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Sustainability in all its three dimensions is a major driver for recent
advancements in many sectors. In fluid power applications,
sustainability and decarbonization are often linked to energy
efficiency and reducing energy losses. Therefore, different new
approaches and examples exist in research and in industry. Digital
tools enable new advancements and additional methodology for
developments. The paper gives an example of recent
advancements and discusses the need for further developments in

research and industrial development.
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1 Introduction

Fluid power systems are widely used in industrial and mobile applications. Since
decades, it is a well-developed and mature technology with a high-power density,
high forces and torques, good controllability, as well as a good reliability and
robustness [1]. Nevertheless, energy consumption is rather high, compared to other
technologies. However, in last years and decades the focus of industrial development
mainly lied on cost issues rather than energy efficiency, where still a lot of potential
can be found. Research institutions worldwide have shown several approaches for
more energy efficiency and have a profound record of research on making systems

and components better controllable and more efficient.

The importance of advancement and further development now comes to a new stage
when discussion sustainability with its three dimensions: Society, Economy and
Environment. Since its launch in 2019, the Green-Deal of European Commission
sets a new target to transform Europe’s economy, energy, transport, and industries
for a more sustainable future [2]. It sets the clear goal of reaching climate neutrality
in Burope in 2050 and a pathway towards it. This action plan relates to greenhouse
gas (GHG) emissions and other climate merits but also means introducing new
legislation on the circular economy, building renovation, biodiversity, farming and
reporting obligation of companies. Therefore, many companies have started in
including sustainability goals to their agenda and future development plans,
including environmental footprint, economical numbers and considering the human

factor.

To achieve Europe’s climate goals, all industrial sectors need to contribute and to
transform. Therefore, also fluid power researcher and companies need to answer the
question, how a transformation into sustainable motion technology can be achieved.

2 Sustainable fluid power systems throughout the life cycle

The transformation towards climate neutral and decarbonized fluid power

components and systems will be mainly driven by three key-enabler:
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1. Electrification

To achieve emission-free mobile machines, electrification (battery electric or
hydrogen fuel cell electric) will be one of the most probable solutions to drive
heavy duty machines in the future. This means, on the one hand, new boundary
conditions for the fluid power system and on the other hand, a larger attention

towards energy consumption of the system itself.
2. Digitalization (connectivity, “smart systems” and data algorithmic (Al))

New digital solutions and the smart use of data are evolving rapidly in all fields
of technology. For fluid power systems, data algorithmic and increasing
connectivity will enable new system architectures, better controllability, energy

savings, increasing robustness and higher productivity.
3. New paradigm: Circular Economy & Holistic Approach

Starting with the Green-Deal, the topic circular economy is increasingly present
nowadays. It requires awareness of the whole product life cycle from
development, manufacturing, commissioning, usage, recycling / reconfiguration
/ reuse. In combination with a more holistic approach, this new paradigm will

change the perspective of products and product development.

Right now, fluid power research and industry have started the transformation
towards sustainable motion technology and fulfilling EUs goals [3], but there is still
a long way to go until 2050. Selected recent advancements are discussed below,

considering the various phases of the product life cycle.
21 Design and manufacturing

In the design process of fluid power components and systems, more digital tools
help development and design engineers. Starting with standard tools like simulations
and computer-aided calculations, artificial intelligence (Al-) or machine learning
(ML-) based tools are now evolving and soon to be used in the development and
designing process of technical systems as well as fluid power components and

systems [4].



INTERNATIONAL CONFERENCE FLUID POWER 2025:
CONFERENCE PROCEEDINGS

New manufacturing technologies are emerging and the concept of Industry 4.0
promises further improvements in manufacturing. Additive manufacturing might
become increasingly important for fluid power components as it can save a lot of
material during manufacturing, components can be lightweight and energy
consumption during usage phase can be reduced due to smoother fluid flow through
e.g. valve blocks [5], [6].

Scope 2 Scope 1
INDIRECT DIRECT

Scope 3 Scope 3
i‘ INDIRECT INDIRECT

I

purchased
Craces artitin [
d purchased electricty, stea, and distribution
heating & cooling for own uie investments.
leased assets

o
o facilities
= . wmm

oo employee processing of b
fuel and x commuting o sold products ? ﬁ
energy related g ‘ ——
- é - b:-‘:::l“ compsny s st leased assets
and dAribution waste o P endotlfe
— o g
Upstream activities Reporting company Downstream activities

Cradle-to-Gate
Cradle-to-Grave/ Cradle-to-Cradle

Figure 1: Greenhouse Gas Protocol: Scope 1, Scope 2 and Scope 3
Source: ifas & [7]

Next to new manufacturing technologies, current scope of interest for larger
companies that contribute to ESG reporting is the reporting of their GHG
emissions, e.g. according to the Greenhouse Gas Protocol [7], (Figure 1). Several
companies report their emissions from Scope 1 (direct emissions of the reporting
company) and Scope 2 (indirect emissions, mainly from purchased electricity, steam,

heating and cooling) and set goals for reaching emission neutrality in Scope 1 and 2
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within the next years. Next to the emissions on a company level, the product carbon
footprint of single components and systems is of interest considering not only the
upstream activities, but also the downstream activities including end of live
consideration as well as the usage phase. The balancing of upstream activities for
fluid power components is challenging [8], but especially for fluid power
components that are widely used in many different applications and systems, the
accounting of emissions during usage phase is an even more challenging task and
not easy to calculate. Therefore, the basis of calculations for a product carbon
footprint during usage phase is currently topic of discussion within a joint research

project of a group of companies and universities [9].

One disadvantage of GHG emission monitoring is that ecological aspects are not
covered in this reporting. Therefore, it is important to additionally consider
environmental aspects. Legislation exists (e.g. REACH and possible future PFAS
regulation), but companies and research need to further develop alternatives to
environmental risky materials. However, this is a complex field of advancements.
The reduction of environmental critical materials needs to be achieved by
maintaining or improving current state of energy efficiency, robustness and should

additionally consider recyclability or reparability.

Current research on different research facilities focuses, e.g., on new design of piston

slippers of axial piston machines [10], [11] to enable lead-free slippers.
2.2 Commissioning

|4.0-compliant data
and services

Asset Administration Shell

5 ..... _Cyber-Physical System
a
=
5
o
o
2a Self- 14.0
>ge Description [ component
[
$3
- v
o<

Figure 2: Asset Administration Shell (AAS).
Source: ifas & [12]
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The commissioning of fluid power systems is a complex task due to a high number
of different components, sometimes even from different suppliers by often an OEM
and not the end customer. To facilitate the process, the interoperability of
components and the consistent deposition of data plays an important role. The asset
administration shell offers a tool to address this need during commissioning phase
[12], and throughout the whole product life cycle [9], [13].

2.3 Usage

Main driver for emissions related to fluid power components is the usage phase.
During power transmission, energy losses are unavoidable. But it is increasingly
important to 1. decrease energy consumption (as it is directly linked to GHG
emissions. In addition, total cost of ownership in electrified machines is highly
dependent on energy consumption.) and to 2. increase productivity of machines

using fluid power systems to decrease energy consumption per work cycle.

Several new approaches exist in research and industry to decrease energy
consumption of fluid power components and systems during the usage phase.
Especially, the collaborative research and development between universities and

companies shows promising results, e.g. [14], [15], [106].

Bauma Innovation Award 2025

Finalist: Hyundai Construction Equipment Europe Winner: Liebherr-' ischofshofen GmbH

Finalist: Wirtgen Group
H2-Excavator with fuel cell drive Liebherr Autenomous Operations Smart Automation in Roadbuilding

Figure 3: Examples of energy efficiency increase and increased productivity from bauma
innovation awards 2025 in Munich, Germany
Source: ifas & [17]

An important field of current advancements lies in the increase of productivity of
fluid power driven machines. Especially the construction sector develops further
quickly in adapting automation technologies to their field of technology. Here, digital

technologies and data algorithms will contribute to further advances in this area.
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Three industrial examples in decreasing energy consumption and increasing

productivity are shown in Figure 3 from 2025 Bauma Innovation Award [17].
2.4 End of life and repair

When discussion about the complete product life cycle, the end of life, repair and
recycling need to be considered. Here, one advantage of fluid power components
and systems comes into effect. The systems are modularly composed of different
components and can be rearranged easily to new motion duties. In addition, most
components are long lasting and robust and the steel base easy to repair. It is
important to maintain this advantage even with improvements regarding new
materials or new manufacturing technologies and with increasing use of digital
technologies (especially integrated sensors). In addition, this advantage should be
more clearly communicated in marketing and advertisement for fluid power

technology.
3 Conclusion and Outlook

The transformation of our industry and society is unstoppable. Fluid power
technology needs to further develop and is further developing with the help of new
digital tools, the increased awareness of energy efficiency and the new paradigm of
circular economy. Only by looking at the overall picture and considering all aspects,
can an optimal solution for each individual case and task be found. A holistic
approach is indispensable and requires involvement of all stakeholders, from
component manufacturers to end users and common effort from industry and

research institutions.
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As with most modern equipment, both for leisure and industrial
purposes, there is an increasing demand for monitoring machine
operating parameters via mobile devices. This allows for easy
insight into the condition of the machine, monitoring of work
performance, alerts about potential problems, and preventive
maintenance. The aim of the project is to provide users of forestry
machines with a very easy insight into the heart of the machine.
All important parameters and data that end users, owners of
multiple machines — companies and dealers — want to monitor are
recorded there. Therefore, it is necessary to enable wireless
connection of forestry machines with smart devices (phones,
tablets, etc.), through which users will be able to access the
machine's data. This will provide users with much better
information about the machine's condition. It also makes it easier
to diagnose faults on the machines. This helps the manufacturer,
the service technicians, and, on the other hand, the user to

minimise unwanted machine downtime.
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1 Introduction

As a manufacturer of forestry equipment, we are aware of the fact that a good
machine with innovative solutions cannot satisfy users without good technical
support and fast and responsive service in in case of problems. Therefore, if we want
to satisfy our customers in this regard, we must be very familiar with user habits,
their way of working, and the specifics of work in different markets. To this end, we
have developed electronics that ensure the machine functions petfectly and at the
same time stores all important events that occur on the machine, and can be sent to

a smart device via a Bluetooth module.
For this purpose, an application suitable for smartphones was developed that

recognizes the machine and displays important information to the user based on

serial number (Figure 1).

(¥) UNIFOREST.

UNIFOREST
CONNECT

Figure 1: Smartphone app screen for controlling forestry machines
»Uniforest Connect«.

Source: Uniforest, d.o.o.
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This involves synchronizing two-way data flow between a smart device and
electronics. Data security is of great importance in communication to ensure that
data is reliable and usable. All data collected via the application is stored in the
company's database. This contributes to much greater transparency of the machines
on the manufacturer's side. The machine’s serial number is used to record all of the
machine's work cycles, usage times, and individual functions. On some models, the
pulling force of the machine can also be monitored in real time, and the supply
voltage is also displayed in real time. This data is presented to the user in a user-

friendly graphical format.
2 How Uniforest Connect works
Users can install the app on their Android mobile phones via the Play Store/iTunes.

It is also important that the smartphone has a Bluetooth connection, which the app

uses to communicate with the winch electronics (Figure 2).

FORCE

Power

Figure 2: Connection of the Uniforest Connect app to a forestry winch via a wireless
Bluetooth connection.

Source: Uniforest, d.o.o.

The functions offered by the “Uniforest Connect” system are described below.

— It can monitor the operation of the clutch, brakes, unwinding device, and limit
switch.

— At the same time, the user has an overview of the service interval of the winch.
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Winch load monitoring: The electronics record the percentage of time the winch
operates under load (Figure 3). This allows the user to determine whether the

winch is suitable for their needs. At the same time, the user has an overview of
the winch's service interval.

Diagnostics: Power supply, pulling force (Figure 4), remote control signals, and
inputs and outputs on valve coils are actively monitored at all times.

Force m

6-16 kN 17-25kN 26-35kN 36-50 kN
Force [KN]

Figure 3: Recording the load percentage of the winch
Source: Uniforest, d.o.o.

Linear valve: 0 v Frer Frer: 68 kN

Figure 4: Recording the measured pulling force of the winch.
Source: Uniforest, d.o.o.
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3 Benefits for the user

The newly developed application enables users to perform real-time diagnostics,
monitor multiple machines simultaneously and optimise service cycles. The strong
advantages of such applications are listed below: The user can perform basic
diagnostics on site. Business users with multiple employees and multiple machines
can monitor machine performance and efficiency on a daily basis. Service intervals
help the user to optimise machine maintenance (reminders for regular maintenance).
In tenders where Industry 4.0 or digital machine monitoring is required for tender
funds, it will be possible to participate with our system.

This gives the user a real time insight into the operation of the device. It can later be
saved and presented as a report, which can be useful for further analysing the
operating regime of the individual winch. In case of a malfunction, the recorded
history can provide valuable information for estimating the expected life of the
machine, and with advanced knowledge and expertise in this field, appropriate

preventive maintenance can be ensured.
4 Download. Connect. Extend. Warranty 2+1

Connect to the Uniforest Connect app and secure an additional year of warranty!

QEOTHA TN 13178 8 0.5 6558
Uniforest Connect = Service
— Unifi Connect
| B Bluetooth communication, ¥1.10.0 .
UNIFOREST | Service protocol
Connected to UNIFOREST GK
¥ Choose language Device 1D is E6:EB:B:7F:23:13

Device serial No. 1122334
Set Email address

£ Maintenance record Service @
Scan for devices €3 Disconnect Hydraulic oil change
4 DISCONNECT Auger gearbox oll change
- Connected device:
Gear oil change
UNIFOREST GK - 1122334
Pressure filter
=) Suction filter
f OB G ()  Data streaming
‘ isiin connested octed. Inspection unwinding device (rollers, lim,
)\ | Wire rope divider inspection
iy UNIFOREST Hpro
' x; 60:8A10:40:38.67
Inspection electrical wiring
1] o < mn (@] < 1] (@] <

Figure 5: Settings screens of the “Uniforest connect” application.

Source: Uniforest, d.o.o.
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—  Well-maintained machines have a longer service life;

—  If the service intervals are adhered to, an extended warranty period of 2+1 year
is guaranteed.

Uniforest is the first forestry winch manufacturer to enable digital diagnostics and
take the user experience to another level! In this way, we can not only maintain our
competitive advantage, but above all we want to implement further solutions to

improve the user experience for end customers, vendors and service providers.
5 How Uniforest Connect works on cutting and splitting machines
Figure 6 shows the settings screen of the “Uniforest Connect” application for
cutting and splitting machines [1]. There are several options from which the user can

select the optimum settings for their needs.

Electronics o Electronics o

Joystick Sensors

Green button 1

Joy left Green button 2.

Red button Greybutton 1

B S1-Splitting ram back

2- Splitting ram front

S3 - Cover

J® S4-Saw blade up

M S5-Saw blade down

Figure 6: Settings screens of the “Uniforest Connect” application on cutting and splitting
machines.

Source: Uniforest, d.o.o.

Cutting and splitting machines, provide the user with:

— a complete diagnosis of the electronics,
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— an overview of the inputs and outputs of the control unit, an overview of the
operation of the sensors, measurements of the machine temperature,
measurements of the machine speed, and if the instructions are not followed
(tractor PTO speed too high or too low), the application warns the user,

— measurements of the control signal voltage,

With Log measurement setting, you can easily calculate the total quantity of logs by
measuring the length, diameter, and volume of the logs or the chopped wood

(Figure 7).

Measurement s}

.
Log measurements

50 .

0.0..

3 . 0 m®

Functions Measurement t

Total quantity 7m

Figure 7: Diagnostic display of completed work — split logs on a cutting
and splitting machine

Source: Uniforest, d.o.o.

6 The significance of Industry 4.0 and Industry 5.0 for users and the

positioning of “Uniforest Connect”

Technological developments in recent yeats have brought about the increasing
introduction of artificial intelligence into the operation of machines, production,
storage and other systems, the creation and dissemination of information, and,
finally, into people's everyday use in the form of “smart” devices, cars and homes.
Automation, device connectivity, and artificial intelligence are the foundations of

Industry 4.0.
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However, the independent operation and learning of software in various forms and
its response to real-world circumstances is not always ideal, which is why the next
stage of development has brought about Industry 5.0. This puts people back at the
centre and focuses on safe and ergonomic working and the optimisation of work
processes for optimum efficiency, considering the reduction of the negative effects

of modern work on people.

The most widespread forms of Industry 5.0 include: generative artificial intelligence,
which interacts with humans and thus develops according to the uset's needs,
augmented reality, which combines virtual and real reality with the aim of promoting
creativity and efficiency, digital twins for the continuous monitoring, simulation, and
optimisation of industrial processes, the use of blockchain as a data tracking system

for greater security and transparency in industrial processes.
6.1 Connectivity and smart maintenance with Uniforest Connect

Uniforest machines are connected to the central Uniforest database via the Uniforest
Connect app (Figure 8), which enables tracking of the service cycle, predictive
maintenance, and timely notification of service centres. Thanks to this technology,
spare parts are always available, and the work process remains uninterrupted.

Industry 4.0 in practice — integration of IoT and data analytics [2].

Figure 8: Connect diagnostic and monitoring system

Source: Uniforest, d.o.o.
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6.2 Real-time diagnostics and remote control

Solutions at your fingertips — anywhere, anytime. With advanced remote machine
diagnostics and a response time of 0.3 seconds, operators and service technicians
can monitor machine loads live, check input signals, and quickly troubleshoot faults
(Figure 9). Industry 4.0 — advanced monitoring of machine performance in line with
the EU strategy [3].

Figure 9: Uniforest connect - response in 0.3 s

Source: Uniforest, d.o.o.

6.3 Machine traceability and safety

System provides all machine information in one place. Every Uniforest machine is
traceable via its serial number, which is stored in the electronics and on the
declaration plate. The service history is available, at any time and provides a complete
overview of past interventions and future maintenance work (Figure 10). Industry

4.0 — transparency and intelligent data management in line with EU directives [4].
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6.4

INDUSTRY 4.0

Figure 10: Machine traceability via the Uniforet Connect app.

Source: Uniforest, d.o.o.

Ergonomic design according to EU standards

The system features a less-effort approach with more security. Uniforest machines

are designed in accordance with EU ergonomic guidelines, including ISO 12100,

which reduces operator fatigue and improves the working environment. Customized

control systems and user-friendly applications enable easy operation in multiple

languages. Industry 5.0 — people and a safe working environment at the centre [5].
Reference to the EU Directive: Directive 89/391/EEC on safety and health at work.
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This research presents a novel concept of a smart hydraulic press
system, enhanced with an expert system and a multi-objective
optimization loop, aimed at flexible metal forming in agile
manufacturing. Unlike traditional forming systems designed for
mass production, the proposed solution enables adaptive, multi-
phase control for producing a variety of products. By integrating
Al-driven data analytics and real-time adaptive control, the system
supports predictive decision-making, anomaly detection, and self-
optimization of the forming process. The expert system utilizes
historical datasets and machine learning models to minimize
response error and adapt to process variations. Experimental
validation demonstrates over 95% improvement in hydraulic
system performance. The study also highlights the potential for
further enhancement through an additional control loop focusing
on product dimensional accuracy based on material properties and
tool geometry. This approach aligns with Industry 4.0 and 5.0
goals for flexible, efficient, and sustainable manufacturing.
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1 Introduction

Manufacturing companies are undergoing a paradigm shift, transitioning from
traditional production-centric operations toward service-oriented, intelligent
manufacturing systems. In this context, hydraulic presses, widely used in metal
forming, are evolving into smart systems that integrate expert knowledge, sensor
data, and optimization algorithms to enhance flexibility and performance in agile

manufacturing environments [1].

This paper focuses on the development and implementation of smart hydraulic press
systems, specifically designed to support flexible metal forming processes such as
incremental forming, deep drawing, and other advanced processes [2]. The
integration of expert systems (ES) in such machines enables real-time process
adaptation, fault diagnosis, and parameter tuning, while a multi-objective
optimization loop supports decision-making to balance conflicting goals such as

forming accuracy, energy efficiency, and cycle time.

The key research challenge is to establish a systematic design methodology for such
smart systems, bridging the gap between market demands for flexibility (servtization)
and technological enablers such as Cyber-Physical Systems (CPS) and data-driven
control [3].

This contribution presents a modular framework composed of building optimization
control loops for smart hydraulic press integration. These control loops serve two
main purposes: (1) to reduce the hydraulic press instability by identifying real-time
data patterns observed in real environment, and (2) to improve the final product

quality.
2 Self-optimizing hydraulic system

Manufacturing processes typically follow the behaviour of Gaussian (normal)
distributions, where it is common for the majority of process variation to fall within
a 95 % probability range [4]. This level of repeatability is generally considered
adequate for most production environments. However, in high-performance
required environments, such as lean manufacturing, stricter requirements are

imposed, often demanding process probability range above 98 %.
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In this context, the proposed concept of a self-optimizing hydraulic system
highlights the necessity of integrating various research domains, including simulation
tools, machine learning techniques in order to designate the services for flexible
manufacturing [5]. These are essential for the development of a purpose-built expert
system capable of recognizing deviations, reconfiguring parameters, and adapting in
real time i.e. when the hydraulic system operates outside the 95 % confidence range

or when product specifications deviate from target requirements.

LAYER HIDDEN LAYER -

Figure 1: Hydraulic press analysis approach and data exchange.

The behaviour of any manufacturing system, including hydraulic systems, which play
a key role in forming processes, can be predicted using well-established physical
principles implemented in simulation models. The simulation tools replicate the
system’s physical behaviour within a virtual environment, enabling detailed analysis
and optimization before real-world implementation [6].

In this context, the proposed concept emphasizes the importance of using multiple
specialized tools designed to analyse the performance of distinct subsystems. This
includes the simulation of hydraulic systems using tools such as DSHPIlus, and the
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simulation of forming processes using advanced finite element software such as
Abaqus. Moreover, data-driven models have gained significant popularity and are
increasingly becoming a core element in integrating intelligent decision-making into
the system. The results obtained from both domains are later integrated and
interpreted in conjunction with expert knowledge to develop a comprehensive
understanding of overall system behaviour and performance, as illustrated in the

Figure 1.

The hydraulic press system is interpreted as a multi-node structure, consisting of key
hydraulic components such as the hydraulic cylinder, PI controller, hydraulic power
unit, hydraulic oil, pressure accumulators, hydraulic valves. Moreover, the studied
hydraulic system is part of manufacturing process of sheet metal bending. Here, the
forming process is described as subsystem. Each node must be accurately

represented within the simulation model to ensure realistic results.

Specifically, the forming process can be modelled using Abaqus, a simulation
environment purposely designed for analysing complex forming operations. This
enables detailed insight into material deformation, stress distribution, and tool-
workpiece interactions, which are critical for evaluating and optimizing the

performance of the hydraulic press system.

Recent research shows that the accuracy of real-environment systems is best
achieved using data-driven models [7]. A wide range of modelling techniques in the
area of Machine Learning and Artificial Intelligence is available, including high-
performance models such as Gaussian Process Regression (GPR) and Neural
Networks (NN), as well as simpler models such as Polynomial Regression and
Support Vector Regression (SVR).

In previous research, aiming at modelling the hydraulic press, a Polynomial
Regression has proven to be sufficiently effective. It offers several advantages: it is
computationally efficient, fast to train, and quick in prediction, while still providing
high prediction accuracy in modelling the behaviour of the investigated system [8],

[9].

Smart services are a combination of physical and digital services that are based on
gathered data from a physical system. As a result, smart services are integrated

product-service systems with a focus on digital, data-based service components. The
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challenge in our research is to combine theoretical considerations in the field of
hydraulic systems operation, cyber-physical systems (technology push) and the
predetermined requirements (hydraulic press stability, product quality). Our
approach shows steps required to designate multi-objective optimisation loop for
hydraulic presses, which can be used to plan new smart services based on an existing

product and to implement them based on reference solutions.
3 Multi-objective optimization concept for hydraulic press
3.1 Hydraulic system optimisation loop

Hydraulic system optimization loop aims to align the actual movement of the
hydraulic cylinder with its desired movement, which is pre-defined based on the
hydraulic press cycle required for the forming operation. Expert systems are
effective tools for supporting this process by autonomously identifying deviations,
inefficiencies, and optimization potentials in the hydraulic press control logic as
shown on Figure 2. These systems not only monitor and analyse the dynamic

behaviour of the press but also assist in:

— reducing energy consumption,
— reducing cycle time,

— and increasing process stability.

