufacturing Execution System (MES) 
and Enterprise Resource Planning (ERP) solutions, as presented in Figure 4.  
 

 
 

Figure 4: Modern production system organization [8]. 
 
Some of the most significant elements and areas of fluid power systems, automation 
and integration into I4.0 that are included in CP Lab 408-1 system and offer 
numerous learning and research activities are: 
 

− basic fluid power systems components, 
− additional most commonly used equipment in production lines, such as 

smart sensors, electro-mechanical axes, industrial printers,… 
− pneumatical and electrical drawings, 
− industrial control technology using different types of PLCs, 
− Human Machine Interfaces (HMI), 
− identification and object-related data using RFID technology, 
− open communication standards between the components, 
− modern manufacturing concepts using Manufacturing Execution System 

(MES), 
− system diagnostics and monitoring of operating status and energy 

consumption, 
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− smart maintenance based on system monitoring, 
− web-based energy monitoring and management, 
− augmented reality (new generation HMI with smart glasses). 

 
Additional to above presented key elements, the system also offers complete system 
simulation in form of a digital twin using CIROS software package, where most of 
the above technologies can be tested in virtual environment before they are 
implemented on the real production system.  
 
3.2 Plausible upgrades 
 
Since the CP Lab 408-1 system is built using state-of-the-art industrial components, 
the system can be easily upgraded with additional technologies. For instance, the 
“pick-by-light” operation, which is performed manually by the worker, can be 
upgraded with automated camera vision system that will perform monitoring of 
assembled work-pieces. Or, secondly, the system can be expanded using a robot that 
will stack the final production pieces onto a pallet.  
 
4 Conclusion 
 
As we are facing rapid development of technologies related to fluid power systems 
and especially their automation and control strategies, as a part of integration in 
Industry 4.0 concept, we are also imposing greater challenges in didactic and research 
activities performed at universities. As presented in paper, these technologies cannot 
be considered separately, since all core elements of I4.0 are linked together. In this 
manner, the CP Lab 408-1 system offers us sophisticated comprehensive learning 
and research system for Industry 4.0, on basis which new technologies of I4.0 and 
fluid power systems can be studied and further enhanced for optimal operation and 
performance.  
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Recent events, such as the Covid pandemic, population ageing, 
the lack of labour, especially in the technical field, and major 
changes in the field of New Technologies, have also caused 
urgent changes in the field of Education. Thus, the need to 
acquire the skills that employers need as quickly as possible 
emerges as a priority. The solution to this dilemma is offered in 
the acquisition of so-called microcredits. This also applies to the 
field of Fluid Power Technology – Hydraulics and Pneumatics. 
The paper presents the starting points that led to the 
introduction of microcredits in the field of Fluid Power. One of 
these is certainly the different implementation of these contents 
through all levels of formal education, and the offer of additional 
education, as seen and offered by different stakeholders. The lack 
of knowledge and the variety of additional offers led to the 
proposal of accredited microcredits in this field. 
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1 Intruduction 
 
Knowledge in the field of Fluid Power Technology i.e. Hydraulics and Pneumatics, 
certainly belongs to special professional knowledge. Within the framework of the 
regular education system and programmes, these learning contents are certainly not 
in the "first plan" of learning programmes, even though at least three quarters of all 
machines and devices use this technique. Generally, the education system 
everywhere is divided into three basic stages or levels of education: primary, 
secondary and tertiary education. The same applies to the Slovenian school system, 
whereby the qualifications obtained through schooling are classified using the 
Slovenian Qualifications Framework – SQF. The SQF aims to obtain transparency 
and identification of qualifications at the national and EU levels, where the main 
objectives of the SQF are to support lifelong learning, connect and coordinate the 
Slovenian qualifications subsystems, and to improve the transparency, accessibility, 
and quality of qualifications in terms of the labour market and civil society. [1] 
 
Content related to Hydraulics and Pneumatics is definitely not in the programmes 
and curricula of primary school education. These contents are starting to be given 
in the context of secondary education, which is provided by gymnasiums and 
secondary (vocational) schools. Very few (or almost none) of these contents are 
present in general programmes of secondary education (general high school). To a 
somewhat greater extent, they are present in vocational and secondary vocational 
and professional education. This is very rarely a subject that would devote itself fully 
to learning the principles and peculiarities of the operation of hydraulic and 
pneumatic systems and components (and would also have such a title, e.g. 
Hydraulics and Pneumatics, Pneumatics and Hydraulics, Fluid Power, etc.). Most 
often, the contents of Hydraulics and Pneumatics are related to other contents, most 
often from the fields of Automation, Mechatronic systems, Production systems, 
Robotics, and are given in the context of variously named subjects. These contents 
are most often found in the Mechatronic Technician or Mechanical Technician 
secondary professional education programme. 
 
At the level of tertiary education, which is provided by both public and private 
institutions within the framework of post-secondary and higher education (Faculties 
and universities), there are more learning contents in the field of Fluid Power. These 
are more or less comprehensive, independent subjects, or the individual contents of 
Hydraulics and Pneumatics are included in the learning contents of another subject. 
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This also depends on the type of study programme and available teaching and 
professional staff. It is also important here whether the staff are also engaged in 
research in this field (research projects, implementation projects for industry), or 
whether it is only a pedagogical presentation of content. It is also important whether 
there are adequately equipped laboratories, where it is possible to supplement 
theoretical knowledge with practical exercises and experiments. 
 
Considering all these aspects and influencing factors, these contents are included in 
the study process in different ways, more or less extensively and with different 
"passion" in the delivery of these contents. Thus, at colleges and universities, it is 
usually an optional subject that is devoted entirely to the contents of Hydraulics and 
Pneumatics, or as already mentioned, the contents are present in the context of other 
related subjects to e.g. Mechatronic systems or Automation (e.g. where an 
understanding is required of the principle of the operation of machines, actuators 
and their control, and the maintenance of these systems). 
 
Thus, later, employees encounter the content of Fluid Power in more detail only in 
the context of tertiary education. However, this is not necessary, as, in most cases, it 
is an optional or general optional subject that the student can bypass, depending on 
the choice of study course. It is usually only one subject, rarely two or more subjects, 
where the content would be upgraded or supplemented, e.g. Fluid Power I, Fluid 
Power II, Hydraulic Control Systems, Mobile Hydraulics, Fluidtronics, etc. 
 
Therefore, in the case when an employee needs certain knowledge in the field of 
Hydraulics and Pneumatics, it is only necessary to acquire this through additional 
education outside the official school system. This includes a wide variety of training 
and courses or self-study programmes, from simple understanding of the basics of 
operation to more specific, specialised knowledge, for example, the dynamics of 
hydraulic servo systems. 
 
2 Forms, scope and offer of additional education 
 
Additional education in the field of Fluid Power is offered by various companies or 
institutions. This involves more extensive or shorter training or schooling, with only 
theoretical, or also with practical knowledge of the subject. A review of the fairly 
extensive offer in this area reveals a great diversity of providers. These are 
educational institutions such as colleges, universities or institutes, especially where 
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there are already laboratories or research groups that deal with this topic in regular 
teaching and research work. Among the training providers, there are also those who 
deal only with supplementary education, usually of general content, and when 
conducting professional training, they are assisted by external providers. 
 
Many training opportunities are also offered by various professional associations and 
organisations that focus more or less on one topic, e.g. Lubricating and hydraulic 
fluids and problems in the field of Tribology. Also, companies, manufacturers of 
hydraulic and pneumatic components and systems offer different trainings or 
courses. Various courses were (probably initially) aimed at educating customers and 
users of the company's products, as well as educating its own employees, but later 
they were also offered to other interested parties. 
 
As an example of the diversity of forms of education, only from the narrower field 
of Hydraulic Fluids and Lubricants, the various options offered by education 
providers are given in Table 1. 
 

Table 1: Different offers of education in the field of Lubricants, including hydraulic fluids 
 

Provider: A B C D E F 
Nr. of courses 6 4 4 10 2 3 
Duration (day) 2 to 3 ½ to 1 1 to 2  ½ to 1 3 
Online training       
Short lessons       
On site       
Private online       
Studio recording       
Certificate       

 
Table 1 shows how different educational opportunities can be, both in terms of the 
duration of each educational unit and the possible ways of acquiring knowledge. The 
possibilities are very diverse: From the classic method of education at the provider 
of education (in his education centre), or at the client (e.g. with users in 
manufacturing companies), or in the online form of self-learning in the way "anytime 
and anywhere", as well as the possibility of individual education directly with a 
mentor in a "one-to-one" way. Thus, the interested party or client can choose the 
most suitable education form, either in a mixed group of participants, or in a closed 
group only for their employees, or completely individually, or live, or using the e-
education approach. 
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The offer of additional education in the field of Components and Systems of 
Hydraulics or Pneumatics is even more diverse and wide. For example, some 
providers offer comprehensive education in the field of Hydraulics and Pneumatics, 
which also includes modern controls, carried out in a classic way (lectures, 
calculations, experiments, independent work...), lasting as long as 8 weeks. [4] With 
a workload of 8 hours/day and five days a week, this would amount to as much as 
320 hours of fluid power education content, which, in the ECTS (European Credit 
System; 1 ECTS = 30 hours) student workload is a course with 10 ECTS. There is 
no such comprehensive course in the field of Hydraulics and Pneumatics at any 
Faculty, and we cannot afford such a scope. 
 
Within field of Hydraulics there are special topics e.g. Design of Industrial Hydraulic 
Systems, Hydraulic Fluids and their Contamination Control, Hydraulic components, 
Hydraulic Filters, etc., lasting 15 days, 5 days, 2 days or one day. A similar offer of 
training is also available in the field of Pneumatics: Pneumatic controls - Basic Level 
(5 days), Electro-pneumatics and Automation - Basic Level (4 days), Design of 
Pneumatic Systems (4 days), Pneumatic controls - Advanced Level (3 days), Electro-
pneumatics – Advanced Level (3 days), Advanced Pneumatics (4 days) and 
Advanced Electro-pneumatics (4 days). Apart from this, there are also two training 
courses related to the use of simulation software in the field of Hydraulics and 
Pneumatics (Fluidsim-P / Fluidsim-H (2 days), and training related to safe work with 
such devices – Maintenance and Safety of Hydraulic and Pneumatic Systems (2 
days).[4] 
 
A completely different way of approaching education and content related to Fluid 
Power is independent learning based on following shorter e-lessons thematically, 
from learning the basics of the operation of the entire system, through the operation 
of individual types of components of fluid technology, all the way to their 
maintenance. [5] The entire content is divided into 9 sections, with 30 lectures of 3 
h 37 min total length. E-lessons are available via mobile and TV, with full lifetime 
access and a Certificate of Completion. In this way, the learner can look at the 
available e-material if necessary. Figure 1 provides an example of a part of the e-
lessons` offer and their duration. 
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Figure 1: Part of the available e-lessons in the field of Hydraulic Basics [5]. 
 
The third example of the offer is training offered by companies, manufacturers of 
hydraulic and pneumatic equipment and systems. The scope of the offered courses 
and topics, as well as methods of implementation, varies from case to case (e. g. [6] 
to [10]). Perhaps the Bosch-Rexroth Academy stands out among these, with a very 
extensive range of educations at three levels, from basic to advanced, and, further, 
to specialist and targeted [11]. Only at the level of training in the field of Industrial 
Hydraulics is it possible to choose between thirteen basic training options, from the 
basics of the operation of hydraulic systems to understanding the operation of 
individual types of components. It is similar for training related to other thematic 
areas. As an example, Figure 2 shows the different levels and content of fault-finding 
training. 
 
Usually these training sessions (at the mother company in Germany) are offered in 
the German language variant, and in the classic, live way also called "face-to-face". 
Certain training sessions are also offered in English, and also as e-learning. The 
training bundles relate to individual fields of expertise and purpose – from Industrial 
Hydraulics, Pneumatics, Mobile Hydraulics, For Designers, Safety Technology, 
Maintenance, etc., or are also multidisciplinary and thematically oriented, such as 
Energy Efficiency, Digital Transformation, Linear Motion, etc. 
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Figure 2: Example of Content Upgrade – Failure Analysis Practice [12] 
 
The choice of training method is also different, from Face-to-face training (Theory 
combined with a high proportion of practical exercises, in close cooperation with 
experts), e-learning (at home, at an available time and place), online training (live 
with experts in a virtual classroom, or via training videos) and as hybrid learning. 
 
The latter option is interesting, which is a combination of all the aforementioned 
methods – for example, online training for the theoretical part, followed by face-to-
face practical training, as it represents an approach to short training courses in the 
future, and, somehow, according to the current view of the approach to additional 
education, represents a suitable combination between saving time and the 
effectiveness of learning about the problem, as well as the time distribution of 
educational content according to needs. 
 
An overview of the offer of additional education in the field of Fluid Power shows 
how diverse the offer is, both in terms of the scope of the offer, duration and 
method of implementation of individual thematic education, as well as in terms of 
the possibility of upgrading and expanding knowledge, and also in terms of the 
choice of education method and the demonstration of adopted content through the 
issuance of Certificates. Certificates can only be of a "confirmation nature”, but they 
can also be generally valid and recognised through professional Associations or 
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Chambers. Examples of such Certificates, sometimes also called badges, are shown 
in Figure 3. 
 

      
 

Figure 3: Badges for proving certain acquired knowledge in the field of Fluid Power 
 
These Certificates do not confirm that someone has only attended a certain 
education, but that he has also completed it successfully, with an exam, test or some 
other way of demonstrating knowledge. 
 
3 Needs for a new educational approach – Mikrocredentials 
 
The industry is facing many challenges today. One of these is the still present lack 
of manpower, especially in technical professions. Regarding the general staff, many 
companies still somehow help themselves by hiring foreigners, but the bigger 
problem is with staff mastering the knowledge and skills related to today's modern 
technologies (Industry I4.0). There is also a fair gap between the scope and type of 
necessary knowledge, which the current employees have acquired through their 
education in the past, and the knowledge and skills that are needed based on the 
current state of technology: Available vs. necessary. 
 
The problem is even bigger when it comes to specific skills, which include 
knowledge in the field of Hydraulics and Pneumatics. As presented in Chapter 2, 
these skills are not necessarily an integral part of compulsory learning content, so 
employees may or may not have them after completing schooling. However, if they 
have already encountered these contents during schooling, this knowledge is of 
varying depth and scope. This is also one of the reasons why various institutions, 
associations, colleges and manufacturers offer additional training – Chapter 2. The 
very diverse range of different training courses in this field proves the general 
"market fact: if there is a need, there is also an offer". 
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The mentioned facts do not apply only to the field of Hydraulics and Pneumatics, 
but to various necessary skills that enable various additional qualifications, and, as 
quickly and efficiently as possible, to acquire knowledge from various fields. 
 
Thus, more than ten years ago, in various countries around the world, e.g. in New 
Zealand and Japan, and in Canada, Indonesia, America and elsewhere, the idea 
emerged of the so-called Microcredentials. As an example, the offer of "educational 
certificates" via the NZQCF portal (New Zealand Qualifications and Credentials 
Framework) includes more than 340 short courses in various fields, with a duration 
of 5 to 40 credits (one credit is equivalent to ten national learning hours), which, 
with microcredits, enables the achievement of ten levels of qualification, from 
obtaining an individual Certificate (levels 1 to 4) all the way to a Doctorate (level 10). 
[13] 
 
In response to the ever-changing demands of the labour market, the Mozilla 
Foundation first proposed microcredits in 2012 as an online verified claim of specific 
skills or experience valued by employers. Displayed via digital icons on social media 
platforms such as LinkedIn and Twitter, microcredentials now often contain online 
'metadata', such as when, how and by whom learners are assessed – serving to 
reinforce Microcredential credibility and trustworthiness with employers. However, 
as the use of Microcredentials continues to grow and mature, the original 
understanding is now often expanded to encompass much broader applications. 
These web icons, now known by many nicknames, such as "nanodegrees", "digital 
badges" and "open badges", can reflect a common understanding or experience that 
may or may not be relevant in the workplace. As Microcredentials become more 
common and broadly defined, many labour market stakeholders are working to 
reach a working consensus on how micro-credentials should be understood and 
implemented widely in academia and the labour market. [14] 
 
The term Microcredentials has come into force for the mentioned shorter, 
supplementary education opportunities, which are named differently. There are 
several definitions for Microcredentials, but they are all more or less similar: 
»Microcredentials certify the learning outcomes of short-term learning experiences, for example, a 
short course or training. They offer a flexible, targeted way to help people develop the knowledge, 
skills and competences they need for their personal and professional development.« [15] 
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The need for changes in educational programmes, adaptation to new needs and ways 
of imparting knowledge, reducing the gap between existing and necessary 
knowledge, and the need for retraining of employees, is recognised all over the 
world, and everyone solves it in their own way. 
 
We also recognised them in Europe, and wrote them into our programmes, agendas 
and resolutions. Based on this realisation and the need for changes in the education 
system, the Council of the European Union (EU) adopted the Recommendation on 
learning for the green transition and sustainable development on 16 June 2022. The 
recommendation is a Key Policy Statement underlining the key role of education 
and training in efforts to achieve the goals of the European Green Deal. The 
accompanying Staff Working Document serves as a handbook for practitioners, 
providing relevant examples and best practices from across Europe. [16] 
 
These guidelines are followed by all members of the EUR with their national 
programmes, including in Slovenia: Resolution on the National Programme of 
Higher Education in Slovenia until 2030, strategic goals in the fields of Social 
Development and the higher education system are given. [17] The act lists eleven 
goals that express the need to improve the international comparability and 
disciplinary plurality of the higher education system. Among them, the closer 
integration of higher education, research and technological development, the 
intensification of cooperation between public research institutes and higher 
education institutions, and the raising of the quality and efficiency of higher 
education in accordance with the Bologna process, etc. are mentioned, and also the 
goal that, by 2030, at least 50 % of Slovenian citizens between the ages of 30 and 34 
will complete one of the levels of higher education, which is in accordance with EU 
Acts. 
 
The share of residents in the mentioned age population who have completed tertiary 
studies successfully (e.g. at a university or a professional institute of higher 
education) in the last 20 years is 49 %, which is already very close to the target of 
50 %. A more detailed analysis of the share by gender reveals that the share of men 
with such education is lower than 40 % – Figure 4. 
 
It makes sense to improve this proportion, especially for educational programmes 
that are considered to be "more masculine professions or profiles", e.g. technical 
professions. Thus, on the one hand, it is necessary to establish an appropriately 
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updated method of teaching, which will be aimed at students for successful and 
timely completion of their studies, and, on the other hand, with various forms of 
additional education, it is necessary to enable those who did not complete regular 
schooling for various reasons to do so in a flexible way. 

 
 

Figure 4: Population with tertiary education by gender in Slovenia [17] 
 
A more detailed picture of tertiary education According to Eurostat data, in 2013 
Slovenia exceeded the specific goal of the Europe 2020 Strategy, according to which 
40 % of the generation aged 30 to 34 should have attained tertiary education. In 
Slovenia, this share was 46.9 % in 2020 ([18]). Data from SURS (Statistical Office, 
Republic of Slovenia) for 2020 show that the share of young people aged 30 to 34 
who achieved tertiary education is 40.8%. In 2020/21, 58 % of 19-year-olds 
participated in tertiary education. The percentage of residents with tertiary education 
is increasing constantly. According to data from the Statistical Office, the share of 
Slovenian residents aged 25 to 64 with a tertiary education was 15.3 % in 2002, 23.7 
% in 2010, and 30.1 % in 2021. [19]  
 
In view of this situation, and in view of the fact that we are working longer and the 
knowledge acquired in regular education "years ago" is already outdated, it is 
necessary to intensify the approach to lifelong learning.  
 
Therefore, the establishment of a functioning system of lifelong learning at the 
higher education level, including appropriate evaluation and recognition of learning 
outcomes, is extremely important. Only in this way will the largest possible part of 
the active population be able to acquire the latest scientific and professional 
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knowledge. This is especially true in the case of specific professional skills, which 
also includes knowledge in the field of Hydraulics and Pneumatics. 
 
4 Fluid Power Microcredentials – possibilities and opportunities 
 
Based on the presented starting points and today's needs of industries for modern 
knowledge, as well as the direction of development of the field of Education given 
in the previous chapters, the first proposals and pilot implementations have 
appeared, as well as the related dilemmas of how to deal with Microcredentials in 
general, and also in the field of Fluid Power. Given that imparting and receiving 
knowledge must be flexible, uniform, targeted, short term, learner-friendly and 
accredited, Fluid Power Microcredentials represent a big enough challenge for all 
stakeholders, especially how to offer the right approach and content format. 
 
The approach to a new way of acquiring the necessary knowledge usually comes 
from the experience of a regular educational programme, as well as the experience 
gained through the implementation of various schools and training sessions. The 
latter were carried out as supplementary education for participants from the industry, 
which actually belongs to the field of Lifelong Education. In terms of content and 
structure, micro-evidence must enable both vertical upgrading and horizontal linking 
of content, and include a modern, usually hybrid method of implementation. 
 
Thus, based on many years of experience in conducting a wide variety of 
educations/training for participants from the Slovenian industry, we could propose 
the following Fluid Power Microcredentials as a starting point: 
 

− Basics of hydraulics HID-1, 
− Hydraulic drive technology – HID-2 upgrade, 
− Servohydraulics HID-3, 
− Hydraulics for designers HID-Pro, 
− Hydraulic fluids and their maintenance HTN-1, 
− Hydraulic fluids and their maintenance HTN-2 upgrade, 
− Maintenance of hydraulic systems, 
− Pneumatic controls and systems. 
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Each of the proposed Microcredentials would last/be evaluated with 1 ECTS (30 
hours), whereby knowledge can be upgraded vertically and supplemented 
horizontally. It is also possible to connect horizontally with other contents, for 
example, related to Tribology and lubricants in general, to Automation, or, e.g., to 
the design of very complex modern mechatronic systems, where the contents of 
fluid technology are of key importance. 
 
The following will be required for the implementation of training in the form of 
Microcredentials: 
 

− Prepare suitable material for each Microcredential, designed according to 
individual thematic sections, with the possibility of real-time knowledge 
verification. 

− Prepare a workbook for each Microcredential. 
− Prepare e-tests to determine prior knowledge and placement in the 

appropriate level of education, as well as to check acquired knowledge after 
each chapter and at the end of the completed education. 

− Prepare e-materials for the implementation of practical work, by individual 
chapter, for the purposes of pre-familiarisation with individual practical 
exercises and experiments, 

− Prepare shorter e-lessons related to individual topics for independent 
learning, and 

− Prepare an online tool for monitoring individual progress. 
 
The experience of the online implementation of the pedagogical process, which the 
recent pandemic forced us to do, will come in handy in this regard. 
 
5 Conclusion 
 
Digital transformation, automation and globalisation not only offer companies 
opportunities today, but they also present them with new challenges. With a view to 
the current available workforce and their skill sets, the shortage of skilled workers 
that can already be observed in many places will intensify. In order to cope with 
these challenges, the need to retrain staff and upgrade skills is emerging as a priority 
all over the world. The solution to this problem lies in a change in the approach to 
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imparting the necessary knowledge and in lifelong learning, which each education 
provider "sees in his own way". All this is offered by the Microcredentials system. 
 
The solution is offered by the Microcredentials system, whereby imparting and 
receiving knowledge is flexible, uniform, oriented, short-term, learner-friendly, as 
well as stackable, wide base, specific oriented, and of course trustful and accredited. 
We are already facing these challenges in the field of Fluid Power technology i.e. 
Modern Hydraulics and Pneumatics. 
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The paper shows and explains activities performed to evaluate 
mechanical response of non-standard plug because of different 
loading type. In-depth understanding of plug behaviour helps to 
setup design guidelines for such components. In the first step, 
different non-standard plugs have been selected to consider size 
effect. Then, different materials have been selected in order to 
evaluate effect of plug material. For the purposes of experimental 
evaluation, plugs have been modified to allow installation of 
strain gauges. Thanks to detailed simulation model, mechanical 
response has been closely observed. Stress field helps to identify 
areas where design modifications are needed as well as to identify 
“hot-spots” on plug that affects structural integrity. 
Experimental activities have been performed with the aim to 
evaluate induced stresses and preload forces due to tightening 
torque, contact forces and piloting pressure due to spool shifting, 
etc. Tests have unrevealed several details regarding mechanical 
response on plug that have not been known previously. 
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1 Intruduction 
 
1 Introduction – threaded plugs 
 
From hydraulic point of view, plugs are mainly used to close manufacturing holes 
(e.g. blanking plugs) and other fluid channels and therefore prevent fluid external 
leakage. In addition, plugs are also used to limit spool stroke as well as preventing 
inner parts to leave working domain. See figure 1 for details. 
 

 
 

Figure 1: Plugs in different functions 
Source: own 

 
Plugs can be purchased from supplier catalogue (i.e. standard plugs, pos. 1 on figure 
1) or designed manually (i.e. non-standard plugs, pos. 2 on figure 1). For the later, 
theory of screw joint is mainly used during the design stage. There are several 
different norms (e.g. ASTM, ISO, SAE …) and guidelines (e.g. VDI 2230) that 
support and guide the designer ([1], [2], [3]). 
 
1.1 On threaded plugs used in Poclain 
 
Standard plugs are widely used across many different products (e.g. hydraulic 
motors, pumps, valves, manifolds …). Different suppliers are used to fulfil 
production needs. Plug selection is usually done thanks to supplier catalogue data 
(example on figure 2). 
 
Here, main design parameters are: plug size, working/rated pressure and surface 
protection. Designer has no need to define plug material or to validate plug integrity 
(if loads are within customer-defined range). It is supplier responsibility. 
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Figure 2: Plug selection from supplier catalogue 
Source: [4] 

 
On the other hand, non-standard plugs (figure 3) have to be designed manually 
(internally) respecting aforementioned norms and guidelines. It is designer 
responsibility to make a device that satisfy design requirements with respect to 
integrity, functionality, legislation and regulation. Therefore, there is much more 
design freedom in the designer’s hand but also much more responsibility in 
comparison using standard plugs. 
 

 
 

Figure 3: Typical non-standard plug 
Source: own 

 
Non-standard plugs are made from different, standardized materials, different sizes 
(e.g. M8 up to M33), different thread types (e.g. metric, UNF), different sealing 
solutions (e.g. O-ring seal, ED-seal) and with different surface protections (zinc-
coating, painting). For study purposes, the following plugs sizes have been used: 
M19x1, M27x1,5 and M33x2. 
 
Material is usually selected based on loading scenario: for heavy-duty applications, 
42CrMo4 is mainly used, for medium duty applications, 11SMn30 or ETG100 are 
usually selected. Therefore, those materials have been used for study purposes as 
well. 
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1.2 On design method 
 
Currently, non-standard plugs are designed according to theory of screw joint (i.e. 
VDI 2230) with some modifications and simplifications for plug. Due to plug 
specific geometry, the calculation of clamping force 𝐹𝐹𝑃𝑃𝑀𝑀 is simplified to the 
following equation: 
 

𝐹𝐹𝑃𝑃𝑀𝑀 = 𝑇𝑇𝑃𝑃𝑃𝑃
�𝑑𝑑22 ∙tan(𝛼𝛼+𝜌𝜌`)+𝜇𝜇𝑃𝑃∙

𝑑𝑑𝑚𝑚
2 �

            (1) 

 
where 𝑇𝑇𝑃𝑃𝑅𝑅 ,𝑑𝑑2,𝛼𝛼,𝜌𝜌, 𝜇𝜇𝑃𝑃 ,𝑑𝑑𝑅𝑅 are applied tightening torque, thread diameter, pitch 
angle, friction angle, friction coefficient under plug head and mean plug head 
diameter, respectively. See figure 4 for details. 
 

 
 

Figure 4: Parameters for calculation of screw preload force  
Source: [5] 

 
Beside geometrical parameters that depend on actual plug design, there are also 
contact parameters (friction coefficients under plug head and between threads). 
They are unknown, in general, but affect clamping force calculation at most. 
However, for some predefined scenarios, data are given in corresponding tables. 
 

 
 

Figure 5: Predefined coefficients of friction 
Source: [6] 
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1.3 On denomination convention 
 
For the purposes of this investigation, it makes sense to define common 
denomination convention for any kind of plug to prevent misunderstanding and 
confusion. Plug, as a functional device, could be split into different geometrical 
domains, namely: plug head, body, neck and plug end (figure 6). 
 

 
 

Figure 6: Denomination convention of plug domains 
Source: own 

 
Depends on non-standard plug design, plug body is not presented or clearly 
recognizable in some cases. For the purposes of this investigation, plug is always 
meant to be a threaded plug. 
 
1.4 On applied loads 
 
The following loads are applied on threaded assembly: 
 

− clamping (preload) force on plug due the tightening torque, 
− torsion moment on plug due the tightening torque, 
− time-varying load on plug due to the spool-stopping function during the 

valve piloting action, 
− loading due to hydrostatic (piloting) pressure. 