( Expert system \’ .
Worker - -
(no experience) "_,----.,..~

g ~° T b | Knowledge
=K 3 \ @ from an expert
w8 ! Cause&Effect [ o
St H =
g2 v rules generator t 2
o~ ! n n
Ic) s L’ é | Simulation &

l Steeee e experimental

) analysis

Figure 2: Expert system integration.
3.1.1 Knowledge integration into the expert system
By leveraging real-time and historical data, the designated expert system detects

patterns in system responses, suggest parameter adjustments, and adapt control

strategies accordingly. This data-driven optimization is particularly valuable in
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modern manufacturing, where sustainability and energy efficiency are key priorities
beside product quality. The integration of expert systems into hydraulic press
operations contributes to operational stability and indirectly to product quality
requirements. Here the hearth of the expert system is cause & effect rules generator,
which is set up by hydraulic system experts required to perform in depth simulation
and experimental analysis.

The knowledge base describes the behaviour of the hydraulic press under various
loading conditions, which are determined by different hydraulic cylinder velocities
and the intensity of the forming process (different forming materials, products
require different forming cycles). An observer i.e. worker accompanies the hydraulic
press operation and monitors the response error reduction of hydraulic press to

confirm the hydraulic system operational stability during the manufacturing process.

Furthermore, a detailed analysis was conducted in a simulation environment,
achieving an average similarity of 80.3 % compared to the behaviour of the hydraulic
press under various loading conditions in real environment, as illustrated in Figure
3. In contrast, learnt models using machine learning and artificial intelligence
techniques, based on polynomial regression analysis demonstrated a significantly
higher prediction accuracy of 98.3% compared to hydraulic press system behaviour.

80.3% .

1 1 1 1 1 1
0 20 40 60 80 100
Accuracy Compared to Real Environment [%]

Figure 3: Comparison of system modelling accuracy between simulation environment and

machine learning approach.
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This notable improvement highlights the strong potential of data-driven approaches
for capturing complex nonlinear system behaviour with high fidelity [7]. The
achieved prediction accuracy of the ML model not only surpasses traditional
simulation models but also confirms the scientific relevance and robustness of using
Al techniques for predictive modelling in advanced manufacturing systems. Such
results contribute meaningfully to the development of intelligent control
architectures and position the methodology at the forefront of current research in

smart forming technologies.

However, beyond sophisticated diagnostic capabilities, the practical and user-
triendly software tools MATLAB are used to develop ML and Al tools which enable
rapid implementation of expert knowledge into the control environment. The
presented expert system simplicity shows fast development and deployment of
expert logic, that emerged as essential enablers in this context. A standardized
interface for rule-based reasoning, simplify integration into existing hydraulic press

control systems and enables improvement in hydraulic press behaviout.

This paper presents a comparative evaluation of the proposed expert system with
respect to its applicability in hydraulic press optimization, with a particular focus on
forming processes. Based on the limitations identified in existing solutions, we
introduce a novel expert system framework implemented within the TwinCAT
environment. This implementation provides enhanced flexibility, transparency, and

seamless integration into both research and industrial settings.
3.1.2 Improvement in operational stability of hydraulic press

Operational stability of a hydraulic press is determined by its ability to minimize the
absolute mean error AXc in the hydraulic cylinder displacement response. Figure 4
illustrates the improvement in the hydraulic press position accuracy, where the
implementation of the proposed intelligent methodology resulted in a reduction of
the absolute displacement error AX ¢ by up to 3.5 mm. This significant improvement
validates the effectiveness of the developed approach in enhancing system control
fidelity. By integrating machine learning models into the control processing unit, the
system is able to dynamically adapt to changing operating conditions, reducing the

error range across various phases of hydraulic press cycle.
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Figure 4: Hydraulic press response etror reduction.

The operating conditions represent different load scenarios of the hydraulic press,
where variations in specimen cross-sections directly affect the magnitude of force
required by the hydraulic cylinder, as well as the cylinder's movement velocity. Larger
cross-sections result in increased resistance of the material, requiring higher forces
to be applied by the hydraulic cylinder. Additionally, at higher movement velocities,
the hydraulic cylinder must overcome material resistance within a shorter time
interval, which further stresses the system. Conversely, smaller specimen cross-
sections and lower movement velocities reduce material resistance, resulting in lower

force demands and more stable system response.

Regression models represent the core intelligence of the expert system, where the
capability of predicting system states with sufficient accuracy based on the data used
for training. However, improper learning strategies often lead to degraded model
performance, particularly when exposed to previously unseen operational states.
Despite this, the proposed expert system demonstrated robust generalization
capability during validation in the context of various scenarios, where the hydraulic

system operated under unfamiliar conditions.

Overall, the integration of Al-driven regression models into the hydraulic press
control logic significantly improves system responsiveness and robustness, offering
a scalable and scientifically grounded solution for next-generation forming

technologies.
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3.2 End user product optimisation loop

In the context of flexible manufacturing, where products vary in shape, size, and
material properties, diverse operational requirements are addressed within the

concept of the multi-objective optimisation loop, as illustrated in Figure 5.
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Figure 5: Multi-objective optimisation loop.

The operation of the hydraulic press is dynamically adapted to Xcuy through a
purpose-built optimisation framework tailored to the specific demands of each

forming scenario given by the hydraulic press cycle (reference movement Xc¢ ).

Within the proposed multi-objective optimisation loop integrated into the expert

system, two primary objectives are considered:

1. In the first step hydraulic press stability optimisation loop focuses on the
dynamic behaviour of the hydraulic system (hydraulic cylinder properties,
internal and external leakages, hydraulic oil properties such as viscosity,
temperature, pressure etc.) [10]. A dedicated optimisation model predicts the
response error AXcprqr of the hydraulic press and actively corrects its behaviour
(Xc¢r) to maintain operational stability under varying system dynamics.

2. In the second step the adapted signal from hydraulic press stability optimisation
loop, the product optimisation loop targets the correction of hydraulic press
response error AXc a2 tesulting from variations in material properties, product
geometry, dimensional tolerances, forming speed, temperature -effects,

lubrication conditions, and tool wear. This loop relies on a product prediction
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model that estimates the expected deviation in forming outcomes and adjusts

the control signal accordingly, after the hydraulic stability correction.

In the final step, a robust PID controller ensures precise execution of the optimised
control signal X¢, pip. It compensates for any residual uncertainties and disturbances
in the system, maintaining both process stability and product quality. The PID
controller operates within a closed feedback loop, continuously aligning press

performance with the desired forming results.

This layered approach enables real-time adaptability in agile production
environment, where the interplay between system dynamics and product-specific

requirements must be managed with high precision.
4 Discussion

The integration of expert systems and predictive models into hydraulic press control
opens new possibilities for intelligent forming systems. The high accuracy achieved
by the regression models demonstrates that data-driven approaches can effectively

capture nonlinear system behaviour in real-world production environments.

The multi-objective optimization strategy enables a coordinated balance between
internal system dynamics and product quality requirements. This is especially
relevant in agile manufacturing contexts, where forming parameters must adapt in
real time to disturbances. The combination of predictive logic and corrective control
(via the PID layer) contributes to overall process robustness, yet its performance still

depends on the quality and representativeness of the training data.

One of the advantages of the developed system is its modular design and
compatibility with existing industrial platforms, allowing practical deployment
without major retrofits. However, further research is needed to evaluate long-term
system performance under varying production conditions, including tool wear, fluid

degradation, and system fatigue.

In future developments, integrating additional sensory inputs (e.g., acoustic
emission, vibration analysis) and exploring deep learning methods could further

enhance the system’s adaptive capabilities.



D. Jankovic et al.: A Self-Optimizing Hydranlic System Approach for Agile Metal Forming 29

5 Conclusions

In this study we developed a smart hydraulic press system for flexible sheet metal
forming, designed for agile production environments.

The key achievements are:

— Implementation of an expert system with real-time and historical data
integration,

—  Predictive modelling using polynomial regression with accuracy up to 98.3 %,

—  Development of a dual-loop control structure combining optimization and PID
regulation,

—  Modular system architecture, tested in MATLAB and TwinCAT environments,

— Demonstrated reduction in force fluctuation and improved press stability.

The system lays the foundation for adaptive, intelligent forming processes aligned
with Industry 4.0 and 5.0 goals.
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1 Introduction

The European Union’s legislative framework, particularly the Energy Efficiency
Directive (EU 2023/1791) and the Ecodesign Directive (2009/125/EC), sets
increasingly strict targets for reducing energy consumption in industry. These
policies not only drive improvements in components like pumps and hydraulic
systems but also push for new design methods that prioritize energy performance

across a product's lifecycle.

In hydraulic systems, internal flow losses in manifolds represent a non-negligible
source of inefficiency. Traditional design methods are largely constrained by
manufacturing limits, resulting in geometries that are rarely optimal from a fluid
dynamics standpoint. With the rise of Additive Manufacturing (AM), and particularly
metal-based techniques such as SLM (Selective Laser Melting) or DMLS (Direct
Metal Laser Sintering), designers are no longer limited to planar drilling or simple
intersections [ 3]. Instead, AM allows for the fabrication of fully three-dimensional
internal channels, opening up the design space for true geometry-driven
optimization [1], [2], [4].

The work presented here combines numerical methods for shape optimisation, in
particular parametric optimisation and adjoint gradient techniques, with the design
freedom offered by AM. Whilst AM allows for complex geometries[5, 6], it also
brings its own limitations, such as the need for support structures during
manufacture. For applications with internal flow, such as manifolds, it can be
difficult or impossible to remove these supports and must therefore be considered
early in the design process. Despite these challenges, AM remains an important
enabler, allowing flow paths to be designed according to performance rather than

manufacturing constraints.

2 Background & Motivation

2.1 Energy consumption in hydraulics

In hydraulics energy consumption is usually defined by the input energy needed to

generate and maintain flow of the fluid under pressure. So basically, energy

consumption is a sum of all losses in the hydraulic circuit. Mainly, losses occur where
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mechanical or electrical power is used to drive hydraulic pumps, losses caused by
friction, turbulence and changes in fluid flow direction, pressure drops and heat

generation.
2.2 Numerical simulations

The flow simulations were based on the incompressible, stationary Navier—Stokes
equations, which were solved using the finite volume method. The fluid was
assumed to be a Newtonian fluid with constant properties. Turbulence was modelled
using the realisable k- SST model, which is suitable for internal flows with moderate

curvature and separation. The governing equations include conservation of mass (1):
V-u=0 @
and momentum conservation (2):
p(u-V)u=-Vp+V-T+F @)

where u is the velocity vector, p the pressure, p the density, T Newtonian viscous

stress tensor and F represents additional body forces.

Pressure-velocity coupling was handled using the SIMPLE algorithm. Boundary
conditions were defined as velocity inlets and pressure outlets, with no-slip
conditions on all walls. Meshes were unstructured with refined boundary layers; y+
values were monitored to maintain compatibility with wall functions. Simulation
outputs primarily pressure drop served as the objective function for optimization in

both parametric and adjoint-based workflows.
2.3 Gradient Adjoint method

The Gradient Adjoint method (GA-method) efficiently calculates how an objective

function changes in relation to shape variations (Figure 1).

Unlike finite differences, which require many flow simulations, the GA-method
solves a single additional system, regardless of the number of design variables. This

makes it ideal for optimising complex geometries with many parameters. The
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method provides accurate gradients at low cost, enabling effective workflows for
shape optimisation.

Mesh correction CFD calculation

Derivatives and
residuals calc,

Sensitivity
analysis

Figure 1: Gradient Adjoint method workflow.

The GA-method in ANSYS Fluent computes sensitivities of an objective function J
with respect to shape changes by solving the adjoint form of the flow equations.
Starting from the primal residual (3):

R(U)=0. €)

where U is the flow solution vector, the adjoint variables A are found by solving
equation (4):

(&Ya=2. @

The shape derivative, which represents the gradient of the objective function with

respect to boundary displacement 8x, is then obtained from equation (5):

4 _0] _4TOR
dx  9x ox ’ ()
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This expression allows efficient calculation of gradients for complex geometries
without repeating full flow simulations for each parameter. The computed gradients
are used to drive mesh deformation and guide shape optimization, relying on steady-

state RANS flow solutions and consistent turbulence modelling.
3 Methodology

Research is divided into two case studies. Both are based on the geometry you can

see in the Figure 2.

Figure 2: Base S-bend channel geometry for optimisation.

It is a simple S-shaped channel, as often found in hydraulic manifolds. We wanted
this geometry to be simple, so we chose to have both bends in the same reference
plane. Overall simulations of this S-bent shape are . = 115 mm, H = 70 mm, W =

20 mm.

The first case study is fully parametric and tied to the basic dimension of the
geometry, while the second case study is based on the fluid-filled cavity within the

channel itself.
3.1 Parametric optimization case 1
A basic teardrop shape with a cross-section of 120 mm? was used and 3

measurements were used for parameter optimization. The measurements selected

are shown in Figure 3. The top measurement is the upper radius. This is defined as
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2 mm, while the second measurement is defined as the angle of the conical upper
part of the teardrop and is 90°. The last measurement is again the radius, but this
time the lower circular part is defined and is shown in Figure 3 as 6 mm.

Figure 3: Case study 1. Parametrical optimization of the teardrop shape.

3.2 Gradient adjoint simulation case

The optimisation process using the GA-method is slightly different from the
parametric simulation in the previous case. This time we need to define the actual
fluid domain as this process optimises the entire fluid geometry within a channel and
is not limited to different dimensionally defined sketches. We have the geometry in
Figure 4.

Figure 4: Case study 2. GA-method base geometry with defined

optimization space.
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4 Implementation
4.1 Mesh

The mesh we used was unstructured with polyhedral elements across the entire
geometry. We used boundary layers near the walls of the fluid region as a refinement
to better understand the conditions that occur near the fluid-wall interface. This
study confirmed that a cell number of about 550 thousand was sufficient in our case

to efficiently describe the flow conditions without wasting computation time.
4.2 Solvers and governing equations

The Ansys Fluent solver was used in all cases to calculate the CFD results. This is a
CFD solver based on the finite volume method. The numerical formulation used
was calculated for incompressible, steady state, Newtonian, isothermal, single-phase,
turbulent flow. This meant that two Navier-Stokes equations for mass and
momentum conservation were used in combination with the k-w SST turbulence

model.
4.3 Boundary conditions

In the calculations, we have used water as the hydraulic fluid, with a density of 998
kg/m? at room temperature. The fluid we have defined has a kinematic viscosity of
0.993 * 106 m2/s. Since we did not calculate thermodynamic effects such as heat
transfer between the fluid and solid walls, the material of the pipe was not defined.

Calculation domain can be divided into three parts. Main calculation domain of the
defined S-bend with two appendices, one per inlet and outlet (see Figure 5). The
attachments were added to ensure that the flow at the inlet is fully developed in the
actual geometry and the results are not influenced by the boundary surface at the

outlet.

At the inlet (yellow in Figure 5) we have defined an inlet velocity of the hydraulic
fluid corresponding to the flow rate of 70 1/min. An atmospheric pressure of 101.3
MPa was defined at the outlet (red area in Figure 5). At the interfaces of the fluid

area and the attachments at the inlet and outlet (blue and green areas in Figure 5),
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we inserted measurement points to effectively calculate the pressure losses and other

parameters at the actual inlet and outlet of the observed area.

T

@] _—Outlet

o \"'. '_,_7»'

I-":. I_,-"I""-" pnul
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lI“IIE_?/___.. e '\!; =

Figure 5: Definition of base geometry appendices with inlet, outlet and measuring areas
defined.

5 Results

5.1 Case study 1

It was expected that the result of the first case study would be an enlargement of the
fluid area and the elimination of the upper conical edges that define the teardrop
shape. As can be seen in Figure 6, this was the case. The optimisation software
attempted to make the base circle of the teardrop slightly larger and the upper edges
lower. This larger cross-sectional area reduces the velocity through the channel while
simultaneously reducing the pressure drop. The resulting change in geometry can be
seen in Figure 6 where grey area represents the non-optimized shape, while blue
outline, enhanced with the green and red arrows, represents recommended geometry

change.

Looking at the flow velocity profiles, it can be seen that this case study slightly
improves the channel properties. This becomes clear after the first bend, where a
reduced recirculation area can be observed. Less recirculation means less turbulence
and a lower pressure drop as the fluid flow is better controlled. The upper velocity
profile in Figure 7, profile a) represents the original, non-optimised shape of the
teardrop channel, while the lower profile b) represents the optimised shape of the
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teardrop channel with an increased angle of the conical part and an upper radius of
approx. 4 mm, which is almost twice as large as the initial value.

Figure 6: Case study 1 resulting geometry.

Velocity magnitude
[m/s]

20
15
10
5
0

Figure 7: CS1 — Velocity longitudinal profiles comparison with a) non-optimized and b)
optimized geometries.

re

Looking at the parameter of turbulent kinetic energy dissipation, we can compare a)
the original and b) the optimised shape of the channel in Figure 8. We can observe
the difference in flow behaviour, which confirms the statement obtained from the
velocity profiles that the amount of fluid that is recirculating after the first bend
decreases.
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Figure 8: CS1 — Turbulent kinetic energy dissipation longitudinal profiles comparison with a)
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non-optimized and b) optimized geometries.

If we look at the result of the optimisation itself, we can observe how the different
parameters chosen for the optimisation affect the resulting pressure drop on the
Figure 9. The first graph represents the response surface that was calculated using
the angle of the conical tip of the teardrop and the upper radius and its effect on the
resulting pressure drop. It is interesting to note that we can see the local minimum
of the response surface. This means that there is a local minimum in the observed
set of parameters. At 70 1/min, the original teardrop had a pressure drop of 39412.52
Pa, while the optimised variant has a pressure drop of 33839.58 Pa. By optimising
the cross-sectional shape of the geometry alone, a 15 % reduction in pressure loss
can be achieved. It is interesting to note that the duct with a circular shape and a
cross-sectional area of 120 mm? has a pressure loss of 34697.08 Pa and therefore
performs slightly worse than the optimised shape. However, this is not a fair
comparison, as the optimisation has increased the cross-sectional area by around 11

%, as already mentioned.

Comparing the response surface diagram for the conical upper angle and the lower
radius in Figure 10, we can see that a local minimum is reached again. What is
interesting in this case is that the gradients located around the local minimum are
much higher than those observed in the previous graph, which makes the local

minimum even clearer.
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Figure 9: CS1 - Response surface of the parametric study combining angled conical top and
upper radius and their effect on pressure drop.
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Figure 10: CS1 — Response surface of the parametric study combining angled
conical top and bottom radius and their effect on pressure drop.

At the end of case study 1, we have effectively reduced the pressure drop from 39.41
kPa to 33.83 kPa and Turbulent kinetic energy dissipation. With these values, we
have reached the local minimum in the response surface and thus the point that
gives us the optimal shape of the geometry.
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5.3 Case study 2

In this case the optimisation was not purely parametric, but changed the mesh while
the CEFD results were calculated. Interestingly, the shape obtained with the GA-
method has an extremely optimised and almost organic shape. The resulting
geometry is shown in green colour in Figure 11, while the transparent grey colour
represents the non-optimised geometry.

Figure 11: CS2 — Recommended geometry changes as the result of the GA study.

If we look at the velocity profiles of the optimised b) and the non-optimised a)
velocity profiles in Figure 12, we can cleatly see that the geometry optimisation has
effectively reduced the velocity.

a)

Velocity magnitude

[m/s]

20

15

10

Figure 12: CS2 - Velocity longitudinal profiles comparison with a) non-optimized and b)
optimized geometries.
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This is mainly due to the increase in the overall circumference of the pipe and the

bending of the vertical section to control the flow impact.

Turbulent kinetic energy dissipation that was obtained through this study has shown
drastically lower values compared to original geometry. This is why we decided to
show the results by themselves in the Figure 13. Maximum calculated value is 3
m?/s2. Small amount of recirculation can be spotted at such a smaller scale and the
highest value is clearly depicted in red after the second bend where we were

expecting some flow separation.

Turbulent kinetic

energy [m2/s?]

3

Figure 13: CS2 — Turbulent kinetic energy dissipation longitudinal profile of GA optimized
geometry.

In case study 2, the pressure drop was reduced from 39.41 kPa to 30.32 kPa. If this
study were to be run further, the result could be even better, but at the expense of
extremely morphed mesh elements. It is also very interesting that in this study it was
possible for different parts to have different shapes across the entire geometry. This
can be seen at the beginning, where the channel must be self-supporting to fulfil the
printability criteria, but not self-supporting in the vertical section, where this is not

mandatory.
6 Discussion
In this article, we present two case studies in which we effectively improved the flow

properties of the simple S-bend channel geometry. One study was parametric and
one was performed using the gradient adjoint method. In both studies, we reduced
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the pressure drop by about 25 % by changing the geometry of the pipe. In the second
case study, we demonstrated the use of the Gradient Adjoint method, which
reshapes the elements of the mesh after each design iteration to achieve a more
efficient result by determining the critical parts of the geometry. This leads to an
optimised shape of the geometry, but also to some shapes that are difficult to

produce without the use of additive manufacturing,

All in all, this article shows the great potential that numerical optimisation has in
industry. Sometimes optimisation should only be used to get an idea for further
development, but in some cases these optimised designs could be used directly in a

new and improved generation of fluid power components.

References

[1] Arena, M., Ambrogiani, P., Raiola, V., Bocchetto, F., Tirelli, T., & Castaldo, M. (2023).
Design and qualification of an additively manufactured manifold for aircraft landing gears
applications. Aerospace, 10(69), 1-18. https://doi.org/10.3390/acrospace10010069

[2] Biedermann, M. (2022). Automated design of additive manufactured flow components (Doctoral thesis,
ETH Zurich). https://doi.otg/10.3929/ ethz-b-000587405

[3] Diegel, O., Nordin, A., & Motte, D. (2019). A practical gnide to design for additive manufacturing.
Springer Singapore. https://doi.org/10.1007/978-981-13-8282-6

(4] Hofmann, U., Fankhauser, M., Willen, S., Inniger, D., Klahn, C., Léffel, K., & Meboldt, M.
(2023). Design of an additively manufactured hydraulic directional spool valve: An industrial
case study. Virtual and Physical Prototyping, 18(1), 1-18.
https://doi.org/10.1080/17452759.2023.2166634

[5] Matthiesen, G., Merget, D., Riickert, M., Schmitz, K., & Schleifenbaum, J. H. (2018).
Additive manufacturing processes in fluid power — properties and opportunities
demonstrated at a flow-optimized fitting. In Proceedings of the International Conference on
Hydranlics and Pneumatics — HERIVEX (pp. 1-6). ISSN 1454-8003

[6] Tappeiner, Z., Donners, M., Schmid, M., & Schmitz, K. (2014, October). Resource saving
process route for integrated hydraulic components. HyRess Prgject poster, RWTH Aachen
University. Retrieved July 30, 2025, from https://acam.rwth-campus.com/wp-
content/uploads/sites/11/2014/10/HyRess-Resoutce-saving-Process-Route-for-Integrated-
Hydraulic-Components.pdf



STRATEGIC INTEGRATION OF
HYDRAULIC ACCUMULATORS:
BEST PRACTICES

TADE] TASNER

HAWE Hidravliéni sistemi d.o.0., Store, Slovenia

t.tasner@hawe.si

Hydraulic accumulators are indispensable in fluid power systems,
providing critical functions such as energy storage, pressure
holding or stabilization, and load balancing. However, their
effectiveness heavily depends on cotrect application and circuit
integration. This paper explores the principles guiding the proper
use of hydraulic accumulators, emphasizing selection criteria,
sizing, pre-charge pressure considerations, and safety protocols. It
presents strategies for incorporating accumulators into hydraulic
circuits to achieve specific functional objectives—such as energy
storage, load levelling, and response enhancement—while utilizing
the accumulator volume as much as possible and avoiding
common pitfalls like exceeding pressure ratio, fluid compatibility
issues and lifetime limitations. Through analytical modelling and
application-based case studies, the paper illustrates how
thoughtful accumulator integration can elevate system efficiency,
reliability, and longevity. The findings aim to equip engineers with
practical guidelines to make accumulators not just an add-on, but

a performance enhancing element within their designs.