 
Loads have been considered using experiments, numerical simulations and analytical 
calculations. 
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2 The scope of investigation 
 
The aim of this investigation is to develop a design method for rapid sizing (fast 
dimensioning) of non-standard plugs. The method should take into account static 
and durability (i.e. fatigue) calculation, supported by the available norms. Finally, 
method should be provided to design team as a tool that allows reliable and 
straightforward design approach. 
 
For that purposes, in-depth analysis of applied and induced loads as well as 
corresponding stresses and strains should be examined by means of experimental 
and/or numerical approach. 
 
3 Experimental approach 
 
There are several physical phenomena on preloaded plugs that have not been studied 
in detail neither accessible via published papers. Based on Poclain experiences, 
existing screw joint theory overestimate relationship between applied tightening 
torque and induced clamping force. Consequently, plug design is usually over-
dimensioned in order to satisfy theoretical and/or numerical predictions (e.g. local 
stresses). 
 
Therefore, significant effort has been made to evaluate mechanical response 
appropriately and accurately in plug under external loads. Several different 
experiments have been conducted. 
 
3.1 Measurement of clamping (preload) force 
 
One of those unknown parameters on preloaded plugs is a clamping force. It is 
induced as a consequence of applied tightening torque. Thus, it is essentially to 
measure applied tightening torque appropriately and accurately in order to be able 
to correctly measure clamping force as well. 
 
3.1.1 Customized torque wrench 
 
For such purposes, customized torque wrench for measurements of applied 
tightening torque with strain gauges attached has been developed internally. See 
figure 7 and figure 8 for details. 
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Figure 7: Internally developed torque wrench 
Source: own 

 
Positions on figure 7 refer to: (1) replaceable tool, (2), spacer, (3) hand tool, (4), 
screws, (5) nuts, (6) strain gauges. 
 

 
 

Figure 8: Strain gauges on torque wrench 
Source: own 

 
The strain gauges have been connected into a full bridge connection type in which 
two strain gauges have been loaded in tension and two in compression. 
All the sensors have been connected with a data acquisition system and a measuring 
station (both from National Instruments Corporation). 
 
3.1.1 Non-standard plug modifications 
 
Due to the insufficient space available to attach strain gauges and in order to obtain 
appropriate stresses for strain gauge measurement, non-standard plugs have been 
redesigned and reworked. The plug neck (part of a shank) has been extended in axial 
direction to gain space for the strain gauges (figure 9). These extended necks were 
covered with bushings, which enabled to capture the axial forces including the 
preload force. 
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To protect the sensors from mechanical damage, the strain gauges were covered 
with a purposely designed silicone rubber. 
 

 
 

Figure 9: Modified plug M33x2 equipped with strain gauges 
Source: own 

 
The appropriate dimensions of modified plugs have been obtained upon multiple 
finite element (FE) analyses, where stress-deformation states of the valve plugs at 
maximal expected loads have been simulated. While redesigning the plugs, caution 
has been paid that the construction changes do not significantly influence 
mechanical characteristics of the modified plugs with regard to the original plugs. 
 
3.1.1 Calibration of plug force sensor 
 
For calibration of the plug force sensors, a special system has been designed which 
enables application of tensile axial force on the plugs (figure 10). This system 
consisted of a lever arm and a bushing for fixation of the valve plugs. 
 

 
 

Figure 10: System to calibrate force sensors 
Source: own 
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Figure 10a depicts system for calibration of force sensors on the plugs. The 
redesigned M33x2 plug with inserted loading axis and a steel ball for appropriate 
load application is depicted on figure 10c. 
 
As an example, the characteristics of sensors of the M33x2 plug are presented on 
figure 11 including their approximation functions and R-squared values, which 
reflect a highly linear characteristic. 
 

 
 

Figure 11: Characteristic of sensors 1a and 2 of the M33x2 plug 
Source: own 

 
3.1.1 Clamping force vs. tightening torque 
 
Figure 12 depicts preload force versus tightening torque on plug M27x1,5 for 
minimal three consecutive fastenings separately (in lubricated and unlubricated 
conditions). In this figure, there is also the linear approximations (black solid lines) 
with its functions and R squared value of the average fastening curves. 
 
There is one important feature that could be observed on figure 12: a minor 
difference of clamping force for lubricated and unlubricated conditions. This is a 
main difference compare to results of equation (1). 
 
It also makes sense to note that for other two plugs (M19x1 and M33x2), higher 
scatter observed. However, it should be considered that the European standard EN 
13001 assumes the scatter of preload force of ±23 % when it is applied using known 
tightening torque or rotation angle. 
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Figure 12: Preload (clamping) forces on the M27x1,5 plug 
Source: own 

 
3.2 Measurement of contact (dynamic) force 
 
The next step during the investigation refers to the measurement of dynamic contact 
forces that are seen by the plug during spool shifting. Two scenarios have been 
evaluated: dynamic force on the plug head and plug end (refer to figure 6). 
 
3.2.1 On Hydraulic test rig 
 
Forces, acting on the plug have been measured at four different pilot pressures (20, 
30, 40, 60 and 80 bar) and for two cases: with and without the counter pressure of 1 
bar in the opposite pilot chamber (figure 13). Sampling frequency for all measured 
quantities is 10 kHz. 
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Figure 13: Measurement setup for the spool stroke measurements 
Source: own 

 
3.2.2 Dynamic forces at the plug head 
 
Thanks to the plug equipped with strain gauges, the contact forces on the plug have 
been measured precisely. Figure 14 depicts five consecutive activations and 
deactivations of the external control valve (piloted with the frequency of 1 Hz). 
During each activation the preload force in the plug increases from its inactivated 
static value to its dynamic peak and then decreases to its activated static value and 
finally goes back to its inactivated static value. During each valve activation the plug 
head force changes in the similar way. 
 

 
 

Figure 14: Dynamic forces on plug head for M33x2 
Source: own 
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Several different transient phenomena could be observed from such a graph. One 
of those is load factor 𝜑𝜑. According to VDI2230, the working force in the preloaded 
bolt (𝐹𝐹𝑆𝑆𝑆𝑆) is reduced by mentioned factor 𝜑𝜑 in relation to the externally applied force 
𝐹𝐹𝑆𝑆, as introduced by the following equation: 
 

𝐹𝐹𝑆𝑆𝑆𝑆 = 𝜑𝜑 ∙ 𝐹𝐹𝑆𝑆            (2) 
 
where 𝐹𝐹𝑆𝑆𝑆𝑆 refers to difference in the preloaded bolt overall tension force before and 
after the additional force 𝐹𝐹𝑆𝑆 is applied to the screw joint. 
 
For the case considered, the load factor 𝜑𝜑 is than calculated as: 
 

𝜑𝜑 = 𝐹𝐹𝑆𝑆𝑆𝑆
𝐹𝐹𝑆𝑆

= 0.613            (3) 

 
The values given by equation (3) is much different compared to typical values for 
screw joint (which is usually between 0.1 and 0.4). 
 
3.2.4 Dynamic forces at the plug end 
 
Similarly, the dynamic forces on the plug end have also been examined in details. 
Results are not presented hereafter. However, similar trends have been observed and 
data post-processed in similar way (see figure 15). It is evident that results for all 
consecutive activations of the valve are almost the same. 
 

 
Figure 15: Dynamic forces on plug end for M33x2 

Source: own 
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4 Numerical approach (FEA) 
 
The main purpose of finite element analyses (FEA) on the plugs is to provide the 
detailed understanding of mechanical response (i.e. stress-strain state) on the plugs. 
Another important aspect of performed FEA is to compare mechanical response on 
the original and modified plug design. Then, forces given by measurements executed 
on the modified configurations can be interpreted for the original configurations. 
FEA has been performed using the Ansys Mechanical APDL software package. 
 
4.1 Pre-processing stage 
 
For each plug size, two versions of the plug design have been created and analysed 
(original and modified design). The following assumptions and simplifications have 
been made: 
 

− axisymmetric model with axial symmetry along the plug longitudinal axis 
− 2-dimensional PLANE42 elements with axial symmetry have been used 
− plug threads have been modelled with a simplified equivalent circular model 

(without 3D helix) 
− contact between threads on plug and housing has been made using 

couplings (of adjacent nodal pairs) in the normal direction; contact elements 
were therefore not used 

− other contacts have been made in the same way 
 
Two different materials have been used (namely for the plug and housing) with 
corresponding elasto-plastic properties. See figure 16 for details. 
 

 
 

Figure 16: Material properties 
Source: own 
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Local mesh refinement has been applied on areas of sharp corners, threads, necking 
etc. See figure 17 for clarity. 
 

 
 

Figure 17: Axisymmetric model of plug M33x2 (left: original plug, right: modified plug) 
Source: own 

 
Five different load cases (LC) have been used, namely: 
 

− LC1: inactive valve (spool initial position; preload force and initial spring 
compression force) 

− LC2: active valve (impact on plug head; preload force, maximal spring force 
and contact force in steady-state piloted spool position) 

− LC3: active valve (impact on plug head; preload force, maximal spring force 
and peak contact force in transient spool position) 

− LC5: active valve (impact on plug end; preload force, maximal spring force 
and contact force in steady-state piloted spool position) 

− LC6: active valve (impact on plug end; preload force, maximal spring force 
and peak contact force in transient spool position) 

 
Impact force of the spool on the plug has been determined for the pilot pressure of 
20 bar, which is the typical pilot pressure used in hydraulic closed-loop circuit. 
Boundary conditions (in terms of restrain the node displacements) have been 
prescribed on housing free edge. The relative movement of the contact surfaces in 
the tangential direction has been considered as free, without taking friction into 
account. 
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4.2 Post-processing stage 
 
It is out of the scope of this paper to present and explain the results of each load 
case separately. Instead, only few typical examples of FEA results are given hereafter. 
Figure 18 depicts stress-displacement response for plug M33x2 under the LC1 that 
refers to the simulation of plug tightening. The preload force due to the tightening 
of plug is modelled by means of temperature contraction on the plug neck in the 
longitudinal direction (Y axis) only. 
 

 
 

Figure 18: Simulation of tightening on plug M33x2 (temperature contraction) 
Source: own 

 
There are several benefits to use FEA in addition to the experimental approach. 
Mechanical FEA allows to make in-depth review of stresses (among other variables) 
in the entire component. Further, several different loading scenarios could be 
simulated relatively quickly and easily. On the other hand, experimental approach 
gives realistic values of forces, stresses etc. However, it requires more resources (e.g. 
time, human, cost) and usually enables limited amount of scenarios to test. 
 
5 Design method and tool development 
 
Method for fast dimensioning of the hydraulic plugs has been developed and 
described on the example of plug M33x2. As first, the fatigue calculation is 
introduced and after that also the static calculation is included. 
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5.1 Fatigue design 
 
Fatigue calculations has been performed in accordance with the standard DIN 743 
(“Calculation of load capacity of shafts and axles”), because in this standard the 
adequate details are given, the fatigue data for plug material in question are available 
and the adequate loadings are considered. The only disadvantage of this standard is 
that calculations are made for fatigue limit (2x106 or more loading cycles) whereas 
the plugs are usually loaded with 5x105 of cycles. By doing so, the calculation stays 
conservative. The cross-section of the plug neck, containing the transition between 
the plug neck and plug body have been selected as fatigue critical cross-section 
(figure 19). 
 

 
 

Figure 19: (a) plug parts, (b) plug drawing, (c) sketch of the standard detail 
Source: own 

 
5.2 Static design 
 
Static safety factor regarding to yield strength has been calculated. The required 
minimal yield strength safety factor is defined in appropriate norm (𝑆𝑆𝑅𝑅𝑖𝑖𝑖𝑖 = 1.2). 
In static calculation, the torsion stress cannot be neglected, because the torsion stress 
due to the plug bolting and preloading can stay in the pug neck during whole lifetime 
and of course also because the plug must survive the loading case of bolting. Finally, 
the Excel-based tool has been developed for automatization of developed method 
for fast dimensioning of the hydraulic plugs (figure 20). 
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Figure 20: Plug calculation in Excel-based tool 
Source: own 

 
6 Conclusion 
 
The aim of the investigation is to develop a design method for fast dimensioning of 
hydraulic plugs. The extensive measurements and numerical analyses have been 
realized on plugs M19x1, M27x1.5 and M33x2. The outputs of these activities enable 
to develop required design tool. Finally, Excel-based calculation tool was made for 
simpler, faster and more accurate usage of the developed method. 
 
Extensive experimental approach has been performed which required highly skilled 
human resources. Some innovative solutions have been developed and implemented 
(e.g. torque wrench, plug modifications …) that allow precise and repeatable 
measurements of different variables. 
 
Installation of strain gauges on the plugs allow to measure forces, stresses and strains 
on the plug neck, plug head and plug end. This has brought new added values to the 
existing know-how of Poclain development team. In addition, appropriate 
acquisition system allows to precisely capture transient phenomena during the spool 
shifting stage. 
 
Main FEM analyses have been completed for modified and non-modified plugs to 
enable their comparison. As the most important it has been found out that the 
modifications of the plugs do not affect the measurement results significantly – 
typical influence is less than 2 %. For static dimensioning of the non-modified plugs, 
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the loadings measured on the modified plugs can be used without causing relevant 
deviations. 
 
Method for rapid sizing of hydraulic valve plugs has been developed, based on the 
analytical approach, as a preferable technique. In the analytical procedure the usage 
of standard diagrams is partially implemented. Method is based on DIN 743 
procedure for shafts and axes from where the static and fatigue strength criteria have 
been adopted. In addition, method includes scenarios of spool acting on the plug-
head and on the plug-end. Finally, Excel-based calculation tool has been made for 
simpler, faster and more accurate usage of the developed method for fast 
dimensioning of the plugs. 
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This paper presents development of a new hydraulic 
freewheeling valve HCC-200, intended for activation of two 
hydraulic motors in rear drive axle of an agricultural combine 
harvester. Complete development process of the valve was 
supported by several numerical simulations. Before producing 
first physical prototypes, polymeric 3D printed models of new 
components were produced for initial study of production 
process. First physical prototypes of the new valve were 
produced in a specific modified version that allowed integration 
of main spool position monitoring sensor and additional 
pressure sensor to monitor specific internal chamber of the 
valve. Both monitored variables are important for evaluation of 
both valve and system behaviour. Extensive system simulation 
was performed prior to field test campaign. Simulation results 
confirmed the functionality of the valve and at the same time 
identified few potential weak points of the system, for which 
alternative solutions were provided to customer for the test. 
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1 Intruduction 
 
New Poclain Hydraulics freewheeling valve HCC-200 was developed for combine 
harvester application. Combine harvester is a self-propelled agricultural machine that 
is used to harvest grain crops from farm fields. With its processing system it 
separates grain and the waste, which is typically shredded and left on field. Grain is 
collected in tanks integrated into machine.  
 
Combine harvester is operated by an operator, who controls the machine operation 
from the cab located high in front of the machine for good visibility of the 
environment. Depending on the configuration of land and harvested fields a 
machine could be configured for two-wheel drive (2WD) or four-wheel drive (4WD) 
mode operation.  
 

 
 

Figure 1: Typical combine harvester machine 
Source: own 

 
Development of a new freewheeling valve enabling shifting between 2WD and 4WD 
mode of combine harvester is presented in this article. Freewheeling valve controls 
two motors in the rear wheels of the machine. 
 
1.1 On hydraulic power transmission system 
 
Typical hydraulic power transmission system consists of components, shown in 
Figure 2. Machines that are using such power transmission system are usually 
equipped with hydraulic motors, which are connected to variable displacement 
hydrostatic pump. Often one or more motors (typically on one axle) are intended 
for on-demand drive function. In this case an additional valve is required, which 
controls the engagement status of the motor(s). 
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Figure 2: Hydraulic power transmission system 
Source: own 

 
Hydrostatic transmission drive is a typical drive type on combine harvester machine. 
While primary drive is on the front axle, some machines have an option of powered 
rear axle as well. This is an on-demand feature that utilizes hydraulic motors 
integrated into wheels of machine rear axle by sharing the same pump flow. Shifting 
from two-wheel drive mode (2WD) to 4WD mode is done using freewheeling valve. 
 
1.1.1 Freewheeling valve 
 
Freewheeling valve controls engagement status of hydraulic motor in rear driving 
axle. The name comes from its function, which enables almost free rotation of 
motors (and wheels respectively) with minimal losses or dragging torque. This is 
done by draining motor working ports to tank. At the same time motor case is 
slightly pressurized, which keeps motor pistons retracted and separated from the 
cam. Hydraulic schematic of basic configuration of freewheeling valve is shown in a 
Figure 3. 
 

 
 

Figure 3: Hydraulic circuit of freewheeling valve (basic configuration) 
Source: own 



156 INTERNATIONAL CONFERENCE FLUID POWER 2023. 
 
Ports PAR and PAV connect valve to the pump while ports AR and AV connect 
valve to the motor(s). Port G is fed from charge pump, port F is drained to tank 
line. G2 port is optional and carries pilot pressure information. Freewheeling valve 
consists of two main sections; a high-pressure section that connects a main drive 
pump with the motors and a low-pressure section that allows release of pressure in 
motors when not being activated and controls motor engagement and 
disengagement phases. 
 

 
 

Figure 4: Freewheeling valve HCC-200 
Source: own 

 
While high-pressure section of HCC-200 valve is functionally identical to basic 
configuration of freewheeling valve there are some differences in low-pressure 
section of the valve. It features hydraulically piloted directional spool valve and 
additional solenoid operated directional valve to control pilot pressure for 
displacement change on hydraulic motor. Valve provides the ability to engage and 
disengage rear motors regardless of vehicle travel speed, i.e. stationary or on-the-fly 
shifting.  
 
1.1.2 Radial piston hydraulic motor 
 
Poclain radial piston motor is a high-torque low-speed hydraulic motor that works 
on cam lobe principle. 
 
Typically for combine harvester application, a dual displacement motors are 
integrated in the circuit, with control spool valve that shifts between both 
displacements values when pilot pressure is applied to port Y. Motor ports as shown 
in Figure 5: 
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− A, R: Working ports (feed and return) 
− F: Motor case port (leakage drain and case pressurisation) 
− Y: Displacement control spool pilot port 

 

 
 

Figure 5: Hydraulic circuit of dual displacement hydraulic motor 
Source: own 

 
Two main modes of the motor in 4WD application are: 
 

− Working mode  
Ports A and R are connected to hydrostatic pump in a closed-loop 
configuration. Pistons are extracted out of cylinder block and are pressed 
against the cam. Motor is generating output torque. 

− Freewheeling mode 
Ports A and R are connected to tank line. Slightly pressurized port F sustains 
certain pressure in motor case that keeps motor pistons retracted inside the 
cylinder block. Motor can be rotated with minimal dragging torque. 
 

 
 

Figure 6: Hydraulic motor in working mode (left) and freewheeling mode (right) 
Source: own 
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2 Valve design and validation process 
 
During the project with combine harvester manufacturer a new freewheeling valve 
had to be developed because basic (catalogue) configuration of the valve did not 
meet given system requirements. Due to early implementation date of new valve 
integration, there was a tight schedule put in place for the team to complete and 
validate the design of the valve. Several actions were taken to minimize development 
time and specifically minimize risk of mistakes along the process. Due to short 
timeline, it was important not to introduce any delay. All common design steps were 
performed when preparing the design of the new valve: 
 

− 3D concept 
− DFMEA (Design Failure Mode Effect Analysis) 
− Tolerance stack-up analysis 
− Flow analysis (Computational Fluid Dynamics - CFD) 
− Structural analysis using finite element method (FEM) 
− Functional analysis (1D lumped model simulation) 

 
Apart from usual design steps some specific actions were taken to assure that 
potential issues are identified and resolved as early as possible – Table 1: 
 

Table 1: Valve design steps 
 

Action Description Risk management impact 

3D print Production of new casted components 
in 3D technology 

Early check of tools, fixtures and 
clamps for machining process 

CR inspection Computed radiography inspection of 
new castings 

Detect potential issues on new parts 
before launching full validation 
campaign 

Additional 
sensorics 

Integrate spool position monitoring 
and main spool piloting pressure 
monitoring. Custom port adaptors 
produced for testing. 

Monitoring of additional valve 
internal variables. 
Controlled flow conditions, 
alignment of test results and 
simulations. 

Functional 
system 
simulation 

Evaluation of valve and system 
performance using 1D multiphysics 
numerical model 

Identification of potential critical 
points. 
Definition of alternative options. 

 
  



J. Bradeško: Development of a New Hydraulic Freewheeling Valve HCC-200 159. 
 

 

3 Numerical approach 
 
A significant part of design work was supported by numerical simulations evaluating 
different aspects of valve characteristics and performance. Some key analyses are 
presented in this chapter: Structural analysis, Flow analysis, Functional analysis and 
System integration. 
 
Structural analysis: All main components of the valve were designed from scratch 
due to specific project requirements. Each of them was calculated for its stress and 
fatigue lifetime. Most of new components are non-standard and were evaluated by 
structural analysis using FEM, except for a new compression spring where a standard 
calculation procedure according to EN 13906-1 was applied. 
 

    
 

Figure 7: Von Mises stress distribution on spool and pilot housing 
Source: own 

 
Flow analysis was performed by CFD simulation tool StarCCM+. Three main 
focus points of investigation were: 
 

− Pressure drop across main flow lines (main pump to motor) 
This was one of main constraints when designing the valve. Pressure drop 
directly affects the power consumption on the vehicle during 4WD 
operating mode. Valve size greatly depends on this requirement. 

− Pressure drop (also local at the valve functional internal points) from valve 
low-pressure section to motor line ports (charge pump to motor and motor 
to tank) 
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Pressure drop in piloting lines plays an important role in dynamic 4WD 
mode engagement and disengagement events. Shift between 2WD and 
4WD mode needs to be enabled at any vehicle speed, which requires 
adequate sizing for both extraction and retraction of motor pistons.   

− Flow force on main spool 
Flow force can have an important impact on shifting ability of the valve, 
therefore its understanding is critical to predict valve operating range. 

 
Functional analysis: Numerical evaluation has been performed by commercial 
simulation tool Simcenter Amesim (2021.2). In the first step, detailed 1D lumped 
model of a new freewheeling valve has been created and tested for its basic 
functionality. The model has been tuned so that its response fits the results of flow 
analysis in terms of pressure drop and flow forces on the spools. Shifting ability of 
the valve was checked under specified worst case operating conditions (pressure, 
flow). 
 

 
Figure 8: Simulation of valve shifting ability 

Source: own 
 
System integration: Based on available data on hydraulic circuit of the machine a 
system model has been built and valve model integrated into it. 
 
Simulation of system behaviour is important, because new freewheeling valve 
introduces important functional change in machine 4WD circuit compared to 
previous circuit configuration. It was therefore deeply investigated and evaluated 
using functional system simulations.  
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Figure 9: Numerical model of vehicle hydrostatic transmission 
Source: own 

 
Due to limited information provided by OEM, the confidence level on simulated 
system response is limited as well. For that matter some additional sensitivity studies 
were performed where critical valve parameters were modified and response 
evaluated for resulting trends. Such modifications were mostly evaluated for their 
impact on dynamic response of the system, i.e. shifting on-the-fly between 2WD and 
4WD mode. 
 

 
 

Figure 10: Baseline simulation response of 4WD activation 
Source: own 

 
Figure 10 show simulated baseline system response at activation of 4WD. It shows 
two points that need to be addressed to make system work properly: 
 

− Rapid increase of system pressure at 4WD activation 
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− Charge pump pressure decrease at 4WD activation 

 
Further analysis identified two important aspects linked to improvement of system 
response: 
 

− Front drive control 
It is necessary to adjust displacement in front drive when transitioning from 
2WD to 4WD mode and back. Timing of this change is critical for good 
performance and operator’s comfort. Understanding the dynamics of valve 
shifting process is important for control tuning. Impact of valve design 
parameters variation was studied with simulation. 

− Charge pump flow capacity 
New valve utilizes charge pump flow when engaging motors, which is 
different from customer previous circuit configuration. System impact was 
evaluated due to high instant draw of oil flow into motors during 
engagement. 
 

4 Prototype build and testing 
 
A new freewheeling valve has been developed, manufactured and tested internally 
by Poclain Hydraulics. The design of prototype valve included additional features 
that were not intended for later serial production design. 
 
4.1 Prototype samples 
 
Two new casted components (raw parts of both housings) were designed during the 
project. To enable machining of these parts also new clamping tools and fixtures 
needed to be designed. 3D polymer prints of components were produced for basic 
demonstration purpose and for an early check of fit between casted parts and the 
clamping tool delivered by external supplier. 
 
A mistake in one of clamping pins height was detected by this check. With a quick 
corrective action the clamp has been reworked before first casted parts were 
delivered and available for machining. No project delay was therefore resulting from 
clamp issue. 
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Figure 11: Samples of new castings produced by polymeric 3D print process 
Source: own 

 

 
 

Figure 12: Wrong (left) and correct (right) clamping pin height on clamping tool 
Source: own 

 
New casted components of the valve were set for sand casting process. Casting 
process often requires additional modifications after initial batches in order to 
reduce risks of porosity, surface defects etc. Non-destructive method of CR was 
used to inspect the samples before building the valves and launching the validation 
tests. This assured there were no hidden defects that could be discovered late in 
testing phase and caused non-representative test results and a need for repeated 
testing and associated delays.  
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Figure 13: CR inspection of main housing casting 
Source: own 

 
Main spool position and its pilot pressure level are two internal variables of the valve 
that are not monitored on serial production machines. However, experience from 
previous projects proved that monitoring these variables gives important additional 
information about status and dynamic performance of 4WD system during its 
validation. Custom adaptor plug and associated clamps were designed to integrate 
both spool position sensor and pilot pressure sensor to prototype valve. 
 

 
 

Figure 14: Adaptor plug with LVDT integration and pressure sensor port 
Source: own 

 
Custom port adaptors were designed to be installed in valve ports during bench tests. 
They were designed in a way to assure adequate flow section and diagnostic ports 
with defined position. 
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Figure 15: Custom port adaptors 
Source: own 

 
Benefits of using such custom adaptors is that they eliminate usage of various fitting 
types with different flow sections, reductions/expansions and possible local effects 
that they reflect in measurements. This gives better confidence in measured 
characteristics of the valve, in particular pressure drop values. 3D model of custom 
adaptors was used in flow analysis (CFD) as well, therefore a correlation of measured 
and simulated values was possible for further tuning of functional 1D numerical 
model. 
 
4.2 Characteristic and endurance bench testing 
 
Prototype samples have been tested on hydraulic test bench to check main hydraulic 
characteristics as well as structural integrity. Samples were built with additional 
monitoring features as presented in previous chapter. 
 

 
 

Figure 16: Prototype valve on test bench 
Source: own 
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After in-house bench testing of valve characteristics, the valve has been sent to 
customer for field testing and final evaluation and validation. 
 
4.3 Customer field testing 
 
Customer has a standard set of procedures and operating modes to test on prototype 
machine. Apart from that, customer considered proposals resulting from Poclain 
system simulation and included them into testing plan to evaluate the circuit after 
integration of the new freewheeling valve. Initial field tests were done with no 
modification of 4WD system control. Figure 17 shows how measured response of 
4WD system during engagement matches well the simulated behaviour in two 
critical points presented in Chapter 3.2. 
 

 
 

Figure 17: Field test results - initial 
Source: own 

 
System simulation suggested change of front drive displacement control to address 
the rapid system pressure increase at 4WD activation. Modifications were introduced 
to 4WD system control and the circuit. Repeated field testing resulted in an 
improved performance, which was detected by machine operators and approved by 
review of measurement results. Rapid increase of system pressure was replaced by 
smooth transition during activation of 4WD mode. 
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Figure 18: Field test results - modified 

Source: own 
 
Drop of charge pressure level at 4WD activation was evaluated more in detail by 
installing additional pressure sensor to the circuit. It indicated that charge pressure 
drops low at the valve due to significant distance from charge pump to the valve, 
but remain at sufficient level on other parts of the circuit. Therefore, it does not 
affect other functions of the circuit and no modification was required. 
 
5 Conclusion 
 
Project timeline of developing new freewheeling valve was very constrained and 
represented a challenge for the company. Specific steps were performed to minimize 
risk of mistakes and issues along the design process and preparation of prototype 
samples. 
 
Several numerical calculations and simulations evaluated behaviour of the new valve 
prior to building physical prototypes. System simulations analysed integration of new 
valve inside 4WD circuit. Few main points were identified that needed specific focus 
during field test evaluation. Alternative design variants were prepared in case that 
behaviour of 4WD system would require improvement during field tests. 
Eventually, new freewheeling valve was developed and validated on time for 
implementation on customer machine according project timeline. 
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In times of ever-changing requirements and customer demands, 
engineers are faced with interesting challenge of developing new, 
sustainable and, above all, flexible production methods when 
designing and manufacturing products in the modern era. 3D 
printing is certainly one of the methods that allows designers to 
incorporate new and innovative solutions into the final designs. 
While these solutions can be effectively implemented from an 
energy consumption point of view, they are still hindered by the 
cost and time factor. Hydraulics is just one of  the many areas  
where 3D printing is demonstrating its full potential and ability 
to create complex structures and labyrinth-like internal 
structures. Optimizing parts has never been easier, and this new 
generation of parts has never been easier to manufacture than 
with the 3D printer. Using only the material that is absolutely 
necessary for the strength (existence) of the part offers a great 
opportunity for material savings. 
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1 Intruduction 
 
Additive manufacturing (AM) differs from subtractive manufacturing in the very 
idea of removing material from the initial geometry. Instead of subtracting, as the 
name suggests, this technique adds material where it is needed. It allows the user to 
add material only where it is needed from a structural standpoint.3D printing uses a 
variety of materials such as photo-resistant resins, filaments or powders to create a 
specific shape of the final part. 3D printing offers the designer almost complete 
freedom to create new parts. This allows new approaches to create a new generation 
of products that can offer geometries never before possible with improved 
properties and performance. 
 