10.18690/um

ISBN
978-961-299-049-7

Keywords:
hydraulic accumul;
task, circuit integr:
selection
safety proto

engineering guidelines

University of Maribor Press




46 INTERNATIONAL CONFERENCE FLUID POWER 2025

1 Introduction

Hydraulic accumulators are indispensable components in modern fluid power
systems, serving as energy storage devices that enhance system efficiency, stability,
and responsiveness. Functionally analogous to electrical capacitors, accumulators
store energy in the form of pressurized fluid, which can be released on demand to
supplement pump flow, dampen pressure fluctuations, or provide emergency power
in case of system failure [1]. Their integration into hydraulic circuits allows for
improved dynamic performance, reduced energy consumption, and extended
component lifespan, particulatly in applications involving cyclic loads or transient

pressure spikes.

The most prevalent type of accumulator in industrial and mobile applications is the
gas-loaded or hydropneumatic accumulator, which utilizes a compressible gas—
typically nitrogen—as a spring medium to exert pressure on the hydraulic fluid. The
thermodynamic behavior of the gas, whether isothermal or adiabatic, significantly
influences the accumulator’s energy storage capacity and response characteristics [2].
Accurate modeling of this behavior is essential for optimizing accumulator
performance, especially in high-frequency or high-pressure environments.
Moreover, accumulators are increasingly being used in energy recovery systems, such
as hydraulic hybrids and renewable energy platforms, where their ability to store and

release energy efficiently plays a pivotal role in sustainable operation [3].

Given their multifaceted utility, hydraulic accumulators continue to evolve as critical
clements in fluid-mechatronic systems. This paper presents hydraulic accumulators
and verifies engineering practices for their use in the most common hydraulic
applications. It outlines the fundamental operating principles of accumulator types
such as bladder, piston, and diaphragm, and examines their roles in energy storage,
pressure regulation, and shock absorption. Drawing from field-tested
implementations and industry standards, the study highlights best practices for
selection, sizing, and integration of accumulators into hydraulic circuits. Emphasis
is placed on optimizing system reliability, improving energy efficiency, and extending
component lifespan through proper accumulator usage. The findings serve as a
practical reference for engineers and technicians seeking to enhance hydraulic

system performance across mobile and industrial platforms.
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2 Hydraulic accumulator types

Hydraulic accumulators are broadly categorized into two types based on their
loading mechanism: mechanically loaded and gas loaded. Mechanically loaded
accumulators use either springs or weights to exert pressure on the hydraulic fluid,
while gas loaded accumulators rely on compressed gas — typically nitrogen —

separated from the fluid by a bladder, diaphragm, or piston [1].

Spring-loaded accumulators operate by compressing a spring as fluid enters the
chamber. This stored mechanical energy is released when the fluid is needed again.
Their compact design and rapid response make them suitable for small-scale
applications, but they suffer from a variable pressure output that depends on the
spring’s compression. Additionally, their limited stroke restricts fluid volume,
making them unsuitable for high-pressure or large-volume systems. Weight-loaded
accumulators, on the other hand, maintain constant pressure throughout the stroke
by using a heavy mass to pressurize the fluid. While they offer excellent pressure
stability and can handle large volumes, their size and weight make them impractical
for mobile applications and require substantial structural support [1].

Table 1: Comparison of different accumulator types [1]

Gas Loaded

Group

Mechanically Loaded

Type

Weight

Spring

Bladder

Diaphragm

Piston

Pressure low high high
Output . hyperbolic (isotherm) or steeper
Pressure constant lincar (polytropic/adiabatic)
Friction ) ) )
Losses yes yes no no yes
Energy ) 0 n 0 n
Density

Storag.e n ) 0 ) +
Capacity

Placement vertical any any any any
R‘esp Onse slow medium fast fast medium
Time

Gas loaded accumulators are more commonly used due to their versatility and
efficiency. Bladder accumulators feature a flexible bladder that separates the gas
from the fluid. They are lightweight, respond quickly, and are ideal for mobile
hydraulic systems. However, they are limited to moderate pressure ranges and can

degrade over time due to bladder fatigue or contamination. Diaphragm accumulators
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use an elastomeric diaphragm to separate the gas and fluid. They are well-suited for
high-pressure applications and offer a simple, low-maintenance design, though their
fluid capacity is generally lower than bladder types. Piston accumulators, which use
a solid piston to separate the gas and fluid, are robust and capable of handling both
high pressures and large volumes. They maintain consistent pressure and are highly
durable, but they require regular maintenance and are more expensive to

manufacture and install [1].
3 Hydraulic vs. electric energy storage

According to a comparative study published in Energies, the specific energy of a
bladder hydraulic accumulator was found to be 9.4 times lower than that of an
ultracapacitor under equivalent conditions. While this highlights the limitations of
hydraulic systems in compact energy storage, it also underscores their advantages in

power density and cost-effectiveness, especially for high-force, short-duration tasks

[4]-

Table 2: Comparison of energy and power density of different energy storage systems [4]

E S . . Specific

Syotes R Wh Wh Us$ kw kw Us$
m3 kg Wh m3 kg kw

I HL, 195144 | 1152 | 045 | 325024 0.192 270.83

Battery

Ultracapacitor 2539.7 2.72 138.67 2588 221 217

R0 1227 0.29 404.68 7548 2.69 75

Accumulator

4 Basic Accumulator Calculations

Brief accumulator calculations are also presented for user reference. Such
calculations include calculation of precharge pressure and available volumes at
different pressures for different use cases. The following variables will be used in

calculations:

Do -.- gas precharge pressure [bar]

P1 ... min working pressure [bar]
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P2 ... max working pressure [bar]

Vy ... effective gas volume (accumulator volume incl. gas bottles) []
V1 ... gas volume at pq []]

V, ...gas volume at p, [l

Ty ... gas precharge temperature (normally 20°C) [°C]

Tmin - min working temperature of the gas [°C]

Tmax - max working temperature of the gas [°C]

N, ... polytropic index for charging accumulator [-]

Ng ... polytropic index for discharging accumulator [-]
4.1 Gas working temperatures

Estimating working gas temperatures is challenging. The minimum is usually the
lowest ambient temperature, while the maximum falls between the highest ambient
and fluid temperatures. Factors influencing the maximum include accumulator
function, type, ambient and fluid temperatures, and fluid exchange volume. In
accumulators where gas is mostly in contact with fresh fluid (such as bladder types),
or in pump support roles with high fluid exchange and hot oil, fluid temperature has

greater influence than ambient air.

Fluid temperature should be factored into shock absorption and pulsation
dampening, but volume exchange remains minimal in these two applications. The
maximum working gas temperature can therefore typically be estimated by averaging

the highest fluid and ambient temperatures.

For energy storage applications in which pumps operate solely to charge the
accumulator, the maximum anticipated ambient temperature may be used. This is
because accumulators are filled with oil at ambient temperature, and the gas

temperature remains neatly equivalent to the ambient temperature.
4.2 Precharge pressure

Typically, precharge pressure is set to about 90 % of the system’s minimum
operating pressure (for energy storage), striking a balance that allows fluid to enter
the accumulator without compromising its ability to discharge when needed. Setting
the precharge too high prevents fluid from entering the accumulator, while setting
it too low risks bottoming out the gas chamber, reducing the accumulator’s lifespan

and effectiveness. Proper selection of precharge pressure is essential for maintaining
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pressure stability and ensuring reliable hydraulic performance. Care must be taken,
that the ratio between maximum pressure and precharge pressure doesn’t exceed
accumulators’ compression ratio. Typical compression ratio for bladder

accumulators is 4, while diaphragm accumulators can go up to 8.

Recommended precharge pressure:

—  Energy storage and pump support: 90 % of minimum working pressure
—  Shock adsorption: 60 % to90 % of average working pressure

—  Pulsation damping: 60 % of average working pressure

Precharge pressure is always calculated for maximum working gas temperature (see
previous chapter). If we take an example for energy storage, we can calculate
precharge pressure at maximum temperature with (1) and then convert to precharge

pressure at 20 °C with isochoric relation for ideal gas (2). [5]

Po@Tmax = 09" P1 D
To+273
Po = Po@Tgy m @
4.3 Calculation of available fluid volume in accumulator

A key parameter in energy storage is the amount of hydraulic medium stored in the
accumulator. This can be calculated by combining the general gas equations for
polytropic compression (3) - charging and decompression (4) - discharging, resulting
in equation (5) [0].

poVy ' = poly 3)

poV, = p I )

AV =V, =V, =V, (Z—‘z’)"i : <(Z—j)”_1d - 1) ®)
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Polytropic index values reflect how heat transferred during compression/expansion

[7]:

— isothermal (slow > 3 min, with full heat exchange) n = 1
— adiabatic (fast <1 min, with no heat exchange) n = k = 1,4 (for diatomic
gases)

— polytropic (partial heat exchange) 1 <n < k

Examples of different processes:

— accumulation of energy (pump support): adiabatic charge and discharge
— emergency, safety functions: isothermal charge and adiabatic discharge

— leakage and volume compensation: isothermal charge and discharge
Some calculators add additional correction factor to the results [§].
4.4 Calculating required accumulator size for pulsation dampening

The use of accumulators as pulsation dampeners is particularly suitable for constant
pressure systems, since their effectiveness diminishes below and does not perform
optimally at pressures significantly above the operating pressure. Nevertheless, in
hydraulic applications, the necessary volumes for effective pulsation dampening are
relatively small (typically within the deciliter range). Consequently, it is possible to
cover a broad pressure range by utilizing high compression ratio diaphragm

accumulators, precharged to comparatively low precharge pressures.

To determine the required accumulator size for a piston pump, it is necessary to
identify its operating pressure p and define maximum allowed pulsation a [%]. The
fluctuating fluid volume produced by the pump, which the accumulator must absorb
can be calculated out of the piston volume ¥, [1] and the pump type coefficient K [-]
[8]. Since the process is adiabatic, a value of 1,4 is used for n. If the recommended

precharge pressure of 0,6 is applied for pulsation dampening, the equation can be
further simplified to (6):
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K-V K-V K-V
— 14 — p — 14
Vo = 1 = 1 T = 1 T (©)

(Z_g)z_(z_g)ﬁ (p-(zlnioz))z_(p-(z;zoz))ﬁ ((10—'6a))1'_4_((101'-6a))1'4

For pulsation dampening it is crucial that the accumulator is mounted close to the
pump and that the flow is directed to the accumulator using a T-piece as shown in
Figure 1, where use a special T-piece (shown on the left) is shown in the middle and

use of a normal T-piece is shown on the right.

Figure 1: Mounting of accumulators for pulsation dampening
Source: [8], [9]

4.5 Calculating required accumulator size for shock adsorption

Shock adsorption is required when high flow in long pipelines is suddenly stopped,
such as when a hydraulic valve closes quickly. The fluid's inertia creates a pressure
surge that must be absorbed by converting its kinetic energy into gas (adiabatic
compression). Therefore, the equation (7) applies [10]. In this case p; represents
pressure in fluid line before closing a valve and p, is the maximum allowable line
pressure during the shock

mv?

- = [pdv = —% (adiabatic compression) 7

If we combine this with first isothermal compression from Vypg to Vip; and then

adiabatic compression from V;p; to V,p, and solve for effective gas volume Vj we
get (8).
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mv?(1-n)

Vo = T ©)

2-p0-1os.<(z_i)17—1)

Mass m [kg] of the fluid can be calculated out of fluid density p [—i], pipe length

k
[ [m] and pipe diameter d [mm]. Fluid velocity can be calculated out of flow Q [ﬁ]
and pipe diameter. Considering non-SI conversions we get equation (9).
- 1

1’8.108.n.d2.p0,<(z_i)1_ﬁ_1>

As with pulsation dampening, the required volumes for shock absorption in
hydraulic systems typically fall within the deciliter range, making diaphragm
accumulators particularly suitable for these applications. Conversely, in water supply
systems and hydropower plants - where pipelines are extensive and diameters
substantial - the accumulator stations needed for shock absorption generally require

capacities in the range of 1000 liters.

4.6 Other Caveats when Choosing Hydraulic Accumulators

— Hydraulic medium compatibility: Accumulator elastomers
(bladder/diaphragm/seals) and accumulator shell have to be compatible with
the hydraulic medium.

— Temperature compatibility: Accumulator elastomers and shell have to

withstand highest and lowest operating temperatures.

— Max compression ratio: must not be exceeded (Z—z)
0

— Certificate: Correct certificate for destination country / place of installation has
to be chosen:
— PED - Europe
— ASME — Ametica
— DNV, BV, ... - ships
— EAC — Russia
— ML - China
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— Gas valve adapter: Correct gas valve adapter for destination country has to be
chosen.

— Lifetime: If pressure is in a certain range, it has “infinite” cycle life of 2M cycles,
when outside of this range, cycle number could be as low as few thousand. This
parameter has to be requested from the manufacturer and should be on the
PED certificate of the accumulator.

5 Practical applications of hydraulic accumulators

Before digging into practical examples, we must be familiar with the correct
protection of hydraulic accumulators, as outlined in EN 14359. This standard
emphasizes the importance of integrating appropriate safety mechanisms (safety
pressure relief valves, gas safety valves, and burst discs) to prevent overpressure, gas
leakage, and structural failure. These protective measures must be tailored to the
operating conditions of the hydraulic accumulator, ensuring compliance with the
Pressure Equipment Directive (PED) 2014/68/EU. Once propetly safeguarded,
hydraulic accumulators can be confidently deployed across a wide range of

applications [11].
5.1 Safe use of hydraulic accumulators

How to properly protect the hydraulic accumulators is described in EN 14359 with
circuit examples in Annex C [11] and summarized in [12]. Hydraulic accumulators
which will be used in Europe require a PED certificate when they meet specific
criteria related to pressure and volume. The key threshold is when the product of
pressure and volume exceeds 50 bar-liters, and when the accumulator volume is
greater than 1 liter—both conditions apply to fluid group 2, which includes mineral
oil and nitrogen. In rare cases, even piping on the gas side may fall under PED if it
exceeds certain dimensions and pressure combinations (e.g., DN > 32 mm and P X
DN > 1000 bar-mm). It is similar with ASME, but there is no minimum pressure
limit defined.

When an accumulator falls under PED/ASME:

— It must be purchased with a valid PED/ASME cettificate.
— It must be protected according to EN 14359, including:
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— amanual isolation valve,

— a ball valve to drain back to tank,

— a dedicated PED/ASME certified safety pressure relief valve (not
shared with the main system), and

— anon-isolatable pressure gauge for monitoring accumulator pressure.

For systems with multiple accumulators in parallel, shared protection components
may be used, provided the configuration still meets PED/ASME safety

requirements.

Certified safety pressure relief valve must be correctly dimensioned, to ensure safe
operation. It has to handle entire flow that could be causing the pressure rise
(typically flow of all the pumps connected to the accumulator; attention has to be
paid to external forces acting on cylinders/hydromotors as well), so that maximum
allowable pressure of the accumulator is not exceeded by more than 10 % taking

back pressure in the tank line into account.

When an accumulator doesn’t fall under PED or ASME, sound engineering
practices must be used to protect it, therefore following EN 14359 is always

recommended at least with pressure gauge and non-certified pressure relief valve.
5.2 Practical Examples of Safety Equipment Configuration

This chapter outlines typical protection methods following EN 14359, detailed in
annex C [11]. The most common is a safety block (Figure 2), which combines an
isolation valve, discharge valve, and safety pressure relief valve, with ports for the
hydraulic system, accumulator, tank, and pressure gauge. Use of individual
components is also permitted. The pressure gauge must connect directly to the
accumulator (without isolation device) or via quick coupling; otherwise, a gauge
check port should be included to ensure proper function. A check valve on the pump
side is advised to guard against pressure release towards the pump (during pump

maintenance or when changing the pressure filter).

When using multiple accumulators each individual accumulator can have its own
safety block. But there is an exception that allows using only one safety pressure

relief valve for all accumulators (Figure 3), while still allowing individual isolation
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and discharge of each accumulator, easing maintenance on the system. Care must be
taken that fully charged accumulators don’t remain isolated for too long, as ambient
temperature rise may increase gas pressure, exceeding max pressure of the

accumulator. This can be avoided using burst discs on the gas side.

4

AAA
W

Figure 2: Protecting single accumulator using accumulator safety block

Source: [own work]

iy

Figure 3: Protecting multiple accumulators using individual components [own work]

Source: [own work]

5.3 Practical example of using hydraulic accumulators for safe operation

of a Pelton hydraulic power plant

The Pelton turbine (Figure 4) typically features three primary actuators requiring
control: a jet deflector, which redirects the jet away from the turbine; a main inlet or
shut-off valve, utilized to halt water flow through the turbine; and needle adjustment

cylinders, designed to accurately regulate the flow through each individual nozzles
[13].
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JET ASSEMBLY-1 D'STP'TF',PEU]TOR TURBINE RUNNER.

\ JET ASSEMBLY-2

INLET PIPE.

MAIN INLET VALVE

DISTRIBUTOR
PIPE 1

JET DEFLECTOR ASSY.

Figure 4: Pelton turbine with three nozzles
Source: [13]

During power plant operation, the hydraulic unit is responsible for adjusting the
nozzle needles and jet deflector to ensure the generator output matches grid power
demand. The hydraulic power unit (HPU) supplies actuators via the accumulator;
when accumulator pressure decreases, the hydraulic pump replenishes it. It is
essential to ensure that the pump does not start excessively frequently and that the

accumulator is refilled within an appropriate period.

In emergency situations, such as when the hydraulic pump fails to start as
anticipated, the generator should be shut down promptly. The jet deflector must
retract to redirect the jets away from the turbine, and all nozzles need to be closed.
Therefore, sufficient pressurized fluid should be stored in the accumulator to stop
the turbine safely. The cylinder sizes, closing times and minimum required pressures

are different for different turbine sizes.

Accumulator design steps:

—  Calculate cylinder volumes and emergency directions.
—  Calculate volumes needed for normal operation and emergency.

— Adjust accumulator volume, emergency, pump turn on, and pump turn off

pressures while iterating equation (5) which calculates available fluid volume in
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normal operation (Figure 5) and emergency operation (Figure 6) and compare
it to available volume in accumulator.
—  Define required pump size and motor power based on charging time of the

hydraulic accumulator.

system pressure when pump turns off psys= 230 bar
system pressure when pump turns on pmin= 120 bar
. : needed
cylinder qty | largerside of cylindervolume | number of strokes
volume
Jet deflector 1 0,161 1,5
Shut-off valve 1 0,531
Needle adjustment 1 1 0,311 1
Needle adjustment 2 1 0,311 1
SUM
rated worst case total working volume
accumulator qty precharge pressure |
volume max min
main accumulator 1 10,01 45 bar 1,281 1,131
SUM
accumulator charge time
pump flow rate X
max min
pump flow rate 10,9 I/min |

Figure 5: HPU Calculation — Normal Operation Evaluation

Source: [own work].

system pressure when emergency stop procedure starts Pem= 110bar
system pressure when emergency stop procedure ends Pemmin= 50 bar
s | ay | avecion | W00k} tevitr] | e
Jet deflector 1|Retraction 0,111 1,5
Shut-off valve 1|{Gravity 0,001 0
Needle adjustment 1 1|Extension 0,311 1,5
Needle adjustment 2 1|Extension 0,311 1,5
SUM
accumulator qty rated precharge pressure WC total avail.
volume volume
main accumulator 1 10,01 45 bar 2,751
SUM

Figure 6: HPU Calculation — Emergency Stop Evaluation

Source: [own work]

Each HPU is tested after assembly where volumes are measured. Comparison of
results is presented in Table 3. Please note that the calculations shown above are for
minimum ambient temperature (0 °C), but they were made also for 20 °C making

them comparable to measurements which were made at ca. 20 °C.
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Table 3: Comparison of different accumulator types

Measurement
~20°C

Calculation Calculation
0°C 20°C
Recharge Time

(pmin — pmax)

Available Volume

7s 8s 11s

1.131 1.281 1.371

(pmax — pmin)

Available Volume

(pem = pemmin)

2751 3111 3221

The HPU was already commissioned in Guyana at a 0,8 MW power plant (water
flow 200 1/s with 207 m head; 488 mm turbine runner diameter).

6 Conclusion

Hydraulic accumulators become safe dynamic enhancers of system performance,
when strategically integrated. This paper has outlined the critical parameters—
selection, sizing, and safety measures—that govern their effective use. By applying
thermodynamic principles and engineering calculations, designers can tailor
accumulator configurations to meet specific functional goals such as energy storage,
pulsation dampening, and shock absorption. Moreover, adherence to safety
standards like EN 14359 and PED ensure not only regulatory compliance but also
operational reliability. Through practical examples, including the Pelton turbine
application, it becomes evident that accumulators are not merely auxiliary devices

but essential contributors to system resilience and efficiency.

Engineers who embrace these best practices will unlock the full potential of

hydraulic accumulators, driving reliability across fluid power systems.
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1 Introduction

Standard external gear pumps provide high flows with high pressure and more over
they can be small, lightweight and highly customizable. Their main issue is as the
pressure and the speed rise then their noise becomes intrusive. Many new and
modern applications are in high demand for low noise solutions; the main technical
solutions developed over the years to reduce the noise of gear pumps are

summarized below.

2 Development of external gear pumps

2.1 Standard external gear pump

It’s well known that the major sources of noise of a gear pump are due to two
different factors: a mechanical one, generated by the transmission of motion
between the gear wheels, and the hydraulic one due to the volume of oil entrapped

in the area in which the gears meshing (red area on Figure 1).

INLET OUTLET

/ Discharges
\ e
0 /I bushings
surface

Pulsation

Figure 1: Standard external gear pump.

The encapsulation of this volume of oil generates high pressure pulsations and noise.
The frequency of this phenomenon depends not only on the entity of the trapped
volume, but also on the number of teeth of the wheels and their rotation speed;
consequently, if the speed working range are wide, the frequencies with which these
phenomena arise can be high, and noise generated can reach particularly annoying

frequencies (>3000 Hz). In the standard external gear pumps, Figure 1, in order to
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reduce noise and pulsations, the optimization of gears and discharges on bushings

surfaces gives only limited benefits.
2.2 Dual flank external gear pump

In order to reduce the volume trapped between the gear wheels, a technical solution
is to use "double flank" profiles, Figure 2. Using this solution, thanks to the
reduction of the trapped volume (red area on Figure 2), a considerable reduction of
the pressure pulsation up to 75 %, and noise are reduced of about 3 dBA.

[ I | Pulsation

Figure 2: Dual flank external gear pump.

However, the double contact transmission has the effect of doubling the
fundamental frequency of gear meshing, consequently the frequency spectrum of
the emitted noise shifts towards higher, and consequently, more annoying

frequencies.
2.3 Gear pump with helical gears

The mechanical noise of meshing of the gear wheels can be reduced using helical
gears, Figure 3. Using this technical solution is a partial improvement, as it does not
solve the problem related to the volume of oil trapped between the gear wheels. The
helix angle used in any case is low to avoid oil seepage from the helical shaft in the

meshing position; consequently, in order to limit the helix angle, these pumps often
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have to have a large number of teeth. This factor significantly limits the specific
displacement of helical pumps, making them bulkier than the corresponding straight
tooth pumps. Using this solution, a considerable reduction of the pressure pulsation
up to 75 %, and noise are reduced by about 2 dBA to 10 dBA.

Figure 3: Gear pump with helical gears.
2.4 Gear pump with conjugated helical gears

This solution is able to eliminate both the hydraulic noise caused by the volume of
oil that remains trapped between the wheels, which in this case is practically zero,
and the noise typical of straight tooth transmissions. The absence of the trapped
volume also removes any constraint on the helix angles, as the fluid can no longer

seep between the gear wheels in the meshing area, Figure 4.

This technical solution, having eliminated the two main sources of noise (mechanical
and hydraulic), is able to reduce the pressure pulsation up to 80 %, and the pump
noise up to 15 dBA.

The idea of reducing the pump noise through elimination of the encapsulated
volume, thanks to a special shape of tooth profile is not new. The idea was born
precisely in the mobile market. His first documented application dates back to the

power steering inventor Francis W. Davis. The inventor studied and applied, for the
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first time, a gear pump without encapsulation in order to reduce the noise in

hydraulic power steering Figure 5.

Figure 5: Drawings of the Pat. US2261143 — Gears - 18/08/1939 — Francis W. Davis.