Different types of 3D printing based on manufacturing techniques of material used:  
 

− By manufacturing (fusion, sintering) 
− By material (polymers, metals, biomaterials, other…) 
− By geometry of base material (powder, particles, pellets, resin, rod, sheet, 

wire…)  

Development is mainly focused on lightweight construction (optimisation), which is 
needed in all major engineering disciplines: 
 

− Aerospace, 
− Robotics, 
− Medicine, 
− Automotive, 
− Agricultural, and more. 

 
2 Various tools and principles for AM-oriented design: 
 

− Parametrical: Firstly, designers can create virtual models for 3D printing 
using CAD software and define all the features of the geometry 
parametrically. This process is well known, but with additive manufacturing, 
designers can create completely new features that were previously very 
difficult or impossible to realise. This is especially true for complex internal 
structures. 
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− Topology optimization and generative design: Because additive 
manufacturing is not constrained by the limitations of conventional 
manufacturing, designers can use modern approaches to design new parts. 
This could be achieved through topology optimisation, where the computer 
itself, with sufficient input from the designer, determines the amount and 
position of material needed. Based on FEA or CFD, designers familiar with 
both methods should be able to create new parts using these tools. 
Generative design is a slightly more complicated process that uses artificial 
intelligence to try to create geometry that meets the requirements specified 
by the designer. 

− 3D scanning: Printing the structure that was 3D scanned is a great tool to 
copy existing parts and duplicate them, possibly at different scales. 3D 
scanning of statues and reliefs, for example, is already used in archaeology 
and restoration. With the knowledge of 3D modelling, there is also the 
possibility of repairing scanned models (broken pieces, cracks, missing 
parts…) and printing improved or restored versions of statues, buildings or 
anything else. 

− Lattice: The design of parts that contain segments with an intentionally 
weakened structure in order to minimise the mass of the parts is called 
lattice design. This type of geometry optimisation, previously almost 
impossible in traditional manufacturing, allows the designer to reduce the 
mass of the final product by reducing the amount of material used by 
creating a specially patterned lightweight structure. 

 
 

Figure 1: Tools and principles for 3D printing orientated design. 
Source: own. 
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3 Disadvantages of additive manufacturing 
 
As with any manufacturing process, there are some features of AM that can have a 
negative impact on the parts produced if they are not taken into account. Some of 
these are listed below: 
 

− Postprocessing 
 
The surface finish obtained directly in AM processes is relatively poor compared to 
some other manufacturing processes. Usually, the surfaces that come into contact 
with other parts during operation need to be postprocessed with a milling or grinding 
machine to meet the required specifications. Chemical treatment is also an option, 
but it does not usually achieve as smooth finish as fine grinding.  
 
Post-processing includes not only surface treatment, but also the removal of support 
material and sometimes heat treatment. Since 3D printing in most cases applies heat 
to the parts, there is a possibility of delayed stress after cooling, which can result in 
the tensioning of part and its failure. For metals, it is usually necessary to reheat the 
finished part after printing to avoid cracking. 
 

− Supporting structures 
 
Since the whole idea is to add material where it is needed, this automatically means 
that the structure cannot be started without support, that being a build plate surface 
or some other type of disposable structure. In most cases, these structures have to 
be removed after printing, which drives up the time and cost of post-processing. 
 

− Heat transfer 
 
Most 3D printing processes involve some kind of material heating or warming. This 
means that the material either melts completely or is partially heated so that it can 
bond with other layers or the base plate. After the locally heated material has cooled, 
it usually tends to deform. The deformation or warping of the material is a serious 
problem that is difficult to solve, either partially or completely. Deformation of the 
printed parts while printing is still in progress can lead to faulty prints or in some 
cases seriously damage the machine. In most cases this problem is solved (or 
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attempted to be solved) by conducting heat into the base structure or supports, but 
this means that the material must be thermally conductive to some degree. 
 

− Anisotropy 
 
As the part is printed in layers, the final product will have some anisotropic 
properties. If the designer is aware of this, it could be used as an advantage, but it 
could also lead to catastrophic part failures. Metal 3D prints could be subjected to 
heat treatment, where the part is heated several times to remove most of the 
anisotropic features, while plastic parts could be chemically treated. 
 

− Layer adhesion 
 
Another disadvantage of manufacturing parts in layers is insufficient layer adhesion. 
This refers to the quality of the bond between the layers that are printed on top of 
each other. Poor layer adhesion can lead to delamination, which is a catastrophic 
failure of the 3D printed part. 
 

− Price 
 
When deciding between additive and conventional manufacturing, there is always 
the concern of price. Relatively high machine costs and possible unprofitability for 
large series of identical parts or non-optimised geometries still slow down the 
integration of additive manufacturing machines in small and large industries. In 
contrast, the high added value of the parts could justify the use of 3D printing almost 
everywhere. 
 
Most commonly when talking about the cost of AM, there are two arguments that 
were already mentioned to use AM in production. These are low numbered series 
and high complexity of parts. Combining the two criteria, even bigger series of 
extremely complex parts are economical to produce using 3D printing. One of the 
problems of AM process is that it is almost impossible to decrease production time. 
Usually, doubling the productivity, using multiple lasers or extruders, drives up the 
cost of initial investment. 
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Figure 2: Cost (un)effectiveness of 3D printing based on number of units and complexity of 
the design. 

Source: Busachi et al., 2017: Hopkinson and Dickens, 2003 
 
4 Design rules of additive manufacturing 
 
Design rules of additive manufacturing that designer must follow when constructing 
parts for AM: 
 

− Overhangs and supports 
 
Overhangs are surfaces that are downward facing, usually at an angle to the vertical 
line, and in certain circumstances need supports. Most AM techniques allow up to 
45 to 50° overhanging angles with 90 being vertical wall and 0 meaning completely 
horizontal surface. 

 
 

Figure 3: Overhanging surface. 
Source: own. 
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− Wall thickness 
 
Supported and unsupported wall thickness again depends on the particular 
technique and the machine used. Normally, the lowest achievable wall thickness is 
0.2 to 0.3 mm, but is usually in the range of at least 0.8 mm. 

 
Figure 4: Supported and unsupported wall thickness. 

Source: own. 
 

− Pin diameter 
 
The pin diameter and minimum feature size are similar parameters to the minimum 
wall thickness. It depends on the machine, but the minimum diameter would be 0.4 
mm for high precision machines.  

 
Figure 5: Pin diameter and minimum feature size. 

Source: own. 
 

− Bridges 
 
Horizontal bridges or structures connected with an overhang that is not supported 
should be avoided when designing parts for 3D printing, or redesigned to eliminate 
any strictly horizontal surfaces to a slope. With FDM machines, the maximum bridge 
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spacing is 20 mm with sufficient cooling, but with other processes it is almost 
impossible to create bridges without supports.     
 

 
Figure 6: Bridging distance maximum length. 

Source: own. 
 

− Minimum hole diameter 
 
The minimum achievable hole diameter is again related to the characteristics of the 
machine. Usually it is linked to the nozzle, the diameter of the laser dot, screen 
resolution or numerically to the computer hardware of the machine and the settings 
of the slicers.  
 

 
Figure 7: Minimum hole diameter dimension. 

Source: own. 
 

− Unsupported horizontal axis holes 
 
Holes with a horizontal axis, unlike bridges, can be made without supports. Up to a 
certain diameter, the structure is self-supporting, so it does not need supports. The 
rule of thumb would be a maximum hole diameter of 10 mm.  
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Figure 8: Maximum horizontal axis hole diameter. 

Source: own. 
 

− Connecting parts in assembly 
 
Joining parts, either two 3D printed parts or one 3D printed part to others, requires 
a bit of expertise on specific machine and knowledge of its capabilities. The machine 
also needs to be calibrated to get the most accurate measurements possible. This is 
the only way the parts can be joined together, otherwise postprocessing must be 
performed. 
 

 
Figure 9: Dimensions for connecting parts. 

Source: own. 
 

− Holes for hollow structures 
 
Escape holes are the necessary evil when designing parts for 3D printing with 
powder or resin. The hole in the structure serves as an extraction port for the 
material that would otherwise remain trapped inside the hollow structure. It is 
recommended that the holes are larger than 4 mm in order to remove the resins 
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sufficiently. When designing hollow structures, the designer must also be aware of 
internal chambers where resin or powder could become trapped.  
 

 
 

Figure 10: Hole in hollow structure for extracting trapped material. 
Source: own. 

 
− Tolerances 

 
Tolerances are part of a similar issue as fitting parts together and are usually 
dependent on the machine's capabilities and its calibration. 3D printed parts without 
and kind of postprocessing are known not to be the most accurate for tight 
measurements. Surface roughness can also have a big impact on measurements and 
therefore tolerances.  
 

 
Figure 11: Tolerated dimension with its maximum and minimum possible state. 

Source: own. 
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5 3D print in Hydraulics and pneumatics 
 
It makes sense to 3D print some parts to improve the properties of a particular 
component and thus of a large system made up of those components working hand 
in hand with parts made traditionally. It is not about producing the same products 
as with conventional manufacturing techniques but producing a new generation of 
parts with the same purpose/functionality but improved performance and 
properties. 
 
When designing parts for hydraulics and pneumatics, there are certain components 
where 3D printing makes more sense than others. For example, it would be irrational 
to 3D print hydraulic hoses for general use. 3D printing lightweight hydraulic valves 
for aerospace applications or for mobile hydraulic machines, where every gramme 
counts, makes the whole story of 3D printing much more economical and sensible. 
So, all in all, it makes sense to improve the properties of parts that are made from a 
“block” of base material and have a lot of excess volume and mass (or this mass has 
been removed during the subtraction process in manufacturing) and redesign them 
to reduce material, production and operating costs to a maximum. This can be 
achieved by optimising the geometry manually or by using modern software that 
offers different approaches to solving complex technical requirements for the final 
part.   
 
Parts that are based on fluid power applications and are worth redesigning for 3D 
printing are:  
 

− Hydraulic and pneumatic valves  
− Hydraulic block 
− Collecting manifolds and other types of collectors  
− Custom parts for specific use and with special demands for geometry or 

structure 
− Soft structures  

 
Normally, hydraulic valves are casted or manufactured using CNC mills. Casting 
allows the designer to save some material compared to CNC-milled valves, but even 
this does not offer as much complexity as 3D printing. AM allows the production 
of most complex parts and the highest material savings when done correctly, up to 
90% in some cases compared to CNC milled valves.  
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Figure 12: Optimizing geometry of topology optimization. 
Source: own. 

 
Hydraulic blocks are in some ways similar to valves on a larger scale. Because 3D 
printing allows for extremely complex geometries and also only needs to add 
material where necessary, a 3D printed hydraulic block looks like a bunch of pipes 
supporting the structures around them. The next step would be to combine valves 
and hydraulic blocks by integrating valves into the block geometry. This could 
further reduce the mass of the overall assembled structures. 
 

     
 

Figure 13: Hydraulic block optimized to achieve minimum mass requirement. 
Source: own. 

 
Printing manifolds of almost any type could also be economical as they add 
complexity such as hydraulic blocks. In some cases, 3D printing of manifolds and 
the initial design of manifolds for 3D printing allows designers to use some new 
features, such as unusual shapes, for the part. Features (bends, shapes, sizes…) that 
were previously limited by manufacturing technology can now be made with AM.  
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Figure 14: Hydraulic manifold optimized for efficient flow conditions. 
Source: own. 

 

Customised, non-series parts and products in small batches, made for specific 
purposes and with minor adjustments between parts, could still be the most 
important factor for the use of AM in almost all industries. In this category we find 
all kinds of parts that cannot be pressure moulded since big and expensive tools are 
needed that are rigid and do not offer much flexibility. 3D printing offers exactly 
that. By making minor corrections to the designs, each part can be unique, while the 
option to make copies of the same design is still available.  
 

 
 

Figure 15: Custom 3D printed manifold. 
Source: own. 

 
Soft structures that are designed to deform under pressure to perform specific 
movements are another example of a field where 3D printing has great potential. 
The use of soft materials such as TPU or other rubbery polymers is important 
because pneumatic grippers have complex internal and sometimes external 
structures that are difficult to achieve with other manufacturing methods. There are 
always debates about the impermeability of 3D-printed parts, but the same concerns 
could also apply to silicone or rubber. 
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Figure 16: Pneumatic soft robotic gripper. 
Source: own. 

 

6 Conclusion  
 
All in all AM is a tool that offers great potential to any industry. It is flexible and 
allows designers to achieve completely new level of complexity of their parts. This 
parts have very high enhanced value and can easily deliver huge performance 
increases to the users.  
 
In this article there were only briefly presented some challenges that designers using 
this technology must know about. Specific values are usually based on machines, 
software an the experience of each individual user. Presented were also different 
approaches and disciplines in hydraulics, where 3D printed parts just make sense.  
Additive manufacturing is and will continue to develop in the future so that it could 
rival conventional techniques in as many industries as possible.  
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This paper presents the design and practical realization of two 
mechatronic systems designed to float in the water. The first 
system is a remotely controlled pneumatically powered boat, as 
an example of ecological and unconventional vessels. The 
propeller is driven by an air motor that enables the propulsion of 
the boat. The actuator for steering is a three-position pneumatic 
cylinder that realizes the three positions of the rudder blade (left-
centre-right). Another system is a remotely controlled 
underwater vehicle or a miniature submarine. The body of the 
submarine is a watertight chamber containing four ballast tanks, 
a control unit and batteries. Two servo motors are used to fill 
and empty water from the ballast tanks, which allows the vessel 
to sink and surface. The submarine is steered by a servo motor 
that rotates the rudder blade, and a DC motor that drives the 
propeller, with the use of a microcontroller. 
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1 Intruduction 
 
Mechatronics is a highly interdisciplinary field and finds application in almost all 
branches of technology, even in very specific areas such as marine engineering. Some 
examples of mechatronic systems used in boats and underwater vehicles include 
autonomous underwater vehicles (AUVs) that use sensors and control systems to 
navigate and perform tasks [1], control systems for vessel navigation and attitude or 
mission control systems for AUVs [2]. The application of microprocessors, sensors, 
and communication components is widespread in the field of mechatronic systems 
that are used in underwater vehicles. They are installed to control the vehicle's 
movement, monitor its environment, or communicate with other systems. 
Mechatronic systems designed to float in the water are associated with numerous 
limitations and challenges that must be overcome for proper and reliable operation, 
such as higher signal delay, significant interference and noise, harsh environment, 
sealing problems, limited lifetime of the drive without charging, etc. [3]. 
 
Pneumatic components are rarely used in mechatronic systems for underwater 
vehicles. Instead, hydraulic and electric systems are more commonly used. However, 
there are some examples of mechatronic systems that use pneumatic components. 
For example, the mechatronic system of a fleet of three autonomous underwater 
vehicles (AUVs) called Eco-Dolphin uses pneumatic components [4]. Due to their 
waterproofness, artificial pneumatic muscles may have the potential to be used in 
mechatronic systems for underwater vehicles as drive actuators or to perform 
auxiliary actions that need to be performed in water [5]. This paper presents the 
design and practical realization of two mechatronic systems with pneumatic and 
electric drive intended for work in a water medium. 
 
2 Pneumatically powered boat 
 
n marine technology, pneumatic systems could be widely used. They can be used as 
propulsion systems for small boats, kayaks or canoes. Such vessels use compressed 
air to drive an air engine that drives a propeller or oars. They can also be used on 
large ships as steering systems, where compressed air drives a pneumatic cylinder 
that steers the ship's rudder, which turns the rudder blade. In addition, they can be 
used as ballast systems that use compressed air to inflate and deflate tanks to adjust 
the ship's stability. They are used in winch and crane systems on cargo ships, as part 
of diving equipment and many other applications. Remotely operated pneumatic 
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boats can provide some advantages over traditional electric systems. They can be 
more energy efficient than electric motors which will result in longer operating times 
while reducing operating costs. Furthermore, pneumatic systems are more reliable, 
durable and require less maintenance than electric motors. They are also more 
environmentally friendly because they do not produce harmful emissions, which 
makes them suitable for ecologically sensitive areas. Remotely operated inflatable 
boats are suitable for small-scale operations such as patrolling waterways, 
monitoring marine wildlife and conducting water quality tests. Therefore, the 
production of a small boat equipped with electronic components can provide insight 
into the application of mechatronic principles in systems operating in water. 
 
2.1 Design and construction of the boat 
 
The design requirement was that the boat has enough space for mounting all the 
necessary components. Next, the components should be arranged to allow an easy 
flow from the air source to the pneumatic motor to achieve the boat's propulsion 
and to connect the parts to the boat's construction. Furthermore, it should be taken 
into account that the compressor, battery and tank are the heaviest and largest 
components, whose positions on the boat are of crucial importance for the stability 
of the boat. The hull of the ship was gradually developed, since its shape depends 
on the elastic properties of the material, the position of the components and the 
operation of the steering and propulsion systems. 
 

 
b)      b) 
Figure 1: The position of the boat's propeller and rudder. 

Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 
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The size of the components, their shape and placement determined the final form 
of the boat. The rudder must be positioned behind the propeller and a few 
centimeters (distance 3 on Figure 1) from the stern in order to achieve the necessary 
propulsion of the boat, and the rudder blade should be placed at a minimum distance 
of 15% of the propeller diameter.  
 

        
 a)    b) 

         
   c)    d) 

         
   e)    f) 

Figure 2: Stages of boat hull construction, a) screw connection, b) polyester binding, c) 
plasticizing, d) coating with cement kit, e) primer coating, f) coating with final paint 

Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 
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The boat must have ribs to ensure structural support and overall stability. According 
to the rules of shipbuilding, the boat must contain air tanks that provide buoyancy 
in case of sea entering the boat so that these air chambers keep it above water. The 
bow part was chosen for the reserve tank. The internal volume of the hull must be 
3 times greater than the volume of water whose mass is equal to the mass of the 
cargo and the boat's hull itself. 
 
The material used to make the hull of the boat was plywood with a thickness of 6 
mm. The parts are precisely cut and connected to each other with screws. The 
contact surfaces of the plywood pieces on the inside and outside were coated with 
polyester paste. After the binder solidifies, the screws are removed. The bow air 
chamber is covered with brushed Styrodur which gives a better shape to the boat, 
which could not be achieved using only plywood.  
 
The next step, after obtaining the final form of the boat, is plasticizing. Through this 
process, glass wool is placed on the hull of the boat and then a layer of polyester 
resin is spread over it. This is generally an important step in shipbuilding as it 
protects the surface from corrosion, water ingress and UV radiation. Also, it adds a 
new layer of protection and increases strength, gives shine to the boat and makes it 
more attractive. The hull of the boat is coated with cement putty, which is easy to 
apply and closes the pores on the vessel. Furthermore, the surface is sanded and the 
process is repeated until the desired flatness and smoothness of the layer is achieved. 
The last step in making the boat hull is to apply primer and then the final paint. The 
primer improves the adhesion between the surface and the final layer. It seals the 
porous surface and thus ensures that the final layer remains uniform, durable and 
resistant to moisture. It increases the durability of the boat's formwork and reduces 
the need for frequent repainting. All stages of making the hull of the boat are shown 
in Figure 2. 
 
2.1.1 Boat steering system 
 
The initial idea for the realization of the steering system was the use of a two-acting 
pneumatic cylinder in combination with a proportional valve. However, such a 
solution would require measuring the position of the cylinder, creating a more 
complex control algorithm, and would significantly increase the cost of the project. 
For this reason, a simpler solution was used. For the movement of the boat in three 
directions (right, straight, left) a three-position cylinder was used that can set the 
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rudder blade in 3 positions. The steering system is made according to the model 
given in Figure 3. 
 

 
 

Figure 3: 3D model of the boat steering system. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 

 
The piston rod of the cylinder turns the rotary disc which is connected to the boat's 
rudder blade. The displacement of the piston rod from the middle position to the 
two end positions is 15 mm, which causes the rotation of the boat's rudder blade by 
approximately 20°. 
 
2.1.2 Boat propulsion system 
 
There are four problems that had to be solved during designing the propulsion 
system: 
 

− placing the air motor low enough inside the boat's hull so that the 
propeller is completely submerged in the water, 

− mounting the air motor in a position so that the motor shaft passes 
through the center of the stern, 

− preventing water from leaking through the hole where the shaft passes, 
− mounting the 3D printed propeller on the shaft of the air motor. 

 
The first problem was solved by the own weight of the components, which plunges 
the vessel into the water, with careful selection of the propeller with an outer radius 
of 51 mm to be within the boat's waterline. For mounting the air motor, an internal 
and external support is made that holds the air motor in a fixed position. A seal 
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(semmering) is inserted into the rear support, which does not allow water to enter 
the interior of the boat. And finally, the air motor shaft is machined so that it can 
transmit torque from the motor to the propeller. The manufactured parts of the boat 
propulsion system are shown in Figure 4. 
 

      
  a)     b) 

      
  c)     d) 

Figure 4: Boat propulsion parts, a) front support part, b) rear support part, c) air motor, d) 
propeller 

Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 
 
2.2 Drive and control components 
 
An air motor (GAST 1AM-NRV-63A) was chosen to drive the boat's propeller. Air 
motors have many advantages, even compared to electric motors. Air throttling and 
pressure control are more cost effective compared to electric motor controls and 
can be overloaded for longer periods without damaging the motor. The 
characteristics that distinguish air motors are: variable operating speed and output 
power, they do not heat up significantly during operation, they are ideal for use in 
extreme conditions (dangerous environments, extreme temperatures, etc.). A three-
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position pneumatic cylinder (FESTO ADNM 25-A-P-A-15Z1-30Z2) was chosen as the 
actuator for steering. The cylinder has 3 three positions where the connecting rod is 
extended by 0, 15 and 30 mm. It has good corrosion resistance, which is essential 
for applications in the presence of sea salt. The valve block (FESTO VTUG-10-SH3-

S1T-Q6-U-M5S-6K), which contains 12 solenoid 3/2 valves, was used to control the 
actuators. Each valve is activated by a digital 24 V electrical signal sent by the 
microcontroller via serial communication. A compressor (VIAIR 400C) was used to 
supply the system with compressed air. It can produce 1.2 l/s of compressed air 
when the tank is completely empty and 0.9 l/s when the air in the tank is 5 bar. An 
air tank (FESTO CRVZS-2) with a volume of 2 litres is placed behind the compressor, 
and is used for pressures up to 16 bar. The drive components are shown in Figure 
5. 
 

      
a)      b) 

      
  c)     d) 

Figure 5: Drive components, a) air motor, b) cylinder, c) valve block, d) compressor 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 

 
Controllino Mini microcontroller was used as control device. It is programmed using 
the ARDUINO IDE software package and contains relay outputs that can be used to 
activate valves without additional electronic elements. It uses an ATmega328P 
microprocessor and has a USB port for communication with a computer. Bluetooth 
module (HC-05) is used for wireless control of the boat using a mobile phone or 
laptop. It has a data mode in which it can send and receive data from other bluetooth 
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devices. The module requires a +5 V power supply, and its range is less than 100 
meters. Two power sources are required for the operation of the entire system. The 
compressor requires a 12 V DC power supply, and the Controllino can be powered 
from a 12 or 24 V DC source. 
 
Two batteries were used because the compressor is a big consumer of energy 
compared to Controllino devices, and in the case of a complete discharge of one 
battery, the valve would close, although theoretically there could be compressed air 
in the tank. 
 
2.3 Description of system operation 
 
The program code is transferred to the microcontroller from the laptop using USB 
communication. The microcontroller initially includes all necessary libraries, defines 
initial variables, starts serial communication and declares control pins. In the next 
step, an infinite loop is started in which the values of the variables are constantly 
examined and it is determined which valve will be activated by an electrical signal. 
In manual mode, as soon as the operator touches the screen in the application, the 
programmed task of the boat is interrupted and all control actions are undertaken 
by the operator, who has the option of moving the boat forward - backward with 
the option on the mobile phone, Figure 6. 
 

 
 

Figure 6: Mobile application for boat control. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 

 
Figure 7 shows the developed prototype of a remotely controlled pneumatically 
powered boat during testing in water. 
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Figure 7: Pneumatically powered boat in the water. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:8392 [6] 

 
3 Remote controlled underwater vehicle 
 
Remotely controlled underwater vehicles are used for underwater activities, scientific 
research, inspection of installations at sea for oil and gas, extraction of shipwrecks 
from the sea, etc. They can be equipped with different instruments, such as cameras, 
lights, and manipulators, to collect data or perform a specific task. They can work in 
deep waters where it is not possible or safe for divers. The goal of this project is to 
show an example of controlling the depth of the dive and realizing the movement 
of the vessel in the water. With a sonar or camera upgrade, a vehicle for mapping or 
recording the underwater surface could be realized.  
 
However, there are many difficulties with remote communications with a vehicle 
under water. Water absorbs most of the signal wavelengths used in remote-
controlled vehicles. For this reason, an underwater cable is often used to connect 
the vehicle to the control device. The next problem is maintaining the required 
navigation depth of the underwater vehicle. One solution is to use ballast tanks that 
can be filled and emptied with water to change the density of the vehicle, causing 
the vehicle to sink or rise. Manipulating the depth of diving requires knowledge of 
the static buoyancy of the underwater vehicle (the ability to float in the water at rest). 
By using ballast tanks, water is introduced into the submarine, which changes its 
density and enables a change in diving depth. Control of the depth of the underwater 
vehicle also requires measuring the depth at which the vehicle is located. A pressure 
sensor will be used for this purpose because the depth can be calculated from the 
hydrostatic pressure. 
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3.1 Designing and construction of an underwater vehicle 
 
The hull of the submarine is a watertight chamber, in the form of a cylinder with 
rounded ends, in which all the parts necessary for the operation of the submarine 
are located. The main part of the hull is made of a transparent acrylic tube with a 
diameter of Ø120/114 mm and a length of 340 mm, in which the ballast tanks, 
control unit and batteries are placed. Figure 8 shows the hull of the submarine in a 
3D model. The ballast tanks system is made using medical syringes where the pistons 
are driven by two servo motors. Each motor drives two pistons at opposite ends of 
the submarine. This allows manipulating the centre of mass of the submarine and 
adjusting the pitch. The positions of the pistons inside the cylinders is measured 
using two linear potentiometers and the data is sent to the microcontroller for 
controlling the servo motors. 
 

     
 

Figure 8: 3D model of ballast tanks and submarine hull. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:9155 [7] 

 
Servo motors (MPJA MG995) used for filling and emptying ballast tanks have the 
possibility of continuous rotation. Watertightness between joints is achieved by 
using suitable seals. There are six contact surfaces on the submarine that require 
sealing. 
 
3.2 Control of an underwater vehicle 
 
The control unit consists of a microcontroller that is programmed to interpret the 
input signals from the radio receiver and convert them into suitable output signals 
for driving the propeller as well as the servo motors for driving the pistons of the 
ballast tanks. The control system also contains analog or digital inputs for reading 
signals from the pressure sensor, potentiometer and temperature sensor.  
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Figure 9: Control electronics with sensors. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:9155 [7] 

 
An Arduino Uno microcontroller is used for sensor data processing, motor control, 
wireless communication and PID control. The control device with electronics and 
sensors is shown in Figure 9. A servomotor (SG90) is used to rotate the rudder of 
the underwater vehicle, which drives a shaft connected to a lever on the vehicle's 
rudder, Figure 10. 
 

 
 

Figure 10: Rudder control. 
Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:9155 [7] 
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3.3 Description of system operation 
 
The microcontroller is programmed to perform the tasks of maintaining the required 
depth, controlling the motors and wireless communication with the transmitter. The 
submarine has a relatively slow response to changing the diving depth. The reason 
for this is the large transverse surface of the submarine and the relatively slow 
rotation of the servo motor, which gives a slow response of the ballast tank. A PID 
controller was used to achieve the accuracy of the required diving depth and 
response speed of the submarine, and the operation of the system was checked 
experimentally. Figure 11 shows the constructed underwater vehicle. 
 

 
Figure 11: Underwater vehicle. 

Source: https://repozitorij.fsb.unizg.hr/islandora/object/fsb:9155 [7] 
 

4 Conclusion 
 
The paper has presented the design and practical realization of two mechatronic 
systems for floating in the water environment. First, a small boat with a propeller 
driven by a pneumatic motor was presented. The boat is remotely controlled and 
has the ability to change the direction of navigation. Then the process of designing 
and making a remotely controlled underwater vehicle or a miniature submarine was 
presented. The underwater vehicle has the ability to fill and empty water from the 
ballast tanks. 
 
These experimental systems can be used as educational test models in the field of 
mechatronics and automatic control in marine technology. In order for the systems 
to work properly on water or under water, it is necessary to solve many specific 
requirements of such mechatronic systems. Such systems clearly demonstrate the 
possibilities of applying mechatronic and fluid power systems in ship technology. 
Such innovative works based on mechatronic principles give impetus to students to 
create new practical works in the future as well [8, 9]. 
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Hydraulic pump is the heart of aircraft hydraulic system. 
Performance degradation based on mixed wear theory of 
aviation hydraulic piston pumps: its reliability and safety is very 
important; complicated structure; high pressure; high speed; 
strong vibration, multi field coupling, high reliability and long 
life. This paper establish detailed model based on mixed 
lubrication-wear mechanism. Experiment and validation indicate 
that the proposed mathematical model can reflect the integrated 
development process of hydraulic pump. Mechanical analysis of 
barrel-valve plate covers: film thickness, pressure distribution in 
different angles, contact pressure considering machined 
roughness, elastic and plastic deformation, comparison of 
contact force and fluid force, elastic and plastic deformation, 
viscosity and deformation compensation. 
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1 Intruduction 
 
The distribution of pressure in the valve plates of an axial piston pump varies 
according to the phases of pump operation. The pressure schedule includes suction 
and discharge phases [1]. 
 
In the suction phase, the piston moves, creating a vacuum in the suction chamber. 
The port on the suction side is open so that the fluid can be sucked from the tank. 
In valve plates, the pressure is lower in the suction chamber to allow fluid to enter 
the pump. 
 
The compression phase occurs when the piston moves forward, creating increased 
pressure in the pump's discharge chamber. The pressure port is open, while the 
suction port is closed. The pressure in the valve plates is higher in the pressure 
chamber so that the fluid is pushed through the outlet port to the hydraulic system. 
 
This cycle is repeated during pump operation, creating an alternation between 
suction and discharge phases. The valve plate pressure distribution is designed to 
ensure efficient fluid suction during the suction phase and reliable fluid delivery 
during the push phase. Valve plate openings play a key role in controlling fluid flow 
direction and pressure distribution in stress analysis [2]. 
 
2 Determining the flow sections of the valve plate 
 
The change in pressure is largely influenced by the smallest cross-section of the fluid 
flow formed by the valve plates and the rotating cylinder block. For simulation 
calculations, it is important to know the exact size of the flow passage opening on 
the high and low pressure side, depending on the angle of rotation. Due to the 
complex geometrical section, an analytical description of the cross-section is not 
possible. In the past, the cross section was measured and interpolated manually to 
obtain the surface profile. Using a 3D model of the valve plate, PAK is able to 
automatically calculate the smallest fluid cross-section for a complete revolution of 
the cylinder block (Fig. 1). [3] 
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Figure 1: Cross Section Area 

Source: own. 
 

3 Systematic research of characteristic parameters 
 
Predicting pump performance for a given design requires a simulation model that 
describes compressible and viscous fluid flow from the ports through the valve 
plates to the ventricles. Flow through lubrication gaps, which seal the chambers, 
must be considered. The change in pressure in the chambers is the result of the basic 
process of the pump and causes fluctuating forces and moments that lead to 
oscillating micro-motion of the moving parts of the pump's rotary group. 
 
The influence of suction pressure pu on the gradient of pressure increase in the 
cylinder is shown in Figure 2 where steeper pressure gradients correspond to higher 
suction pressures. The size of the pressure pulsations in the pressure chamber is also 
affected by the suction pressure, in that lower suction pressures correspond to larger 
pulsations, Figure 3. 
 
The influence of the number of revolutions of the drive shaft n on the flow of high-
pressure pressure pulsations in the cylinder during the compression phase was 
observed, and it was noted that at a higher number of revolutions, larger pulsations 
appear, as a consequence of the influence of valve dynamics in this phase, Figure 4. 
The influence of the number of revolutions of the drive shaft on pressure pulsations 
in the pressure chamber is shown in Figure 5. It is noticed that at a higher number 
of revolutions, lower pressure pulsations appear in the pressure chamber. 
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Figure 2: Impact of the suction pressure pu to the gradient of  pressure increase in the 
cylinder, pc 

Source: own. 
 

 
Figure 3: Pressure flow in the discharge chamber pv during pressure change pu in the 

operating fluid  
Source: own. 

 

 
Figure 4: Impact of the number of shaft revolutions nto the pressure pulsations flow in the 

cylinder, pc in the compression phase 
Source: own. 
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Figure 5: Impact of the number of shaft revolutions nto the pressure pulsation, pv in discharge 
chamber 

Source: own. 
 
4 Conclusion 
 
Almost all available models are based on measurements, but different methods are 
applied to obtain an analytical description. 
 
The limit to the achievable accuracy of most of these models is given by the use of 
a relatively simple analytical expression, while a good fit of the measured curves is 
usually achieved only in a limited range of operating parameters. 
 
The dependence of all important operating parameters such as pressure difference, 
velocity, displacement volume and temperature can be easily considered using the 
PAK software package. The software tool is based on Matlab. 
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Drilling fluid is circulated through the well-bore during drilling 
operations to transport cuttings from the bottom of the hole to 
the surface. Hydrostatic high-pressure mud pumps are typically 
used for this purpose. Triplex pumps, which comprise three 
pistons mechanically displaced by 120 degrees, are the most 
common type of mud pump. When more than one mud pump 
is connected to the common high-pressure line, very high 
pressure peaks can occur due to asynchronous pump strokes. 
These pressure peaks can damage high-pressure mud lines and 
pressure equipment, such as valves and gaskets. They can also 
undermine well-bore stability. This paper investigates the process 
of pulsation creation and proposes adequate pressure control 
systems for pulsations reduction. The proposed systems are 
based on the use of passive and active control elements. 
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1 Intruduction 
 
Deep drilling operations are required to produce deep wells for the exploitation of 
hydrocarbons or geothermal energy [1]. A drilling fluid (also called drilling mud) 
circulating through the well-bore is crucial for this process. Its main purpose is to 
transport cuttings from the bottom of the hole to the surface through the annulus 
between the borehole walls and the drill-string. Mud is also used to control the 
pressure within the well. In particular, the mud pressure must be higher than the 
well pressure to avoid accidental blowouts, which can have potentially severe 
consequences for personnel, equipment, and the environment. The mud pressure 
must also be sufficiently low to avoid accidental fracturing of the well [2]. 
 
Mud pumps are used to circulate drilling mud through the well-bore. They are 
typically reciprocating piston devices, with triplex pumps being the most common 
type [3]. Triplex pumps have three pistons that are mechanically displaced by 120 
degrees [4]. When more than one mud pump is connected to the common high-
pressure line, high pressure peaks can occur due to asynchronous pump strokes. 
These pressure peaks can damage high-pressure mud lines and pressure equipment, 
such as valves and gaskets. They can also undermine well-bore stability. 
 
One way to reduce these harmful high pressure spikes is to control the phase 
displacement of individual pumps with respect to each other. This can be done by 
synchronizing the timing of pump strokes, which leads to equal peak amplitudes. 
For example, if only one triplex mud pump is connected to a single high-pressure 
line, there is no possibility of high pressure peaks since all three pistons are 
mechanically displaced by 120°. However, if two or more triplex pumps are 
connected to a single high-pressure line, pressure peaks are likely to occur. The 
dynamics of this system are chaotic, and the angular phase differential between two 
pumps may be considered quasi-random. This means that there is a much higher 
probability for pressure peaks to occur in this case [2]. 
 
This paper conducts the analysis of pulsation creation and proposes an adequate 
pressure control systems for pulsations reduction. The proposed systems are based 
on the use of passive and active control elements. 
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2 Mud pump system mathematical model 
 
A mud pump is a positive displacement machine consisting of two or more cylinders, 
each containing a piston or a plunger, which are driven through respective slider-
crank mechanisms and a common crankshaft powered by an external source. 
Rotational speed of the crankshaft, and the number of pistons and their respective 
dimensions determine a pump capacity. Unlike a centrifugal pump, a positive 
displacement pump does not develop pressure; it only produces a flow of fluid. The 
downstream process or piping system produces a resistance to this flow, thereby 
generating pressure in the piping system and the discharge portion of the pump [5]. 
Pump flow fluctuates at a rate proportional to the pump speed and the number of 
cylinders. The amplitude of these fluctuations is a function of the number of 
cylinders. Generally speaking, the greater the number of cylinders, the lower the 
amplitude of the flow variations at a specific rotational speed. Mud pumps are 
capable of producing a variable capacity when coupled to a variable speed drive. 
Each pump has maximum suction and discharge pressure limits that, when 
combined with its maximum speed, determine the pump’s power rating.  
 
The pump can be subjected to power inputs that are less than its maximum rating, 
which only results in a slight decrease of its mechanical efficiency. In a positive 
displacement pump, when pressure exceeds the design limits of the pump, 
mechanical failure (often catastrophic) may occur unless excess pressure is quickly 
relieved. For this reason, all piping systems incorporating positive displacement 
pumps must have discharge pressure relief devices to limit the pressure in the piping 
system and to avoid pump failure [5]. 
 
2.1 Kinematics of piston movement 
 
Mud pump kinematics can be described by a simple slider-crank mechanism. By 
applying a Cosine law for the aforementioned mechanism, the position of plunger 
pin from crank shaft centre (corresponds to plunger position) X can be described 
as: 
 

 𝑋𝑋 = 𝑟𝑟 + 𝐿𝐿 − 𝑟𝑟 𝑐𝑐𝑐𝑐𝑒𝑒 𝜃𝜃𝑐𝑐𝑠𝑠 − �𝐿𝐿2 − 𝑟𝑟2 𝑒𝑒𝑖𝑖𝑛𝑛2(𝜃𝜃𝑐𝑐𝑠𝑠)           (1) 
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where r is the radius of the crank shaft, L is the length of the connecting rod, and θcs 
is crank shaft angle. Crankshaft angle is calculated from crankshaft speed ωcs as 
follows: 
 
 𝜃𝜃𝑐𝑐𝑠𝑠 = ∫𝜔𝜔𝑐𝑐𝑠𝑠 𝑑𝑑𝑡𝑡               (2) 
 
2.2. Isothermal pressure drop 
 
Drilling fluid is compressed within pump cylinders. Volume inside the pump 
cylinder consists of the dead volume V0 (volume when plunger is in its top dead 
centre position) and the changeable (variable) volume ΔVa which is directly 
determined by the plunger position ΔX. This volume can be defined as follows: 
 

 𝛥𝛥𝑉𝑉𝑐𝑐 = 𝑉𝑉0 + 𝛥𝛥𝑉𝑉𝑅𝑅 = 𝑉𝑉0 + 𝐷𝐷2𝜋𝜋
4
𝛥𝛥𝑋𝑋,            (3) 

 
where D is diameter of the plunger. Overall cylinder volume in the top dead centre 
position is Vc,min = V0, while in the bottom dead centre position, the total volume is 
given by the following straightforward relationship: 
 

 𝑉𝑉𝑐𝑐,𝑅𝑅𝑅𝑅𝑥𝑥 = 𝑉𝑉0 + 𝐷𝐷2𝜋𝜋
4

2𝑟𝑟.              (4) 

 
On the other hand, the relationship between isothermal pressure drop dp and 
changeable volume dV is described by compressibility coefficient β, defined as [6-
8]: 
 

𝛽𝛽 = −𝑑𝑑𝑉𝑉
𝑑𝑑𝑝𝑝
⋅ 1
𝑉𝑉𝑐𝑐0

,               (5) 

 
where Vc0 refers to the initial chamber volume.  
 
By applying expression (5) to the volume inside the mud pump cylinder, the pressure 
drop inside any cylinder (denoted by cylinder number n) can be described as: 
 

 𝑑𝑑𝑝𝑝𝑐𝑐,𝑖𝑖 = − 𝑑𝑑𝑉𝑉𝑛𝑛
𝛽𝛽𝑉𝑉𝑐𝑐,𝑛𝑛

,               (6) 
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where  

 𝑑𝑑𝑉𝑉𝑖𝑖 = 𝐷𝐷2𝜋𝜋
4
𝑑𝑑𝑋𝑋𝑖𝑖,               (7) 

 
and Vc,n corresponds to the nth cylinder initial volume (at compression starting point). 
 
2.3 Simplified drilling fluid hydraulic circuit 
 
Figure 1 shows the simplified hydraulic circuit of the drilling fluid, which includes 
the compression of fluid volumes Vc1, Vc2, Vc3 inside each of the n = 3 cylinders, 
fluid volume inside the drill string Vds, pressure drop within the drill string ΔpDr, and 
flow dynamics through the check valves. Figure 1 also shows the mechanical part of 
the mud pump mechanism. Three pump cylinders are mechanically coupled by a 
crank shaft (each separated by a 360°/n = 120° degree angle). Electric motor(s) 
propel the crankshaft through power transmission chain and gear with ibelt and ig 
ratios, respectively. 
 

 
 

Figure 1: Principal schematic representation of simplified mud hydraulic cycle. 
Source: own. 

 
Volumetric fluid flow rate is defined as follows [6]: 
 

 𝑄𝑄 = 𝑑𝑑𝑉𝑉
𝑑𝑑𝑡𝑡

.                (8) 

 
Volume of the drill string 𝑉𝑉𝑑𝑑𝑠𝑠 = 𝑒𝑒𝜋𝜋𝐷𝐷𝑑𝑑𝑠𝑠2 /4 (where l is drill-string length, Dds is its 
inner diameter) in Fig. 1 is represented as a single chamber, where chamber 
input/output flow QVds can be calculated as the difference of the overall pumping 
flow Qp and QDr (QVds=Qp – QDr). Therefore, the pressure drop dp1 is defined as: 
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 𝑑𝑑𝑝𝑝1 = − 1
𝛽𝛽𝑉𝑉𝑑𝑑𝑠𝑠

�𝑄𝑄𝑝𝑝 − 𝑄𝑄𝐷𝐷𝑟𝑟�𝑑𝑑𝑡𝑡.             (9) 

 
The bore-hole flow (flow through the drill string) is concentrated within the drilling 
tool (drill bit) and it is simply represented as a damping (valve) element which can 
be mathematically described as: 
 

 𝑄𝑄𝐷𝐷𝑟𝑟 = 𝐾𝐾𝐷𝐷𝑟𝑟𝐴𝐴𝐷𝐷𝑟𝑟�𝛥𝛥𝑝𝑝𝐷𝐷𝑟𝑟,            (10) 
 
where ADr is cross section area of the flow hole (orifice area). KDr is damping 
coefficient which includes mass density of fluid ρ and the coefficient of discharge 
for the orifice αD [20]: 
 

 𝐾𝐾𝐷𝐷𝑟𝑟 = 𝛼𝛼𝐷𝐷�
2
𝜌𝜌
.             (11) 

 
Due to the variability and uncertainty of ADr, αD and ρ parameters of the drilling 
process, they are approximated and lumped together within a fixed parameter 1/kds. 
Following from that, the flow QDr can be expressed as: 
 

 𝑄𝑄𝐷𝐷𝑟𝑟 = 𝑘𝑘𝑑𝑑𝑠𝑠�𝛥𝛥𝑝𝑝𝐷𝐷𝑟𝑟.            (12) 
 
Fluid flow through check valves can be represented in the form similar to Eq. (10). 
The high-pressure check valve (discharge valve) within the pumping mechanism is 
open only if the cylinder pressure pc,n is larger than the pressure inside the drill string 
(p1), which gives the following relationship for the check valve flow rate: 
 

𝑄𝑄𝑐𝑐,𝑖𝑖 = 𝑘𝑘𝑐𝑐𝑐𝑐�𝑝𝑝𝑐𝑐,𝑖𝑖 − 𝑝𝑝1 for 𝑝𝑝𝑐𝑐,𝑖𝑖 > 𝑝𝑝1 
𝑄𝑄𝑐𝑐,𝑖𝑖 = 0       otherwise,          (13) 

 
where kcv is the lumped damping parameter of the valve. Similar relationship is valid 
for the low pressure check valve (intake valve). Namely, it is open only if pressure 
within the cylinder pc,n is lower than the pressure inside intake manifold p0 (charging 
pump pressure [9]): 
 

𝑄𝑄𝑖𝑖,𝑖𝑖 = 𝑘𝑘𝑐𝑐𝑐𝑐�𝑝𝑝0 − 𝑝𝑝𝑐𝑐,𝑖𝑖 for 𝑝𝑝0 > 𝑝𝑝𝑐𝑐,𝑖𝑖 
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𝑄𝑄𝑖𝑖,𝑖𝑖 = 0       otherwise.          (14) 
 
While check valves are open the volume of the fluid inside the cylinder changes due 
to the fluid flow into each cylinder according to: 
 
 𝑉𝑉𝑓𝑓,𝑖𝑖 = ∫�𝑄𝑄𝑖𝑖,𝑖𝑖 − 𝑄𝑄𝑐𝑐,𝑖𝑖�𝑑𝑑𝑡𝑡.           (15) 
 
Therefore, the cylinder volume changes from Vc,n to the following value: 
 
 𝑉𝑉𝑐𝑐𝑐𝑐,𝑖𝑖 = 𝑉𝑉𝑐𝑐,𝑖𝑖 + 𝑉𝑉𝑓𝑓,𝑖𝑖            (16) 
 
wherein the pressure inside the cylinder is pc,n ≈ p1 in the case of discharge, while pc,n 
≈  p0 is valid in the case of intake.  
 
Overall pump discharge flow is given as Qp = Qc,1 + Q,c,2 + Qc,3, while the intake flow 
is Qia = Qi,1 + Qi,2 + Qi,3.  In the case of additional pumps connected to the same 
pipeline, pressure p1 is equal for each pump, while flows of all pumps are added 
together Qp,all=Qp1+Qp2+…+Qpn. 
 
2.4 Mechanical relationships 
 
Mechanical torque produced by the pressure pc,n inside each of the cylinders, and 
transferred to the crank shaft can be expressed as [10]: 
 

 𝑟𝑟𝑐𝑐,𝑖𝑖 = 𝑝𝑝𝑐𝑐,𝑖𝑖
𝜋𝜋𝐷𝐷2

4
𝑟𝑟 𝑒𝑒𝑖𝑖𝑛𝑛(𝜃𝜃𝑐𝑐𝑠𝑠,𝑖𝑖)(1 + 𝑟𝑟

𝐿𝐿
𝑐𝑐𝑐𝑐𝑒𝑒( 𝜃𝜃𝑐𝑐𝑠𝑠,𝑖𝑖)).         (17) 

 
The corresponding electrical motor torque required to maintain the pumping action 
can be calculated as follows: 
 

 𝑟𝑟𝑙𝑙 = 𝐽𝐽𝑅𝑅𝑙𝑙𝑙𝑙�̇�𝜔𝑅𝑅 + ∑ 𝑅𝑅𝑐𝑐,𝑛𝑛
3
𝑛𝑛=1
𝑖𝑖𝑏𝑏𝑒𝑒𝑠𝑠𝑏𝑏𝑖𝑖𝑔𝑔

,           (18) 

 
where ∑ 𝑟𝑟𝑐𝑐,𝑖𝑖

3
𝑖𝑖=1  overall crank shaft torque stemming from the in-cylinder pressure, 

Jall is lumped inertia of crankshaft Jcs, drive shaft Jds and motor Jm and can be calculated 
as: 
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 𝐽𝐽𝑅𝑅𝑙𝑙𝑙𝑙 =
𝐽𝐽𝑐𝑐𝑠𝑠
𝑖𝑖𝑔𝑔2
+𝐽𝐽𝑑𝑑𝑠𝑠

𝑖𝑖𝑏𝑏𝑒𝑒𝑠𝑠𝑏𝑏
2 + 𝐽𝐽𝑅𝑅.            (19) 

 
Table 1: Physical parameters of mud pump system. 

 
L [m] r [m] D [m] ig ibelt V0 [m3] 
1.28 0.3048 0.14605 3.439 2.3384 0.006 

β [Pa-1] kds kcv Jcs [kgm2] Jds [kgm2] 
45.8⋅10-11 1.3⋅10-5 0.0004 585.77 34.355 

 
3 Triplex mud pump simulation models 
 
This section presents the simulation models of the individual mud pumps and the 
overall triplex multiple pump system, implemented within the Matlab/SimulinkTM 
software environment. 
 
3.1 Slider-crank mechanism (Cylinder) sub-model 
 
Figure 2 shows the block diagram of the slider-crank mechanism (Cylinder) sub-
model while the corresponding simulation model is implemented within 
Matlab/SimulinkTM software environment. According to mathematical model 
described above, volume change ΔVc in the cylinder occurs due to plunger 
movement, which is calculated by integrating the crank-shaft speed ωcs from the 
starting angle θcs0. 
 

 
 

Figure 2: Block diagram representation of Cylinder sub-model 
Source: own. 

 
While check valves are closed, overall volume change within the cylinder ΔV is equal 
to ΔVc, and the pressure changes according to pressure drop Δpc relationship. On 
the other hand, when the cylinder pressure pc is larger than the pressure inside the 
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drill string p1, the high-pressure check valve (discharge valve) opens, which initiates 
the fluid flow Qc, and results in a decrease of the fluid volume inside the cylinder by 
Vf. Finally, when the cylinder pressure pc is lower than the pre-charge pressure p0, 
the low-pressure check valve (intake valve) opens, which results in fluid flow Qi into 
the cylinder, and consequent increase of the fluid volume inside the cylinder by Vf.  
 
3.2 Triplex mud pump and drill string pipeline hydraulic system 

simulation model 
 
Figure 3. shows the block diagram of the triplex mud pump hydraulic system model 
together with the drill-string pipeline model. Within the triplex mud pump model, 
the three individual pump pistons are mechanically coupled by a crank shaft (each 
separated by a 360°/n = 120° degree angle). The overall crank shaft torque is the 
sum total of all cylinder torques mcs = mc,1 + mc,2 + mc,3. Intake and discharge flows of 
each cylinder are hydraulically coupled, which means that the pump discharge flow 
is the sum total of all cylinder discharge flows Qp = Qc,1 + Q,c,2 + Qc,3, and pump 
intake flow is the sum total of all cylinder intake flows Qia = Qi,1 + Qi,2 + Qi,3. On the 
other hand, pre-charge pressure p0, and drill string pressure p1 are the same for each 
cylinder. 
 

 
 

Figure 3: Block diagram representation of Triplex mud pump hydraulic and Drill-string 
pipeline model. 

Source: own. 
 

Moreover, within the drill-string pipeline model, fluid volume inside the pipeline Vds 

= l×πD2/4 (l is pipeline length, D is pipeline cross section) is represented by a single 
chamber, wherein chamber input/output flow can be calculated as the difference of 
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the overall pumping flow Qp and bore-hole flow QDr (flow through the drill string 
channelled into the borehole through the drilling tool). Analogously, the volume 
difference inside the pipeline can be calculated by integrating the flow difference. 
Finally, based on the aforementioned relationships, the drill string pressure p1 is then 
built up due to the volume difference, which is described by well-known pressure 
drop relationships (see section 2.3). Naturally, atmospheric pressure patm, and initial 
drill string pressure p1(t=0) can be included within the drill string model as well, as 
freely configurable parameters, or as input variables. 
 
3.3 Overall triplex mud pump model 
 
The overall simulation model of the triplex mud pump system, built up from 
previously described sub-models is shown in Fig. 4, within the framework of speed-
controlled DC electrical drive featuring a speed/current cascade control system [11]. 
The motor controller parameters are determined according to the damping optimum 
criterion. Block diagram (Fig. 4.) also shows that the motor speed reference ωmref is 
determined by multiplying the requested pump speed reference ωpref with ibelt and ig 
power transmission ratios. Negative load torque ml (crank shaft torque reduced by 
power transmission ratios ml=mcs/ibeltig) is added to the motor torque, and the 
resulting torque difference accelerates the total inertia Jall (equation (19)) with the 
angular acceleration rate �̇�𝜔𝑅𝑅, which is used within the model to obtain the motor 
speed ωm through integrating the angular acceleration �̇�𝜔𝑅𝑅. Pump crank shaft speed 
is then calculated as motor speed reduced by the overall transmission ratio (ωcs = 
ωm/ibeltig). 
 

 
 

Figure 4: Block diagram of overall triplex mud pump model. 
 
Several independent mud pump models described above can be easily incorporated 
into an extended multiple pump. In the case when an additional pump is added, 
intake and discharge flows of all connected pumps are summed together 
(Qp,all=Qp,1+Qp,2+…+Qp,n and Qia,all=Qia,1+Qia,2+…+Qia,n) while the drill string 
pressure p1 and pre-charge pressure are still equal for each pump, respectively.  
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4 Pressure pulse analysis 
 
Previously defined model of two interconnected mud pumps is simulated for the 
case of speed reference ωcs of 120 strokes per minute (SPM) and initiating phase 
angle of first (Master) pump of θcs0 = 0 degrees, while the second (Slave) pump 
initiating angle has been varied within the range ωcs1 = 0…120 degrees with 1° 
increment. Figure 5 shows the pressure pulsation steady-state magnitudes from 
simulations dependent on the pump phase displacement (crank shaft angle between 
two pumps). Each sub-plot (Fig 5a-d) represents the results for different amounts 
of fluid volume inside the drill string Vds (different hydraulic compliance of the 
system). These results show that the pressure pulsation magnitude generally 
decreases as the drill string fluid volume capacity increases, and that for the all 
considered cases the drill string pressure pulsations may be notably reduced if second 
pump is shifted in phase by 30° or 90°.  
 

 
 

Figure 5: Simulation responses of pressure oscillations for drill-string volume: 100 L (a), 500 
L (b), 1000 L (c), and 10000 L (d). 

Source: own. 
 

Similar approach to pressure pulsation analysis can be used for the case of three 
interconnected mud pumps. Again, simulations were carried out for the case of 
speed reference ωcs of 120 strokes per minute (SPM) and initiating angle of first 
pump (Master pump) being θcs0 = 0 degrees. The other two pumps have had the 
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initiating phase angle within the range θcs1,2 = 0 … 120 degrees (with 2 degree 
increments for each point). Simulation results presented in Fig. 6 indicate that 
pressure pulsations magnitude depends on phase shifts of both auxiliary pumps, and 
there appear to be eight possible combinations of phase shifts which result in 
minimal pressure pulsations. 
 

 
 

Figure 6: Simulation responses of pressure oscillations for 100 L drill-string volume and three 
mud pumps 
Source: own. 

 
5 Mud pump control system concept 
 
The mud pump control system concept is based on above pressure pulsation analysis 
for the case of two and three interconnected triplex mud pumps. The pump phase 
shift controller, shown in Figure 7, uses integrators to measure time intervals 
between the SPM pulses from the master and slave pumps, while also considering 
the pump speed reference in order to calculate the phase shift between the master 
and slave pump. The phase shift result is subtracted from the “optimal” pump phase 
displacement reference, and the resulting error is multiplied by a proportional gain 
kadhoc. To avoid possible phase shift overshoots, a saturation block has been also 
included within the controller, whose output represents the speed reference bias Δω, 
which is added to the speed reference of the slave pump. The controller is extended 
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by additional rule which utilizes the fact that the angle difference between each 
piston each stroke amounts to 120° for the considered triplex mud pump. So, for 
the case when controller estimated phase angle is larger than 120°, this additional 
rule adds an 120° offset to the phase reference. This additional rule can also be 
applied in the same way for the phase angle larger than 240°. 
 

 
 

Figure 7: Matlab/SimulinkTM representation of simple phase controller. 
Source: own. 

 
It is assumed that both pumps are equipped with Stroke Per Minute (SPM) sensor 
which gives one pulse per one crank shaft revolution, and that electrical motors 
driving the pumps are also equipped with fast (stiff) embedded speed controller. The 
above control system can also be applied to three interconnected mud pumps and 
the drill-string system, as shown in Figure 8.  
 

 
 

Figure 8: Matlab/SimulinkTM implementation of overall “soft-pump” control system of three 
triplex mud pumps. 

Source: own. 
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In that case, the proposed system possesses two separate phase shift controllers for 
each slave pump. Each slave pump controller calculates the phase angle of slave 
pump reference to the master pump angle.  
 
5.1 Simulation results 
 
Figure 9 shows the simulation results of the phase-controlled three mud pump 
system, with the pumps speed reference ωpref set to 120 SPM (θcs0 = 0°), and the initial 
drill string pressure set to atmospheric pressure value of 1 bar.  
 

 
 

Figure 9: Simulation responses of soft mud pump: pressure (a) and phase of first slave (b) 
and second slave (c) for all pump starts from 0°, and pressure (d) and phase of first slave (e) 

and second slave (f) for slave pumps starts phase displaced by 180°. 
 