A pump using a special tooth profile design was installed with success on the Pierce-
Arrow in 1928 and moved to a Buick in 1932. In the original power steering the
working pressures reached 70 to 100 bar, and the maximum rotation speed was
about 1800 rpm. Despite the difficulty of manufacturing these special toothed
wheels, in the following years, Francis W. Davis continued to study low noise
hydraulic power steering and economic methods to produce non-encapsulated tooth
profiles, collaborating with the major American automotive companies, and filing
numerous patents. Unfortunately, in 1934 the Great Depression forced the inventor
to suspend his research because of the high production costs. Later, the advent of
Second World War moved the inventor attention towards military applications
where low noise and comfort were not a priority. The interesting story of this

American inventor is described in the book “The unreasonable American” published
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in 1968 by the academy of Applied Science. The profiles of the toothed wheels
described in the patents were conceptually very simple, essentially composed of
circular and involute arcs and obtained with shaped tools (Pat.US.US2261143,
US2206079). The degree of accuracy obtained once, was just sufficient for

applications at low to medium speeds and pressures.

Now, after more than 90 years, Marzocchi Pompe intends to bring again this
technology in high pressure and mobile applications. The development of tooth
grinding technology makes possible the economical production of high precision
toothed wheels.

Analyzing the pump features globally, this is the pump that is able to allow the best
performance in terms of pulsation noise and performance Table 1, making it

competitive also with respect to internal gear pumps.

Table 1: Pump features

EXTENAL GEAR DUAL FLANK GEAR HELICAL GEARS HELICAL GEARS
Features: not conjugated Conjugated
PUMP PUMP PUMP PUMP
NOISE ® (] ® o ® o 60
PULSATIONS ® ® ) )
EFFICIENCY ® 6 o ® o ® o ® & 68
Contamination
RESISTENCE | ® ® & ® o ® o ® o
SIMPLICITY
constructive ® ® 6060 60 ® o6 (I}
cost ® 6 606 &6 0 ® 0o ® o
3 The Elika Pump

It is well known that the major source of noise of a gear pump is due to pressure
pulsations and that the main source of this phenomenon is the area in which the
gears mesh. Here the pressure pulsations originate from the encapsulated oil
between the teeth of the pump’s gears. In that small vein, symbolized by the red
zone in Figure 1, the oil gets trapped, compressed and then makes noise at every
engagement of the gear. Elika Pump was conceived and designed to be a low noise

and low pulsation pump.
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The heart of the Elika Pump is the particular patented shape of the tooth profile
without encapsulation, which reduces considerably the pressure oscillations and
vibrations produced by the pump, producing many advantages on the final
application (Pat. EP2352921).

Figure 6: Left - traditional tooth profile (conventional external gear pump)j; right - Elika tooth
profile (helical shape) with not trapping zone.

As can be seen from Figure 6, there is no space for the oil to get trapped between
the teeth of the gear as the helically shaped teeth are completely matching each other.
This helps to get rid of much of the hydro-mechanical noise coming from that
encapsulation. The helical gear also has a lower number of teeth. The helical
toothing ensures the continuity of motion despite the low number of teeth. The low
number of teeth greatly reduces the fundamental frequencies of the pump noise and
makes the sound particulatly pleasant.

Figure 7: Elika Pump sectioned.
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Elika is Marzocchi Pompe’s response for all those applications that require low noise
levels. It was designed to be completely interchangeable with a conventional Gear
Pump. This pump reduces the noise emission up to 15 dBA compared to a
conventional external gear pump. The maximum operating pressures are similar to

those of the series Marzocchi GHP Series Pump (Cast-Iron Flange and cover

Pumps) and reach up to 300 bar. From the outside Elika looks very similar to a
standard Gear Pump. The difference is inside, Figure 7.

To ensure the correct continuity of motion with this special tooth profile without
encapsulation, it was necessary to generate a helical toothing. Each pump has a gear
with a right helix and another with left helix. The use of helical gears generates axial
forces of magnitude proportional to the working pressure, which must always be
balanced. The resulting of axial force is due to two different type of components:
transmission components, due to the transmission of motion between the driving
gear and the driven gear, that are opposite; pressure components due to the axial
reaction of the pressure on the surface of the gear wheels on in the pump outlet area,
that are in the same direction. The resultant forces of the axial thrusts induced by
helical teeth are always hydraulically balanced in an optimal way, in every operating
condition, by the axial compensation system integrated in the pump cover, Figure 8.
The problem of axial thrust generated in pumps with helical gears was already
studied in 1972 by Yasuo Kita (US3658452).

Figure 8: Hydraulic compensation system.

On the driving shaft, the components of the axial and hydraulic forces are
concordant, on the driven shaft instead they are discordant, consequently the
resulting forces are different, but both are directed towards the cover (red arrows).



D. Persict, A. Rimondi: Elika, V ariable Flow With Fixed Displacement Helical Pump 69

The components are hydraulically balanced through compensating cylinders (green

arrows).

Today the Elika pump is available in 5 groups: ElikalP, ElikaK1P, Elika2, Elika3,
Elika4. These groups range from 2.1 cm3/rev all the way to 200 cm?/rev. Elika is
also available as multiple stack pumps. Elika’s versatility and low-noise, low-ripple
and high efficiency characteristics project this pump into many different end
applications. Powerpacks and mini powerpacks, material handling machines,
automotive, agricultural machines, municipality etc. In addition to the particular low-
noise, there are other characteristics of this pump to be discovered. Due to the
peculiar design, Elika pumps are capable of maintaining high overall efficiency over
a high range of speeds. The high range on speeds translate into a high range of flows.
The pump Type ELI1P-D-3.7-G (displacement 3.72 cm3/rev), tested in Marzocchi
R&D lab, allowed to deliver flow from 1 1/min to 20 1/min using the same
displacement and maintaining high volumetric efficiency (>90 %) throughout.

4 Developing a new application
This feature, coupled with the ever-increasing diffusion of VFD brushless motors,

leads to the possibility of obtaining a variable flow from a fixed displacement pump.
This pump is particularly suited for electric vehicles (thanks to its high overall

efficiency) where energy saving is a main driver. In these applications, it is required
that even in the phases in which the vehicles operate only in electric mode, the
hydraulic applications such as the steering that must remain in operation, must not
be audible. This feature is particularly important in public transport to ensure

maximum interior comfort.

Its features make this product very useful against variable displacement pumps.
Marzocchi Pompe R&D Department has tested the following Elika Pump and
Brushless Motor (Figure 9 Description of test circuit, Figure 10 Pump on test).

Marzocchi started testing the pump and then the pump and motor together. Starting
from 250 rpm, the pump maintains a volumetric efficiency of more than 90 %. The
Figure 11 graph shows that the pump could go all the way up to 5,000 rpm and
achieve very high efficiency. The conclusion is that Elika’s volumetric efficiency is

almost independent of pressure.



70

INTERNATIONAL CONFERENCE FLUID POWER 2025

1-Oil Tank, 80 11SO VG 46

c 2-Elika ELI1P-D-3.7-G Pump; displacement
@ 3.72 cm3/rev
3-BLDC Motor; 4 kW max. power; voltage
E:}ﬁ 24V DC; Max current 160A; Max speed
. 5000 rpm.

4-Pressure transducer Druck PTX 611 (max

8 7 (Z:O 400 bar)

5-High pressure filter 12 pm

6- Proportional valve Vickers KACG 3 L350D
(max 350 bar)

7- Flowmeter VSE type VS 04 (max 40 1/min)

8-Thermocouple PT100

Figure 9: Test circuit.

Figure 10: Motor — Pump on test.

ELI1P-D-3,7-G

Volumetric Efficiency [%]

1000 2000 3000 5000 6000

Speed [rpm]

Figure 11: ELI1P volumetric efficiency vs. speed.
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Starting from 50 bar, the pump maintains mechanical efficiency in excess of 80 %.

At higher pressures, the mechanical efficiency is almost independent of speed
(Figure 12).
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Figure 12: ELI1P mechanical efficiency vs. speed.
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Figure 13: Elika ELI1P-D-3.7 pump sound pressure in dBA vs. speed.

The following two charts (Figurel3 and Figure 14) show the noise comparison data
between the Elika Pump and its corresponding, same displacement, Standard Gear
Marzocchi Pump that has straight teeth and comes from the 1P Family of pumps

(Figures 13 to 15). The noise tests were performed in a soundproofed chamber, with
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a background noise lower than 32 dBA, according to ISO 4412 standards, with a
integrating sound level meter Type Delta Ohm HD 2110 L.

K1P-D-5,8 (3.70cc)

]
=]

=~
i

=~
[=]

@
o

2]

wn
o

<
]
-
=
E
-
-
[}
o
=
5
w
H
o
g
a
-
c
E]
Q
wy

n
=]

&

&

1000 2000 3000 4000 5000 6000

Speed [rpm]

Figure 14: Standard straight teeth gear pump K1P-D-5.8 sound pressure in dBA vs. rpm.

At 5,000 rpm and at the highest pressure Elika Pump hardly reaches 62.5 dBA, on
the other side the conventional Pump, K1P, reaches the mentioned peak at 2,000
rpm and 150 bar. Elika low-noise advantage on conventional straight gears pumps

is even more evident in the following graphic showing their average data
comparison.

Noise comparison ELI1P-D-3,7 (3.72cc) / K1P-D-5,8 (3.70cc)

Pump ..: ELI1R-D-3/7
Pump ..: KLAP:D+5,8

Sound pressure at 1 m [dBA]

1000 2000 3000 5000 6000

Speed [rpm]

Figure 15: Average noise comparison between ELI1P (green) and KIP (red).
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Elika is not only quieter but also the noise increases less steep. One particular aspect
of the noise of this pump is its frequency. Looking at the graph in Figure 16 the
Elika Pump in green shows the frequency spectrum shifted toward the lower
frequencies. The lower frequency spectrum means that the noise is more pleasant.
Standard gear pump has a pitch on high frequency which is, on the other hand,
particularly unpleasant.

Comparison ELI1P / K1P at 3000 rpm - 150 bar
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Figure 17: Pressure ripple comparison ELI1P (green) / KIP (ted) at 1,500 rpm / 210 bar.
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Looking at the chart in Figure 17, the Elika Pump has lower amplitude of the

pressure ripple but also a lower frequency.

Pressure Ripple Comparison at 1500 rpm
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Figure 18: Comparison ELI1P (gteen) / KI1P (red), pressutre ripple comparison at 1,500 rpm.

The green line in Figure 18 shows us the summary of all the testing on the Elika
range of pressures. The ripple, as the pressure increases, becomes a lot different
between the two pumps showing its great distance from the standard pump and its
red line. The Elika Pump is consistently lower than 0.5 bar.

5 Pump and motor combination

The chart on Figure 19 shows the relation between flow and current of the motor-

pump combination at different pressures. Itis clear how the relation is close to linear.

Figure 20 shows the combined Overall efficiency novr of the motor + pump

calculated as:

__ Hydraulic Power

©)

ovr ~ Electrical power

By looking at the graph in Figure 20, the efficiencies stay in the range of 60 % to
70 %.
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Figure 20: Overall motor-pump efficiency.
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Figure 21: Motor-pump combined noise.
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Figure 21 shows in green the overall sound pressure of the motor + pump
combination. Red line shows the motor alone. It’s clear that the pump adds just a
small amount of noise over the motor which is already very silent. All the way to 150
bars the pump just adds 3 dBA to 5 dBA. The whole combination, pump plus motor,
always stays below 60 dBA which is a very good target.
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Figure 22: Frequency spectrum comparison with motor only (red) vs. motor+pump (green)
at 2000 rpm, 100 bar.

6 Benefit of a VFD pump drive

Electrification and hybridization have dramatically reduced engine noise from
industrial vehicles, making hydraulic circuit noise predominant. This feature,
coupled with the ever-increasing diffusion of VFD brushless motors, leads to the
possibility of obtaining a variable flow from a fixed displacement pump. In these
applications, it is required that even in the phases in which the vehicles operate only
in electric mode, the hydraulic applications such as the steering that must remain in
operation, must not be audible. This feature is particularly important in public
transport to ensure maximum interior comfort.

Elika pumps are particularly suited for electric vehicles (thanks to its high overall
efficiency) where energy saving is a main driver. Its features make this product very
useful against variable displacement pumps. The Elika gear pump has been co-
developed with the Faculty of Engineering at the University of Bologna, using helical
gear technology (Pat. EP2352921).
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This technology delivers low noise with high efficiency across a high range of speeds

and is particularly efficient when coupled with VFD brushless motors. Recent tests

at the Marzocchi R&D lab demonstrated flow from 1 1/min to 20 I/min using the

same displacement and maintaining high volumetric efficiency (>90 %) throughout.

This presentation demonstrates how recently discovered additional benefits of

helical gear technology can increase efficiency and reduce cost when deployed in

electrified powertrains.

Major benefits both for the final user and the system of a Variable flow with fixed

displacement helical pump Elika Drive are:

Possibility to obtain high flow variation using variable speed.

Less expensive than variable displacement pump solution.

Higher efficiency reduces energy consumption (smaller pump displacement).
Higher efficiency reduces oil heating (smaller reservoirs and coolers).

Low noise thanks to the inherent design of Elika (-15 dBA on average).
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1 Introduction

Mechatronics is an interdisciplinary field combining mechanical, electrical,
computer, and control engineering, with applications expanding beyond traditional
industrial automation into biomedical, environmental, transportation, and
interactive systems [1], [2]. As mechatronic systems grow in complexity and scope,
engineering education must evolve accordingly, emphasizing both theoretical
foundations and hands-on experience through practical learning platforms [3]. One
of the main challenges in teaching mechatronics is translating abstract theoretical
concepts into real systems. Conventional instruction often falls short in conveying
the integrated, multidisciplinary nature of real-world engineering tasks [4]. To
address this gap, educational laboratory prototypes have become essential tools in
teaching. These systems promote active learning, critical thinking, and innovation by
allowing students to work directly with sensors, actuators, microcontrollers, and
feedback systems in real applications [5]. This article presents six such educational
prototypes developed to illustrate fundamental mechatronic principles. These
include: an oncooscillator generating oscillating magnetic fields for biomedical
research; a robotic fire-fighting platform (firebot); a vehicle stabilization system for
transporting liquid cargo; a gyroscopically stabilized mini-vessel simulating dynamic
marine balance; an automated chessboard capable of autonomous play; and a
compact underwater vehicle for submerged exploration. These prototypes serve
both as didactic tools and as foundations for advanced research in robotics and

intelligent system design.
2 Biomedical and environmental mechatronic prototypes
2.1 Oncooscillator for the treatment of tumour diseases

The oncooscillator is an innovative medical device developed for non-invasive
cancer treatment using oscillating magnetic fields (OMF). Based on recent research,
particularly in the form of spinning oscillating magnetic fields (sOMF), these devices
have shown the potential to selectively disrupt mitochondrial activity in tumour cells,
leading to their death without affecting healthy cells [6]. This approach targets the
electron transport chain in mitochondria, increasing reactive oxygen species and
causing energy failure in malignant cells. The therapeutic system consists of three
oscillators that generate dynamic magnetic fields through the rapid rotation of strong

permanent magnets. The rotation is achieved using 24 V brushed DC motors
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without gear transmission, providing high torque and suitable speeds. The motors
are controlled by an Arduino Mega 2560 using PWM signals, with a DC-DC
converter and IC driver (up to 1.5 A) ensuring stable voltage and current. Key
mechanical components are constructed from industrial plastics and polymer-based
materials, chosen for their excellent thermal and mechanical properties, as well as
non-magnetic behaviour. This prevents interference with magnetic fields and
ensures system safety. Ceramic bearings are used to support the rotating magnets
due to their low friction and non-magnetic characteristics, preventing heat buildup
and maintaining mechanical integrity during extended use. The magnets used in the
system are of type DX0X0-N52, known for their extremely high magnetic strength.
These magnets must be handled with care due to their strong attractive force, which
poses a risk of damage or injury if not properly secured. Their high magnetic
induction and relatively low mass make them ideal for OMF therapy applications.
An important design strategy in the oncooscillator is the use of inertial motion.
Motors accelerate the magnets to the desired rotational frequency, after which power
is reduced, and the system relies on the inertia of the rotating mass to maintain
consistent motion. This eliminates the need for mechanical braking and reduces
power consumption, improving overall efficiency. Speed monitoring is enabled by
Hall-effect sensors, which detect variations in magnetic fields and provide feedback
to the control system. This allows real-time adjustment of the motor drive signals,
ensuring synchronized operation of all three oscillators (Figure 1). Because the
system uses a common PWM signal, all motors operate at the same speed, assuming

identical mechanical loads.

Figure 1: CAD model and assembled OMF helmet.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10889 [7]
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Figure 2: Application of OMF: a) wearable helmet, b) configuration for reclining patient.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10889 [7]

The device is implemented in two configurations: a wearable helmet and a version
adapted for patients in a reclined position (Figure 2). Both are designed to provide
localized treatment, particularly for brain tumours such as glioblastoma. Preliminary
reports and findings from existing studies show that OMF exposure can trigger
selective cancer cell death in GBM and lung cancer cells, while sparing normal
tissues. This selectivity is believed to be linked to the bioenergetic vulnerabilities of

tumour mitochondria and the radical pair mechanism.

With its non-invasive nature, low energy consumption, and precise control, the
oncooscillator represents a promising addition to the field of cancer therapy. Its
potential applications extend beyond oncology to include mental health and

rehabilitation treatments, where magnetic stimulation is already in use.
2.2 Mobile fire-fighting robot (firebot)

A compact, mobile fire-fighting robot has been designed and built for indoor and
outdoor intervention in hazardous environments. Its primary function is water-
based fire suppression, with water supplied via connection to a fire truck or water
tank. Its compact dimensions enable operation in narrow and confined spaces,
including stairways and steep terrain, where human access may be limited or
dangerous. Additionally, the robot integrates environmental sensors to measure gas
concentrations and an infrared sensor to detect the hottest point in the area. A
camera mounted on a rotating turret allows for remote visual inspection and control
via network connection. To ensure the robot's mobility and performance, a tracked
chassis system was developed. Tracks allow climbing stairs and traversing uneven

ground. The chassis consists of hollow steel square tubes (30x30 mm, 5 mm thick)



Z. Situm et al.: Designing Edncational Systems to lustrate Mechatronic Principles 83

for structural integrity, and PETG polymer joints manufactured via 3D printing for
the prototype stage. Lightweight aluminium checker plates are used as protective
covers, with the option of mounting standard wheels on axles for simplified
assembly and improved load capacity. The robot is powered by electric motors due
to their robustness and reliability in oxygen-deficient environments. Each track is
driven by a DC motor via a gear system, while shafts are supported by bearings
press-fitted into the chassis. The drivetrain was built using PETG-printed sprockets
and track links, with future versions planned in metal for improved durability. The
drive assembly also includes commercially available wheels and standardized steel
axles to reduce production complexity. The fire-fighting turret mounted on top of
the chassis enables two degrees of rotational freedom using two Nema 17 stepper
motors. One motor controls horizontal rotation, while the other, equipped with a
planetary gearbox (32:1), handles vertical movement. The tutret's components ate
also 3D-printed. A high-definition camera is fixed on the turret for real-time visual
feedback, connected via LAN and powered by a 12V supply. The control system is
built on a Raspberry Pi 4 using Python scripts. Wireless communication over the
network ensures reliable remote control. All electronic components, including
motor drivers (BTS7960 and TB6600), a DC-DC voltage regulator, and batteries,

are housed in a waterproof enclosure inside the robot chassis, Figure 3.

Figure 3: a) CAD model of firebot, b) drive assembly with mounted components.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10889 [8]

The robot's low centre of gravity, with batteries placed at the base, ensutes stability.
Tests showed it can climb obstacles (e.g., standard-sized steps), pull heavy objects
(e.g., sandbags), and endure mechanical stress. The turret rotation system and camera

positioning enhance hazard and potential casualty detection. The final mobile fire-
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fighting robot is shown in Figure 4. Future upgrades may include LIDAR, gas

sensors, and semi-autonomous navigation for low-visibility conditions.

Figure 4: Mobile fire-fighting robot with mounted rotating turret.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb: 10889 [8]

3 Mobility and stability systems in mechatronics
3.1 Electronic stability control of liquid transport vehicles

A model of a transport vehicle designed for carrying liquids or low-density materials
was developed to address common stability issues encountered during operation on
uneven or inclined surfaces. The proposed solution includes an active suspension
system that dynamically maintains vehicle stability by controlling chassis inclination
in real time. The aim of this project is to demonstrate, through an educational
prototype, the benefits of electronically controlled suspension in mitigating vehicle
oscillations due to road surface irregularities. Figure 5 shows the CAD model of the
transport vehicle and the created conveyor belt with surface bumps. The system
integrates two MPUG050 gyroscopic sensors placed at the front and rear axles to
measure angular displacement. Their data is processed by an Arduino Nano, which
sends corrective signals to MG995 servo motors. These motors adjust the axle
positions to counteract tilting. A plexiglass container holding 400 ml of water is
mounted on the chassis to simulate a real load. To simulate road disturbances, a
motorized conveyor belt with surface bumps was built. The belt is powered by a
Nema 17 stepper motor with gear reduction and controlled via an Arduino Nano

and A4988 driver housed in a control unit with an LCD display. The setup allows
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controlled and repeatable testing of suspension response. A Simulink dynamic
model was created, incorporating road input and a sliding PID controller. This
controller generates voltage outputs to stabilize the vehicle. Based on simulation
results, parts were modelled in CAD and produced using FDM 3D printing with
PET-G filament. The chassis, axles, and joints were assembled using U-profiles,
springs, and servos. A custom two-layer PCB designed in Altium Designer processes

signals and realizes motor control.

Figure 5: a) CAD model of the transport vehicle, b) conveyor belt with surface bumps.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb: 10871 [9]

Figure 6: Vehicle prototype equipped with electronic stability control system.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10871 [9]

Figure 6 shows the completed vehicle prototype equipped with electronic stability
control system. Testing involved both static and dynamic conditions. In static tests,
the vehicle-maintained stability over a 7 mm obstacle, even when loaded. During
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dynamic tests on the moving belt (0.04 m/s), angular data was collected, showing
fast sensor and servo motors response that kept the chassis neatly horizontal.
Stabilization occurred within 8 seconds. The final model demonstrates effective real-
time tilt correction via active suspension and provides a valuable educational tool

for studying electronic stability in liquid transport systems.
3.2 Mini-vessel with gyroscopic stabilization

A scale model of a vessel equipped with a gyroscopic stabilization system was
designed to reduce lateral rolling caused by wave action or side forces. In modern
maritime engineering, improving vessel stability enhances safety, comfort and
manoeuvrability. Among available stabilization methods, gyroscopic stabilizers stand
out for their compactness, mechanical simplicity, and ability to produce required
stabilizing torques by using the law of conservation of angular momentum. The goal
of this project was to show a way to reduce the amplitude of the roll angle, and the
number of free roll oscillations within a range of +2°. The basic component of the
system is a high-speed spinning rotor. When subjected to external torques, the rotor
exhibits precession, producing a stabilizing force perpendicular to the rolling
motion. The vessel stabilization system integrates several components: a rotor
(which is extracted from a lightweight RC aircraft motor), a NEMA 17 stepper
motor for achieving precession, a Dasduino CORE microcontroller for signal
processing and control, and a six-axis IMU sensor to estimate the vessel's roll angle.
The entire assembly was modelled in SolidWorks, with the flywheel as the central
element around which the system was compactly designed. The CAD model of the

gyroscopic stabilization system is shown in Figure 7.

Figure 7: CAD model of the gyroscopic stabilizer.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:11058 [10]
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Practical production of the system was carried out using available technologies
including turning, milling, FDM, and 3D printing. Most parts were printed using
FDM for ease of manufacture and geometric flexibility. After assembling all the
parts, the system was tested in a controlled environment, i.e. a water basin simulating
calm sea conditions. Validation of simulation results with experimental data is a key
element in engineering development. Simulations used simplified rolling motion
equations, and experiments were designed to match these scenarios by manually
tilting the vessel and observing its free oscillation. Figure 8 shows the mini-vessel
model during its in-water testing. Real-time data acquisition was performed using
the "data streamer” function in Excel, collecting sensor signals on a laptop. Matlab
was used for post-processing and comparing simulated and experimental results.
Initial testing without stabilization confirmed that the simplified dynamic model
accurately reflected real-world behaviour. Subsequent testing with the gyroscopic
system (passive mode, without active control) showed a significant reduction in
oscillations. Starting from a 13° tilt, the unstabilized vessel needed 11 oscillations to
settle within +2°, while the gyroscopic stabilizer reduced this to just 2 oscillations
(82 % improvement). Although active control could enhance performance further,
the actuator system's weight exceeds the mini-vessel's capacity, making full active
testing impractical in this setup.