Left-hand-side sub-plots (Figs. 9a-c) show the simulation responses in the case when 
slave pumps start in phase with the master (θcs1 = 0°), while right-hand-side sub-plots 
(Fig. 9d-f) show the case when slave pumps start with half turn phase advance (θcs1 

= 180°) with respect to the master pump. For both scenarios, the phase 
displacement between pumps is brought to the desired (reference) values which 
correspond to minimal pressure pulsations. 
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6 Conclusion 
 
Three-piston (triplex) mud pump simulation models are presented and simulated in 
this study. The simulation results illustrate the dominant flow and pressure pulsation 
phenomena. The pressure pulsation and phase displacement analyses for the case of 
two interconnected three-piston (triplex) mud pumps have shown that minimal 
pressure pulsations occur when master and slave pumps are phase-shifted by a 30° 
or 90° angle, while in the case of three interconnected pumps, the analysis has shown 
that eight distinct combinations of phase shifts between individual pumps result in 
minimum pressure pulsation magnitude. The mud pump pressure pulsation control 
system concept has also been presented in this study. The proposed controller 
adjusts the speed reference of the slave pump in order to achieve the required phase 
shift of 30 degrees for two pumps, while several different combinations are possible 
for three interconnected pumps in order to achieve the minimum pressure pulsation 
magnitude. 
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The most common purpose of hydraulic press is to withdraw the 
desired movement and to generate the force to overcome the 
movement restrictions. The dilemma is whether changes in 
component characteristics affect the hydraulic press's behaviour 
without exception. For this reason, this study investigates how 
alteration in influencing parameters affect the hydraulic press 
behaviour. Furthermore, the study considers change in 
characteristic parameters, such as: valve response time, 
proportional and integral control parameters, degree of control 
edge overlap or spool wear in hydraulic valve, extend of the dead 
volume in cylinder chambers, system pressure and friction 
characteristics in frame guides. Using a simulation modelling 
approach, an effective method is proposed to investigate the 
source of the change and its effect on the discrete hydraulic 
component. By monitoring the behaviour of the hydraulic press 
using virtual sensors, the most reflective behaviour of each 
hydraulic component is described using simulation analysis. 
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1 Intruduction 
 
The hydraulic presses are widely used for numerous industrial as well as experimental 
and testing applications. Knowing the hydraulic system behaviour under different 
circumstances it is crucial to achieve optimal performance of the system. Thus, 
performing the real-time data analysis and control actions is needed. On the other 
hand, more and more digital models are used to perform the simulation and 
optimization of the real systems and processes. Moreover, the measured 
characteristics in simulation model are performed by the virtual sensors, that are 
required to develop a digital twins of hydraulic systems (DTHS). Such digital models 
represent the quasi-replicas of the real systems with the same functionality and 
behaviour and allows us to perform different working scenarios in advance or in 
parallel to the real processes. In this way a change in the components characteristics 
and their effects on the hydraulic system behaviour can be analysed more efficiently. 
 
There are several authors investigating the influence of various causes on hydraulic 
system behaviour. The authors in [1] proposed acoustic signal-based fault detection 
of hydraulic piston pump. Researchers in [2] presented hydraulic control valve wear 
consequently affecting the hydraulic valve response time dynamics. Also, the trend 
of modern studies concentrates on fault recognition of the systems and leakage 
occurrence as presented in [3] and [4]. Additionally, researchers expose the 
importance of considering the nonlinearities in the simulation model resulting from 
friction dynamics [5], [6], hydraulic oil characteristics [7], hydraulic valve flow and 
pressure dynamics [8]. 
 
Therefore, the paper represents a thorough analysis of the chosen influential 
parameters of hydraulic components, which can affect the system behaviour. The 
focus of the investigation is to perform what-if scenarios by using the simulation 
approach, which allows us to validate and confirm the influential parameters and 
their minor or major effects on hydraulic system behaviour. 
 
2 The concept of hydraulic system 
 
The concept of servo hydraulic press is proposed as the base for modelling the 
system (Figure 1). The detail description of the system is presented in previous study 
[9], the components and their parameters are presented in [10] while the component 
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parameters of the model are highlighted in section 3. The main components of the 
hydraulic press are: 1) hydraulic power unit; 2) servo valve MOOG D765; 3) 
Hanchen servo cylinder (series 320); 4) press frame (Kern Tool Technology, 1113 
ISO 3-plate tooling frame); 5) PC and HMI (NI LabVIEW); 6) Moog P-I servo 
amplifier, G122-829A; 7) position transducer (Messotron Henning GmbH, type: 
DLH300); 8) pressure sensors (Turck, PT400R). 
 

 
 

Figure 1: The concept of hydraulic press. 
Source: own. 

 
3 Modelling and simulation of hydraulic system 
 
3.1 Modelling of hydraulic system 
 
For the given concept of a hydraulic system (Figure 1), a development of the 
simulation model is carried out by using the simulation tool DSHplus (Figure 2) 
representing the quasi-replica of the real hydraulic system [11]. 
 
The simulation model structure contains hydraulic, control and mechanical 
components in order to achieve the same functionality as the real hydraulic system.  
Hydraulic power unit is simplified involving only the hydraulic pump (01) and 
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pressure relief valve (02) to achieve proper flow rate and working pressure. Servo 
valve 4/3 PT1 (03) is used to simulate first order system behaviour in opening and 
closing regime. Double-rod, double-acting hydraulic cylinder is used (04) with 
output signal activated to monitor the cylinder velocity (v04) and cylinder stroke 
(s04) used in closed-loop position control. Mechanical system with spring-damper 
component (05) and moving mass (06) is added to simulate the stiffness of hydraulic 
press frame and the mass inertia of the moving parts. Function generator (07) is used 
to set the position reference (s07). Proportional amplifier (13) is used to convert the 
reference stroke (s07) from millimetres to reference stroke (s13) as electrical value 
in Volts. The SUM component (08) and the PI module (09) are used as real Moog 
P-I servo amplifier G122-829A. The signal limiter (10) is used since Moog servo vale 
has integrated control electronic that limit the control signal to maximum and 
minimum signal ±10 V. P transfer function module (11) is used to convert and 
amplify cylinder stroke (s04) in millimetres to output voltage signal (s11) in Volts 
according to the characteristics of real position transducer amplifier. The detail 
characteristics of simulation components used from DSHplus library, are presented 
in Table 1. To generate an external force (s12, system disturbance) the function 
generator (12) has been added to the model if required in future investigation.  
 

 
 

Figure 2: Simulation model of hydraulic closed-loop position control system.  
Source: own. 
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Table 1: Simulation parameters of hydraulic system. 
 

Component Simulation component and parameters 
01–Hydraulic pump Flow rate: Q= 44 l/min 

02–Pressure relief valve 
Opening pressure, working pressure: p=100, 150, 200, 250 bar; 
nominal size: Q=60 l/min (∆p=5 bar). 

03–Hydraulic servo valve 
Moog D765 

Type: servo valve 4/3 PT1; nominal size: Q=38 l/min (∆p=70 
bar); spool overlap: 1-3%; response time: t=10 ms (100%); input 
control signal: U=± 10 V; spool stroke: ± 100%; monitoring the 
spool position s03 and flow rate QA and QB. 

04–Hydraulic cylinder, 
Hanchen, series 320  

Type: double-acting, double rod; dimensions: 45/30/200 
(piston/rod/stroke); mass of movable parts: m=1 kg; orientation, 
vertical: 90°; static friction: Ftrs=10 N; mixed friction: Ftrm=1 N; 
dynamic friction: Ftrd=0,1 m/s; damping: d=10 Ns/mm. 

05, 06–mass-spring-
damper, to simulate the 
hydraulic press frame, 
Kern Tool Technology 

Spring stiffness: 287 kN/mm; damping: 1 kNs/m; moving mass: 
m1=50 kg, m2=100 kg (m3=300 kg); static friction: Ftrs=20 N; 
mixed friction: Ftrm=1 N; dynamic friction: Ftrd=0,1 m/s; 
damping: 10 Ns/mm; orientation, vertical: 90°. 

07–Function generator Generation of press cycle, reference position s(t).  
08–Sum point Comparator, factor 1: 1; factor 2: 1; factor 3: -1 

09 - PI controller KP: 1...1000 (P2=10 set as initial value) 
KI: 0 (initial setting, analysed during the simulation) 

10–Signal limiter  Maximal signal: 10 V; minimal signal: -10 V. 
11–Position transducer Amplifier: proportional gain Kp: 0,05 V/mm. 
12–External force 
generator 

Not considered in the analysis, simulation of forming force acting 
as axial force on hydraulic system. 

13–Signal amplifier Reference signal conversion [mm] - [V]. 

Hydraulic nodes  pP: 10 l, initial pressure 0 bar; pA: 0,1 l, initial pressure 0 bar; pB: 
0,1 l, initial pressure 0 bar. 

 
3.2 Simulation scenarios 
 
The simulation involves detailed analysis of main influencing parameter, which can 
affect the hydraulic system behaviour (the system response). The influential 
parameters are: 
 

I. Servo valve response time (t): Several time constants are analysed to cover 
different hydraulic valves: t1= 5 ms, t2 = 10 ms and t3= 20 ms.  

II. P (proportional gain) and I (integral gain): P1=5, P2=10, P3=15 and 
P4=20 are considered for analysis. 

III. Valve spool overlap (z): Three sizes of the positive valve overlap are 
considered: z1=0% (servo valves), z2=+3% (high-response direct drive 
servo valves), z3=+15% (proportional valves). 
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IV. Control volumes – nodes pA in pB: Cylinder chambers, internal channels 

of the mounting plate or the pipes connected between control valve and the 
cylinder. The smallest volume pA1=pB1=0.01 l is considered to simulate the 
servo valve and mounting plate in the cylinder; pA2=pB2=0.1 l and 
pA3=pB3=1 l volume is chosen to simulate the control valve - cylinder 
connection via pipes (different diameters and lengths). 

V. Working pressure (pP): For the analysis, we considered: pP1=100 bar, 
pP2=150 bar, pP3=200 bar and pP4=250 bar. 

VI. Mass of the moving parts (m): Proposed scenarios: m1=50 kg (no 
tooling), and m2=100 kg (with possible tooling). 

VII. Change in friction – guiding system: The damage of the guiding 
elements results in friction change (static friction, mixed friction, dynamic 
friction). Several static and mixed frictions are analysed: F1=10 N, F2=100 
N and F3=1000 N. 

 

 

a) System step response. 

 

b) Control signal s10 and valve opening s03. 

 

c) Flow rate QA and QB. 

 

d) Pressure response pA and pB. 

 
Figure 3: Analysis of hydraulic system behaviour. 

Source: own. 
 

In the analysis, we consider the reference step signal, s0=-100 mm (initial cylinder 
position) and s1=-150 mm (end position). The analysis is focused on system response 
(Figure 3a) where s07 represents the reference cylinder position (step position signal) 
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and s04 the cylinder position (simulation). For a better understanding, additionally 
the valve response presented in Figure 3b (s10 – valve control signal and s03 – valve 
opening), the valve flow rates QA and QB (Figure 3c) and the pressure responses 
pA and pB (Figure 3d) are analysed. 
 
4 Results and discussion 
 
The results presented in this section show how the change of different parameters 
of hydraulic components influence the hydraulic system behaviour. 
 
4.1 Influence of servo valve response time 
 
The results show better step response of the system while using high response valve. 
Response time t1=5 ms results in stable system response without overshoot, while 
response time t3 =20 ms results in overshoot of the system (O=3,6 mm) and the 
settling time tstl=0,17 s.  
 

 

a) System step response. 

 

b) Control signal s10 and valve opening s03. 

 

c) Flow rate QA and QB. 

 

d) Pressure response pA and pB. 

 
Figure 4: Influence of servo valve response time on system behaviour. 

Source: own. 
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Low dynamic characteristic of the system is the results of low dynamic behaviour of 
the valve (Figure 4b) and consequently the low dynamics of the flow and pressure 
characteristics (Figure 4c, Figure 4d). The stable condition without overshoot of the 
system can be achieved with smaller P (approximately P=4). 
 
4.2 Influence of P (proportional gain) and I (integral gain) 
 
Figure 5a shows the response of the system at P1=5 (red curve) and P4=20 (green 
curve). It can be concluded that a small P results in a poor system response, while a 
high P results in a fast system response with small overshoot.  
 

 

a) System step response. 

 

b) Control signal s10 and valve opening s03. 

 

c) Flow rate QA and QB. 

 

d) Pressure response pA and pB. 

 
Figure 5: Influence of control parameters P and I on system behaviour. 

Source: own. 
 
We can also conclude that we need to find the proper P in order to achieve fast and 
stable response. By using the valve with time constant t2=10 ms, the optimal P=8. 
While using the valve with time constant t1=5 ms, the optimal P=17 resulting in 
higher response of the system (settling time is reduced by 0,03 s), no overshoot 
recognized (Figure 6). 
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Figure 6: Response of the system at t=5 ms, P=17 and t=10 ms, P=8. 
Source: own. 

 

The simulation results indicate that I gain does not significantly affect the steady-
state error (∆s). Moreover, the added I deteriorates the stability of the system. For 
the gain I=0, the ∆s at cylinder position s=-150 mm is ∆s=0.003 mm. If the I is 
increased I>0.1, the ∆s is equal to ∆s>0.01 mm. Based on this, it is recommended 
to use only the P control for the given hydraulic system. 
 
4.3 Influence of valve spool overlap (z) 
 
The increase in the positive valve overlap has a bad effect on the responsiveness of 
the hydraulic system and at the same time affects the steady-state error. Figure 7a 
shows a comparison of the system response between a valve overlap 0% (red curve) 
and +15% (green curve). The steady-state error with a positive overlap of the valve 
(+15%) is up to 2 mm (s=148 mm in Figure 7a). In Figure 7b it is clearly seen that 
the positive overlapped valve remains open in the overlapped dead zone resulting 
no flow across the valve and stops the movement of the hydraulic cylinder. 
 

 
a) System step response. 

 
b) Control signal s10 and valve opening s03. 

 

Figure 7: Influence of spool overlap on system behaviour. 
Source: own. 
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All this is also the result of the size of the proportional gain P and the small position 
error calculated in closed-loop control, which results in a very small valve control 
signal and small opening of the valve (within the size of valve overlap). The problem 
of steady-state error can be improved by increasing the proportional gain from P=10 
to P=17.   
 
4.4 Influence of control volumes – nodes pA and pB 
 
The results show that by increasing the volume of pA and pB, the hydraulic stiffness 
of the system decrease. As a result, the system response is decreased and the higher 
overshoot appears (Figure 8a). The main cause represents the pressure response 
(Figure 8d), which is the result of valve behaviour (Figure 8b) and the flow rate 
(Figure 8c). 
 

 
a) System step response. 

 
b) Control signal s10 and valve opening s03. 

 
c) Flow rate QA and QB. 

 
d) Pressure response pA and pB. 

 
Figure 8: Influence of control volumes on system behaviour. 

Source: own. 
 

4.5 Influence of working pressure (pP) 
 

Two working pressures (pP) are taken into consideration, pPmin=100 bar and 
pPmax=250 bar. The increase in pP influence on increase of hydraulic stiffness of the 
system and therefore on change in pressure distribution at pA and pB (Figure 9d) 
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and better response of the system (Figure 9a). Change in pressure pP also effects on 
the flow rate QA and QB (Figure 9c) and thus hydraulic cylinder velocity, 
consequently the hydraulic system overshoot. Overshoot of the system can be 
improved by using higher response valves (t=5 ms) or reducing the P gain (P=5) 
while response of the valve remains the same (t=10 ms). 
 

 
a) System step response. 

 
b) Control signal s10 and valve opening s03. 

 
c) Flow rate QA and QB. 

 
d) Pressure response pA and pB. 

 
Figure 9: Influence of working pressure on system behaviour. 

Source: own. 
 
4.6 Influence of moving mass (m) 
 
Preliminary simulation shows that increasing the mass from m=50 kg to m=100 kg 
does not significantly affect the behaviour of the system.  The change in system 
behaviour is seen when the mass exceeds 200 kg (Figure 10a). One example is given 
by Figure 10, where mass of 300 kg is used and compared with initial system (m=50 
kg). The main effect can be seen in settle time and system overshoot. The unstable 
system response can be corrected by changing the working pressure from pP=100 
bar to at least pP=200 bar and a reduction of the P gain from P=10 to P=5 for the 
chosen response time t=10 ms. 
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a) System step response. 

 
b) Control signal s10 and valve opening s03. 

 
c) Flow rate QA and QB. 

 
d) Pressure response pA and pB. 

 
Figure 10: Influence of moving mass (m=300 kg) on system behaviour. 

Source: own. 
 
4.7 Influence of change in friction – guiding system 
 
The results from Figure 11 show a small influence of the friction force on change of 
system behaviour.  Nevertheless, higher friction force (Ftr=1000 N) leads to lower 
velocity of hydraulic cylinder (∆v<0,01 mm/s) and small overshoot (∆s<1 mm) of 
the system (Figure11a). The main difference appears in pressure distribution (Figure 
11d) where the pressure difference (pP-pA and pB-pT) is increased to overcome the 
additional friction of the system.    
 

 
a) System step response. 

 
b) Control signal s10 and valve opening s03. 
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c) Flow rate QA and QB. 

 
d) Pressure response pA and pB. 

 
Figure 11: Influence of change in friction on system behaviour. 

Source: own. 
 
5 Conclusions 
 
The paper presents a simulation approach to characterise and recognize the most 
influential parameters of proposed hydraulic system that effects the hydraulic system 
behaviour. The main contribution of this research is the modelling of the hydraulic 
system, characterization of the influential parameters for hydraulic system, in depth 
monitoring and analysis of measured variables, simulation scenarios presentation 
and simulation analysis performance evaluation with discussion. 
 
− The results of this study show that the control valve response time has major 

influence on system behaviour such as system response, size of system 
overshoot and settling time. The higher the response of valve is the better the 
system response is achieved, which is logical. In this context we have to take 
into consideration the proper control parameters, i.e. the proportional gain, to 
achieve stable condition. 

− The valve spool overlap has minor influence on system response, which can be 
improved by using larger proportional gain of control unit.  

− The control volume or the dead volume has impact on hydraulic stiffness of 
the system. The small volume results in higher stiffness of the system and 
therefore on better system response. The same can be said for the higher 
working pressure of the hydraulic system. As noted in theory the pressure 
above 200 bar is recommended to eliminate the effect of hydraulic stiffness. 
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− The moving mass increase slightly effects on system overshoot and settle time 

increase. It depends on working pressure, the response of the control valve and 
control parameters set-up. 

− The increase of friction in the guiding elements has minor effect on system 
behaviour. The major concern is the increase in pressure and thus increase in 
hydraulic power needed for the given press cycle. 

− In our opinion the most influential parameters are the control valve response 
in combination with the control parameters and working pressure. For these 
parameters the proper values should be set to achieve fast and stable response 
of hydraulic system. 
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Hydraulic systems are increasingly present in all segments of our 
production chains such as agriculture, construction, 
transportation and other industrial areas. The key component of 
every hydraulic system are pumps. With newly developed gear 
pump testing rig, long-term tests of five gear pumps 
simultaneously are being tested. One pump is tested with 
medium test dust, one is tested with real wear particles extracted 
from a filter and the last three are simulating a real hydraulic 
system with cleanliness of 20/19/17 according to standard ISO 
4406. In addition, simulation in program Automation Studio of 
durability test of gear pump is presented at different pressure 
operating points. Findings of this research contribute to 
sustainable development of hydraulic gear pumps and improving 
efficiency of whole hydraulic systems. 
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1 Intruduction 
 
The service life of a hydraulic system is the duration throughout which the system 
is used economically and efficiently and is able to maintain desired temperatures, 
pressures, and flow rates. There are numerous parameters that affect efficiency. 
Among the most important are the hydraulic oil, the temperature and the cleanliness 
of the oil. One of the most important parameters for oil life is the amount of 
contaminants in the oil, as well as the influence of pressure, oxidation, pressure, 
radiation shear, and other oil additives that can trigger a chemical reaction [1–4]. 
More than 70 % of breakdowns in industry workflow are caused by contaminants in 
hydraulic fluid, with 60 to 70 % of all breakdowns due to solid particles [5]. For 
implementing condition-based maintenance of hydraulic components and 
consequently whole systems the cleanliness of oil is of utmost importance [6–8].  
 
Within the hydraulic system there are a number of particles — some created by wear 
and tear, others that have entered as contaminants from the surroundings or have 
existed since the system's inception. The dimensions and composition of these 
particles exert substantial influence on system performance, particularly when the 
gaps between moving surfaces closely match the particle size [9]. Particles between 
contact surfaces and near surfaces promotes wear [10]. Most common wear 
mechanisms are three body abrasion [11] and erosion [12]. 
 
ISO 12103-1 is standard for Arizona test dust that is used for testing filters because 
it has repeatable distribution of particle size and number [13]. There are four types: 
A1 ultrafine, A2 fine, A3 Medium and A4 coarse. Medium test dust (MTD) is 
commonly used for accelerating testing of hydraulic equipment. Test dust is more 
abrasive than common contaminants found in the hydraulic systems which promote 
wear of hydraulic components [14]. Volumetric efficiency depends on the decrease 
of initial flow rate of the pump, usually due to wear of the sealing surfaces of 
elements in components [15]. Wang et. al [16] predicted the remaining useful life 
(RUL) of a hydraulic gear pump using an accelerated test of the useful life of a gear 
pump. This method effectively improved the operating efficiency of the hydraulic 
system and reduced the frequency of failures Gear pumps were previously studied 
by Ranganathan et al. [17] and Frith [18] using test dust. It was found that the most 
influential factors for flow rate degradation were chemical composition, hardness, 
size distribution, and number of particles that caused wear of critical sealing 
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elements. There are numerous simulations of gear pump flow rates done by Rundo 
[19], Casoli [20], Malsavi [21] and others points to the utility of such tools. 
 
The particles inevitably damage every component in the hydraulic system and cause 
wear. This wear on the sealing surfaces manifests itself in the form of visible leakage, 
which leads to a reduction in the volumetric efficiency of the system. A review of 
the literature indicates that particles commonly present in a hydraulic system are less 
harmful to the system than test dust. There is some evidence that test dust can 
efficiently accelerate wear to reduce the time required for long-term testing of 
hydraulic components. However, to determine the acceleration time, parameters 
such as particle concentration (oil cleanliness), temperature, pressure and others 
should be considered. In addition, there is no direct correlation in the literature 
between the effects of wear particles and test dust on hydraulic component wear. 
Three durability tests were conducted on hydraulic gear pumps in the laboratory: 
one without additional contaminants, one with wear particles, and one with test dust. 
The study presents the design and the test rig itself, the simulation of the flow rates 
of the gear pumps, and the real measurements of the flow rates and the comparison 
of the volumetric efficiencies of the pumps. 
 
2 Materials and methods 
 
Three hydraulic test rigs were assembled in laboratory. We tested the effect of oil 
cleanliness in the hydraulic system on the durability of the system itself and 
compared the effect of wear particles and test dust (MTD) to normal operating 
hydraulic system without additional contaminants (without adding contaminants). 
Fig. 1 shows all test conical reservoirs of test rigs (on the left) and hydraulic valves 
used for the load of the gear pumps (on the right). Initially, 30 L of ISO VG 46 
hydraulic oil was added in first unit that was tested without additional contaminants. 
Other two test rigs had both 13 L of oil in each unit, one was tested with wear 
particles and the other with test dust. The flow through the gear pump was measured 
with stopwatch and weighting of oil. Later the flow rate was determined due to the 
density of ISO VG 46, which is 0,8551 kg/L. Gear pumps have a displacement of 
3,5 cm3/rev. and a maximum pressure up to 290 bar. In the neutral position of the 
directional 4/3-way valve all ports are closed. The oil temperature of tank, that was 
used for testing the gear pump without additional contaminant was around 63+5 ° 
C. The thermostat was used to control the operation of the cooler set to 70 ° C.  
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Figure 1: Conical reservoirs (on the left) to prevent the contaminants to settle down and 4/3-
way valves with pressure relief valves for the load of the gear pumps (on the right). 

Source: own. 
 
The pump (Fig. 2, pos. 1) draws oil from the conical reservoir (Fig. 2, pos. 12), 
designed as such due to the non-settling nature of particles. This oil is then pushed 
through the check valve (Fig. 2, pos. 3) into a manually operated 3/2 valve (Fig. 2, 
pos. 5). Subsequently, it passes through a solenoid-controlled directional valve (Fig. 
2, pos. 4). Depending on the valve's position (parallel or diagonal), the oil flows 
through either working line A or B towards the pressure relief valves (Fig. 2, pos. 7), 
the cooler (Fig. 2, pos. 10), the priority valve (Fig. 2, pos. 11), and the filter (Fig. 2, 
pos. 8) back to the reservoir. 
 
The priority valve can be adjusted to maintain a specific pressure differential. This 
feature allows the valve to either direct oil flow through the filter, ensuring higher 
cleanliness, or bypass the filter, leading to lower cleanliness levels. The testing 
process involves setting the system load pressure (the two pressure relief valves) to 
220 bar. The hydraulic oil in all three test rigs was initially filtered to achieve 
cleanliness levels of 16/15/13 or less. Throughout the tests, the temperature was 
consistently monitored and maintained within the range of 63+5 ° C. 
 
Cleanliness is assessed by manually collecting oil samples, with control of the 3/2 
valve at (Fig. 2, pos. 5), and through measurements at the pressure relief valve's 
measuring connection. Each cycle lasts for 0.5 seconds, during which the solenoid 
"a" is activated, positioning the spool in the 4/3 directional valve to achieve a parallel 
configuration. Following this, the solenoid "b" is engaged, returning the spool to its 
initial diagonal position. 
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Figure 2: Hydraulic scheme of one test rig for gear pump tested with wear particles and test 

dust with conical reservoir. 
Source: own. 

 
Hydraulic simulation in Automation studio was performed for the gear pump 
without additional contaminants. The pump flow rate was stable throughout the test. 
Simulation was designed to simultaneously measure single gear pump at different 
pressure points (Fig. 3) where the volumetric efficiency curve was specifically 
defined for the case (Fig. 4). 
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Figure 3: Hydraulic simulation of single gear pump at 5 different pressures 
(0 bar, 50 bar, 100 bar, 150 bar, 200 bar, 250 bar). 

Source: own. 
 

 
 

Figure 4: Specifically defined volumetric efficiency curve for simulating gear pump flow rates 
at different pressure points. 

Source: own. 
 

3 Results 
 
Three different conditions of oil contamination were introduced in three separate 
hydraulic test rigs testing gear pumps with aluminium housings. First, the gear pump 
without any contamination was tested (Fig. 5). The highest measured flow rate was 
at a pressure of 0 bar, where the pump was not loaded, and averaged 5.28 L/min. 
At a pressure of 50 bar, the average flow rate was 5.13 L/min, at 100 bar it was 5.00 
L/min, at 150 bar it was 4.85 L/min, at 200 bar it was 4.74 L/min, and at 250 bar 
the flow rate dropped to 4.75 L/min. The gear pump was tested for 576 hours and 
the volumetric efficiency did not decrease significantly. 
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Figure 5: Flow rate of gear pump tested with without the addition of contaminant. 
Source: own. 

 
The gear pump tested with wear particles lasted only 19 hours (Fig. 6). At the 
beginning of the test, we added 8 g of wear particles to 13 L of hydraulic oil, so the 
concentration of wear particles and oil was 0.615 g/L. At the beginning of the test, 
the flow rates were similar to the gear pump tested without any additive. The gear 
pump tested with wear particles had a flow rate of 5.17 L/min at a pressure of 0 bar. 
At a pressure of 50 bar, the flow rate was 4.99 L/min, at 150 bar 4.81 L/min, at 200 
bar 4.66 L/min and at 250 bar 4.57 L/min. After only 19 hours of testing, the flow 
rate dropped to 4.75 L/min at 0 bar, at 50 bar the flow rate was 2.67 L/min, at 100 
bar the flow rate was 0.46 L/min, and at 150 bar and above the flow rate was 0 
L/min (not measurable). The oil cleanliness during the test was 22/22/21. 
 

 
 

Figure 6: Flow rate of gear pump tested with wear particles with concentration of 0.615 g/L 
and oil cleanliness 22/22/21. 

Source: own. 
 

The gear pump tested with test dust was operated for 70 hours. At the beginning of 
the test, 0.208 g of test dust was added, resulting in a test dust and oil concentration 
of 0.016 g/L (Fig. 7). At the beginning of the test, the flow rate at 0 bar was 5.12 
L/min. At a pressure of 50 bar, the flow rate was 5.03 L/min, at 100 bar 4.81 L/min, 
at 150 bar 4.77 L/min, at 200 bar 4.67 L/min and at 250 bar 4.71 L/min. The oil 
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cleanliness during the test was 21/20/18 and level of impurities in oil increased 
through time due to wear of components. At the end of the test cleanliness was 
22/21/19. 
 

 
 

Figure 7: Flow rate of gear pump tested with test dust with concentration of 0,016 g/L and oil 
cleanliness 21/20/18. 

Source: own. 
 

The simulation of the flow rate of the gear pump lasted 5.33 s. The increase of the 
flow rate depends on the setting of the cracking pressure of the relief valve. Fig. 8 
shows that the higher the cracking pressure of the valve, the more delayed is the 
stabilization of the flow rate and the faster is the transition. The flow rate at 0 bar 
pressure was 5.07 L/min. At 50 bar the flow rate was 4.88 L/min, at 100 bar 4.68 
L/min, at 150 bar 4.48 L/min, at 200 bar 4.28 L/min and at 250 bar 4.09 L/min. 
 

 
 

Figure 8: Flow rate simulation of gear pump without additional contaminant. 
Source: own. 

 

4 Discussion and conclusion 
 
The difference between three long-term tests of gear pumps is obvious. The gear 
pump tested without any contamination had a high volumetric efficiency of 100 % 
at 0 bar, 97 % at 50 bar, 91 % at 100 bar, 89 % at 200 bar, and 85 % at 250 bar. 
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These efficiencies do not change significantly throughout the test, while the flow 
rates of the gear pumps tested with wear particles decrease tremendously. In 18 h of 
operation, the efficiency of the tested gear pump with wear particles drops from 100 
% to 92 % at 0 bar, from 99 % to 51 % at 50 bar, from 96 % to 9 % at 100 bar, and 
from 90 % to zero at the other pressure measurement points (150 bar, 200 bar and 
250 bar). In 30 h of operation of the gear pump tested with test dust, the efficiency 
at 0 bar unusually increased from 99.7 % to 100 % (the reason for this is uncertainty 
in the measurements), but then dropped from 97 % to 86 % at 50 bar, from 93 % 
to 73 % at 100 bar, and from 92 % to 51 % at 100 bar. The other efficiencies dropped 
from about 90 % to zero at both 200 bar and 250 bar. 
 
It can be concluded that the more the gear pump is worn, the greater the differences 
between the efficiencies at higher pressure. The reason for these phenomena is the 
higher leakage between the worn sliding/sealing surfaces of the hydraulic elements. 
In this case, between the housing and the gears. The gear pump tested with wear 
particles failed after 18 hours and the gear pump tested with test dust failed after 30 
hours. Due to the time period between the last measurements, we cannot determine 
the exact time of failure. When analysing the efficiencies at 100 bar (wear particles 8 
%, test dust 73 %) and 150 bar (wear particles 0 %, test dust 51 %), some differences 
can be observed. It can be assumed that the gear pump tested with wear particles 
was more damaged (worn) than the gear pump tested with test dust. 
 
Simulating the flow rate of the tested gear pump without additional contaminants 
shows reasonably comparable results. The simulated flow rates and efficiencies are 
lower than the real measurements. This is due to the fact that the temperature of the 
oil is constant at 25 °C. Therefore, the viscosity is higher than in the real 
environment and the flow rates are slightly lower. Simulating the efficiency curves 
of hydraulic gear pumps can greatly improve fault diagnosis in the hydraulic system 
and reduce costs by replacing the gear pump at the most critical time. 
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The paper shows the process and examples of transition from 
manual to automatic testing mode on the test bench which was 
originally designed for manual testing. Test bench was designed 
for testing smaller batches of products. It is described what had 
been changed on the hydraulic circuit, electrical scheme and 
software side. In the first step hydraulic and necessary electrical 
modifications were made. When first part of modification was 
done, the software with automatic tests was updated. Third step 
was to setup communication between controller and server to 
synchronize test reports and test procedures, data logs, backups, 
oil cleanliness information, graphs etc. The software enables 
simple programming extensions with new features. The test 
procedure is quickly adaptable for new test procedures which 
comes when new valve is developed and needs to be tested on 
the test bench. 
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1 Intruduction 
 
Test bench for EOL (End of line) testing is a machine where valves assembled in 
the factory are tested under required test procedures. Usually EOL test is located at 
the end of the assembly line or somewhere close. EOL test bench consists of 
hydraulic circuit with pumps, valves, hydraulic blocks, tanks, hoses, measurement 
equipment and connectors. In electrical cabinet all hydraulic and electrical 
equipment which needs to be wired are connected to get electrical power supply or 
acquire the measurements. Electrical cabinet include also controller with touch 
screen control panel with user interface for managing the software and controlling 
test bench and test procedures. To ensure safety standards test bench include safety 
cabinet and compact framework which can be seen on the Figure 1. 
 

 
 

Figure 1: Test bench for EOL testing 
Source: [2] 

 
Test bench which is introduced in this article was originally designed for manual 
testing of small batches of the valves. Every valve which comes from the 
production/assembly line is tested on the EOL test bench to check if valve have any 
hydraulic or electrical dysfunction or any other damage which can lead to potential 
error on the customer application. With EOL test for every valve is ensured to 
deliver high quality product and satisfy customer’s requirements. 
 
2 The scope of investigation 
 
To ensure highest possible quality of the product, the decision was to make step 
forward and upgrade the test bench for testing valves to automatic mode with 
automatic test procedures. In the sections below it is presented which components 
have been upgraded or replaced with newer to achieve this goal. 
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The upgrades were made on hydraulic, electrical and software side. During hydraulic 
and electrical upgrade, the test bench was out of service for one week. Software 
upgrade was made in parallel and was implemented when test bench hydraulic and 
electrical upgrades were ready. During start-up some issues were detected and 
successfully solved. 
 
The software idea was to use blocks (functions) which can be easily build into the 
test procedure. With simple blocks, technician can build test programs by themselves 
with stacking blocks together one by one. The steps are executing in the procedure 
step by step from the first step to the last step (see Figure 2). In principle individual 
step is independent from all others. It is possible to merge steps to create partial 
process which could be a part of the main test procedure (Figure 3). Partial process 
can be used in several places in the test procedure. It could be also used in other test 
procedures, not just in one. 
 

  
Figure 2: Step by step program execution. 

Source: [2] 
Figure 3: Step by step test procedure with 
partial procedures which are included as 

part of the main test procedure. 
Source: [2] 

 
When the requirement for new function arise, the programmer needs to develop 
new function according to test specifications which are usually given by R&D 
department. New function could be used in all further test procedures or partial 
procedures. When all required functions are ready the technologist needs to stack 
functions to a test procedure and validate test procedure on the test bench to be sure 
all works fine before test procedure is used in production.  
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3 Hydraulics modification 
 
For hydraulics upgrades some hydraulic components had to be replaced and some 
new components had to be added to make possible test in automatic mode. The 
components which were added are:  
 

− On/off valves instead of manual pipes,  
− proportional valves instead of manual settings, 
− flow meters,  
− particle counter,  
− cleanliness measurement (upstream and downstream oil measurement, ISO 

4406),  
− water cooling system instead of air cooler. 

 

 
 

Figure 4: Additional flow meters which are easily to grab and plug into the tested 
valve.  

Source: [2] 
 

Due to lack of space inside the test bench frame it was a challenge to make all 
required upgrades. When test bench was designed (more than 10 years ago), it was 
not foreseen that big upgrades would be needed in the future and it was optimized 
for the current needs. The upgrade required quite a bit of adaptation from the teams 
which were involved in the upgrade. 
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Figure 5: Particle counter and oil cleanliness measurement. 
Source: [2] 

 

 
 

Figure 6: Flow meter mounted on the rail in front side of the test bench. 
Source: [2] 

 
4 Electrical modification 
 
Electrical cabinet dimensions were defined for the current needs at the time when 
test bench was designed. Usually, electrical cabinet is designed to have some 
additional free space for the future upgrades. In our case there was some additional 
space, but not enough for all components which were needed to be installed. It was 
chosen the solution to mount the components on the electrical cabinet door (Figure 
7). 
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Figure 7: New components mounted on the electrical cabinet door. 
Source: [2] 

 
5 Software 
 
Software LabVIEW was chosen because it offers many possibilities to adapt the 
software to specified requirements and needs. For acquiring measurement NI 
(National instrument) hardware was chosen. It is well known as the best ones and is 
often chosen for this kind of projects in our company. 
 

 
 

Figure 8: LabVIEW - block diagram example. 
Source: own. 

 
5.1 User interface 
 
Basic user interface was made to communicate with operator. It has several options 
to login/logout, automatic testing, manual testing, maintenance mode, basic settings, 
turn on/off the main motor. Furthermore, the main screen shows essential 
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information about test bench status such as oil temperature, oil cleanliness, hardware 
status, log status, reporting status, monitoring, server synchronization etc.  
 

 
 

Figure 9: User interface - main screen. 
Source: [2] 

 
When click to each key, sub screen appears to operator to manage with test bench 
and test procedure. To manage with the program, operator can use touch screen, 
shortcuts on the keyboard, mouse and keypad.  
 
5.2 Manual testing 
 
To have option to test wide range of valves manual test was required. Also, for some 
valves automatic test does not have sense because it takes more time than manual 
test. In manual testing some test blockades are disabled (oil temperature range, oil 
cleanliness …) to have option of test also in case where all conditions are not valid 
for production testing. In manual operator have wider range of test options which 
could be useful. 
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5.3 Automatic testing 
 
With development of technology and implementation of standard Industry 4.0 the 
need for EOL test bench automation becomes more and more important and 
necessary to reach high reproducibility of the test. With the same test procedure 
there is no deviation between the tests which may occur if test is manually managed 
by operator. 
 
Test procedure consists of a set of steps (functions). With set of steps it is possible 
to make setting on the values, measure the values, capture the graph, analyse the 
graph or do anything else according to the test procedure. With own development 
of the functions in LabVIEW it is obtained almost unlimited possibilities to develop 
customized functions to achieve almost any test procedure requirement. 
 
6 Advantages and disadvantages of automatic testing 
 
6.1 Advantages 
 
With test automatization the operator’s influence on the test report and 
measurement results is eliminated and could not change test result during the test. 
 
Test reports are generated at the end of every test and are stored on the controller. 
Every 5 minutes the synchronization between controller and server is triggered and 
reports with some other files synchronized to the server. If network connection is 
unavailable the reports are stored on the controller and are synchronized with the 
server when network connection is established again. After synchronization the 
original files are deleted on the controller side to release the space for new reports. 
 
To have traceability of the EOL testing the output file is generated at the start of 
every month. In the output file all major data about tests and test bench are stored. 
Data structure of the output file can be seen on the Figure 10. This file is used for 
further analysis and monitoring in different applications. 
 
Test time is important in the way of time consumption and production planning. It 
is measured how much time the operator spends to test one valve. During automatic 
testing operator don’t need to stay all the time in front of the test bench, it can do 
other things such as assemble the valves, squatting holes, packing... 
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Figure 10: Output file example. 
Source: own. 

 
In manual testing mode operator have focus on the tested valve all the time during 
the test. For every test step needs to make some clicking on the keyboard or touch 
panel. He needs to manually turn on/off motors, valves and set the analogue values. 
Usually this set values are not set to exact value. Automatic test values are set to 
exact values every test. Values must be in range and are stored in the report at the 
end of the test. 
 
Safety is provided with safety devices and is not controlled with test bench software. 
In our case there is no rotating parts or pressing devices. The only potentially danger 
is high pressure oil inside the hoses, blocks and valves which are located inside the 
safety cabinet. These components have high pressure lines where the pressure could 
reach over 300 bar which can be fatal.  
 
6.2 Disadvantages 
 
In case of NOK test results operator must decide what would be the next action 
with tested valve. In manual test process are some possibilities where the operator 
may make wrong decision. During the time it turned out that new operators need 
training on the test bench and induction period to be able to make the manual test 
in correct way and to make right decisions. 
 
Test time for some test procedures is longer in automatic mode because it takes 
some time to measure and analyse the steps, but in manual mode operator can 
visually check the value and confirm or reject the step. 
 
7 Conclusion 
 
Three main upgrades (hydraulics, electric and software) of test bench were done 
successfully and test bench works in production for some time. 
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Next step where the focus will be soon is to test more valves with automatic tests. 
Some test procedures are in validation phase where separate steps are tested if works 
properly and in if measurement limits are set correct. Especially big interest is from 
production side. R&D department is interested to make automatic tests with steps 
which are adopted to their needs. The software allows us flexibility and adaptability 
to reach wide range of requirements.  
 
With chosen software concept was achieved the agility and fast reaction to the 
market needs. It was reached short development time of new steps (functions) and 
consequently short time to develop new automatic tests for the valve. 
 
 
References 
 
[1] Poclain Hydraulics training center (various internal literature) 
[2] Personal photo archive 
[3] Poclain Hydraulics photo archive 
[4] https://www.poclain-hydraulics.com/en/; last visited on 25.7.2023 
 



 

 

DOI https://doi.org/10.18690/um.fs.5.2023.22 
ISBN 978-961-286-781-2 

 

 
 

IMPLEMENTATION OF EXTERNAL 

MATLAB CLOSED-LOOP 

CONTROLLERS WITHIN BECKHOFF 

SOFT-PLC CONTROLLER 

Keywords: 
Closed-loop 
control,  
PID,  
Beckhoff, 
TwinCAT 3, 
Matlab-Simulink 

 
VITO TIČ 
University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana, Slovenia 
vito.tic@um.si 
 
In the scope of the research, we have designed and implemented 
the closed-loop position control of the linear axis using a 
externally-developed controller imported into Beckhoff soft-
PLC, which will, further on, allow us to use any position 
controller. Namely, in the industrial environment, the PID 
controller is most often used due to its simplicity and robustness. 
The goal of the research was to replace the PID controller with 
an external controller, which can also be non-linear, such as fuzzy 
logic. We have designed the controllers using the MATLAB-
Simulink software, from which we have exported the model into 
TwinCAT 3 environment. We have compared the responses 
between external position controller and the embedded Beckhoff 
PID position controller, and then compared the operation of the 
PID and fuzzy logic controller. Due to high energy density of 
hydraulic systems and potential risks, the first research was made 
on small scale electromechanical axis. 
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1 Intruduction 
 
Fluid power control systems often contain closed-loop position controllers, where 
the most common used in the industrial environment are proportional-integral-
differential (PID) controllers, which meet a wide range of system control needs. 
 
Proportional-integral-differential closed-loop controllers work on the basis of 
feedback loop principle and are very often used in industrial control systems. When 
using a PID controller, the error is calculated on the fly with the help of a feedback 
loop. The latter is calculated between the desired (set) value at the input and the 
actual value at the output of the system. The controller itself is designed in such a 
way that it tries to reduce the error with the help of the manipulated variable [1]. 
 
In the case of more demanding closed-loop control system, we can detect cases 
where the use of an established PID controller is not sufficient. For this purpose, 
non-linear closed-loop controllers, such as e.g. fuzzy logic or neural networks, are 
gaining prominence. These are much more difficult to implement in industrial 
controllers, which usually contain already embedded controllers. Therefore, our goal 
was to design and implement an external position controller developed in the 
MATLAB-Simulink environment and import it into the TwinCAT 3 programming 
software (Beckhoff soft-PLC). Due to the limitations of the equipment available, the 
design and testing was carried out on an electric linear servo axis, where we have 
compared different types of position closed-loop controllers and their responses to 
set value. 
 
2 System overview 
 
For the above-described research, we have used Festo FESTO-DGE-25-500 linear 
axis, which converts rotary motion into linear motion using a toothed belt. The 
controlled trolley on the linear axis was enhanced to be able to attach up to 5040 g 
weight in order to change the mass of the control system. To control the linear axis, 
we have used a Beckhoff AM8113-0F20 servo motor, which has an integrated 18-
bit absolute incremental encoder, which allows us to accurately control speed, 
acceleration and position (Figure 1). 
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Figure 1: Festo toothed belt linear axis with Beckhoff servomotor. 
Source: own. 

 
3 Closed-loop controllers in TwinCAT3 
 
The servomotor is controlled using a closed-loop controller consisting of a trajectory 
generator and position tracking system. The trajectory generator outputs the 
position reference (set position) and the speed of change of the position (tangent of 
the position trajectory) that are fed to the input of the closed-loop position 
controller. The closed-loop controller uses cascade principle (Figure 2), where the 
speed and current loops are already set up inside the Beckhoff controller. Our task 
was to research and implement only various position closed-loop controllers.  
 

 
 

Figure 2: Beckhoff servomotor closed-loop controller in TwinCAT 3. 
Source: own. 
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The proportional-integral-differential controller (PID) works on the principle of a 
feedback loop, where the error is calculated on the fly with the help of the feedback 
loop. and contains three parts. These parts are proportional part (P), integral part (I) 
and differential part (D). Each part contains its own parameter, with the help of 
which the individual part can be increased or decreased. The influence of the 
individual part of the controller on its output is interpreted in terms of time. Thus, 
the proportional part is depended on the current error, the integral part is depended 
on the accumulation of past errors, and the differential part is depended on the rate 
of change of the error [2, 3]. The PID controller built into the TwinCAT 3 software 
is shown in Figure 3. 
 

 
 

Figure 3: Beckhoff PID controller in TwinCAT 3. 
Source: own. 

 
3.1 Setpoint generator 
 
The TwinCAT 3 software has built-in trajectory generator added to the program 
block for position control. For the calculation of the trajectory, the trajectory 
generator block requires several inputs: the initial and final position; initial, 
maximum and final speed; and the acceleration/deceleration, which determine the 
fastest speed change. 
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4 Development and implementation of MATLAB – Simulink closed-
loop controller 

 
We have designed and implemented PID and fuzzy logic position controller using 
the MATLAB-Simulink programming environment, in which we can design 
different types of linear and non-linear closed-loop controllers.  
 
In addition to designing the controllers, we can generate and export the software 
code of the designed controller, which is suitable for implementation into TwinCAT 
3 and can be directly imported into Beckhoff soft-PLC. To begin with, we have 
created an external PID controller and compared its operation to standard 
TwinCAT 3 embedded PID controller.  
 
4.1 MATLAB – Simulink PID controller 
 
The PID controller in MATLAB-Simulink was designed using the transfer function, 
consisting of individual blocks, which were connected into a whole system. The 
transfer function consists of different blocks such as addition, multiplication, 
division, delay, input and output block. Figure 4 shows the scheme of the 
implemented PID controller. The implemented scheme has to be moved into the 
subsystem in order to generate the export code, which is then imported into 
Beckhoff programming environment using the PLCopenXML standard.  
 

 
 

Figure 4: MATLAB – Simulink PID controller. 
Source: own. 
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4.2 MATLAB – Simulink fuzzy logic controller 
 
Fuzzy logic controllers are nonlinear type controllers used in signal processing, 
pattern recognition, and other control systems. They use soft and blurred quantities, 
similar to human perception, where the response is far from mathematically precisely 
defined rules. Thus, it cannot be described by exact equations.  
 
The designed fuzzy logic controller, created in MATBLAB-Simulink, is shown in 
Figure 5. The transfer function is based on the presented programming blocks. [4, 
5] 
 

 
 

Figure 5: MATLAB – fuzzy controller. 
Source: own. 

 
5 Results 
 
The aim of the research was not only the design of external closed-loop controllers, 
but also their implementation and corresponding tests, where we have compared the 
responses of TwinCAT 3 and the created external MATLAB-Simulink controllers. 
In this way, we were able to check whether the axis position system and the 
controller used were correctly designed and implemented. If we have implemented 
everything correctly, the response of both systems should be the same. 
 
5.1 Comparison of Beckhoff integrated PID controller and MATLAB – 

Simulink PID controller 
 
Figure 6 shows the response of the system using integrated Beckhoff PID controller 
and imported external MATLAB-Simulink PID controller using optimal parameters 
determined by the Ziegler-Nichols method. The blue line shows the error between 
the desired (set) value and the actual value of the axis position, the orange shows the 
generated position trajectory representing the desired (set) value, the red shows the 
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actual position of the axis, and the green shows the start of the step change. It can 
be seen from the figure that the operation and the response of the external 
MATLAB-Simulink PID controller is very similar or nearly the same as TwinCAT 
3 embedded controller. In this way, we have confirmed the adequacy of the design 
of external controllers and their implementation into the TwinCAT 3 Beckhoff 
environment. 
 

 
 

Figure 6: Comparison of Beckhoff integrated PID controller and MATLAB – 
Simulink PID controller. 

Source: own. 
 
5.2 Comparison of PID controller and fuzzy logic controller  
 
In addition to creating an external closed-loop controller, the goal of our research 
was to create and implement a fuzzy logic (non-linear) controller. In this way, we 
were able to define how the two controllers react in different conditions, such as, 
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for example, a change in the mass of the system. In the below comparison the PID 
controller was set according to the Ziegler-Nicholson method and additionally fine-
tuned manually, and then compared to the designed fuzzy logic controller [5]. The 
results, presented in Figure 7 and Table 1 show that the PID and fuzzy logic 
controllers respond very quickly to the step change. We can notice better response 
from the fuzzy logic controller, which has less overshoot and it is faster when using 
less precise dead band position deviation. In this case, the difference between the 
controllers is smaller because the PID controller was optimized for a system without 
additional mass.  
 

 
 

Figure 7: Comparison of PID and fuzzy closed-loop position controller without 
added mass. 
Source: own. 



V. Tič: Implementation of External Matlab Closed-loop Controllers Within Beckhoff Soft-
PLC Controlle 263. 

 

 

 
 

Figure 8: Comparison of PID and fuzzy closed-loop position controller with added 
mass. 

 

Table 1: Comparison of PID controller and fuzzy logic controller – without mass 
 

  PID Fuzzy 

Dead band position deviation [ms] 0.01 mm 194 197 
0.5 mm 164 122 

Maximal overshoot [mm] Positive 0.84 0.23 
Negative 0.53 0.28 

Maximal position deviation [mm]  20.69 23.62 
 

However, when adding additional mass to the system (results in Figure 8 and Table 
2), the response of the fuzzy logic controller is better, since the nonlinear controller 
compensates for the additional mass. The PID controller parameters were defined 
and optimized without mass, so with added mass it is no longer optimally set.  
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Table 2: Comparison of PID controller and fuzzy logic controller – with mass 

 
  PID Fuzzy 

Dead band position deviation [ms] 0.01 mm 1033 790 
0.5 mm 682 629 

Maximal overshoot [mm] Positive 17.29 15.55 
Negative 4.32 3.95 

Maximal position deviation [mm]  73.67 71.8 
 
The presented results reveal that a well-tuned PID controller can perform the 
position control operation just as well as a non-linear or fuzzy logic closed-loop 
controller when the PID parameters are optimized for the application. Major 
deviations in operation occur when we change the weight of the load, as the 
controller is not optimized for given load and conditions. Thus, in the case of 
variable weight of the load, a non-linear or fuzzy logic controller is preferred. 
 
6 Conclusion 
 
In the scope of the research, we have analysed the operation of externally designed 
and further implemented controllers in the TwinCAT 3 Beckhoff system. Due to 
the limitations of the equipment available, the design and testing was carried out on 
an electric linear servo axis, although the final implementation will be done on 
various fluid power systems.  
 
We have validated the conformity of their operation with an PID controller example. 
To this extent, we are now able to design various controllers using the MATLAB-
Simulink tool and integrate them into Beckhoff industrial soft-PLC controllers. 
 
Further on, the research revealed that the fuzzy logic controller performs better 
under unsteady conditions, as the latter can compensate for additional changes 
without changing the parameters. Although fuzzy logic closed-loop controller needs 
greater processing power due to demanding algorithms, which can be achieved by 
using high-end soft- PLCs in industrial applications. 
 
Upgrading embedded closed-loop position controller with an external one allows us 
to use more advanced, more complex, more responsive and faster controllers.  
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Engineering polymers such as polyoxymethylene (POM) have 
proven to have very promising tribological properties and 
successfully follow high performance thermoplastics. The focus 
of our research is on testing and analysing POM for very 
demanding, harsh working conditions of high-speed hydraulic 
on/off valves. The samples were tested and compared to POM 
reinforced with 30 % carbon fibres in standard hydraulic oil ISO 
VG 46, water, and glycerol-water mixture at room and elevated 
temperature, and at different sliding speeds. The results showed 
good tribological properties for both polymers when lubricated 
with glycerol-water mixture, comparable to the results obtained 
in hydraulic oil but lower than those measured in water. 
However, the difference decreases at higher temperature. The 
results also showed an opposite trend of decrease in the 
coefficient of friction and increase of specific wear rate at lower 
sliding speed, with a similar trend at higher temperature. 
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1 Intruduction 
 
The use of low weight and high strength polymers and polymer composites instead 
of metals, for manufacturing different fluid power elements and components has 
great potential for reducing components weight and energy losses [1]. Compared to 
traditionally used steel alloys, the strength-to-density ratio of reinforced polymer 
composites is 13.5 times that of steel [2]. In the recent study on hydraulic cylinders, 
the prototype based on the radial stiffness design method and composite structure 
has reduced weight by 56.86 % while maintaining the same performance as the 
conventional metal hydraulic cylinder [3]. Additionally, polymer composites have 
proven to produce very low coefficient of friction and specific wear rate at different 
loading regimes [4].  By combining the advantages of the new surfaces, materials, 
and lubrication technologies for friction reduction and wear protection in various 
equipment worldwide, energy losses caused by friction and wear could potentially 
be reduced by 18 % in the short term (8 years), or as much as 40 % in the long term 
[5]. 
 
Among different polymer composites, ultra-high performance polymers such as 
PEEK (Polyetheretherketone), high performance polymers such as PPS 
(Polyphenylene sulfide), engineering polymers such as POM (Polyoxymethylene), 
UHMWPE (ultra-high-molecular-weight polyethylene), PA (Polyamides) or 
commodity polymers such as PE (Polyethylene), PTFE (Polytetrafluoroethylene) 
have been investigated and analysed with different fillers, reinforcements for 
different loading conditions and applications [5]. From ultra-high-performance 
polymers down to commodity polymers, mechanical properties change in contrast 
to polymer price (representative polymers are compared to AISI 440C stainless steel 
[4–6] in Table 1). 
 
POM is one of the ‘middle range’ polymers, with price up to 10 times lower, 
compared to ultra-high-performance polymers. It has low cost, low weight and low 
water absorption along with good tribological properties, which makes it one of the 
most commonly used engineering polymers [7, 8].  It can successfully follow both 
PPS and PEEK performance when used for gerotor gears, or even follows the 
performance of the classic metallic pressure relief valve [1].  
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Table 1: Sample properties 
 

Polymer group 
(representative polymer) Density 

[kg/m3] 

Young 
modulu

s 
[GPa] 

Ultimate 
tensile 

strength 
[MPa] 

Operating 
temperature 

[◦C] 
Ultra-high-performance 
(PEEK) ~ 1.32 ~ 4.2 -

8.1 ~ 110 up to 250 

High-performance (PPS) ~ 1.43 ~ 3.3 - 
4.4 ~ 75 up to 220 

Engineering (POM, 
UHMWPE, PA) ~ 1.13-1.5 ~ 1.7 - 

3.3 ~ 40 - 80 up to 120 

Commodity 
(PE, PTFE) ~ 2.18 ~ 0.5 ~ 10 up to 100 

Stainless steel representative 

AISI 440 C ~ 8 ~ 200 ~ 760 -
1960 up to 1100 

 
Usually, polymer composites are tested under dry or water lubricated conditions. 
However, hydraulic oil is commonly used lubricant for hydraulic applications. 
Nowadays, green lubricants are becoming mandatory in marine or forestry 
machinery [9], and extremely wanted in all different sorts of mobile machineries and 
industries. Typical answer to this quire, is in using pure water, or water with different 
additives, that correct water extremely low pressure-viscosity coefficient and 
corrosion problems [10, 11]. Glycerol is another interesting biocompatible 
alternative, that is main by-product in biodiesel production  [12]. Although it has 
good mechanical and tribological properties, it also has almost 20 times higher 
viscosity compared to traditional mineral base oils [13]. Such a high viscosity is not 
particularly desired because there are greater energy losses due to the need for more 
energy to overcome the thicker lubricating film, resulting in lubricant degradation 
and possibly early failure of elements or the system. However, glycerol dissolves in 
water, and both high glycerol freezing point [14, 15], film thickness and viscosity can 
be controlled with an appropriate amount of water. In this way, even a so-called 
super-lubricity can be obtained, with a friction coefficient of less than 0.01 [16]. 
Glycerol aqueous solutions show good results in steel sliding contacts of rolling and 
sliding bearings [17, 18], under different boundary, mixed and elastohydrodynamic 
conditions [13, 16, 17]. In recent study of different polymer composites [19], 
environmentally acceptable lubricant proved to improve tribological properties of 
polymer-steel contacts. In our recent study, five different polymer composites were 
compared [20], and glycerol proved to be excellent lubricant, especially for three 
polymers with higher micro hardness.  
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The aim of this study is to analyse the tribological properties of pure POM, and to 
compare the results of polymer-steel contacts in conventional hydraulic oil ISO VG 
46, pure water and glycerol + water solution. In addition, the experiments will be 
performed at room and elevated temperature, as expected in hydraulic applications. 
And finally, the results will be compared with our preliminary measurements on 
carbon fibre reinforced POM. 
 
2 Materials and methods 
 
2.1 Test samples 
 
For the chosen type of ball-on-plate tribological tests, POM discs were cut from a 
30 mm diameter rod with a thickness of 5 mm. RotoForce-3 automatic sample 
polishing and preparation machine was used, and samples were polished to a 
roughness of 0.1 µm. The ball was a commercial bearing ball with a diameter of 25 
mm made of hardened AISI 440-C stainless steel. Before starting the test, all 
samples, clamps and the bath were carefully cleaned. 
 