Figure 8: Mini-vessel model during water-based testing.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:11058 [10]
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This project confirms the feasibility and effectiveness of gyroscopic stabilization in
small marine vessels. The system significantly improved roll damping even without
active control, validating both the simulation and design. Future work may focus on

reducing mass and adding active control to improve the stabilization response of the

vessel.
4 Autonomous and underwater mechatronic platforms
4.1 Automated chess board with autonomous gameplay

The design and development of an automated chess board capable of autonomous
gameplay represents an interesting intersection of embedded systems, mechanics,
and artificial intelligence. The system can detect the playet's moves, compute its own
responses using a chess engine, and physically move the pieces using an XY-axis
magnetic actuator. This allows the board to act as a real, physical chess opponent.
The game begins in the standard initial position, whereby the human player always
playing with white pieces to simplify programming logic. The detection system uses
64 reed switches, one beneath each square. Each switch contains two ferromagnetic
contacts in a sealed, inert gas-filled tube. When a magnetic piece is near, the contacts
close, signalling its presence. Since reed switches can’t distinguish piece colour, all
64 squares are scanned twice per second to detect piece movement, including
captures. The magnets embedded in the pieces are vertically aligned, which poses
detection challenges due to reed switch geometry. This was resolved by offsetting
the placement of the switches from the centre of each square. To connect all
switches with limited input pins, four multiplexers are used to address and read the
64 switches efficiently. A display connected via I2C protocol provides user feedback,
shows allowed player timers, and alerts about illegal moves or game status. Upon
powering up, the board automatically calibrates using end-stop limit switches to
locate the electromagnet's home position. The board is powered by an Arduino
Nano with ESP32 microcontroller, programmed via the Arduino IDE. The
gameplay engine is Micro-Max, a lightweight chess engine of only 133 lines of C
code, developed by Harm Geert Muller. It uses the minimax algorithm with alpha-
beta pruning technique to optimize move generation. Minimax simulates future
game states by assuming both players play optimally, evaluating positions based on
balance of figures, king safety, pawn structure, and possibilities of playing the next
move. A key innovation is real-time move evaluation assistance. When a player lifts

a piece, all legal destination squares light up using embedded multi-coloured LEDs.
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The colours reflect the engine's evaluation of each possible move, helping players of
all levels understand strategic consequences and learn in real time. Figure 9 illustrates
the electronic schematic connecting the reed switch, address multiplexer, stepper
motor driver (TMC2208) and display to the Arduino.

Figure 9: Electronic schematic connecting of chess board.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/fsb:10599 [11]

Figure 10: Automated chess board.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10599 [11]
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Figure 10 shows an assembled automated chessboard consisting of a game board
with pieces, a drive mechanism, a piece disposal zone, and a visual feedback
interface. By combining intuitive physical interaction, smart move generation, and
online connectivity, this project not only revives the tactile experience of traditional
chess but also uses modern technologies to enhance player engagement, education,

and fun.
4.2 Underwater vehicle (submarine) for submerged exploration

This project presents the design and construction of a small-scale underwater vehicle
(submarine) intended for underwater research. Unlike ground-based or aerial
robotics, underwater vehicles must address challenges like waterproofing under
hydrostatic pressure and maintaining buoyancy control at varying depths. The
developed submarine is pressure-resistant up to 10 meters and utilizes ballast tanks
and electric propulsion for depth and movement control. The submarine's frame is
built from a 95 mm diameter, 550 mm long acrylic tube, offering both a lightweight
structure and sufficient resistance to pressure up to 8 bar. Acrylic was chosen for its
transparency, strength, and low weight. Sealing is achieved using O-rings and silicone
sealant to ensutre watertight integrity. Buoyancy regulation is based on Archimedes'
principle. When the buoyant force exceeds the vehicle's weight, it ascends; when
lower, it descends. This principle is exploited via a custom-designed ballast system
with ten piston-driven cylinders that intake or expel water using motorized actuators.
Figure 11 shows the location of the ballast tanks and the design of the submarine's
rudder and propeller.

Figure 11: a) ballast tanks, b) rudder and propeller.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:12022 [12]
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Motor torque was calculated including piston friction and the force required to
displace water, based on internal and hydrostatic pressures. The propulsion system
uses a DC motor (RS-385) driving a custom 3D-printed propeller, generating a
pressure difference to create thrust that moves the submarine forward. Steering is
achieved by a servo-controlled rudder (SG90), also made by 3D printing. A custom
PCB controller, built with an Adafruit Pro Trinket (ATmega328) and nRF241.01
radio module, enables wireless control. Due to radio signal attenuation underwater,
communication is relayed via a surface buoy with an antenna, connected to the
vehicle through a wired link. Onboard control is handled by an Arduino UNO R3,
which processes joystick and switch inputs to operate motors, ballast systems, and
servo-controlled rudder (Figure 12). The system is powered by a 6000 mAh Li-ion
battery, with motor control via an L298N dual H-bridge driver. Communication
stability is maintained through configuration of the radio module. Testing in
controlled water environments confirmed effective propulsion and depth control.
However, sealing remains a weak point, and long-range signal reliability needs
improvement. Future developments will focus on better sealing, adding cameras,
and modular hardware. The project confirmed the educational possibilities of
building a functional, low-cost ROV using accessible tools and components for

underwater exploration.

Figure 12: Underwater vehicle (submarine).
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:12022 [12]

5 Conclusion

Laboratory-based learning plays a vital role in engineering education, particulatly in
fields such as mechatronics and robotics where interdisciplinary integration is

essential. The six presented prototypes demonstrate how theoretical concepts,
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ranging from kinematics and control systems to sensor integration and embedded
programming, can be effectively applied into hands-on applications. Through
constructing and testing these systems, students actively engage with real-world
design challenges, developing critical thinking and problem-solving skills. These
educational platforms not only enhance conceptual understanding but also inspire
creativity and innovation. As is well known, laboratory work remains necessary in

preparing future engineers for the complexities of modern mechatronic systems.
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and digital pneumatics continue to evolve for Industry 4.0, with
reinforcement learning improving controller adaptability. Energy-
saving methods-including intermittent air supply, pressure-based
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to 71 % efficiency gains and short payback times. Trajectory-based
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1 Introduction

Pneumatics has long been a cornerstone of industrial automation due to its
simplicity, robustness, and cost-effectiveness. Pneumatic systems are widely used in
manufacturing, packaging, robotics, and process industries for tasks such as
actuation, assembly, gripping, and material handling. Their advantages include
simple distribution and transfer of air energy across industrial environments, a
favourable power-to-weight ratio, fast response times, and inherent safety in
explosive or hygienic settings. Pneumatic systems are also easy to maintain, with
cost-effective spare parts and straightforward transformation between linear and
rotary motion. Their compliance and softness make them particulatly suitable for

collaborative and human-safe applications [1], [2].
11 State of the art

Compared to hydraulic and electric drives, pneumatic systems offer several distinct
advantages that make them highly suitable for a wide range of industrial and
commercial applications. Unlike hydraulic systems, which depend on potentially
flammable and environmentally hazardous fluids, pneumatic systems operate using
compressed ait, a clean, abundant, and renewable energy source. This makes them
inherently safer, especially in explosive or hygienic environments, and eliminates the
risk of toxic leaks or fire hazards. While electric drives are known for their precision
and programmability, they are often more complex, sensitive to overloads, and less
robust in harsh or vibration-prone settings. Pneumatic systems, by contrast, are
mechanically simple, overload-resistant, and capable of continuing operation during
brief power outages due to stored compressed air in the system. Modern pneumatic
systems are also modular and easy to maintain, making them ideal for both large-
scale industrial automation and smaller, mobile, or start-up operations. Their
widespread use across industries such as automotive manufacturing, electronics,
food and beverage processing, petrochemicals, pharmaceuticals, HVAC, and
transportation, particularly in air brake systems, demonstrates their versatility and
reliability. Despite lingering misconceptions about noise, leakage, or operational
complexity, properly designed pneumatic systems are clean, efficient, and relatively
quiet. Their mechanical simplicity allows for quick troubleshooting and
reconfiguration, and their compact, lightweight components make them especially

advantageous in applications where space and mobility are critical [1], [2].
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However, pneumatic systems are not without limitations. The compressibility of air
can lead to reduced precision and stick-slip effects, particularly at low speeds.
Pressure limitations often necessitate larger components to achieve the same force
output as hydraulic or electric systems. Effective air preparation is essential to
prevent moisture, oil, and particulate contamination, and the performance of seals
and other components can be sensitive to temperature fluctuations. Pneumatic
systems are also vulnerable to air leakage, which can reduce efficiency and increase
energy costs, especially given the relatively high energy demand of air compression.
Additionally, they may be less suitable for applications requiring highly accurate
motion or force control, as their speed and position regulation is generally less
precise than that of electric drives. Noise from compressors and valves can also be

a concern if not propetly managed, and the systems may be sensitive to dust and
vibration in cettain environments [1], [2].

1.2 Industrial pneumatics and recent trends
Every industrial pneumatic system includes essential components such as air

generation, pressure control, storage tanks, distribution networks, and end-use

devices (Figure 1). Each part must be well-designed to ensure efficiency, stability,
and long-term, sustainable operation.
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Figure 1: Industrial pneumatics: compressed air chain with main pneumatic subsystems [3].
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Recent technological advancements are significantly reshaping the landscape of
pneumatic systems. Innovations in actuator design, intelligent control, and energy-
saving strategies are helping to overcome long-standing limitations traditionally
associated with pneumatics [4]. The integration of these systems with Industry 4.0
technologies, such as the Internet of Things (IoT), digital twins, and machine
learning, has opened new possibilities for creating adaptive, efficient, and sustainable
automation solutions [5], [6], [7]. Modern pneumatic platforms now support
seamless integration with advanced components like multifunctional island valves
and flowmeters that are compatible with PLC controllers. These developments
enable centralized and streamlined management of multiple pneumatic valves and
actuators, while also facilitating real-time data acquisition at the machine level. This
data can be used for operational analysis, predictive diagnostics, and performance
optimization. Furthermore, the interconnection of pneumatic system data with
higher-level IT infrastructures such as ERP (Enterprise Resource Planning), MES
(Manufacturing Execution Systems), and other digital platforms enhance
transparency and enable more effective decision-making across production

environments [8].

This review aims to synthesize these technological developments, highlight emerging
trends, and identify opportunities for further research and industrial application in

the evolving field of pneumatic automation.
2 Advanced approaches
2.1 Pneumatic actuators

Recent developments in pneumatic actuators have significantly expanded their
capabilities, particulatly in terms of miniaturization, customization, and integration
with soft materials. These advances are enabling new applications in robotics,

biomedical devices, and lightweight automation systems.

One of the most promising directions is the use of additive manufacturing to create
compact, lightweight pneumatic actuators. Nall and Bhounsule [5] demonstrated a
3D-printed, double-acting linear pneumatic actuator with a power-to-weight ratio
comparable to commercial alternatives (Figure 2). Their actuator, weighing only 12

grams, achieved a peak output power of 2 W at 40 psi and was successfully integrated
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into a hopping robot inspired by the Pixar Luxo lamp. Such actuators offer several
advantages such as rapid prototyping and customization, integration of structural
and functional components, and low-cost fabrication using hobby-grade printers
and therefore are ideal for educational robotics, wearable devices, and exploratory

research in soft robotics.
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Figure 2: An Overview of the 3D printed actuator: (a) an exploded view, (b) assembled view,
and (c) 3d printed and assembled [5].

Soft robotics and biomedical applications have emerged as a key area where
pneumatics and pneumatic actuators plays a central role. Soft pneumatic actuators,
often made from elastomers or textiles, provide safe and adaptive interaction with

humans and unstructured environments (Figure 3) [6].

They are particularly suited for biomedical applications, such as assistive devices and
surgical tools. Recent work has focused on functionally graded materials for variable
stiffness, antagonistic actuator systems using stereolithography and combustion-
powered soft robots for high-thrust applications. These actuators benefit from the
inherent compliance of soft materials, enabling complex motions and safe physical
interaction. However, challenges remain in modelling their nonlinear behaviour and

achieving precise control.
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The integration of miniature and soft actuators into robotic systems has led to novel
applications such as jumping and hopping robots with high energy efficiency [5] and
bioinspired tentacle-like manipulators as well as compact actuators for wearable
exoskeletons and prosthetics [6]. These applications highlight the versatility of
pneumatic actuation in domains where weight, safety, and adaptability are critical.
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Figure 3: Soft pneumatic actuator designs: (a) Extension and contraction SPAs: (1), (2), (3),
(4) and (5). (b) Bending SPAs: (1), (2), (3), (4) and (5). (c) Twisting and helical SPAs: (1), (2),
(3), (4) and (5). (d) Bidirectional and Omnidirectional SPAs: (1), (2), (3), (4) and (5) [6].

To address the complexity of soft and miniature actuators, tresearchers are
increasingly turning to data-driven modelling and advanced control strategies.
Reinforcement learning and neural networks are being explored to improve

adaptability and performance.
2.2 Intelligent control and Industry 4.0 integration
The integration of intelligent control strategies and digital technologies is

transforming pneumatic systems into adaptive, efficient, and interconnected
components of modern automation. These advancements are driven by the need for
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higher precision, energy efficiency, and seamless integration with Industry 4.0

frameworks.
2.2.1 Proportional and Digital Pneumatics

Traditional on/off pneumatic control is increasingly being replaced by proportional
and digital control systems that offer finer regulation of pressure and flow.
Proportional valves, often controlled via analogue or pulse-width modulation
(PWM) signals, enable continuous adjustment of actuator force and speed. Recent
developments include the use of modulated pulse control for proportional flow
regulation, offering high-speed switching (up to 1500 Hz) and compact modular
designs [9].

One of the potential alternatives to hydraulic systems presents the pneumatic system
designed for dynamic material strength testing, particularly for low-strength
materials such as natural fibres (Figure 4). The system uses a pneumatic cylinder to
apply cyclic loads, with force controlled via a proportional pressure valve and a PID
controller implemented on an Arduino-compatible PLC. A touchscreen interface
allows intuitive operation and real-time monitoring. Experimental tests confirm
accurate force control up to 11 kN, with reliable performance in low-frequency
fatigue testing. The system offers a cost-effective and portable solution for

laboratories focused on testing low-strength or natural materials [10].

Figure 4: Fatigue testing machine driven by pneumatic system [10].
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Digital pneumatics in combination with piezo technology, characterized by the use
of binary-controlled microvalves and smart valve terminals, allows for precise and
programmable control of pneumatic circuits. These systems ate often integrated
with embedded sensors and microcontrollers, enabling real-time feedback and
diagnostics [11], [12].

2.2.2  Reinforcement learning and Adaptive control

One of the most promising trends in intelligent control is the application of
reinforcement learning (RL) and neural networks to pneumatic systems.
Allmendinger and Erhard [13] demonstrated a hybrid control approach where a deep
deterministic policy gradient (DDPG) agent was trained in a virtual environment to
enhance the performance of a conventional PID controller for mass flow regulation
(Figure 5). The RL-enhanced controller achieved faster settling times and better
adaptability to varying environmental conditions, such as changes in inlet pressure

and coil temperature (Figure 6).
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This approach highlights the potential of data-driven control to compensate
nonlinearities and uncertainties, improve robustness and adaptability and enable self-

tuning and predictive behaviour of pneumatic system.
2.3 IoT, Digital twins, and Smart pneumatics

The convergence of pneumatics with the Industrial Internet of Things (IIoT) and
digital twin technologies is enabling predictive maintenance, remote monitoring, and
system optimization. Smart pneumatic systems are equipped with embedded sensors
for pressure, flow, temperature, and position, which feed data into cloud-based
analytics platforms with the help of new 5G and 6G technology [14]. Especially 5G
and 6G technology is important for modular production systems and distributed
control networks [15]. The main players in the pneumatics such as FESTO and SMC
proposed and developed Smart pneumatic platforms representing several
automations and 1IoT layers (intelligent devices with embedded sensors and edge
computers; motion and machine control layer with PLC, I/O devices and
management and cloud-based analytic layer to perform real-time monitoring an

diagnostics, predictive maintenance and energy optimization [16].

Key benefits include:

— Early detection of leaks and component wear
—  Optimization of energy consumption

—  Real-time performance monitoring and diagnostics

Digital twins, virtual replicas of physical pneumatic systems, allow for simulation,
testing, and optimization of control strategies before deployment. This reduces
commissioning time and enhances system reliability. Modern pneumatic systems are
increasingly being integrated into cyber-physical systems (CPS), where they interact
with digital controllers, sensors, and actuators in a closed-loop architecture. Hybrid
systems combining pneumatic and electric actuation are also gaining traction,
offering the benefits of both technologies in terms of force density, precision, and
energy efficiency. These integrations support the broader goals of Industry 4.0,
including modular and reconfigurable automation, decentralized control and edge

computing, enhanced human-machine collaboration [8], [16], [17], [18], [19].
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2.4 Energy efficiency in pneumatic systems

Energy efficiency has become a central concern in pneumatic system design, driven
by rising energy costs, sustainability goals, and the need for competitive industrial
automation. Traditional pneumatic systems are often criticized for their low energy
efficiency, typically ranging between 5 to 20 % [20], [21], [22], [23], [24], [25].
However, recent research has introduced several innovative strategies to significantly
reduce air consumption and improve overall system performance. One possible and
simple solution presents energy saving circuits (Figure 7). Energy-saving circuits
include all the circuits that deviate from standard meter-in or meter-out pneumatic
circuits in terms of their structure and whose purpose is to reduce the amount of

compressed air supplied to the system [21].

%
é’ cross-flow valve

(a) (b) (c)

Figure 7: Basic principles of energy-saving circuits: (a) short (cross-flow) circuit; (b) exhaust
air storage circuit; and (c) above: cut-off (expansion) principle, below: expansion bridge
circuit with an additional cross-flow valve [21].

One of the most effective methods for improving energy efficiency is the use of
intermittent air supply. Instead of continuously supplying compressed air
throughout the actuator stroke, this method introduces controlled air pulses,
allowing the actuator to utilize expansion energy more effectively. Grybo$ and
Leszczynski [22] demonstrated through exergy analysis that intermittent air supply

can reduce exergy consumption by over 60 % compared to conventional systems.
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This approach not only minimizes energy losses but also maintains actuator
performance. The authors developed a dynamic model and validated it
experimentally, showing that actuator speed and force profiles remain within
acceptable limits while significantly reducing energy input. Figure 8 illustrates the
exergy flow in classical and intermittent air supply systems, highlighting the shift in

energy losses from the muffler to the distributed pneumatic line.
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Figure 8: Sankey diagram: (a) exergy flow in classical and (b) intermittent air supply of

pneumatic systems [22].

Proper sizing of pneumatic actuators and valves is another critical factor in reducing
energy waste. Oversized actuators consume more air than necessary, especially in
motion tasks. Doll et al. [7] introduced the Pneumatic Frequency Ratio (PFR) as a
design metric to optimize actuator sizing based on stroke length, load, and transition
time. Their method ensures that the actuator operates within an efficient dynamic

range, avoiding excessive air consumption while maintaining performance.

Additionally, combined throttling strategies, such as adaptive upstream and
downstream throttling, have shown promise in experimental studies. Reese et al. [26]
developed a novel circuit combining quick exhaust valves and proportional control,

achieving substantial air savings without compromising cycle time (Figure 9).

Other strategies, presented in [22] include the use of back pressure regulation and
energy recovery systems. By introducing controlled back pressure in the exhaust line,

it is possible to recover part of the expansion energy and reduce the net air
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consumption. These methods are particularly effective in systems with high-

frequency actuation or long stroke lengths.

Figure 9: Adaptive upstream throttling configurations: a) original circuit and b) circuit with
quick exhaust [26].

Recent trend, which is supported by all major players in the field of pneumatics is
focused on reduction of delivery pressure from traditional 6 bar to 4 bar (4-bar
factory) [23], [24], [25]. This shift targets significant reductions in energy
consumption, operating costs, and CO2 emissions. Since compressed air generation
is a major industrial energy burden, even modest pressure reductions can lead to
substantial efficiency gains (for every 1 bar reduction in delivery pressure, an average

of 6 to 8 % less specific power is consumed.).

Implementing a 4-bar system requires a phased approach, beginning with an
assessment of pressure and flow demands across the facility and detail check of
working principles of all pneumatic component under lower 4-bar pressure.
Localized control, air storage, and minor component changes often enable existing
equipment to operate effectively at lower pressures. Once stability is confirmed at
the machine level, the factory-wide supply pressure can be gradually lowered,

reducing compressor duty and associated energy use.
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This transition also involves redefining design standards to ensure future machinery
supports lower pressure operation. Where higher pressure is occasionally needed,
local boosters can be used. The 4-bar factory is not only a technical upgrade but a

strategic move toward more sustainable and efficient manufacturing [23], [24], [27].
3 Future trends and outlook

The evolution of pneumatic systems is being shaped by a convergence of
technological, environmental, and economic drivers. As industries transition toward
smarter, more sustainable, and digitally integrated operations, pneumatics is poised
to play a renewed role in next-generation automation systems. Here are two typical

examples focused on sustainability and eco-conscious design of pneumatic system.

The first approach to sustainability involves quantifying the greenhouse gas
emissions associated with pneumatic components. Sprink and Schmitz [28]
conducted a cradle-to-gate Product Carbon Footprint (PCF) analysis of various
pneumatic actuators and valves. Their study revealed significant variability in
emissions depending on material sourcing, manufacturing processes, and data
quality. To ensure comparability, the authors emphasized the need for standardized
system boundaries, transparent reporting of assumptions and use of primary data
where possible. Figure 10 illustrates the system boundary used in their PCF analysis,
covering raw material extraction, component manufacturing, and assembly. This

framework supports sustainability assessments and digital integration strategies.

The integration of PCF analysis with digital tools such as digital twins and IoT
platforms enables real-time monitoring of environmental performance. This
supports informed decision-making in design, procurement, and operation.
Moreover, manufacturers are increasingly offering low-carbon alternatives, such as

components made from recycled materials or produced using renewable energy.

The second potential approach to sustainability is optimizing the gripping force
(required holding force) in pneumatic handling systems. Eberhardt et al. [29]
proposed a trajectory-specific method for calculating the required holding force of
surface (vacuum) grippers (Figure 11).
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By tailoring the gripping force to the actual dynamic load along the robot path or
any other handling device, unnecessary air consumption can be avoided, leading to
both energy savings and reduced wear of pneumatic components. This method
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supports sustainable automation by minimizing overdesign and oversizing of
grippers, reducing compressed air usage and extending component lifespan. The
major challenge represents the real-time adaptive control of required air supply or

control of vacuum pump.

Based on presented advanced approaches from section 2 and some other trends and

developments in pneumatics described in [30], [31], [32] we can summarize:

—  Miniaturization, supported by soft robotics and microfabrication, is expanding
pneumatics into wearable and biomedical fields, with a focus on low-pressure,
compact, and safe actuation.

— New strategies have been developed to improve pneumatic system efficiency,
such as preventing leaks, using propetly sized components, and performing
regular maintenance. These also emphasize the role of smart monitoring tools
like FLUX flowmeters and IoT-enabled valves in reducing energy waste and
enabling predictive maintenance.

— New smart pneumatic grippers that integrate valves, absolute position sensors,
and part detection within a compact I0-Link-controlled package are now used
in robotics. These units deliver high cycle rates (up to 500 grips/min for RPG),
consume up to 90 % less compressed air than conventional systems, and
support predictive maintenance through onboard diagnostics.

—  The use of airflow sensors, in combination with modular IIoT-enabled systems,
5G technology, enables simple integration and allows real-time monitoring to
reduce compressed air waste (saving 10 to 20 % in energy and emissions).

— The use of advanced materials and coatings is significantly improving the
durability and performance of pneumatic components.

—  Current approaches focus on integrating pneumatics into cyber-physical systems
through digital twins, enabling real-time monitoring, simulation, and predictive
maintenance. These digital tools enhance performance and align with Industry
4.0 goals.

— Hybrid pneumatic-electric systems are emerging to combine the power density
of pneumatics with the precision of electric actuators, particularly in

collaborative robots and modular automation.
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— Artificial intelligence is advancing pneumatic control through self-optimizing
algorithms that adapt in real time, enabling smarter fault detection, autonomous
tuning, and efficient system design.