2.2 Lubricants 
 
Demineralised water was used as the reference lubricant. Glycerol (with  ≥ 99.5 % 
cleanness) was used as the base for the lubricant glycerol + water (G+W). Based on 
our preliminary experiments, glycerol with 40 % water in the mixture was used, as 
this mixture allowed the good lubricating properties of pure glycerol to be 
maintained at room temperature. The third lubricant used in the study is the 
commercially available, commonly used ISO VG 46 hydraulic oil. The parameters 
of the lubricants (Table 2) were determined with an automatic viscometer SVM 3001 
(Anton-Paar). 

Table 2: Lubricants properties 
 

 
Kin. Viscosity at 
25 ◦C [mm2/s] 

Kin. Viscosity at 
80 ◦C [mm2/s] 

Density 
at 25 ◦C 
[g/cm3] 

Density 
at 80 ◦C 
[g/cm3] 

ISO VG 46 100 9 0.86 0.86 
G + W 11.59 2.19 1.17 1.12 
W 0.89 0.36 0.99 0.97 
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2.3 Tribological characterization 
 
Measurements were carried out with a Cameron-Plint TE 77 high-frequency 
tribometer (Figure 1) in reciprocal mode. The average sliding velocity was set to 0.2 
m/s and 0.05 m/s (frequency 40 Hz and 5 Hz, respectively, and stroke length 2.4 
mm). The load was set to 50 N (90 MPa maximum Hertzian pressure). Before each 
test, the polymer disc was completely immersed in the selected lubricant. The 
thermoset was placed in the lubricant bath and a heating element was placed under 
the bath to check the temperature and keep it constant during the test (at a 
temperature of 80 ◦C). Special care was taken to maintain the lubricant level during 
the test so that the sample and ball were always fully immersed in the selected 
lubricant. After the final test, the contact sliding surface was marked on the ball using 
an electric pen. 
 

 
 

Figure 1: Ball on plate tribo-test scheme 
Source: own. 

 
Each test was repeated three times. The tests were conducted for 90 minutes based 
on preliminary tests that gave a stable value of the coefficient of friction. 
 
2.4 Post-tribological analyses 
 
The wear volume of the disc-like polymer plates was calculated from the dimensions 
of the wear tracks. The 3D profile of each calotte was determined and characteristic 
cross-sectional areas at different locations along the wear track were read [20] with 
digital microscope Hirox HRX-01. Same procedure was also used to determine the 
shape and dimensions of the wear marks on the steel balls.  
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3 Results 
 
3.1 Wear and coefficient of friction 
 
The average steady-state coefficient of friction in ISO VG 46 oil, glycerol + water 
mixture and water are presented in Figure 2.  
 

 
 

Figure 2: Average coefficient of friction of POM at 40 Hz and 5 Hz in three different 
lubricants at: a) room temperature 25 ◦C; b) elevated temperature 80 ◦C. 

Source: own. 
 
At room temperature (Figure 2a), the results showed comparable values of the 
coefficient of friction of 0.028 and 0.031 in both ISO VG 46 hydraulic oil and 
glycerol + water mixture respectively. At lower frequencies, 60 % increase of 
coefficient of friction was measured in oil, and on contrary slightly lower value (16 
% decrease) was measured in glycerol + water mixture. The lowest value was 
measured in glycerol + water mixture at 5 Hz (0.023). Compared to both oil and 
glycerol + water mixture case, 4 times higher coefficient of friction was measured in 
pure water. The highest measured value of coefficient of friction, at room 
temperature vas measured in water at 40 Hz (0.12). Additionally, the smallest change 
in measured coefficient of friction value was measured in water, compared to 
measurement in water at higher frequencies (~ 8 % decrease).  
 
At elevated temperature (Figure 2b) the friction coefficients increased in hydraulic 
oil, at both measured frequencies, about 70 % increase. The highest measured value 
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at elevated temperature was in oil at lower frequency (0.077). In case of glycerol + 
water mixture, coefficient of friction showed the smallest change, compared to other 
two lubricants, namely at 40 Hz around 6.5 % decrease, and at 5 Hz almost 50 % 
decrease (the smallest measured coefficient of friction, 0.011). In case of water, 
significant decrease around 55 % of measured coefficient of friction was observed, 
at both frequencies.  
 
The average calculated values of specific wear, based on analysed wear tracks in ISO 
VG 46 oil, glycerol + water mixture and water are shown in Figure 3.  
 

 
 

Figure 3: Average calculated specific wear rate of POM at 40 Hz and 5 Hz in three different 
lubricants at: a) room temperature 25 ◦C; b) elevated temperature 80 ◦C. 

Source: own. 
 

At room temperature (Figure 3a), the smallest specific wear rate was measured in 
glycerol + water mixture (5.68 × 10 -9 mm3/Nm) at higher frequency. Slightly higher 
specific wear rate was measured in oil (2.42 × 10 -8 mm3/Nm, ~ 4 times higher 
compared to glycerol + water mixture). The highest specific wear rate at higher 
frequency, was measured in water (1.88 × 10 -7 mm3/Nm, ~ 33 times higher 
compared to glycerol + water mixture). At lower frequency, specific wear rate 
increased, however the difference among lubricant decreased (same ordered of 
specific wear rate ~ 10 -7 mm3/Nm). 
 
At elevated temperature (Figure 3b) increased specific wear rate was observed, in all 
tested lubricants. The highest increase (~ 90 times) was measured in glycerol + water 
mixture, on contrary lower increase in oil and water (~ 23 to 4.1 respectively). 
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However comparable specific wear rate was measured for all lubricants (~ 10 -7 
mm3/Nm). The same trend was observed at lower frequencies, when comparable 
specific wear rate was measured (~ 10 -6 mm3/Nm). 
 
3.2 Surface analyses 
 
Polymer worn surfaces were observed with digital microscopy, and selected samples 
are presented in Figure 4 and 5. The surface appearance, wear track shape and length 
(~ 3300 μm) are similar in all lubricants and at all tested conditions. However, the 
narrowest wear track was observed in case of oil at room temperature and at higher 
frequency (~ 823 μm, Figure 4.I.a). The wear track is not significantly wider in 
glycerol + water mixture (~ 8 % increase) at room temperature, although the 
scratches along the sliding direction are much more intense, especially in the middle 
of the wear scar (Figure 4.I.b). In case of pure water used at room temperature, both 
wear track width (~ 66.5 % increase), the number and intensity of scratches is 
significantly higher (Figure 4.I.c). 
 
At elevated temperature, there is no significant difference in wear track width among 
different lubricants used (~ 1600 μm, Figure 4.II.a-c). This means, that the highest 
change observed in wear track, due to elevated temperature was observed in oil 
lubricated case, tightly followed by glycerol + water lubricated case. However, 
scratches along the sliding direction are not deep and intense in glycerol + water 
mixture (Figure 4.II.b) as they were in oil (Figure 4.II.a), or even more in water 
(Figure 4.II.a). This agrees with the smallest specific wear rate in the mixture at 80 
◦C, and relatively small differences among all three lubricated cases. 
 
At lower frequency (Figure 5.a-c) there was no significant difference in the wear 
track dimensions among lubricants at both temperatures. At room temperature the 
wear track width (~ 1148 μm, Figure 5.I.a-c) was wider compared to the tests at 
higher frequency and room temperature in oil and glycerol + water mixture, and on 
contrary tighter in case of water. The main difference was observed in wear 
mechanism since the wear scratches along the sliding direction are the least intense 
in case of glycerol + water mixture (Figure 5.I.b). They are the most intense and 
frequent in case of oil (Figure 5.I.a), and the widest and deepest in case of water 
(Figure 5.I.c). This agrees with the smallest specific wear rate in the mixture, yet there 
were small differences among different lubricants (Figure 3.a). At elevated 
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temperature, wear track width was comparable among lubricants (~ 1522 μm, Figure 
5.II.a-c), and not significantly changed compared to room temperature conditions. 
Again, the difference was in the scratch’s intensity and depth, being the most intense 
in case of oil and the least intense in case of glycerol + water mixture. 
 

 
 

Figure 4: Digital images of POM wear tracks after sliding against still ball at: I) room and II) 
elevated temperature when lubricated with: a) ISO VG 46 oil; b) glycerol + water mixture; c) 

water at 40 Hz. 
Source: own. 

 
 

Figure 5: Digital images of POM wear tracks after sliding against still ball at: I) room and II) 
elevated temperature when lubricated with: a) ISO VG 46 oil; b) glycerol + water mixture; c) 

water at 5 Hz. 
Source: own. 
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Figure 5: Sample. 
Source: own. 

 
Surface analysis showed that at lower frequencies, in the case of all three lubricants, 
the wear track is also present on the bearing ball (Figure 6) at both temperatures. 
The transfer film dimensions (almost regular circle) are comparable among 
lubricants. The width is smaller at room temperature (~ 800 μm, Figure 6.I.a-c), 
compared to elevated temperature ( ~ 1300 μm, Figure 6.II.a-c). At room 
temperature, the scratches were the most intense in water, while at elevated 
temperature some scratches could be observed in oil. 
 
4 Discussion and conclusion 
 
This study investigated the possibility of using an affordable engineering polymer 
POM in combination with a glycerol + water mixture as a green lubricant as a 
potential polymer/steel tribo-pair for hydraulic applications. For reference and 
comparison, the same contacts were tested in typical ISO VG 46 hydraulic oil and 
demineralised water, the most widely available green base lubricant. The experiments 
were performed with parameters that correspond to the seat on-off valves, which 
could potentially become lighter and have excellent tribological properties. The tests 
were conducted at room temperature and elevated temperature with the samples 
fully immersed in the selected lubricant. The tests were performed at two different 
sliding speeds. 
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Glycerol is an alternative lubricant whose annual production exceeds the demand 
for the same. Because of its high viscosity, glycerol has already been used in research 
on steel/steel tribological contacts [18, 21]. Recently, an environmentally friendly 
commercial glycerol-based lubricant has been used in the literature to study the 
tribological properties of modern commercial polymer materials and compared with 
water and dry contact [19]. The glycerol-based lubricant further improved the 
tribological properties of the observed materials. Our recent study also proved good 
tribological properties of pure glycerol for five different polymer composites [20]. 
Among observed composites, POM reinforced with 30 % carbon fibres successfully 
followed high performance PEEK reinforced with 30 % carbon fibres by 
tribological performance. 
 
The results of this study show low values of the coefficient of friction of the POM 
/steel contact when glycerol + water mixture is used as lubricant, at room 
temperature and elevated temperature and at both frequencies tested. The values of 
the coefficient of friction were similar when comparing glycerol + water mixture and 
ISO VG 46 hydraulic oil. At room temperature, the coefficient of friction was about 
3.7 times higher for water than for oil and glycerol + water mixture. At elevated 
temperature, however, the difference was not significant, although the lowest value 
was measured in the glycerol + water mixture (0.029). At lower frequencies, a similar 
trend was observed, although the coefficient of friction in oil increased at lower 
frequencies and, in contrast, decreased in the glycerol + water mixture and in pure 
water. 
 
The specific wear rate was also lowest in the glycerol + water mixture, especially at 
room temperature (5.68 x 10-9 mm3/Nm). However, the results were comparable to 
those obtained with hydraulic oil. When comparing glycerol + water mixture and oil 
with water as lubricant, we measured one order of magnitude higher specific wear 
rate. At higher temperatures, the difference between the lubricants decreased almost 
completely and an increase in the specific wear rate was observed (the order of x 10-

7 mm3/Nm). At lower frequencies, a higher specific wear rate was observed, which 
is related to the formation of a transfer film that was present on the steel ball in all 
tests at lower frequencies. However, at higher temperatures, all specific wear rate 
values increased and there was no significant difference between the lubricants (the 
order of x 10-6 mm3/Nm). Water proved to be a less effective lubricant at both 
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frequencies and at room temperature compared to a mixture of glycerol and water 
and oil. At higher temperature, however, the difference decreased significantly. 
 
In our previous study, POM, which was reinforced with 30 % carbon fibres, was 
tested under similar conditions [20], and in our preliminary study the tests were 
repeated at elevated temperature. A similar trend was observed in the measured 
coefficients of friction (influence of water, higher temperature, or lower frequency), 
but higher values were measured overall for pure POM than for POM reinforced 
with 30 % CF. In contrast, lower values of specific wear rate were observed for pure 
POM compared to reinforced POM. This effect is probably due to the fact that in 
the case of reinforced POM the carbon fibres carry most of the applied load, but at 
the same time the thinning of the fibres indicates a fracture of the POM matrix and 
a higher wear rate [22]. However, further elemental or spectroscopic analysis of the 
worn surfaces is required to discuss the difference in detail. Based on the current 
measurements, pure POM gives excellent tribological results in both hydraulic oil 
and a glycerol-water mixture and can be considered as a potential material or even a 
combination of material and lubricant for hydraulic applications where low load and 
high frequency are expected. 
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The presence of air in the hydraulic system or in the hydraulic 
fluid itself, either in its elementary form e.g., as an air pocket or 
bubble, or in the form of dissolved air, causes much 
inconvenience. This is manifested in the form of unwanted 
operation of the hydraulic system, causing accelerated ageing of 
the fluid, especially mineral oil. Apart from knowing the 
measures to prevent air intrusion into the hydraulic system, it is 
also important to know the tendency of each type of hydraulic 
oil to foam and its air release property. A discussion of the air 
release property of mineral oil usually refers to different types of 
fresh hydraulic oils. How this property is reflected and changes 
in the case of already used and chemically degraded hydraulic oils 
is discussed in the present paper. 
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1 Intruduction 
 
Air in the hydraulic fluid, in its elemental form as an air pocket or air bubbles, is 
certainly a very undesirable, annoying and aggressive contaminant that causes a 
whole range of inconveniences. From a mechanical point of view, it causes increased 
compressibility and too elastic operation of the hydraulic system, and, from a 
chemical point of view, it causes faster ageing of the hydraulic oil. 
 
In addition to the increased compressibility of the fluid and the resulting effect on 
the stiffness of the hydraulic components and the entire system, slower reaction 
times, as well as the occurrence of oscillation in the system in a mechanical sense, 
air causes a whole range of other inconveniences. For example, due to the 
incomplete filling of the pump chamber, it also affects the reduction of the actual 
flow of the pump and, thus, lowers volumetric efficiency, increased heating of the 
pump and noise, the occurrence of cavitation and the related wear of the material, a 
worse lubricating effect of the liquid and a reduced load capacity of the lubricating 
film, the diesel effect and damage to seals and smooth surfaces, etc. Apart from that, 
the present air also has a negative effect on accelerated oxidation (ageing), e.g., the 
hydraulics, causing the formation of deposits in the tank and on the components 
(sludge and varnishing). 
 
Considering the whole range of negative effects, air is undesirable in the hydraulic 
system and is treated as a very "aggressive" contaminant and its presence in the 
hydraulic system is prevented and reduced. Therefore, it is necessary to remove it 
and ensure that it does not enter the hydraulic system in various ways. 
 
In the literature, we can find a whole range of different tips and recommended 
measures to prevent air from entering the hydraulic system (aeration) or the 
formation of air in the system itself. The correct design of the shape and interior of 
the tank, care for flawless sealing of the hydraulic connections, is definitely one set 
of measures. The second set of measures refers to the possibilities of air extraction. 
In connection with this, it is certainly necessary to vent the system carefully during 
the first start-up of the hydraulic system, as well as measures for the effective 
elimination of air bubbles. Of course, if air bubbles have already appeared in the 
system, e.g., in the tank, we must prevent them from accessing the suction port of 
the pump in any way. 
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When we talk about air inside a hydraulic system, we must not only think of air in 
its elementary form, of air bubbles. We also have to think about the non-negligible 
proportion of chemically dissolved air in the oil, under certain conditions, can be 
released from the oil and appear in its elemental form, as an air bubble. 
 
Chemically bound, dissolved air in the hydraulic fluid itself and its negative effect 
are mentioned much less, although we know that in mineral hydraulic oil there is 
from 7 % to 9 %, or even a few more percent, of dissolved air. Dissolved air cannot 
be seen with the naked eye, and since it is not present and visible in its elemental 
form as an air bubble, it does not cause the mentioned harmful effects directly in 
this form. Therefore, in this form, it is of secondary importance, and affects the 
operation of the device and the condition of the oil. The situation changes when, 
due to a change in pressure, the pressure in a local part of the hydraulic system falls 
below the value of the vapour pressure (a certain negative pressure), the dissolved 
air is released as an air bubble. 
 
2 Mechanism of air bubble release 
 
The presence of air in various forms and in fluids has long been the subject of many 
studies. The same applies to studies related to the knowledge of the physical 
background of air generation and release, as well as their influence on the operation 
of the hydraulic system. The findings were summarised by many other authors. ([1] 
to [11]) 
 
When air bubbles appear, regardless of the cause of their origin, we must remove 
them from the hydraulic system as quickly as possible. The efficiency of the 
elimination of air bubbles depends on many factors: on the shape and dimensions 
of the tank, on the flow conditions in the tank, on how the hydraulic fluid is returned 
back to the tank, on the operating conditions in the hydraulic system, e.g. the 
operating temperature, and also from the type of hydraulic fluid installed, most often 
hydraulic mineral oil. 
 
At the same time, we must not forget the presence of other contaminants, such as 
water and solid contaminants, and the degree of fluid degradation, which all affect 
the effectiveness of the released air additionally. 
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2.1 Solubility of gases in oil 
 
As mentioned, in addition to aeration, the proportion of dissolved air is important. 
In general, lubricating oils, including hydraulic oils, can dissolve significant amounts 
of gases (here, air). In addition to the type of base oil, the amount essentially depends 
on the pressure and the temperature. The degree of refinement of a mineral oil, the 
viscosity and the presence of active ingredients do not have a pronounced influence 
on the air solubility. The Henry-Dalton law applies to the dissolved gas volume in 
ml: 
 

 𝑉𝑉𝐺𝐺𝑅𝑅𝑠𝑠 = 𝛼𝛼𝑉𝑉
𝑉𝑉𝑂𝑂𝑖𝑖𝑠𝑠  𝑝𝑝2
𝑝𝑝1

  [ml]            (1) 

 
Table 1 gives approximate values of dissolved air in percentages, typical for different 
lubricating oils under normal conditions (20 °C and 1013 mbar). [6] 
 
Table 1: Dissolved air in the lubricating oil 
 

Fluid type Bunsen coefficient 
Mineral based oil 0.07 to 0.09 
Silicone oil 0.15 to 0.25 
Phosphate ester About 0.09 
Vegetable (bio) oil About 0.09 
Water About 0.0187 

 
The values listed in Table 1 show that the volume content of air in mineral hydraulic 
oils is between 7 % and 9 %. The Bunsen coefficient gives the volume ratio between 
the amount of gas dissolved in a fluid under normal conditions and the volume of 
the fluid. The dissolution of air bubbles when the pressure increases requires a 
certain amount of time. For mineral oils with a low viscosity (around 10 mm2/s at 
40 °C) and 20 bar, this amounts to around 20 s. An oil with a higher viscosity, 40 
mm2/s at 40 °C, requires around 60 s. [6] With increasing pressure, the solubility of 
air in mineral oil increases according to Henry Dalton's law. 
 
For mineral oil products, the solubility of various gases can be calculated according 
to the ASTM method D 2779. It is only necessary to know the density value of the 
petroleum product and the type of dissolved gas. 
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Standard ASTM D 3827 specifies a calculation method that applies not only to 
mineral oil products, but also to other organic fluids (synthetic oils). The separation 
of air bubbles when depressurising occurs much faster than the gas absorption when 
the pressure increases. 
 
The solubility of air decreases with the increasing viscosity of a base oil, i.e. with 
increasing average molecular weight, Table 2. [12]. 
 

Table 2: Dissolved air in the lubricating oil 
 

Average molecular mass 
[g/mol] 

Volume content of air 
[%] 

670 7.83 
610 7.92 
570 8.43 
530 8.78 
400 9.03 

Note: The density and molecular weight of a chemical are directly proportional to each 
other, and the density and volume of a chemical are inversely proportional to each other. 
As the molecular weight of a chemical increases then the density of the chemical 
increases. 

 
2.2 Finely distributed air in the lubricating oil 
 
In addition to dissolved air, lubricating oils can absorb additional amounts of air, 
distributed finely as the disperse phase during operation. This distribution of air in 
oil is often called aero-emulsion, air emulsion or also spherical foam. Air-in-oil 
dispersions are undesirable for the operation of hydraulic systems in almost all cases, 
since a number of (already mentioned) disadvantages arise from the presence of free 
air. [13], [14], [15] 
 
Air dispersed in oil leads to an increase in viscosity, which can be estimated using 
the following approximation equation ([16]): 
 
 ηAir = ηOil + ηOil·0.0015·X                         (2) 
 
The equation shows that a volume content of 10 % air in the oil leads to a viscosity 
that is around 15 % higher. 
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The distribution of undissolved air in the lubricant can be reduced by the already 
mentioned design measures, and/or by the composition of the oil. The constructive 
possibilities include the following measures, some of which have already been 
mentioned, such as: Low oil circulation number due to large oil volume, low height 
of the oil tank, long distances between the oil entry point in the tank and the intake 
line, air release devices provided, attach the intake manifold as low as possible below 
the surface and avoid sharp edges of the deflections in the system. 
 
The material factors of hydraulic oil, which play an important role in the elimination 
of air, are: The degree of refining of the mineral oil, the viscosity and the presence 
of certain active ingredients, e.g., the presence of water, oil ageing products, and also 
the cleanliness level of the oil. 
 
All of these influential factors also affect the speed and efficiency of the elimination 
of air bubbles from the fluid. 
 
2.3 Air release mechanism 
 
The theoretical rise time of an air bubble in clean mineral based oil can be calculated 
with a good approximation using Stok's law. It is proportional to the kinematic 
viscosity of the fluid, and inversely proportional to the square of the bubble`s 
diameter. The buoyancy force of an air bubble is expressed as [11]: 
 

 𝐹𝐹Buo = 4
3
𝜋𝜋 (𝜌𝜌Fl − 𝜌𝜌Air)𝑟𝑟3𝑔𝑔 [N]             (3) 

 
Consideration of the drag force in the motion of spherical bodies, according to 
Stokes, for very small Reynolds numbers: 
 
 FDrag = 6 π η ν r [N]             (4) 
 
leads to an expression for the rate of rise of the air bubble: 
 

 𝑣𝑣 = 2
9

 (𝜌𝜌Fl − 𝜌𝜌Air) 𝑟𝑟
3  𝑔𝑔
𝜂𝜂

 [m/s]             (5) 
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Here, in equations (3), (4) and (5), r represents the radius of the bubble, ρFl the 
density of the fluid, and ρAir the density of the air. 
 
According to research by Hayward [16], the most commonly encountered bubble 
diameter is 0.25 mm to 0.5 mm. The operating viscosity for most industrial 
hydraulics is between 20 mm2/s and 30 mm2/s. According to this, the time it takes 
for a bubble to rise a metre in still oil is theoretically about 6 to 9 minutes on average. 
Since the viscosity of a hydraulic fluid depends very much on the temperature, the 
air bubbles rise faster at higher temperatures due to the lower viscosity. The actual 
rise time is considerably longer, depending on the type of oil, 
impurities/contaminants and water content, so this fact should be taken into 
account sufficiently when designing the oil tank. 
 
Based on the Stokes equation, it can be seen that the rate of bubble rise decreases as 
the bubbles become smaller, Figure 1. 
 

 
Figure 1: Rising speed of air bubbles depending on the bubble radius. 

Source: own. 
 
The ability of a fluid to remove dispersed air bubbles is called air release capacity – 
LAV (The commonly used abbreviation LAV for air release capacity originated from 
the German language: Luftabscheidevermoegen). Apart from the abbreviation LAV, 
the abbreviation ARV - Air release value is also often used for the same purpose.  
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The LAV of mineral oils is affected by viscosity, temperature and the presence of 
additives. Based on Stoke's law for the effect of viscosity, the higher the value of 
viscosity, the slower the air release. A general relationship that applies to all base oils 
cannot be given, because, depending on the origin and refining process, there is a 
different interfacial tension, and, thus, a different bubble size, Figure 2. 
 

 
Figure 2: Theoretical rising speed of air bubbles of different diameters, 

 depending on their viscosity. 
Source: own. 

 
The viscosity value is influenced greatly by the temperature of the oil. As the 
temperature increases, and, consequently, the viscosity decreases, the LAV 
behaviour improves. 
 
All active ingredients that reduce the surface tension of the liquid have a negative 
effect on the LAV. In the case of corrosion inhibitors, detergents and oxidation 
inhibitors, this effect is generally neglected. 
 
3 LAV Method of various hydraulic fluids 
 
The standardised method for determining the LAV is the so called Impinger-method 
according to the DIN 51 381 Standard. For this purpose, air is blown through a 
capillary into the oil in an Impinger gas washing bottle at a defined temperature for 
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seven minutes. The release of the dispersed air is monitored with a hydrostatic 
balance, by measuring the density until the value of the air-bubble-free sample is 
reached. The LAV is given in minutes for the time after which the oil still contains 
0.2 % by volume of dispersed air. 
 
There are several standard and non-standard methods for determining foaming, air 
content and its elimination, and they are more or less similar (see [17]). Today, the 
most widely used method of determining LAV is according to the ASTM D 3427-
19 Standard. The test procedure is performed under a standardised set of test 
conditions, and hence permits the comparison of the ability of oils to separate 
entrained air under conditions where a separation time is available. [18] 
 
According to the ASTM D 3427-19 Standard, the time required for the fluid to 
release the contained air is measured at different temperatures, at 25 °C, 50 °C and 
75 °C. For the practitioner, the most interesting is certainly the performance of the 
test at 50 °C, which is considered as the recommended operating temperature, at 
which the hydraulic device also operates most of the time. 
 
Depending on the composition of the hydraulic fluid, both in terms of base stock 
and the additive package it contains, the air release properties can vary substantially. 
Figure 3 shows a range of air release values associated with different mineral oil 
types. [19], [20] 
 

 
 

Figure 3: Air release properties of various oil. [19] 
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When it comes to air bubbles in oil, the results usually refer to fresh hydraulic oils 
or other types of hydraulic fluids. However, it is (almost) not stated anywhere 
precisely, and possibly given a limit value, how it is with the elimination of air 
bubbles in variously degraded used oils. 
 
4 Air release properties of used mineral hydraulic oils 
 
It is true that the air release of diverse types and the composition of fresh oil is 
undoubtedly important, but in most cases of industrial use, there is a much larger 
amount of used oil in hydraulic systems than fresh oil. There is also no guarantee 
that efficient air release of fresh oil will ensure efficient air release when the same oil 
will be degraded. For this reason alone, it makes sense to look for correlations 
between different levels of oil degradation and changes in the physical-chemical 
properties of the oil and the ability to eliminate air. The degree of air release could, 
perhaps, be one of the parameters on the basis of which we could judge the 
suitability of further use. 
 
The air release capacity and the tendency to foam are influenced negatively by 
contaminants such as particles and water, as well as oil products, e.g., by the increase 
in viscosity as a result of oil oxidation and additive consumption. Also, the mixing 
of different types of oil has an effect on the air release capacity and the tendency to 
foam, e.g., by the entry of incompatible additives. Contaminants can arise from both 
external and internal sources. Examples of external sources can be other types of oil, 
other fluids, e.g., water, and dirt. The presence of water can reduce viscosity, since 
it becomes emulsified. Figure 3 includes some examples of the adverse effect on air 
release of small amounts of water. 
 
Also, the products of the thermal degradation process or oil ageing lead to a change 
in viscosity and density. The same applies to acidic oxidation products, which, in 
turn, lead to changes in LAV. [19] 
 
4.1 LAV of accelerated aged oils 
 
In order to determine changes in the physical and chemical properties of variously 
degraded mineral hydraulic oils, we used our own developed procedure for 
accelerated thermal ageing of the oil, the so-called dry thermal test. The test is similar 
to the TOST test, where, at an elevated temperature (150 °C), the presence of copper 
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and oxygen in the air in the role of catalysts or accelerators of thermal oil degradation 
led to faster oil degradation. More details on the procedure and test execution can 
be found in [21]. The thermal loading of the sample lasted for a certain number of 
hours, after which all those physical-chemical properties were measured, which are 
usually changed due to degradation and could also affect the LAV. The results are 
summarised in Table 3. Hydraulic mineral oil of the HL type and viscosity class ISO 
VG 46 was used for the test. 
 