—  Sustainability is driving the use of recycled or bio-based materials and circular
design principles, supported by growing demands for transparent carbon
footprint reporting.

4 Conclusions

This review has outlined the transformative developments shaping modern
pneumatic systems. The integration of miniature 3D-printed and soft actuators has
extended pneumatics into fields such as robotics, biomedicine, and wearable devices,
where lightweight and adaptive actuation is essential. Intelligent control strategies,
particularly those based on reinforcement learning and digital pneumatics, are

enhancing system adaptability, precision, and efficiency.

Energy efficiency remains a central challenge and opportunity, with approaches such
as intermittent air supply, optimized actuator sizing, combined throttling circuits,
and reduced operating pressures (e.g., 4-bar systems) demonstrating substantial air
and energy savings. These methods not only lower operational costs but also

contribute to sustainability goals.

Digitalization is driving the evolution of pneumatics into smart, cyber-physical
systems. The integration of lioT sensors, 5G, digital twins, and Al enables predictive
maintenance, real-time monitoring, and data-driven optimization. Moreover,
sustainability is emerging as a key design driver, exemplified by lifecycle assessments
like Product Carbon Footprint (PCF) analysis and innovations in eco-friendly

materials and energy-conscious control strategies.

Looking ahead, pneumatic systems are poised to become an essential component of
Industry 4.0-characterized by hybrid actuation, smart diagnostics, modular
architectures, and environmentally responsible designs. These advancements
underscore pneumatics not as a legacy technology, but as a versatile, scalable, and

sustainable platform ready to meet the demands of next-generation automation.
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1 Introduction

Pneumatic drives are widely used in mobile and industrial applications. While
robustness and simple overload protection are key features of all fluid power
actuators, open-loop controlled pneumatics additionally benefit from its simplicity
in implementation and maintenance as well as low procurement costs. This makes
technology especially relevant for automation tasks with low to medium power
requirements. Other fields of application are mobile suspension systems and
vibration isolating machine foundations, which benefit from the low stiffness of

compressed air and the possibility of simple height adjustment during load changes.

[1]

Different classes of pneumatic actuators can be distinguished by their design. The
selection of a specific design for an application is usually driven by its robustness
and geometric integratability. Furthermore, the curse of force and stiffness over the

stroke and pressure and the friction induced hysteresis can be decisive parameters.

Usually, actuator sizing relies on the required stroke and the before-mentioned
characteristics. Meanwhile, if standard control schemes are implemented to
pneumatic drives, actuator sizing has a direct influence on the compressed air
demand in operation. [2] Hence, the stroke and pressure dependent curse of force
and stiffness of pneumatic actuators defines their sizing and directly influences the

efficiency of the driven machines.

In the scope of this paper, the fundamental correlations of the static properties of
pneumatic actuators are first deduced and then applied to the different actuator
schemes on the market. Therewith, a new class of barely used actuators with
progressive force over the stroke is unveiled and discussed by means of its usability
in advantageous applications and its realizability. It will be shown that significant
optimization in performance and efficiency is feasible by adapting the drive

characteristics.
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2 Fundamental static properties of pneumatic actuators

The fundamentals for calculating the main descriptive parameters for the operational
behavior of pneumatic actuators, exerted force and stiffness, are briefly deduced in

the following.
2.1 Fluidic force

For ideal actuators, which are free of friction and material hysteresis, a direct
correlation between relative pressure(s), position, and the exerted fluidic force Fyg
exists. Hence, the force is independent from the fluid properties and the actuator’s
history.

The simplest load case for investigation of the actuator’s force characteristic is the
assumption of an incompressible fluid and an isobaric movement of the drive. Under
these conditions the first law of thermodynamics can be easily applied. It requires
that the fluidic energy provided to the actuator with volume 174 to hold its pressure
Pri constant during motion equals the mechanical work performed, which is given
by the exerted force Fjis and the stroke s in equation (1). This equation can be
simplified to equation (2), which is generally applicable to all kinds of fluidic

actuators.
2 aVA 2
Prei - AVy = prelJ- Eds = J- Ffluid ds (1)
1 1
Ffluid = Prel g (2)

It is obvious that the partial derivative of the volume over the stroke in the above-
mentioned equation represents the fictitious active area of the actuator. Especially
for non-linear systems, such as diaphragms, bellows and pneumatic muscles, this
general relationship provides interesting insights into the actuatot’s fluid-mechanical
properties, as will be shown in the following chapters. It should be noted that all
forces, which result from the fluid pressure acting against the actuator chamber
walls, which are transmitted through these walls or adjacent parts to the output, e.g.,
tensile forces in diaphragm walls, are included in the above calculation. Nevertheless,

mechanical forces resulting from the mechanical stiffness of the actuator wall in the
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working direction and/or friction forces at sliding seals need to be superimposed to
the fluidic forces calculated with equation (2) for realistic results.

2.2 Actuator stiffness

The fluidic stiffness of an actuator can be expressed by the spring rate £z, which
is defined by the local change in fluidic force Fis over the stroke with enclosed fluid.
For a single actuator chamber, the fluidic stiffness results from equation (2) and is

given by:

AFriia dprer OVy d (0Va
kfluidic == ds = ds Js prelE(E) (3)

Herein, the left term represents the portion of the actuator’s stiffness, which results
from a pressure change in the enclosed fluid due to the movement. Meanwhile, the
right term covers stiffness, which results from a change in fictitious active area
during displacement. Hence, the left term cannot be regarded without taking the
compressibility of the enclosed fluid into account. To allow for fluid model
integration, the change in fluid pressure needs to be a function of the fluid volume
17, which equals the chamber volume 17.4. Therefore, the equation is rearranged as

follows:

kfiaic = v, ds ds Prei g\ Gs

dprel dVA aVA d (6VA) (4)

For soft actuators, the chamber volume changes not only with stroke but also with
pressure. Therefore, partial derivatives of the volume with respect to the pressure
and stroke need to be considered for a general stiffness equation:

aVA aVA aVA aVA dprel
AV = —2ds + —2dp,, = —2d -
4755 T T P T s P Gp Ty,

vy ©)

Thereof, the volume change of the actuator over the stroke results:

o
Wa_ &8s ©)
ds 1 aVA _dprel

- aprel de
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The denominator of equation (6) shows that the pressure build-up in the fluid due
to a reduction in volume and the wall strain caused by this pressure have an opposite
effect on the stiffness. Stepping back to the right term of equation (4), the influence
of the pressure on the partial derivative of the volume over the stroke needs to be

considered for soft actuators. This leads to the following total derivative:

d 9V 0%V, 0%V, dp,e 0%V, 0%V, dpy dVi

(5) =5 T35y ds | 057 @ Osopyq dVy ds @
Herein, the influence of the geometrical change in active area over the stroke is
covered by the left term, while the right term describes the change in active area due
to the stroke induced pressure fluctuation. Inserting equations (6) and (7) into
equation (4) yields the general stiffness formulation for all kinds of actuators and

arbitrary fluids:
aVA 2 _aZVA %
keriin: = _(K) -p BZVA 050prer 0s (8)
fluidic de ~ aVA rel ds? de ~ aVA
Aprei OPrel Adprei  OPrel

A further assessment of the stiffness in pneumatic applications requires an
approximation of the pressure/volume cotrelation of the gaseous fluid. Under the
assumption that no change in air mass occurs during actuator motion, a polytropic
change of state with the polytropic exponent # is used to describe the actuator’s

internal absolute pressure p.1:

vy _dy_ Va )

dprer dpa —n-pas

paVH = const. =

Under the assumption of a neglectable pressure-induced volume change and under

consideration of the ambient pressure p. the stiffness calculates to:

_Tl'pA (aVA aZVA

2
kpneu = T E) — (P4 — Pamp) W (1 O)
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The stroke dependent mechanical stiffness of the actuator housing, internal springs,
etc. are neglected in the following, but can be superimposed to the result of the
fluidic spring stiffness £gpid Of Apues. In the case of double acting drives, the stiffnesses
of both chambers need to be considered.

3 Classification of existing pneumatic actuators

In the following, relevant existing design schemes of pneumatic actuators are
described and classified according to the stroke dependence of their force.
Therefore, positive stroke direction is chosen to raise the actuator’s volume.
Therewith all actuators move in positive direction during pressurization. To allow
for better comparability, single acting devices are investigated. However, the results
can be extrapolated to double-acting systems without any restrictions. For stiffness-
evaluation of double acting devices, the stiffness of both chambers at the

corresponding pressures needs to be taken into account.
3.1 Cylinders

The pneumatic cylinder is the primary actuator for automation purposes. Due to its
rigid structure, volume increases linearly with the stroke and the differential in
equation (2), which equals the fictitious active area, corresponds to the geometric
piston area. Unavoidable seal friction needs to be considered and can pose a
challenge in servo-controlled systems, low pressure applications or strongly

miniaturized designs.
3.2 Membrane and diaphragm actuators

The sealing of the drive chamber by means of a flexible part allows to circumvent
friction forces and leakages of translational seals of conventional cylinders.
Depending on the shape of the used elastic part and piston, different designs with
specific properties can be distinguished. The most relevant are briefly discussed in
the following and depicted in Figure 1.
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Figure 1: Investigated membrane actuators;

left: depressurized in neutral position, right: pressurized at stroke s;

Source: own

By using membranes or diaphragms for sealing, stick-slip effects at slow motion and
hysteresis in force control can be avoided. This makes these actuators well suited as
pneumatic springs in machine suspensions and actuators in control applications, e.g.
for pneumatically controlled valves and brakes. Nevertheless, due to the viscoelastic
material properties of the elastomeric parts used, some force hysteresis in cyclic

motion is unavoidable [3].
3.2.1 Flat membranes
In Figure 1, a), a sketch of a typical realization of a flat membrane actuator is shown.

To allow for sufficient mechanical stress distribution in the membrane, a rigid piston

is connected to the load bearing rod, which holds the inner part of the membrane.
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The membrane needs to allow for elastic deformation, as radial elongation is
required for the piston stroke. Therefore, the stroke of flat membranes is usually
very limited. If the piston moves out of its neutral position and pressure-induced
deformation of the membrane is neglected, the membrane is deformed into a conical
shape. Hence, the actuator’s chamber volume can be described by the volume of a
truncated cone, as given in equation (11). Herein the membrane geometry factor
equals the quotient of inner to outer diameter of the flexible part of the membrane

and lies between zero and one.

Vaia _ MRGiq 2 11
St =t (L4 B+ D) (1)

This equation obviously shows a stroke independent behavior, which is rarely
achieved in real applications. Due to the elasticity of the membrane, the pressure
leads to a convex shape of the membrane and therefore increases the chamber
volume. According to Yakovlev et al. 4], the volume change of the drive chamber can

be described by the semi-empirically deduced so called Liktan equation:

2 S
T=T<1+ﬁ+ﬁ2_—’m.(l_ﬁ)m> (12)

It is important to note that the design specific and pressure dependent imaginary
stroke Sua cannot be reached by the actuator. The additional term of the Liktan
equation is monotonically falling for constant pressure, which implies that the force

of the actuator behaves accordingly.
3.2.2 Rolling diaphragm cylinders

The rolling diaphragm principle is widely used in applications requiring low friction
and higher strokes compared to the flat membrane principle. The task of the rolling
diaphragm is to seal the significant gap between piston and cylinder wall, as shown
in Figure 1, b).

Therefore, it sticks on both the cylinder and the piston circumference and rolls from
one surface to the other during piston motion. The rolling diaphragm is only

pressurized from one side and its length in an axial cut plane stays constant over the
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stroke. Hence, the bulge of the diaphragm curvature moves at half the piston speed.
This leads to equation (13) for the description of the rolling diaphragm actuator’s
volume with cylinder wall radius R, and piston radius Ry It is obvious that the

actuator’s force is, in analogy to a conventional cylinder, stroke independently. [5]

2
av, R.,i +Ry;
roll — cyl piston - (1 3)
ds 2

A drawback of this solution is, that the piston axial length, which directly influences
the length of the actuator, needs to be at least half the stroke length. Therefore,
rolling diaphragm actuators are suboptimal for higher stroke length especially in
applications with strong demands on building space and weight.

In pneumatic suspension of mobile equipment, so called air bags are frequently used,
which represent a special design of rolling diaphragms. The diaphragm is designed
to withstand the tangential tensile forces generated by the pressurization, so that the
outer support cylinder required for conventional rolling diaphragm devices can be
omitted. A nearly constant force is achieved for isobaric conditions over the usual
stroke regime. In the second stroke half, the exerted force usually decreases, as the
diameter of the air bag decreases over its length to match the piston diameter at its
end. Exemplary information on design and corresponding force characteristics can

be found e.g. in [6].

3.2.3 Brake actuators

The demand for low costs, long lifetime, and reduced building space has led to the
development of multiple designs of brake actuators, which differ among others in
the shape of the membrane and piston. Besides rolling diaphragm designs there are
also top hat membranes on the market [7]. A top-hat membrane is frequently used
with a reduced piston length, ending up in a piston design being only a flat plate with
rounded corners [8], as shown in Figure 1, ¢). Meanwhile, the diaphragm form stays
comparable to a rolling diaphragm with the only difference in operating behavior,
that a radial deformation of the diaphragm arises, which leads to additional chamber
volume. As this chamber extension is very pronounced at stroke begin, the force in

this regime is amplified. For symmetry reasons, the force reduces also at stroke end
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accordingly, as the diaphragm is tensioned again by the axial piston movement and
chamber volume increase is limited thereby. Mathematical description of the volume
stroke correlation of such actuators is rather complex due to the pressure and stroke
dependent deformation of the elastic diaphragm and the multiple geometry
parameters, which need to be considered [9]. However, a rough approximation of

the force can be achieved by using equation (12).
3.24 Bellows

Pneumatic bellows are primarily used in machine or vehicle suspension systems and
as pneumatic actuators, if side and angular movements are unavoidable. They consist
of two rigid plates, which are connected by one or multiple elastomeric bellows, as
shown in Figure 1, d). The benefit of stacking multiple convolutions lies in the higher
strokes feasible without excessive material deformation, while the total length to
diameter ratio of such systems is limited by buckling effects. Therefore, the number

of convolutions lies usually between one and three. [10]

The force characteristics have been investigated by Quaglia and Guala [11]. An exact
analytical solution is not feasible, but good approximation is achieved by the
following equation (14). Therein, the radius of the end plate Ry and the longitudinal
fixed length of the fiber reinforced elastic wall Lr define the actuator geometry and
thus its force capability. The stroke is measured between the upper and lower end
plate and is always smaller than the longitudinal wall length.

M_RZ g 1_L_F.@ with m? (14)

9s plate Rplate aE 4T—-8
F

The resulting equation describes a continuously decreasing force over the stroke at

constant pressure.
3.3 Pneumatic artificial muscles

While common membrane and diaphragm actuators are built to push the load,
pneumatic muscles are designed to pull the load during pressurization. Depending
on the technical realization, different designs of pneumatic artificial muscles (PAMs)
are distinguished. An overview is given in Figure 2.
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These consist at least of two rigid end cups, which allow for their mechanical
integration, and an interconnecting elastic wall. This wall contains or is wrapped by
fibers that connect the two ends. The different designs differ in the geometry of the
sealing wall and the arrangement of the fibers. The common working principle is
that the radial pressure load on the elastic wall tends to raise the radius of the
assembly. As the elasticity of the fibers is negligible, the distance of the end pieces
must decrease as the radius increases while the pressure force on the end cups
counteracts the fiber forces. As the surface of the end faces is usually very limited
and the pressure force exerted by the elastic housing is amplified through the fiber
arrangement, the fiber forces in axial direction are dominant and the device shortens
during pressurization. In order to avoid the generation of torques at the end pieces,
the fibers are usually symmetrically wound in both directions of rotation so that the

resulting torques compensate for each other.

i

im‘{
[
Lo]

(a) (b)

|

)

()

Figure 2: Ovetview of PAMs: (a) McKibben Muscle/Braided Muscle; (b) Pleated Muscle; (c)
PAM reinforced by Kevlar Fiber; (d) Yarlott Netted Muscle; (e) Paynter Hyperboloid Muscle;
(f) ROMAC Muscle;

Source: [11]

The only available design on the market is the McKibben PAM. According to
Takosoglu et al. its static force/stroke characteristic can be modeled by equation (15)
[13]. The parameters b, 7, and ¢ are positive numbers and need to be empirically
adjusted by means of measurement data. For higher model accuracy these can be

tuned as a function of the pressure.

ks o () s
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Thereof, it can be concluded that also for PAMs, which generate tensile forces, the
force decreases over the stroke.

3.4 Summary of existing designs

The before-mentioned actuator designs and the stroke dependence of their force are
summarized in Table 1. This overview demonstrates that actuators with stroke
independent and decreasing force over the stroke exist. Actuators with continuously
increasing force over the stroke at constant pressurization are non-existent on the

market to date. The following chapter is dedicated to this non-existent class of

actuators.
Table 1: Overview of existing designs

Actuator Design Force characteristics Force direction
Cylinder stroke-independent Single or double acting
Flat Membrane mostly stroke-independent Single or double acting
Rolling diaphragm stroke-independent Single acting
Brake actuator mostly stroke-independent Single or double acting
Bellow Falling over the stroke Only Extension
PAM Falling over the stroke Only Retraction

source: own

4 Actuators with increasing force over the stroke

The volumetric constraints to achieve actuators with significantly increasing force
over the stroke at constant pressurization are achieved through differentiating

equation (2), which leads to equation (16).

dFfia 0%V,
ds >0= Js2

>0 (16)

It shows that the actuator volume needs to follow a progressively increasing function
over the stroke. In the following, the potential of such actuators, their design
challenges, which hinder their industrialization, and possible solutions are

investigated.
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41 Potential

Pneumatic actuators are widely used in many different applications with their own
special demands on actuator performance. Therefore, in this chapter, only selected
applications will be focused to highlight opportunities resulting from a progressive

force/stroke characteristic.
4.1.1 Suspension systems

A closer look at the stiffness equations in chapter 2 unveils the potential to realize
actuators, with outstanding stiffness properties. Therefore, at first, an actuator with
parabolic volume stroke correlation, as given in equation (17), is investigated. Its
force can be easily deduced, as shown in equation (18) Moreover, equation (10) is
applicable and, due to its specific design, the resulting stiffness of the actuator in
equation (19) is stroke independent.

_w , (17
V—E+A s+B-s
F=p4s—Pamp) (A+2B-5) (18)
k=02n—1)-2B-ps+ 2B pamp (19)

Another interesting application is to realize actuators, which allow for stiffness
minimization while maintaining sufficient load bearing capability and small dead
volumes. This is especially interesting for machine suspensions aiming to decouple
the machine from the building structure by suspending the machine mass with the
lowest possible eigenfrequency. A promising approach is an exponential

volume/stroke characteristic, which results in the properties in equations (20) to
(22).

Vexp = K- e (20)
Fexp = (Pa — Pamp) "KL~ es) (21)

kexp =((m—1) " pa+Damp) K- 12 els) (22)
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When comparing the operating behavior with the properties of a conventional
actuator, e.g., a cylinder or a rolling diaphragm, a significant reduction in stiffness
gets appatent. For comparison, the effective area A, and position s, of the cylinder
can be determined in such a way that pressure, force, and volume are equal to the

exponential actuator for a specific position . This leads to the following equations:

Fexp = Fcyl = (P4 — Pamp) 'Acyl = Acyl =K-L-elso) (23)

1
Vexp = chl = Scyt 'Acyl = Sey1 = Z (24)

Thereof, the stiffness of the reference actuator in equation (25) results.

n-py [0V, 2
keyt = —— ( m) =n-py-K-L1?-elso) 25)
vt chl aScyl Pa

The comparison of equations (22) and (25) leads to equation (206). It demonstrates
the strongly reduced stiffness in comparison to commonly used designs at significant
chamber pressures for all polytropic coefficients between 1 and 1.4, as shown in in
equation (27).

kexp _n-— 1 n Pambp

= (26)
kcyl n n-Pa
k
Pamb _ e ) 286 + 0.714 - 222 27)
Pa cyl Pa

Vice versa, a strongly reduced volume at the same stiffness in comparison to
conventional actuators is achievable. Especially in the case of servo-controlled
suspension systems, e.g. for position control or active damping, the volume
reduction at constant stiffness can lead to significant improvements in control

dynamics and compressed air demand.
4.1.2  Energy savings in automation
Compressed air consumption of pneumatic actuators with conventional control

schemes, as e.g. downstream throttling or direct pressurization with the control-

valve, is defined by the actuator chambet’s volume at stroke end 1 4(5a), the specific
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gas constant R and the pressure ps and temperature T’ of the air supply, as shown in
equation (28).

p
Myir = R_STS “Va(Simax) (28)
To fulfill the task, the actuator needs to overcome the force demand over the stroke
Frs.4(s) in all positions, as shown in equation (29). Thereof, the minimum required
compressed air mass to fulfill the task in equation (30) is achieved.

av,
Froaa(84) < (0s — Damp) a_: (29)

Ps fosmax Froaa(Sa)ds, (30)

m . . = .
Afrmin TR Ts (Ps — Pamp)

If the application requires the highest force only at stroke end, which is the case in
many clamping and pressing operations, the partial derivative of the volume over
the stroke at stroke end needs to match the force demand. In the previous chapter,
it has been shown that the volume change over the stroke of all existing actuators is
cither constant or decreases. This means, that in the entire stroke regime with lower
force demand, strong oversizing of the actuator occurs. Therewith, for all existing

actuators, the real air mass demand is given by equation (31).

Ds * Smax Max {Fra0a(8)} 31
Maircon > R-Ts (s = Pamp) ( )

In contrast to this, if an exemplary drive with parabolic volume stroke correlation
(see equation (17)) is used, which has only half of the maximum force at stroke begin
and, in analogy to the before stated calculations, no dead volume, its stroke
dependent volume and the resulting compressed air demand are given by equation
(32) and (33). Thus, a 25 % reduction in air consumption is achieved simply by

changing the actuator characteristic to a more application specific design.

max {Fq04(5)} ( s? >
Veraray = T Fraoa@ (0 ST (32)
Aparab Z(PS - pamb) 2Smax
3ps-s max {Fq0q(s)}
Myir,parab = 2 SR : ;:Lsax ) b (33)

Ds — Pamb
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The optimization potential is application and actuator specific, as the load force
needs to be overcome in all stroke positions and an actuator principle allowing for

the optimal force/stroke correlation needs to be found.
4.2 Design challenges and solution approaches

The force of sliding-seal free actuators can be split into two parts: the stroke
invariable pressure force, which acts directly on the movable rigid surface of the
actuator chamber in direction of motion and the force contribution of the pressure
forces acting against the actuator’s wall and thus indirectly contributing to the
actuator’s force. The requirement of an increasing force over the stroke can
therefore only be realized by changing the axial force of the side walls. It can be met
cither by a side wall, which decreasingly counteracts the pressure force on the
moving end face over the stroke or by a side wall, which increasingly enforces the
movement. In the following, due to the inherent reduction of the power density in

the first case, only wall designs enforcing the actuator force are considered.
4.2.1 Tensile wall forces

Common nonlinear actuators possess elastic walls, which transmit primarily tensile
forces on the moving end cap. The elasticity allows for a stroke variable cross-section
of the actuator while the actuators’ geometry is defined usually by integrated fibers
with significant Young’s modulus. To assist the drive’s motion, these tensile forces
need at least to act partially in moving direction. Theoretically, increasing assistance
of these forces over the stroke can be achieved either by changing the forces’
direction and/or its magnitude. Nevertheless, a design achieving the functionality
mainly by changing the force direction has not been found to date. Instead, a change

in assisting force magnitude can be achieved by the design proposed in Figure 3.

The main challenge in realization is to allow the pronounced tangential elongation
of the elastic wall over the stroke without damage. A possible solution, which needs
to be investigated in future, could be the use of a pumpkin inspired wall design in
analogy to pleated muscles, with significantly higher stiffness in longitudinal

compared to tangential direction.
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Figure 3: Rolling diaphragm in pumpkin inspired design

Source: own
4.2.2 Compressive wall forces

To allow for progressively increasing volume during elongation of the actuator a
design with central constriction in analogy to an hourglass could be theoretically
used, as it fulfills the volumetric requirements, see Figure 4, left. The constriction of
the actuator shell is widened as the actuator elongates in axial direction. This leads
to an additional volume increase over the stroke in comparison to conventional
designs. However, the realization of such actuators would suffer from a compromise
between rigidity of the wall for the compressive force transmission and elasticity of
the wall for diameter and length change during motion. The same limitations apply
to all elasticity-based design, if no additional rigid elements for force transmission

are introduced.