Table 3: Results of the analysis of samples after hours of accelerated ageing 
 

Hydraulic oil HL ISO VG 46 HL 0 HL 40 HL 60 HL 110 
Testing time [h] 0 40 60 110 
Colour [-] 2.0 6.0 > 8.0 > 8.0 
Density @ 20 °C [kg/m3] 876 876 877 879 
Viscosity @ 40 °C [mm2/s] 46.45 48.35 49.30 62.18 
Viscosity @ 100 °C [mm2/s] 6.91 7.06 7.18 8.08 
Neutralisation No. [mg KOH/g] 0.54 0.65 0.72 1.9 
FT-IR Oxidation [-] 0.31 0.43 0.64 2.30 
LAV @ 50 °C [min] 5.7 6.1 5.8 6.1 
Foaming - Sequence I [ml/ml] 0/0 20/0 0/0 610/0 
Foaming - Sequence II [ml/ml] 30/0 20/0 10/0 30/0 
Foaming - Sequence III [ml/ml] 0/0 0/10 0/0 570/50 
Electrical conductivity [pS/m] 607 853 1121 9219 

 
Table 3 shows clearly those physical-chemical parameters and their values that are 
at the forefront of consideration - LAV and foaming. Increasing values for viscosity, 
neutralisation number, FT-IR oxidation and also values for colour and electrical 
conductivity, show clearly the degree of oil degradation as a result of thermal stress 
under the influence of the ageing process accelerators. 
 
It is evident and interesting from the results that, after the accelerated thermal ageing 
of the oil, the value of the LAV had hardly changed (small fluctuations in the value 
are a possible result of the precise assessment of the determination of the end of the 
test - the difference in times amounts to 6%). In principle, changes in LAV coincide 
with changes in density, which changed minimally. However, the viscosity of the 
aged oil changed significantly, and the foaming of the oil worsened a lot. 
 
Since accelerated thermal ageing of the oil was used in this case, in which no 
noteworthy changes in LAV were detected, it is certainly reasonable to check 
whether a similar pattern of changes also occurs in "naturally" aged oils - after a 
certain period of operation. It should be noted that the hours of the accelerated 
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thermal degradation process are equivalent to several months, or even years, of 
naturally degraded oil. 
 
4.2 LAV of naturally aged oils 
 
Similar changes in the quantities mentioned in the previous chapter can also be 
expected in the case of naturally aged oil, on a real hydraulic device, except that the 
time of appearance of the change is significantly longer (several tens of days, or even 
months). 
 
Monitoring of the state of the physical-chemical parameters of hydraulic oils in 
industrial use is usually carried out at certain time intervals, usually every two 
months. In this case, the test operator usually does not know the actual number of 
operating hours during this period, so there may be deviations or less credible results. 
Also, other operating parameters, such as, e.g. ambient temperature, ambient 
humidity, or something else. 
 
Table 4 shows only some of the parameters of an otherwise wide range of 
comprehensive analysis for the case of naturally degraded oil and a two-month 
sampling interval for a period of eight months. The values for LAV and foaming are 
in the foreground. ISO VG 46 hydraulic mineral oil was used as the oil. 
 

Table 4: Comparison of viscosity, foaming, and air release properties of naturally degraded 
hydraulic oils 

 
Sample Hydraulic oil ISO VG 46  
Date 9.2022 11.2022 1.2023 3.2023 2.2023 7.2023 
Density @ 20 °C [kg/m3] 871 871 871 871 871 871 
Viscosity @ 40 °C [mm2/s] 45.76 46.43 46.48 46.60 46.31 46.59 
Viscosity @ 100 °C [mm2/s] 7.199 6.859 6.886 6.963 6.939 6.976 
LAV @ 50 °C [min] 6.3 4.8 4.7 5.4 4.4 4.4 
Sequence I [ml/ml] 0/0 0/0 0/0 0/0 190/0 430/0 
Sequence II [ml/ml] 70/0 20/0 40/0 50/0 30/0 30/0 
Sequence III [ml/ml] 20/0 20/0 0/0 270/0 30/0 480/0 

 
Even in the case of naturally aged oil, it turned out that the LAV value changes very 
little, but the foaming much more. The release of air depends much more on the 
type of fluid, basic physical-chemical values such as density and viscosity, and also 
on the type of additives present. 
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6 Conclusion 
 
The operation of the hydraulic system is certainly influenced by the type of built-in 
fluid and its basic material properties, such as density and viscosity, temperature 
behaviour, type of additives and base fluid, and more, as well as the presence of air 
and its ability to be released. As is known, the air present in the hydraulic fluid causes 
a whole range of negative effects, from a direct effect on the dynamic behaviour of 
the system, to an indirect effect on the faster ageing of the fluid, for example 
hydraulic mineral based oil. For this reason, the fluid's ability to eliminate air from 
the system as quickly as possible is one of the important properties that may not be 
given enough detail. The latter property is determined by a standard test to determine 
the air release. 
 
The paper presents the mechanisms that affect air release, and summarises some 
findings from some previous studies. Typically, these findings apply to unused, fresh 
hydraulic oils. In the continuation of the paper, the focus of discussion is on the 
ability to release the air of used, already degraded hydraulic oils. The results related 
to the efficiency of air release and the occurrence of foaming are shown for two 
cases: for the case of accelerated thermally degraded oil, and for the case of naturally 
degraded oil under real industrial operating conditions. 
 
Both in the case of oil with accelerated ageing and naturally aged oil of the same 
type, it was found that the LAV value changes very little, but it foams much more. 
Based on this, we can conclude that the type of liquid, especially its density and 
viscosity, as well as the type of base oil, have a much greater impact on LAV. 
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Among the properties of oil, air release and foaming tendency 
are very important. This is mainly because oil fills are getting 
smaller and the associated circulation times are getting shorter. 
The oil has less and less time to release air in the tank before it is 
recirculated. When we use additives to reduce the tendency of 
the oil to foam, we usually also decrease the rate at which the air 
is released from the oil. It is therefore a challenge for lubricant 
manufacturers to harmonise these two properties. This paper will 
present measurements of both foaming and air release from the 
oil. Requirements for fresh hydraulic oils will be given as a point 
of reference. The influence of different viscosity grades of fresh 
mineral hydraulic oils will be shown. The results of the 
measurements on different types of base oils will be presented. 
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1 Intruduction 
 
Hydraulic fluid is an essential component of hydraulic system that is often 
overlooked. Besides the main purpose of power transmission, it also performs 
various other functions, including reducing friction and wear, preventing leakage, 
removing heat, flushing away wear particles and contaminants, and protecting 
surfaces from rust and corrosion. The oil quality required for hydraulic systems 
depends on the specific application and components used [1]. Viscosity, viscosity 
index, wear protection, oxidation stability, antifoam and air separation 
characteristics, demulsibility, rust protection, and compatibility are important 
characteristics of hydraulic fluids. 
 
Air release and foaming tendency are critical properties of hydraulic oils, especially 
as oil fills are getting smaller and circulation times are getting shorter. Lubricant 
manufacturers face the challenge of balancing these two properties.  
 
This paper presents measurements of both foaming and air release from the oil, 
along with requirements for fresh hydraulic oils as a reference point. The influence 
of different viscosity grades of fresh mineral hydraulic oils will be shown, as well as 
the results of measurements on various types of base oils, including used hydraulic 
oils. 
 
2 Air content in oil and its consequences 
 
Hydraulic devices typically have proportions of undissolved air around 5 vol. % up 
to 10 vol. % in size. This applies particularly to mobile hydraulics. Often, the fluid 
cannot remove air bubbles, impurities and cool down, which can cause oil to foam 
excessively. Air can get trapped inside the device for various reasons and in different 
forms. The trapped air can be seen by the naked eye, forming a foam or tiny air 
bubbles. Alternatively, it can be dissolved in a liquid and remain "invisible". The 
“invisible” (dissolved) air could be also detected in the form of bubbles when the 
operating conditions change (e.g., pressure), which is also closely related to the 
design of the individual hydraulic components [2], [3]. 
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The most common causes of the air presence in the oil are certainly the intrusion of 
air through leaky places (so-called aeration), unsuitable design of the components of 
the hydraulic system (e.g., tank, pipe network, valves and valve blocks...) or 
significant inappropriate changes in the operating point related to the design of the 
hydraulic devices. 
 
Foams that appear on the surface of the liquid in the tank are not directly dangerous 
and do not affect the compressibility of the hydraulic fluid. Air bubbles that are in 
the fluid itself are threatening, which leads to various consequences. Thus, the 
presence of air bubbles in the device primarily affects the compressibility or fluid 
stiffness, which in turn has a greater or lesser impact on the operation of the 
hydraulic device itself, such as the accuracy of actuator movement, the occurrence 
of oscillations, the transmission of signals, the need to change the settings of the 
regulator parameters, etc. 
 
Air-containing hydraulic oil impairs the lubricating abilities of the oil itself and has 
an adverse effect on the ageing of the oil. That often leads to premature oxidation 
of the oil or even to its burning, destruction of seals and consequent leakage, besides 
this cavitation could occur on the pump and other elements [3], [4]. 
 
3 The influence of base oil and additives on foaming 
 
Base oils typically have a low foaming tendency and good stability, though this can 
vary based on the source of the crude oil and its processing. Studies indicate that 
there is a direct correlation between foaming tendency and surface tension. If the 
foam is generated mechanically, using synthetic oil may help decrease the impact of 
foaming. 
 
− Polyalphaolefin (PAO) and hydrocracked oils have a lower tendency to foam 

due to their high surface tension compared to petroleum hydrocarbons. 
− Organic esters without additives do not foam, but they are easily contaminated 

or affected by additives. 
− Polyglycols (PG) can be challenging to classify due to their ability to absorb 

water, which may affect their foaming behaviour. 
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Foam production is highest in base oils with a viscosity of 280 mm2/s, as noted in 
reference [5]. Lower or higher viscosity can decrease foam amount and stability. 
 
A commonly used additive in detergent oils to prevent foam is based on silicone, 
specifically polydimethylpolysiloxane (PDMS). Silicones have a low surface tension 
and tend to gather at the interface of air and oil. To be effective in preventing foam, 
the silicone must be insoluble in oil and the particles should be less than 5 to 7 
microns for long-term performance. The way antifoam additives work is by 
contacting a bubble's film and spreading around it, thinning the bubble wall until it 
ruptures. One property of silicones is their higher density compared to surrounding 
fluids, which slows the ascent of bubbles to the surface. Figure 1 illustrates the 
effects of silicone on air release, showing that silicone reduces the number of bubbles 
formed but may also retain them longer during a settling phase. 
 

 
 

Figure 1: Device for determining air release. 
Source: own. 

 
4 Measurements of air release and foaming 
 
In order to prevent or reduce the negative effects of air in oil, it is important for the 
oil to quickly separate any excess air. This behaviour is known as air release property 
and is determined in the laboratory. Factors such as the type of base oil, additives, 
viscosity, and temperature can influence the air release value (ARV; also, using the 
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abbreviation from German, LAV). Additionally, impurities and mixtures can affect 
the size of air bubbles. Comparing the ARV of used oil to that of fresh oil or a 
previous analysis can help determine the cause of operational failures or damage, as 
well as provide insight into continued usage. By examining other analysis values, 
conclusions can often be drawn regarding why the ARV value has deteriorated. 
 
To determine the ARV using ISO 9120 and ASTM D3427 standards, the air is 
discharged into a 200 ml sample of the oil being analysed. The time it takes for the 
air to separate from the oil until only 0.2 vol. % remains is measured in minutes. 
Preheated air is discharged through a nozzle at a fixed pressure for a specific period 
of time, and the dispersed air bubbles gradually escape the oil due to its density. This 
process is recorded graphically until the volume no longer changes. The time from 
when the air intake is switched off until the density no longer changes is known as 
the air release time [6]. The device used for determining air release is depicted in 
Figure 2. 

 

 
 

Figure 2: Device for determining air release. 
Source: own. 

 
The measurements were carried out in accordance with ASTM D3427. To ensure a 
proper comparison, all samples were measured at 50 °C regardless of their viscosity. 
 
To assess the foaming properties of hydraulic oils, a few standards can be used, such 
as ASTM D892, DIN 51566, and IP 146. The ASTM D892 method was utilized to 
measure the foaming of the samples. This method involves determining the foaming 
characteristics of lubricating oils at 24 °C and 93.5 °C. The measurements were 
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performed using Linetronic Technologies device LT/FB - 192000 [7], shown in 
Figure 3. 

 
 

Figure 3: Device for determining foaming properties of lubricating oils. 
Source: [7] 

 
The measurement process begins with 190 ml of the sample being heated to a 
particular temperature in two parallel measurements, based on the sequence. 
Preheated air is discharged via a spherical, porous stone into the sample of oil. This 
leads to an air in oil dispersion in the form of fine bubbles which rise to the surface 
and create a layer of foam. The foam volume is measured immediately after the air 
is switched off and again after 10 minutes. Table 1 outlines the specific parameters 
for temperature, airflow, and aeration time for each sequence. 
 

Table 1: Parameters of temperature and aeration time for each sequence for determination 
foaming characteristics of lubricating oils 

 

Sequence number Temperature  
/ °C 

Air flow 
/ ml/min 

Aeration 
time / min 

Waiting 
time/ min 

I. 24 
94 5 10 II. 93.5 

III. (sample from II.) 24 
 
To ensure that the oil can be used for an extended period, it is essential to have good 
output values. Therefore, it is important that the air release and foaming properties 
of newly bought hydraulic oils do not exceed the limit values mentioned in Table 2. 
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Table 2: Requirements for foaming and air release properties of fresh hydraulic oils 
 

Hydraulic oil type Requirements 
Designation according  
to DIN  HLP 22 HLP 32 HLP 46 HLP 68 HLP 100 

Designation according  
to ISO 

ISO 
VG 22 

ISO 
VG 32 

ISO 
VG 46 

ISO 
VG 68 

ISO 
VG 100 

ARVmax at 50 °C / min 5 5 10 13 21 
Foamingmax /ml 
24 °C (sequence I.) 
93.5 °C (sequence II.) 
24 °C (sequence III.) 

150/0 
75/0 
150/0 

Source: DIN 51524-2 

 
5 Foaming and air release of fresh hydraulic and base oils – results 
 
The fresh hydraulic oils have been prepared according to a formulation that meets 
the requirements of ISO VG. 
 
For purpose of comparison, hydraulic oils were prepared using common base oils 
SN 150 and SN 600 from two different producers (Base oil A and Base oil B). The 
requirements of ISO VG were achieved using the same amount of additives, widely 
familiar to experts in the field. 
 
Table 3 compiles the findings for foaming and air release, alongside viscosity 
measurements at 40 °C and 100 °C, along with the viscosity index. 
 
Figure 4 depicts the relationship between air release time at 50 °C and viscosity grade 
in the form of a graph. 
 
Figure 5 represents the foaming characteristics of hydraulic oils as a function of 
viscosity grade. 
 
In Table 4 viscosity, foaming and air release properties of base oils A and B are 
shown. 
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Table 3: Comparison of viscosity, foaming, and air release properties between hydraulic oils 

based on two different base oil sources 
 

Hydraulic oil type according  
to ISO 

Base oil A 
VG 22 VG 32 VG 46 VG 68 VG 100 

Viscosity / 
mm2/s 

40 °C 22.22 32.65 47.23 69.37 100.7 
100 °C 4.418 5.565 7.050 9.007 11.37 

Viscosity index 108.5 107.7 106.5 103.8 98.96 
ARV at 50 °C / min 1.2 2.2 5.5 10.0 16.7 

Foaming1 / 
ml 

I. 150/0 50/0 20/0 10/0 10/0 
II. 10/0 20/0 20/0 10/0 40/0 
III. 140/0 30/0 20/0 10/0 10/0 

Hydraulic oil type according  
to ISO 

Base oil B 
VG 22 VG 32 VG 46 VG 68 VG 100 

Viscosity / 
mm2/s 

40 °C 22.07 32.36 49.78 69.06 100.5 
100 °C 4.407 5.526 7.273 8.941 11.30 

Viscosity index 109.1 107.2 105.6 102.9 98.18 
ARV at 50 °C / min 1.2 1.6 5.1 9.4 15.3 

Foaming2 / 
ml 

I. 150/0 20/0 20/0 30/0 30/0 
II. 20/0 20/0 20/0 20/0 70/0 
III. 150/0 30/0 50/0 30/0 30/0 

 

 
 

Figure 4: The relationship between air release time and viscosity grade of hydraulic oils. 
Source: own. 

 
1 The results of foaming are given in format [at the end of aeration / after 10 minutes]. 
2 The results of foaming are given in format [at the end of aeration / after 10 minutes]. 
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Figure 5: Foaming characteristics of ISO VG hydraulic oils as a function of viscosity grade. 
Results of hydraulic oils based on base oils A and B are presented with blue and green 

columns, respectively. 
Source: own. 

 
Table 4: Viscosity, foaming and air release properties of base oils A and B 

 

 Base oil A 
SN 150 SN 600 

Viscosity / 
mm2/s 

40 °C 30.00 111.6 
100 °C 5.243 12.07 

Viscosity index 105.5 97.30 
ARV at 50 °C / min 1.1 17.8 

Foaming3 / 
ml 

I. 370/0 160/0 
II. 30/0 80/0 
III. 370/0 220/0 

 Base oil B 
SN 150 SN 600 

Viscosity / 
mm2/s 

40 °C 31.94 111.0 
100 °C 5.441 11.94 

Viscosity index 105.0 96.05 
ARV at 50 °C / min 1.5 11.5 

Foaming4 / 
ml 

I. 390/0 580/20 
II. 30/0 60/0 
III. 390/0 530/20 

 
In Figure 6 the results of air release time and foaming for base oils A and B are 
presented as a function of initial viscosity grade (SN 150 and SN 600). 

 
3 The results of foaming are given in format [at the end of aeration / after 10 minutes]. 
4 The results of foaming are given in format [at the end of aeration / after 10 minutes]. 
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Figure 6: The relationship between air release time and viscosity grade of base oils (left) and 
foaming characteristics by sequences of base oils (right). Results of base oil A and B are 

presented with blue and green curve/columns, respectively. 
Source: own. 

 
From the results collected in Tables 3 and 4, presented in Figures 4, 5, and 6, it can 
be concluded that the air release time is a function of viscosity grade – the higher 
the viscosity, the more difficult it is for the oil to release the air trapped in a sample. 
The results are comparable with air release values for base oils, which were used to 
prepare ISO VG hydraulic oils. If we compare hydraulic oils in general based on the 
base oil, from which they were prepared, we can observe that the higher the air 
release value for base oil, the higher the air release of hydraulic oils based on the 
same base oil. 
 
Foaming as a function of viscosity grade does not show the same trend as an air 
release. Based on the results of foaming of base oils, we cannot observe the same 
trend for hydraulic oils. Hydraulic oils tend to foam extensively at low viscosity 
grades, while the effect is barely noticeable at viscosity grades from 32 mm2/s to 68 
mm2/s and slightly higher at viscosity grade 100 mm2/s. 
 
It can be concluded that the air release of hydraulic oils is strongly correlated with 
the air release of base oils and initial viscosity while the same cannot be confirmed 
in the case of foaming tendency. 
 
6 Summary 
 
Air release time and foaming tendency were checked on fresh hydraulic oils of 
several viscosity grades prepared from two different base oils. Air release value 
(ARV) was measured at 50 °C for comparative purposes, regardless of the initial 
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viscosity of hydraulic oils. The results of ARV confirmed the relationship between 
base oils and hydraulic oils made from those base oils. The ARV strongly depends 
on the viscosity grade of hydraulic oils – the higher the viscosity, the more difficult 
it is for oil to release trapped air. The same trend was not observed at foaming – 
higher values were determined at samples of hydraulic oils with low viscosity, while 
the foaming tendency decreased at viscosity grades from 32 mm2/s to 68 mm2/s 
and slightly increased at viscosity grade 100 mm2/s. 
 
It can be concluded that the air release of hydraulic oils is strongly correlated with 
the air release of base oils and initial viscosity value, while the same cannot be 
confirmed for foaming. 
 
Examining the hydraulic oils in use reveals that the propensity for alterations in 
foaming characteristics becomes more apparent after a specific period of utilization. 
Nevertheless, the air release value (ARV) does not exhibit such heightened sensitivity 
in this particular case. 
 
Further investigation will be performed, starting with more base oils from different 
producers and with other types of hydraulic oils. 
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The simplest way to control the quality of solution baths in 
water-based industrial washing is to track the concentration of 
detergent advised by detergent suppliers. Usually this is made 
indirectly by titration of total alkalinity of bath. These suggested 
limits of detergent concentration are usually relatively wide. 
Additionally, this method can sometimes give an incomplete 
picture of bath possibility to remove impurities. More detailed 
information about effectiveness of cleaning solutions could be 
given by measuring dynamic surface tension. In this paper, some 
basic measurements of dynamic surface tension done in real 
process are presented and discussed. Based on the results future 
developments of washing control and optimization of process 
parameters are foreseen. 
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1 Intruduction 
 
Cleanliness of valve components is usually specified only in terms of technical 
cleanliness specification. In most cases it consists of total mass of impurities 
extracted from the part surface and the maximum size of the biggest particle found 
during analysis. 
 
To provide a technical cleanliness value of a component a special method was 
developed. These analyses are relatively long so we cannot perform these tests on 
each component during mass production, but we rather rely on statistical process 
control. Furthermore, these analyses are usually done at final washing steps but not 
necessarily reflecting bad washing. The analyses are representing the whole 
manufacturing process of component, and not only washing itself. Often the root 
causes for impurities found on cleanliness test lie outside of the washing process 
steps. 
 
To find root causes outside of washing steps, the best practice is that we run the 
washing process at best possible level or at least it must be as constant and controlled 
as possible. 
  
Many parameters influence on washing efficiency. One of them is definitely the 
cleaning agent used in the process. 
  
A cleaning agent for industrial, aqueous cleaning processes consists of builder and 
surfactant components. The cleaning process causes both components’ 
concentrations to be used up differently due to different absorption of 
contamination particles and the carry-over effect. Dosing according to the 
consumption is necessary for ensuring high process reliability. 
 
One possibility for controlling the cleaning agent concentration is titration of total 
alkalinity. But this method does not give you any insight of washing media 
contamination or/and its effectivity. 
 
Additional or alternative method for washing media control is measuring surface 
tension with the bubble pressure method. This method is the most effective way of 
inspecting washing active surfactants. [1] 
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2 Surfactants 
 
2.1 Dynamic surface tension 
 
The following image shows the correlation between surfactant concentration and 
surface tension. Application-specific dosages of surfactant components are made 
possible by determining the limit and target values related to an individual cleaning 
process. [1] 
 

 
 

Figure 1: Correlation between surfactant concentration and surface tension. 
Source: Pacwa-Plociniczak et al., 2011, CC-BY 

 
2.2 Critical Micelle Concentration (CMC) 
 
Critical Micelle Concentration (CMC) values are important indicators when 
considering which surfactant will provide optimal performance benefits for your 
formulation. 
 

 
 

Figure 2: Agglomerates of surfactant molecules inside the liquid. 
Source: SuperManu, Wikipedia.org, CC-BY-SA, 2007 



310 INTERNATIONAL CONFERENCE FLUID POWER 2023: 
CONFERENCE PROCEEDINGS. 

 
When a certain amount of surfactant is added to water, the molecules will begin to 
form micelles. These consist of agglomerates of surfactant molecules inside the 
liquid and facilitate washing by storing hydrophilic substances (fats, oils, etc.) within 
the agglomerates. 
 
The CMC value indicates the amount of surfactant required to reach maximum 
surface tension reduction. Expressed in wt/%, the lower the CMC, the less 
surfactant required to effectively emulsify, solubilize, and disperse soils at the  
surface. In sum, CMC measures the efficiency of surfactants. [2] 
 

 
 

Figure 3: Surface tension of a surfactant solution with increasing concentration, formation of 
micelles. 

Source: own. 
 

 
 

Figure 4: Determination of the CMC with a tensiometer. 
Source: own. 
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3 CMC Study in real process 
 
To define the state of our current process, we first investigated CMC value of our 
detergent. We made series of test in laboratory and in real process with an industrial 
washing machine. We found some significant difference between laboratory 
environment and real process. In laboratory the CMC value was achieved at around 
1.5 % to 1.7 % of detergent concentration. 
 

 
 

Figure 5: CMC in laboratory condition 

Source: own. 
 

 
 

Figure 6: CMC at washing machine 

Source: own. 
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In real process, the CMC value was higher – around 2.5 % to 3.0 % of detergent 
concentration. This means that we needed to have at least 3.0 % of detergent in our 
washing baths to reach the most effective cleaning. Adding more detergent was not 
improving the process. By adding more detergent, we only got an undesirable effect 
of excessive foaming. 
 
4 Dynamic surface tension in real process 
 
Since such a big difference between laboratory conditions and conditions in real 
process was observed, we decided to make further analysis on solutions taken 
directly from our process. Additionally, we know that surfactants activity is very 
much dependent on temperature. So, each sample taken from the process was 
measured instantly. Then we took measurements of the same sample during cool 
down phase to get an insight on this temperature dependency. 
 
From figure 7, we can get similar conclusion about CMC value as in CMC study in 
previous chapter. We can see that adding more than around 3 % concentration of 
detergent does not improve the process anymore. The lowest surface tension 
reached is slightly below 30 mN/m.  
 

 
 

Figure 7: Surface tension in washing tank 
Source: own. 

 
 

0
10
20
30
40
50
60
70
80
90

100

10 20 30 40 50 60 70

Te
m

pe
ra

tu
re

 [d
eg

C
]

Surface tension [mN/m]

0,90%

1,60%

1,20%

2,00%

2,50%

3,60%

4,50%

5,40%

6,40%



S. Burnik: Cleanliness of Valve Components – Research of Basic Washing Parameters Through 
Measuring Dynamic Surface Tension of Liquids 313. 

 

 

In addition to the previous chapter, we can see another phenomenon in figure 7. 
The temperature dependency is significantly bigger at higher concentration. But it 
reaches its limits at CMC values when temperature dependency also loses its linear 
progression. 
 
4.1 ‘Ageing’ of washing media 
 
In aqueous media industrial washing process, we reach a point when washing media 
is so contaminated that we need to empty the washing tanks and setup a new solution 
with fresh water and detergent.  
 
Figure 8 presents washing media surface tension in first two weeks after new setup 
is presented by days. Concentration measured by titration was relatively constant – 
from 2.4 %  to 2.5 %. On the other hand, we can see some significant difference in 
surface tension. 
 

 
 

Figure 8: Relatively fresh washing media (1st and 2nd week after new setup) 
Source: own. 

 
After 2 to3 weeks the dynamics in our washing media changes. At the same 
concentration limits we get less temperature dependency but also some significantly 
higher values of surface tension at operating temperatures (approx. 60 °C). 
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Figure 9: Washing media after weeks of operating (3rd-5th week after fresh setup) 
Source: own. 

 

4.2. Oil separator 
 

One of the biggest contaminants in industrial washing media is oil. During washing 
of parts different kind of oils are removed from its surface. The oil contaminants are 
emulsified into washing media. For further effective washing these oils needs to be 
removed from washing media as much and as fast as possible. To do this an oil 
separator is usually added to the washing machine. 
 

 
 

Figure 10: Role of oil separator in surface tension of washing media 
Source: own. 
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In previous chapter we saw that our media is losing its effectivity through weeks of 
operating. One of possible cause for this is how effectively the oil removal process 
is set.   
 
The samples shown on figure 10 were taken at some special periods in our process.  
 
The yellow line represents a normal working without taking any focus on oil 
separator. The blue lines are representing two extremes found in our process. The 
light blue values were taken after careful continuous oil removal. When the oil 
separator was not doing well due to some excessive flows, we got values represented 
with dark blue colour. 
 
5 Conclusions 
 
In comparison to technical cleanliness test or titration of total alkalinity, measuring 
of dynamic surface tension of washing liquids gave us a faster and more precise data 
about quality of our washing process. 
  
We managed to adjust parameters such as dosing of detergent, temperature of 
washing liquid etc. much faster than we would only by using previous methods. We 
got an insight into ‘ageing’ of washing liquids and when to setup a new, fresh liquid 
without relying only on daily period set by experience. Intake of oil and other oily 
contaminants are changing a lot and if we rely only on daily set period, we can 
sometimes make a fresh setup too soon or too late. 
 
With these basic measurements we also found out that our oil separator was not 
working effectively. When the washing liquids were fresh, we did not detect bigger 
deviations but in few weeks, we found some significant deviations at operating 
temperatures. By detailed checking of possible root causes and measuring of 
dynamic surface tension we found out that oil separator was one of the main 
contributors to less efficient performance (deviations at operating temperatures 
mentioned in chapter 4.1.).  
 
Together with two other control devices which are tracking only oily, greasy, etc. 
contaminants in washing liquid and on parts surface, a detailed analysis were made 
on one specific detergent with working on one specific washing machine. We 
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compared data with other detergents and washing machines in production where we 
got some significant differences. By this we could set some approximate limits for 
each device. Based on this research a standard on a group level was issued. It includes 
suggestions for regular control of washing process to achieve the desired technical 
cleanliness level.  
 
All this detailed data gathered on one washing detergent and on one type of washing 
machine will be used in future when testing other detergents and washing machines. 
Validation of both will be much shorter and less risky than validation only by using 
methods of technical cleanliness test and titration of total alkalinity. 
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