A possible solution can be found by integrating rigid bars into the elastic wall of the
hourglass design, which then represents a rotational hyperboloid, as shown in Figure
4, right. By allowing relative rotation of the two end caps, the central diameter
increases at elongation of the actuator. Therewith, the elastic wall seals the system
only between the rigid bars and is relieved from transmitting compressive forces.
Unfortunately, strong angular distortions of the resulting facets between the rotating

bars occur, which makes membrane design still a huge challenge.

An alternative to the above-mentioned designs is the introduction of an origami
inspired actuator with rigid sealing facets, which are connected by sealed rotational

joints. Despite the fact that such actuators cannot exist from a mathematical point
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of view, as the bellows constriction prohibits the existence of a deformable
polyhedron with a variable closed volume, the design in Figure 5 demonstrates that
small deviations from a mathematically exact polyhedron by means of slight elasticity

in selected segments (marked in blue in Figure 5) is sufficient for realization.

Figure 4: Hourglass actuator designs

Source: own
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Figure 5: Origami inspired design and segment elongation during motion

Source: own

Obvious challenges are the implementation of the sealing system at all joints, the
tolerance management to couple multiple facets to allow for a single degree of
freedom in assembled state, the slight elasticity implementation and the fact, that a
real actuator will have significant wall thickness to withstand internal pressure and
compressive forces, which demands for significant design changes compared to the
proposed principle.
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5 Conclusion and Outlook

In the scope of this paper, a generalized form of the force and stiffness calculation
for pneumatic actuators, which bases solely on the description of their internal
volume in operation has been deduced. These fundamentals are not only relevant
for the description of conventional pneumatic drives but can also enable fluidic
stiffness calculation of soft actuators in early design stages by means of model-based

calculation of the volume under deformation and pressurization.

Furthermore, these equations enable the classification of all relevant existing
solutions of industrial pneumatic drives by their static characteristics. The result
shows a whole class of actuators with progressive effective area over the stroke,

which are neither available on the market nor systematically researched.

A first investigation of the potential of such actuators unveils different applications
— clamping, pressing and machine suspension — that can be significantly optimized
by replacing conventional actuators with devices of this new class. Consequently,
the main arising design challenges are investigated and possible solutions discussed.
Three different promising designs were elaborated, the conical rolling diaphragm in
pumpkin design, the rotational hyperboloid actuator with push bars and the origami
inspired actuator. Further studies on the realizability, arising challenges and the

measured operational behavior of prototypical realizations are aspired in future.
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Downstream-throttled pneumatic cylinders are frequently utilized
as actuators for motion tasks due to their cost-effectiveness,
durability, and robustness. However, they are often regarded as
energy-inefficient. This paper presents a novel approach to
enhance efficiency by focusing solely on controlling the exhaust
air. The proposed system utilizes a time-controlled pneumatic-
mechanical quick-exhaust valve, which allows high acceleration at
the start of the stroke and subsequent deceleration via
conventional downstream throttling. Building on a previous
lumped-parameter simulation study, this work details the technical
implementation of the concept and provides experimental results
that assess its performance and robustness. Comparative tests
with a conventional downstream-throttled system demonstrate
that the cylinder can be downsized by at least one size, thereby
substantially ~reducing air consumption. However, this
improvement comes at the cost of reduced robustness, which
necessitates further investigation. The paper covers the entire
development process from the initial concept, over the
component design, robustness studies and improvements up to a
final experimental validation of its dynamic behaviour and
compressed air savings in direct comparison to a conventional
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1 Introduction and state of the art

Pneumatic drives are widely utilized in industrial automation for point-to-point
motions due to their simplicity, reliability, cost-effectiveness, and high power density
[2]. Their operation relies on the pressure differential between the supply pressure
acting on the active chamber and the back-pressure in the passive chamber.
Typically, this back-pressure is regulated using downstream throttling (DT) to
control the actuator's movement. However, downstream throttled systems are often
considered inefficient because they consume the maximum amount of compressed

air regardless of the load conditions [3].

Research on improving the efficiency of pneumatic cylinders can be divided into
three categories: (1) design and parametric measures, (2) energy saving circuits
(ESC), and (3) energy-saving systems [4]. The first category includes methods to
optimize design and operating parameters, such as using different pressure levels for
the extension and retraction stroke, reducing dead volume, and ensuring proper
cylinder dimensioning. A well-known heuristic dimensioning approach by Doll et al.
[5] compares a cylinder’s eigenfrequency wq to the required dynamics wy, thereby
defining the pnenmatic frequency ratio 4 = wr/wy. An actuator is considered well-

dimensioned if the pneumatic frequency ratio is between 1.1 and 1.7 [5].

ESCs enhance the efficiency by modifying the system structure for a specific load
case [6]. Modifications may be upstream (e.g., eatly air shut-off via a 5/3 valve [7])
or downstream (e.g., storing exhaust air [8]). Recent research emphasizes combining
upstream and downstream measures, such as the combined throttling approach [9], the
cross-flow circuit [10] ot the more complex 3-phase movement circuit by Krytikov et al. [11]
[12], which subdivides the motion into acceleration, deceleration with exhaust
feedback, and fixation. The third category comprises mostly digitized energy-saving
systems (e.g., a five-valve bridge circuit [13]) that offer both flexibility and efficiency
for a variety of load cases [14].

Reese et al. [9] have developed a metric for evaluating the efficiency of ESCs. This
metric involves comparing the consumed air mass and achieved cycle time of the
ESC with the theoretical result of a well-dimensioned downstream throttled system
performing the same motion task [9]. The normalized air saving AMy, gy,  Of system

x is calculated by
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A"lnorm,x =1- ( ) ( ) ) (1)
Mair,DT teycle, DT

with My denoting the air mass consumption and t¢yle the cycle time. Finally, the
relative compressed air saving Am, , can be expressed as a function of the relative

increase in cycle time Aty , and the normalized air saving:

Mair,DT ~Mair,x _ 1-AMporm,x (2)

Ayl (Atrelx, AMnormyx) = Manor ! (Atrex+1)°
” rel,x

Building upon the relationship between air consumption and cycle time, Reinertz et
al. [1] developed a novel pneumatic-mechanical ESC to enhance the efficiency of
pneumatic drives. Their approach focuses on reducing the cycle time of downstream
throttled pneumatic drives, while keeping the component and commissioning
expenses low [1]. By reducing the cycle time, the reciprocal quadratic relationship
between air consumption and cycle time is exploited. In contrast to the conventional
downstream throttled system, the novel system is extended by a switchable quick-
exhaust (SQE) valve to initially increase the cylinder velocity. The SQE valve
remains active during the initial and mid-part of the stroke, after which it is
deactivated, allowing the exhaust air to flow solely through a downstream throttle
arranged in parallel. This transition ensures that the cylinder speed is decreased by
the downstream throttle, effectively preventing overloading the pneumatic end-
cushion. This sequence is comparable to the movement phases of the 3-Phase
Movement Circnit. Compared to the 3-Phase Movement Circnit, the novel system has two
key differences: (1) The SQE valve is a purely pneumatic-mechanical component,
which reduces the commissioning and control effort and (2) it focuses solely on the
downstream, which is simpler and reduces installation space. In a preliminary
teasibility study using a lumped parameter simulation, Reinertz et al. [1] showed that
the cylinder can be downsized by at least one size with the novel system. However,
they emphasized the necessity of experimental validation to confirm the concept's

effectiveness.

This work aims to bridge this gap by providing technical implementation details and
presenting experimental results of the novel system. The following sections are
organized as follows: Section 2 describes the technical implementation of the

proposed approach, Section 3 discusses the experimental setup and procedures, and
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Section 4 presents the experimental results. Finally, Section 5 concludes this work

and provides an outlook for future work.
2 Switchable quick-exhaust valve

Quick-exhaust valves provide a straightforward measure to enhance the velocity of
pneumatic drives by reducing the back-pressure [15]. However, the integration of
these valves must be managed carefully to prevent overloading the pneumatic end
cushion. Excessive velocities or very low back-pressures can overload the end

cushion, potentially causing damage to components or the load.

Rager et al. [16] investigated the energy-optimal operation of a pneumatic cylinder
using a bridge circuit with an adaptive open-loop control. The findings of the study
suggest that the energy-optimal trajectory is a sequence of an acceleration phase and

a braking phase to reduce the cylinder velocity before it reaches the end cushion

[16].
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Figure 1: Schematic representation of the technical implementation of a downstream
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throttled actuator with a switchable quick-exhaust valve.

Source: own

This understanding of sequential acceleration and deceleration to protect the end
cushion forms the foundation of a novel performance-enhancing approach
involving the use of SQE valves. As described in patent DE102023104570B3 [17],
this concept is realized by implementing SQE valves in parallel with the conventional
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downstream throttles used for deceleration. As a result, the air in the passive cylinder
chamber can be exhausted more rapidly through the low-resistance path of the open
SQE valve, in contrast to the downstream throttle, thereby preventing the high back-
pressure that would otherwise slow down the cylinder movement. A schematic
representation of this advanced system is shown in Figure 1, and its method of

operation is elaborated below.

The quick-exhaust (see Figure 1) is achieved by switching the SQE wvalve (1),
arranged in parallel with the downstream throttle (2). The switching is based on the
pressure drop in the pneumatic line that connects the downstream throttle of the
cylinder to its directional control valve (3). When the direction of motion is reversed,
i.e., when the active and passive chambers are switched, the pressure in this line
suddenly drops. This pressure gradient is detected by comparing the line pressure
with the pressure in a pneumatically damped dead volume (4). If a sufficient pressure
difference arises due to a rapid pressure drop in the line, an additional cross-section
is opened for venting the passive chamber. The parallel venting via the exhaust
throttle and additional cross-section results in the desired quick-exhaust. The dead
volume of the SQE valve is connected to the line via an adjustable throttle (5) so
that the pressure in the dead volume follows the line pressure with a defined delay.
The size of the dead volume, the cross-section of the damping throttle, and a
minimum differential pressure specified by spring pressure for opening the SQE
valve determine the duration of the quick-exhaust purely pneumatically and
mechanically. To enable the utilization of the valve with varying cylinder sizes, the
initial design was modified using an additional throttle (6) that defines the resistance

of the quick-exhaust path compared to the downstream resistance.

Standard pneumatic components were utilized for the technical implementation of
the SQE valve and the associated circuit, as illustrated in Figure 2. The circuit is
connected to the cylinder via an adapter (7), which, in addition to the downstream
throttle (2) and the throttle for controlling the quick-exhaust (6) (not mounted in the
tigure), also includes a pressure sensor (8) for measuring the chamber pressure. The
actual SQE wvalve is designed as a low-friction, pneumatically actuated
5/2 directional control valve. One of the end caps has been replaced by a specially

manufactured cap containing a spring that acts on the valve spool.
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Figure 2: Technical implementation of the switchable quick-exhaust valve.

Source: own
3 Experimental setup

The novel system, described in Section 2, was experimentally investigated using a
test rig for pneumatic cylinders. The test bench, which is described in detail in [9],
enables the systematic study of various efficiency-enhancing concepts by measuring
the cylinder dynamics under adjustable operating conditions. In addition to other
measured variables, the cylinder position, the pressure in the cylinder chambers, and
the air mass consumption are recorded. Using this setup, two distinct series of
measurements were conducted: (1) to compare the novel system’s performance with
a conventionally downstream throttled system, and (2) to assess the robustness of
the novel system with respect to the length of the pneumatic lines, which connect

the directional control valve and the cylinder.
31 Measurement of the system performance

In the first series of measurements, the performance of the two systems was
evaluated performing various movement tasks using different cylinder sizes. The air
mass consumption of the novel system is normalized using Equation 1 to enable a
direct comparison of its efficiency with the conventional system. Before data

acquisition, each system is optimally adjusted to the motion task, so the cylinder has
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a minimum movement time without overloading the pneumatic end cushion. Ideally,

the impact velocity at the end of the stroke is zero.

To ensure accurate results, 55 cycles are recorded for each load case. The initial three
cycles and the last two cycles are excluded from evaluation to ensure stable dynamic
behavior. The supply pressure is set to 7 batays, and the pneumatic line between the
5/2 directional control valve and the cylinder measures 1 m in length with an internal
diameter of 4 mm. The investigated cylinders have a diameter of 20, 25, and 32 mm,
a length of 0.2, 0.32, and 0.5 m, and a moving mass of 10 and 15 kg. This results in

a total of 18 load cases investigated.

To contextualize these findings in existing research, a comparison is made with
measurement results from a study by Boyko et al [6]. In this study, the ESCs supply
air cut-off, short circust, and 3-phase circuit are examined for cylinders with a diameter of
32 and 50 mm and a length of 0.2 m. For comparison with the novel system, the
load case of a well-dimensioned cylinder without additional external forces is
utilized. The calculation of the relative cycle time At 5 is determined by the relative
moving time of the extension Aty ¢ and retraction strokes Aty - and the respective

pneumatic frequency ratio, as shown in Equation 3.

a,
Qo+, S

Qe
Atrel,x =1+ (Atrel,e - 1) ' 0,40, + +(Atrel,r - 1)

3.2 Measurement of the system robustness

In the second series of measurements, the robustness of the novel and conventional
system regarding the length of the pneumatic line between the cylinder and the
controlling directional control valve was investigated. To this end, both systems were
optimally adjusted for pneumatic line lengths of 1 m, 4 m, and 6 m, using a cylinder
with a piston diameter of 25 mm, a length of 0.5 m and a moving mass of 10 kg,
Subsequently, the velocity profile of 55 cycles was recorded. In this series, we
investigated how varying the line length affects the SQE valve’s switching behavior
by installing two additional pressure sensors on each SQE valve to measure the

pressure on both sides of the valve spool.
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4 Results and discussion

Figure 3 depicts the dynamic behavior of a cylinder with a piston diameter of 25 mm,
a length of 0.32 m, and a moving mass of 10 kg under both SQE valve and DT
configurations. The SQE wvalve allows faster air exhaust at the beginning of the
movement followed by a deceleration through downstream throttling. As shown by
the pressure curves, the back-pressure in the system equipped with SQE valves is
substantially lower than in the system with DT. Correspondingly, the velocity curve

indicates higher acceleration and greater maximum velocity in the novel system.
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Figure 3: Experimental results of an actuator with a diameter of 25 mm, a stroke length of
0.32 m and a moving mass of 10 kg using downstream throttling (DT) and a switchable
quick-exhaust (SQE).

Source: own
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The switching point of the SQE valve is discernible in the pressure curve by the
rising back-pressure. This increased back-pressure not only decelerates the cylinder
but also enhances the capacity of the pneumatic end cushion. Consequently, even
though the cylinder enters the end cushion with a higher velocity, it still decelerates
sufficiently to keep the final impact velocity at a minimum level. As a result,
implementing the SQE valve significantly shortens the cycle time from 0.94 to
0.78 s. Although most of the time reduction originates from the increased velocity
during movement, the faster exhaust of the passive chamber also diminishes the
delay time caused by the pressure adaption during retraction of a differential
cylinder, as described by Reinertz et al. [3]

4.1 System performance

The measured movement times of the cylinders equipped with an SQE valve and a
moving mass of 10 kg are summarized in Figure 4. In addition, the quick-exhaust
duration is shown. For comparison, the movement time of the DT system is
included. Two general trends apply to both systems: first, movement time typically
decreases with increasing piston area, and second, the extension stroke usually
finishes faster than the retraction stroke because of the smaller piston surface in the
rod-side chamber. It can also be observed that movement time increases with
cylinder length, as traveling a longer distance without a higher acceleration naturally
prolongs the stroke.

As seen in Figure 4, all cylinders equipped with the SQE valve exhibit significantly
shorter movement times than those operating with DT. This performance gap
widens with the cylinder length. The effect of piston diameter on the SQE valve
dynamic is more subtle. Its impact becomes clearer when focusing on how long the
quick-exhaust valve remains open. In most of the cases considered, the proportion
of the quick-exhaust time ranges from 40 to 60 % of the movement time. For a
cylinder diameter of 32 mm, the proportion of time spent with the SQE valve open
can exceed 80 % of the stroke for cylinder lengths of 0.32m and 0.5 m. This
phenomenon arises because the same SQE demonstrator was tested for every
cylinder. When the SQE valve is undersized relative to a large piston area or long
cylinders, the cylinder effectively experiences some additional back-pressure during
the quick-exhaust phase. This back pressure decelerates the movement, allowing the

valve to remain open for a longer duration without overloading the end cushion.
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Figure 4: Movement time and quick-exhaust time of cylinders with different piston diameters
dy and cylinder lengths L¢, equipped with a switchable quick-exhaust (SQE) valve and a
moving mass of 10 kg. The index i denotes the extension stroke (i = E) or the retraction
sttoke (i = R).

Source: own

Figure 4 shows for example, that a cylinder measuring 0.2 m in length and 32 mm
in diameter can be downsized by one size yet maintain the same cycle time if SQE
valves are used. For the cylinders with the lengths 0.32 and 0.5 m, the piston
diameter can be reduced by at least two sizes under the same supply pressure without
sactificing performance. Smaller cylinder dimensions are advantageous because they
substantially lower both acquisition costs and air consumption. Although increasing
the moving mass to 15 kg prolongs the cycle time because of greater inertia, the
overall difference in performance between DT and SQE configuration is similar to
that observed at 10 kg.

As the cylinder length increases, the air consumption per cycle increases as well for
both the DT and SQE system. However, cylinders equipped with SQE valves exhibit
a slightly higher consumption due to the presence of supplementary components,
which introduces additional dead volume. However, given the reduced cycle time of
the novel system, there is a strong reduction in normalized air consumption. For
cylinders with a length of 0.2 m, the advantage is negligible; however, as the cylinder
length increases, the discrepancy in air consumption between the two systems
becomes more evident. It is noteworthy that the moving mass exerts minimal
influence on these efficiency gains, also comparable trends are observed for every

piston diameter that was investigated.
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Equation 2 is employed to calculate isolines corresponding to constant normalized
air savings. These isolines, depicted in Figure 5, provide a framework for comparing
the two systems. The isoline marked with zero represents no efficiency gain or loss
relative to D'T. Operating points to the left indicate enhanced efficiency, while those
to the right reflect a decrease.
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Figure 5: Efficiency map of a cylinder with a piston diameter of d, a length of L¢ and a
moving massof m.

Source: own

Figure 5 demonstrates that the SQE valve yields higher efficiency throughout the
tested parameter space. While the normalized air savings of cylinders with a length
of 0.2 m are the lowest, with values ranging from 0 to 30 %, cylinders with a length
of 0.5 m demonstrate the highest normalized air savings, ranging from 45 to 75 %.
The moving mass has minimal influence on these results, as neatly identical trends

emerge regardless of the mass.

Also, the piston diameter does not significantly affect the improvement of energy-
efficiency. Despite the fact that the SQE valve is undersized for the cylinder with a

diameter of 32 mm, the efficiency gains remain comparable to those obtained with
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other piston diameters investigated. Notably, for 0.32 m cylinder lengths, the energy-
efficiency enhancement is even higher than that of smaller diameters, suggesting that

an extended quick-exhaust phase compensates for an undersized valve.

A comparison of the normalized air savings achieved using the SQE valve with the
results of other ESCs shows that the normalized air savings are in a medium range
when only comparing cylinders with a length of 0.2m. The novel system
demonstrates superior efficiency in comparison to the short circuit, attaining results
that are analogous to the supply air cut-off circuit within the range of 0 to 30 %. The
3-phase circuit exhibits a substantially higher degree of air savings in comparison
with the novel system, at approximately 75 %. However, the novel system
demonstrates comparable values when utilizing longer cylinders. Due to the absence
of data concerning the other ESCs, the competitive dynamics of the circuits at

extended cylinder lengths remain uncertain.

Compared to other ESCs, especially the 3-phase circuit, the novel system exhibits
reduced commissioning and control effort, as well as lower component costs. These
results underscore the system’s viability while highlighting the need for further
research to refine the SQE valve design and perform a more extensive study

comparing different ESCs.
4.2 System robustness

Downstream throttled systems can be operated under various operating conditions,
due to their robustness. Consequently, the second series of measurements
investigated the impact of the pneumatic line length on the switching behavior of
the SQE valves, thereby assessing the robustness of the novel system. Figure 6
illustrates the velocity curves of the extension stroke resulting from different
pneumatic line lengths for a cylinder with a piston diameter of 25 mm, a length of

0.5 m and a moving mass of 10 kg.

As illustrated in the Figure 6, the length of the pneumatic line exerts a comparable
influence on the dead time of both systems. However, a clear distinction emerges
when comparing the movement time of both systems. With pneumatic lines of 1 m
length, the maximum velocity of the system equipped with SQE valves is shown to
be approximately double the maximum velocity of the downstream throttled system,
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while maintaining a low impact velocity at the end of the stroke. The movement
time decreases from approximately 0.68 s to 0.40 s by using the SQE-valves in this
case. Increasing the length of the pneumatic lines results in a substantial reduction
in maximum velocity of the novel system. Consequently, the movement time is
prolonged to 0.57 s at a length of 4 m and 0.55 s at a length of 6 m. In contrast, the
DT system’s movement time changes only minimally. Because of an unstable
swtiching behavior of the SQE valves at 6 m line length, no optimal cylinder setting
was found. The only possible setting lead to an increased impact velocity, visible as

oscillations at the stroke end.
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Figure 6:Cylinder velocity with varying pneumatic line lengths.

Source: own

Figure 7 illustrates the pressure difference between the two pressure signals of the
SQE valve for the three investigated line lengths. Additionally, the switching point
in time and the gradient of the pressure difference is shown for each curve. The
tigure shows the underlying rationale for the challenging adjustment with longer
pneumatic lines. Longer lines result in a slower decline of the pressure in the line.
To ensure an opening of the SQE valve, it is necessary to reduce the cross-section
of the time controlling throttle, thereby ensuring that the pressure in the dead
volume lags the pressure in the pipe. However, this results in a prolonged duration
of the quick-exhaust. To avoid ovetloading the end cushion, the cross-section of
both the downstream throttle (number 2 in Figure 2) and the quick-exhaust path

(number 6 in Figure 2) must be reduced, which in turn lowers the maximum velocity.
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Another negative effect of longer pneumatic lines is the lowered gradient of the
pressure difference during the switching point. The greater the gradient, the more
reliable the valve switches. However, given the necessity of lowering the cross-
section of the time controlling throttle with extended lines, the gradient experiences
a decline, as illustrated in Figure 7. This results in a more unstable switching

behaviout.
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Figure 7: Pressure difference between the switching signals of the switchable quick-exhaust
valve for different pneumatic line lengths.

Source: own

In summary, while performance benefits remain measurable even with extended
pneumatic lines, the system’s robustness is lower than that of a conventional

downstream-throttled system.
5 Conclusion and Outlook

This work presents experimental results for a novel approach aimed at improving
the dynamic performance of downstream-throttled pneumatic drives. By employing
SQE valves as a pneumatic-mechanical solution, the system achieves lower cycle
times. This reduction in cycle time is significant due to the relationship between cycle
time and air consumption in pneumatic-drive sizing. Therefore, the shorter cycle

times can be transferred into reduced air consumption.
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The results demonstrate that downsizing a cylinder by at least one size is feasible
using the SQE system. Notably, longer cylinders show even greater performance
improvement when equipped with the quick-exhaust valve. Moreover, the findings
indicate a substantial potential for enhancing energy efficiency in pneumatic drives,
since the improvements are comparable to state-of-the-art ESCs while requiring less

commissioning and control effort.

Regarding robustness, the experiments show that cylinders with an SQE valve can
be operated with different pneumatic line lengths but exhibit lower robustness than
conventional downstream-throttled systems. This lower robustness leads to a
diminished performance increase and higher impact velocities at the end of the

stroke when using longer pneumatic lines.

Despite these promising results, several challenges remain to be addressed in future

research:

— Control strategies or system modifications that increase the robustness of the

new system must be investigated.

— A systematic study of how the SQE valve affects cycle times is necessary to
integrate it into cylinder-dimensioning procedures.

— Advancing the system beyond a laboratory demonstrator and integrating the
lessons learned will enable comprehensive cost-effectiveness analysis,

incorporating both manufacturing expenses and potential energy-cost savings.
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1 Introduction

Mechatronics is rapidly evolving through the integration of mechanical engineering,
electronics, computer science, and intelligent control systems. Modern mechatronic
systems increasingly feature flexible and adaptive components, enabling precise and
autonomous execution of complex tasks [1], [2]. Among various actuation
technologies, pneumatic actuation stands out for its simplicity, cost-effectiveness,
and high power-to-weight ratio, making it suitable for both industrial and
educational applications [3], [4]. Recent trends in robotics highlight compliant and
bio-inspired actuators, such as pneumatic artificial muscles (PAMs), which offer
enhanced safety in human-robot interaction and greater capability compared to rigid
actuators [5], [0]. The rise of Industry 4.0 has further encouraged the development
of smart, interconnected automation systems where pneumatic devices are
increasingly integrated with sensors and controllers for real-time monitoring and
control [7]. At the same time, there is a growing demand in engineering education
for hands-on, project-based learning tools. Pneumatically powered educational
models provide students with an effective way to explore core concepts such as fluid
dynamics, control algorithms, sensor integration, and system optimization in a
touchable and interactive manner [8]. This article presents eight innovative
mechatronic systems designed to demonstrate the practical implementation of

pneumatic actuation in automation and robotics.
2 Compressed-air-driven autonomous vehicle using PAMs

Autonomous mobile vehicles represent a rapidly evolving interdisciplinary field,
merging mechanical, electronic, and software engineering to meet the growing global
demand for efficient, safe, and sustainable transportation. These vehicles operate
without human intervention, relying on advanced sensor arrays, control algorithms,
and artificial intelligence to navigate complex environments. Autonomy ranges from
basic driver assistance to full self-governance, with applications in logistics,
transport, domestic aid, and exploration of hazardous or remote environments like
underwater or extraterrestrial terrains. Despite significant advances, challenges
remain, including high system costs, limited navigation reliability in novel
environments, integration complexity, vulnerability to sensor or algorithm failures,
and substantial energy consumption due to advanced onboard technologies. In this
project, a hybrid driving system combining electric and pneumatic sources to

enhance energy efficiency was used. The system employs Festo block valves and
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pneumatic muscles powered by a electric compressor. Compressed air is stored in a
5-liter steel tank, with flow control according to actuators (Figure 1). Control is
realized through a Controllino MAXI Power PLC (ATmega2560-based), powered by
sealed lead battery (type Yuasa NP7-12, voltage 12 V, electric capacity 7 Ah) with
integrated protection. Pressure sensors and a relay ensure safe compressor
operation. This hybrid model offers a novel approach to propulsion systems for

autonomous platforms with the integration of renewable energy sources.

Figure 1: CAD model of the vehicle and V-configuration crankshaft.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:9221 [9]

Figure 2: Autonomous vehicle actuated by PAMs.
Source: https://repozitotij.fsb.unizg.hr/islandora/object/ fsb:9221 [9]

The mechanical subsystem was developed using a combination of 3D printing and
traditional machining. Initial tests with a radial-drive setup (three pneumatic muscles
at 120° around a crankshaft) showed limited motion due to insufficient contraction
and geometric constraints. The final design adopts a V-shaped layout with four
muscles (two per crank arm, turned 180°), achieving full crankshaft rotation through
sequential activation. The frame is constructed from wood for ease of fabrication

and reduced weight. The crankshaft includes flywheels, custom housings for
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bearings, and wheel rims (all 3D-printed) along with steel half-axles, M6 threaded
rods, and standard solid tires secured with regular screws. The completed vehicle is

shown in Figure 2.
3 Robotic manipulators with pneumatic drive
31 Delta robot with a vacuum gripper

This project presents the design and implementation of a delta robot prototype
optimized for high-speed pick-and-place operations (Figure 3). Utilizing a parallel
kinematic structure with three independently actuated arms connected to a common
end-effector, the robot achieves low inertia and high responsiveness. The kinematic
model includes analytical inverse kinematics and numerically solved forward
kinematics. Matlab simulations are used to evaluate the workspace by iterating
actuator angles. Dynamic modelling, based on virtual work principles and Jacobian
matrices, estimates actuator torques for specific trajectories. The robot is built using
aluminium profiles and steel plates, with stepper motors (Nema 17HS19) driving the
joints via 1.76:1 belt transmission (Figure 4). Bearings support the shafts, and

adjustable motor mounts ensure proper belt tension.

Figure 3: CAD model of the delta robot structure and robot gripper with vacuum ejector.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:11268 [10]
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The ESP32 microcontroller, paired with DRV8825 drivers, controls motion, while
limit switches handle homing. The system supports joint-space and Cartesian
motion profiles. Motion commands are received via a serial interface, with real-time
joint limit and collision monitoring. A 3/2 electro-pneumatic valve, manufactured
by Camozzi, controls the vacuum ejector (PIAB piINLINE MICRO Ti). The gripper is
secured with alignment pins. A Python-based GUI allows .txt-based program
execution. Experimental tests under a 0.56kg load confirmed repeatable
performance, with torques remaining below 0.5 Nm and consistent vacuum grip

across all trajectories.

Figure 4: Assembled delta robot with frame, end-effector, and control interfaces.
Source: https:/ /repozitotij.fsb.unizg.ht/islandora/object/ fsb:11268 [10]

3.2 Pneumatic robotic manipulator with flexible gripper

This section presents the development of a pneumatic robotic manipulator with
three degrees of freedom and an adaptive soft gripper, intended for repetitive
handling of irregularly shaped objects. The design combines the compliance of soft
robotics with the reliability of pneumatic actuation. The manipulator uses an RTT
(Rotational-Translational-Translational) configuration, consisting of one rotary and
two linear actuators, Figure 5. The SMC MSQB10A rotary actuator provides up to
190° of rotation via a rack-and-pinion mechanism. Translational motion is achieved
with two pneumatic cylinders: a SMC CQ2232 for horizontal movement and a SMC
CXSM20 for vertical positioning, which also supports the weight of the gripper. The
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gripper operates on the granular jamming principle. A latex balloon filled with
ground coffee adapts to the object’s shape under compression. When a vacuum is
applied inside the balloon, the particles lock together, forming a rigid structure that
can securely grip the object. The vacuum is generated using a SMC ZH10B-06-06
ejector based on the Venturi effect, while a SMC ZCDUKC20-10D vacuum cylinder
provides controlled actuation. To prevent contamination, a coffee filter is inserted
inside the balloon. The gripper’s housing, including the flange and funnel, is 3D
printed for reduced weight and ease of integration. Power is supplied by a KSE
06024N AC/DC converter, delivering stabilized 24V DC to the control system. Each
actuator is controlled via compact SMC VQD1121 solenoid valves in a 4/2
configuration, with flow control check valves used to regulate speed and ensure
efficient airflow.

Figure 5: CAD model of the pneumatic robotic manipulator and the adaptive gripper.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:9628 [11]

The system is controlled by a Controllino MINI PLC, programmed via the Arduino
IDE. The PLC executes real-time logic for actuator sequencing and gripper control
using digital I/O. The final prototype combines mechanical, pneumatic, and
electronic elements into a compact, modular system suited for reliable manipulation

and easy adaptation across applications (Figure 6).
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Figure 6: Final assembly of the manipulator with the flexible gripper.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/fsb:9628 [11]

3.3 Pneumatic manipulator for obstacle avoidance on conveyor belt

This section presents an experimental system developed to demonstrate obstacle
detection and real-time response using a pneumatic manipulator, Figure 7. Its main
function is to detect user-placed obstacles on a conveyor belt and reposition a small
cart using pneumatic actuation to avoid collisions. The system combines mechanical
design, sensor input, and control logic, forming a compact prototype that can be

used for simulations of automated obstacle avoidance on roads.

The system consists of two main components: a conveyor belt transport mechanism
and a pneumatic manipulator. Objects are transported along the conveyor and
detected by infrared (IR) sensors. When an obstacle is identified, the manipulator,
powered by a dual-stroke pneumatic cylinder, repositions the cart to a predefined
lane. The manipulator enables movement to three discrete positions (0 mm,

100 mm, and 200 mm), allowing dynamic path adjustment.

Figure 7: CAD model of the manipulator for obstacle avoidance.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/fsb:9736 [12]
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Mechanically, the structure is assembled using aluminum profiles. The conveyor is
built from a PVC belt looped around two shafts, with custom 3D-printed parts
ensuring alignment and tensioning. A DSMP320-12-0014-BF DC motor with an
integrated planetary gearbox drives the system via a toothed belt and flexible
coupling. The cart and actuator linkage are built from steel tubing and 3D-printed
brackets, providing both strength and modularity.

The pneumatic system includes a SMC CP96SDL32-100C-XC11 dual-stroke actuator,
controlled by two 5/2 solenoid valves (SMC SY3120), mounted on a valve manifold.
A throttle check valve ensures smooth motion. Control is handled by a Controllino
MINI PLC, which processes input from three HW-201 IR sensors. Each sensor
includes an LM393 comparator and a range-adjustable potentiometer. When an
object is detected, the PLC activates the appropriate valve combination to shift the
cart. An electronic position sensor (D-M9BL) confirms actuator status. This
prototype demonstrates a modular, sensor-driven system for automated object
handling and path correction. Its structure is suitable for educational use or further

expansion into more advanced sorting or robotic applications (Figure 8).

Figure 8: Pneumatic manipulator for obstacle avoidance on conveyor belt.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:9736 [12]

3.4 Flexible pneumatic manipulator
This section presents the design and construction of a flexible pneumatic

manipulator based on soft robotics principles, Figure 9. The system is composed of

a control subsystem and an actuation subsystem, optimized for safe, adaptable, and
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energy-efficient object manipulation. Inflatable actuators enable compliant motion,

while a vacuum-based gripper ensures secure object handling.

Figure 9: Conceptual design of the flexible pneumatic manipulator.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/fsb:9163 [13]

The control subsystem regulates airflow using a Controllino MINI PLC, powered via
a 24V DC converter protected by a single-pole safety breaker. The PLC
communicates with a PC over USB and controls three Festo 3/2 solenoid valves. In
their default state, the valves allow airflow to inflate the actuators. When the system
is turned on, the valves send air to an ejector (SMC ZH10B-06-06), which generates a
vacuum using the Venturi effect and turns on the vacuum gripper (SMC ZPT25DN-
AG6). The control logic minimizes power use by deactivating only one actuator at a
time, while others stay inflated to provide support. Compressed air flows through a
filter, safety valve, and gauge to dual-layer actuators with bellows-like folds. When
inflated, they bend flexible polyethylene tubing reinforced with PVC, with radial cuts
allowing directional motion. Maintaining vacuum continuity is essential during
operation. The control algorithm ensures at least one actuator always remains active
to avoid pressure loss and ensure the object stays gripped. The manipulator is
mounted on a platform that integrates all major components: power supply, PLC,
valves, actuators and vacuum gripper. This soft robotic manipulator showcases the
potential of inflatable actuators for safe, adaptable, and low-power automation,
Figure 10.
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Figure 10: Flexible pneumatic manipulator.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/fsb:9163 [13]

4 Automation systems with pneumatic drive for industrial tasks
4.1 Screw spindle mechanism with pneumatic drive

This section presents the design and operation of a pneumatic spindle mechanism
based on a ball screw drive, intended for experimental linear positioning tasks
(Figure 11). Unlike typical electric motor-driven systems, this setup uses a pneumatic
vane motor, offering benefits such as a high power-to-weight ratio, resistance to
overheating, and simple maintenance. The system is developed as a test platform to
explore the potential of pneumatic control in precision mechatronic applications.
The mechanical structure is built on an aluminum profile frame for stability and
modularity. At its core is a 400 mm Tt8 trapezoidal leadscrew, supported at both
ends by bearings.

Figure 11: a) CAD model of the pneumatic spindle drive mechanism with ball screw,
b) GAST pneumatic motor (model 1AM-NRV-63A).
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:9627 [14]
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Rotary motion is provided by a GAST 1AM-NRV-63A pneumatic vane motor,
coupled to the spindle via a belt and pulley system with a gear reduction ratio greater
than 1, improving torque output. The motor is reversible and compact, converting
compressed air into continuous rotary motion through internal rotor vanes. Linear
motion is achieved by the nut traveling along the spindle as the leadscrew rotates.
For accurate feedback, a rotary encoder is linked to the nut using a secondary belt
drive, enabling direct position measurement. Pneumatic motor is controlled by a
Festo MPYE-5-1/8-HF-010-B proportional valve, which adjusts airflow to the motor.
An additional on/off valve (SMC SY7420) ensures safe engagement and shutdown
of the pneumatic circuit. The realized screw spindle mechanism with pneumatic
drive is shown in Figure 12.

Figure 12: Screw spindle mechanism with pneumatic drive.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:9627 [14]

The control system is implemented on a Controllino MAXI Automation PLC, which
supports both analog output for valve control and digital input for encoder signal
processing. The encoder outputs pulses corresponding to spindle nut displacement,
with dual channels allowing direction detection. A PID control algorithm minimizes
tracking error between the reference input and actual position, enabling real-time
adjustments. Various motion profiles, including step, sinusoidal, and random inputs,
were tested. The system demonstrated fast response, stable positioning, and reliable
tracking performance, particularly for step and sinusoidal signals, confirming its
suitability for educational and prototyping use in linear actuation and pneumatic
control.
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4.2 Automatic bottle filling and capping system

This section outlines the development of a compact automated system for bottle
filling, closing, and capping, intended for small-scale production in pharmaceutical,
food or chemical industries. The system minimizes operator involvement while
ensuring consistent throughput. It consists of a conveyor with three stations: filling,
closing, and capping. The conveyor features a continuous PVC belt driven by a DC
motor and supported by a rigid aluminium frame (20X20mm profiles) for
mechanical stability. Bottles are manually loaded and automatically transported
between stations (Figure 13).

Figure 13: CAD model of the conveyor system transporting bottles.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:11155 [15]

Filling and closing operations are executed by lead screw-driven linear actuators with
limit switches, ensuring precise, repeatable motion. The capping station utilizes a
pneumatic cylinder mounted vertically, controlled by a 5/2 solenoid valve and
regulated via a throttle check valve to prevent impact forces. The system is
controlled by a Controllino MAXI PLC, which receives input from PE18
photoelectric sensors detecting bottle presence and height. Based on sensor
feedback, the PLC selects one of three actuator positions (low, medium, high),
activating relays accordingly. Dual power supplies (12 V and 24 V) manage transport
and valve operation. The complete experimental system illustrating actuator

integration and capping mechanism is presented in Figure 14.
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Figure 14: Final assembled automatic bottle filling and capping system.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:11155 [15]

4.3 Automated pneumatic machine designed to sort beans

This section presents an automated pneumatic system for sorting and removing
defective bean grains to ensure consistent product quality. The system integrates
mechanical, electronic, and software components for precise classification and
reliable grain ejection. At its core is a transport mechanism, developed through
iterative 3D modelling, featuring 3D-printed PLA rollers driven by a DC motor and
stabilized by a threaded rod, bearings, and a tensioning system (Figure 15).

Figure 15: CAD model of the sorting system and examples of defective bean grains.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10352 [16]

A wooden hopper holds up to 14 kg of beans and shields the detection chamber
from ambient light. A dosing unit with four cylindrical channels, driven by a Nema
17 stepper motor, dispenses beans in pulses, forming four aligned rows on the
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conveyor for inspection. An ultrasonic sensor monitors grain levels to ensure
continuous flow. The sensing system includes an infrared sensor, incremental
encoder (KY-040), and an Arducam CMOS AR0134 camera with a global shutter and
12-bit raw output for high-resolution imaging. Conveyor speed is managed via a
toothed belt with a 2:1 reduction. System logic is controlled by a Controllino Maxi
PLC programmed via Arduino IDE. Faulty grains are identified through image
processing and ejected using a high-speed Matrix pneumatic valve. This modular
prototype offers an efficient and adaptable solution for automated agricultural
sorting (Figure 16).

Figure 16: Final fabricated prototype of the bean grain sorting machine.
Source: https:/ /repozitotij.fsb.unizg.hr/islandora/object/ fsb:10352 [16]

5 Conclusion

This article presented eight pneumatic mechatronic systems developed as
educational platforms to enhance hands-on learning in mechanical engineering. By
combining mechanical design, control systems, and pneumatic technologies, the
models effectively demonstrate core principles of automation, fluid dynamics, and
sensor-based control. Spanning from bio-inspired robots to industrial automation
prototypes, they highlight the versatility of pneumatic actuation in both teaching and
real-world applications. These systems bridge theoretical knowledge and practical
skills, aligning with trends in project-based learning and Industry 4.0. Overall, the
work underscores the value of pneumatic systems in modern engineering education

and their potential for broader industrial use.
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1 Introduction

In the critical moments following a severe vehicular accident, the time to extricate a
trapped occupant is a major determinant of survival and recovery outcomes. The
concept of the "golden hour", the period immediately after traumatic injury during
which there is the highest likelihood that prompt medical and surgical treatment will
prevent death, places immense pressure on emergency responders to act with speed
and precision [1]. Vehicle extrication, the process of cutting away a damaged vehicle
to free a trapped person, is a foundational and often complex task for fire and rescue
services. The success of these operations hinges on the effectiveness of the tools at

their disposal.

For decades, hydraulic rescue tools (HRTS), often colloquially known as the "Jaws
of Life," have been the standard for vehicle extrication. These tools utilize high-
pressure hydraulic fluid, generated by a dedicated power unit, to actuate cutters,
spreaders, and rams capable of severing the high-strength steel components of
modern automobiles [2]. While undeniably powerful, the conventional design of
these systems presents significant logistical and ergonomic challenges. The tools are
tethered by heavy, cumbersome hydraulic hoses to a bulky, engine-driven power
unit. This configuration can impede a firefighter's maneuverability, limit access to
vehicles in precarious positions (e.g., down an embankment or in a narrow alley),
and increase the time required to set up and deploy the equipment at the scene.
These limitations can introduce delays and increase the physical strain on rescuers,

potentially compromising the efficiency of the entire operation.

To address these shortcomings, this research investigates a different approach for
powering hydraulic rescue shears by leveraging a piece of equipment already carried
by every firefighter into a hazardous environment: the self-contained breathing
apparatus (SCBA). Modern SCBA systems operate with high-pressure air cylinders,
typically at pressures up to 300 bar and volumes up to 10 liters, representing a
significant and readily available pneumatic energy source [3]. The proposed solution
involves the development of a compact, portable hydraulic power unit that is driven
by compressed air from an SCBA cylinder. This would effectively untether the
rescue tool, granting the operator complete freedom of movement and drastically

reducing setup time.
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This paper aims to establish the feasibility of this concept. It begins with a
comprehensive overview of existing firefighter hydraulic rescue shears and defines
the typical cutting forces and energy requirements encountered during vehicle
extrication. Subsequently, a fluid power model for a small-scale, air-powered
hydraulic unit is proposed. The performance of this model is then validated through
simulation to determine its capacity to meet the operational demands of rescue
cutting tasks. Ultimately, this study seeks to present a viable, innovative solution that
enhances the mobility, efficiency, and ergonomics of firefighter rescue operations,

potentially representing the next step in the evolution of these life-saving tools.
2 Existing rescue tool technologies

The evolution of vehicle extrication tools has been driven by the concurrent
evolution of automotive manufacturing. As car designers have incorporated high-
strength steels (HSS) and ultra-high-strength steels (UHSS) to improve passenger
safety and fuel efficiency, the demands placed on rescue tools have increased

exponentially [4].
2.1 Conventional hydraulic rescue systems

The most common rescue systems in use by fire departments worldwide are

traditional hydraulic tools. These systems consist of three primary components:

— The power unit: A gasoline or diesel engine, or an electric motor, drives a
hydraulic pump. This unit is typically heavy and is placed at a safe distance from
the incident vehicle.

— The hoses: High-pressure, non-conductive hydraulic hoses, often in coaxial or
"twin-line" configurations, connect the power unit to the tool. These hoses ate
typically 15 to 30 meters long and operate at pressures up to 720 bar.

— The tool: This can be a spreader, a cutter (shears), a combination tool, or a ram.

The tool contains a hydraulic cylinder that actuates the arms or blades.

The primary advantage of these systems is their immense and sustained power
output, capable of handling the most demanding cutting and spreading tasks.

However, as noted, the operational constraints imposed by the hoses are a significant
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drawback. The setup time, potential for entanglement, and the need to move the

heavy power unit to reposition for different cuts all detract from efficiency [5].
2.2 Battery-powered hydraulic rescue systems

In recent years, battery-powered (or "e-draulic") rescue tools have gained significant
market share. These tools integrate the pump and a small electric motor directly into
the tool's body, powered by a high-capacity rechargeable lithium-ion battery. This
design eliminates the need for external power units and hoses, granting the operator

complete freedom of movement.

Key advantages include rapid deployment (simply turn it on) and superior
maneuverability. However, limitations exist. The power output, while sufficient for
many applications, may not match the highest-end conventional systems for cutting
through the most advanced UHSS. Battery life is a critical consideration; multiple
batteries are required for extended operations, and their performance can degrade
in extreme temperatures. Furthermore, the integrated design makes the individual

tools heavier and bulkier than their hosed counterparts [6].
2.3 Pneumatic power in rescue operations

Compressed air is already a staple in rescue operations, primarily for lifting bags and
powering pneumatic chisels or impact wrenches. These tools are valued for their
lightweight design and simple operation [7]. However, pure pneumatic tools lack the
force generation capabilities required for the heavy-duty cutting and spreading
performed by hydraulic systems. The concept of using compressed air to drive a
hydraulic system is also available on the market [8], however those systems require

stable pressured air source and also requires hoses.

Therefore, the core innovation explored in this paper is a hybrid approach that seeks
to combine the portability and ready availability of a pneumatic source (the SCBA
cylinder) with the unparalleled force multiplication of hydraulics. To our knowledge,
a comprehensive feasibility study of powering primary hydraulic extrication shears
from a firefighter's SCBA cylinder has not been previously undertaken. This research

aims to fill that gap by providing a foundational analysis of such a system.
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3 System modeling and calculation

To assess the feasibility of an SCBA-powered hydraulic system, a theoretical model

was developed and its performance parameters were calculated in this section.
3.1 System Components

Figure 1 show pneumatic and hydraulics schematic of power unit and a tool. The
proposed power unit consists of a standard firefighter SCBA cylinder, a pressure
regulator to step down the SCBA pressure to the motot's operating pressure, the
pneumatic motor itself, a high-pressure hydraulic pump, and a compact hydraulic
low and high pressure reservoirs. For this study, we proposed a common 10-liter
carbon-fiber cylinder pressurized to 300 bar. This represents a finite, but readily
available, energy source at any fire scene. The interface between the compressed air
and the hydraulic pump is a pneumatic motor which is mechanically coupled to the
hydraulic pump. The system is designed to power a standard hydraulic rescue shear,
which requires a hydraulic pressure of 700 bar for maximum cutting force.

OW A tool

Figure 1: Schematic of the power unit and a tool.

Source: own



168 INTERNATIONAL CONFERENCE FLUID POWER 2025

To save air and energy, a hydraulically controlled 2/2 pneumatic valve was added to
the system. This valve interrupts the air flow if the hydraulic pressure exceeds the

operating pressure, thus preventing the hydraulic safety valve from opening.

The RM 110 Piston Air Motor was selected for this study. Its operating
characteristics at air pressure of 6 bar are shown in Figure 2 [9]. Figure 2a presents
the motot's torque characteristic as a function of rotational speed. The motor has a
starting torque of 6.8 Nm, which is slightly lower than its maximum torque of
approximately 9 Nm, achieved at a speed of about 200 rpm. As the rotational speed
increases, the torque decreases, reaching a value of 4.5 Nm at 2400 rpm. The air
consumption, expressed in normal liters per second (NL/s), is shown in Figure 2b.
It exhibits an approximately linear increase in relation to the rotational speed.
Maximum air consumption is 29 NL/s at 2400 rpm.
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Figure 2: Air motor torque a) and air consumption b) at 6 bar pressure.

Source: derived from [9]

According to [10], the selected high-pressure pump is a radial piston pump (Type R)
with a displacement of 0.43 cm3/rev and is capable of achieving a pressure of
700 bar. It has a volumetric efficiency of 98 % and a hydromechanical efficiency of

82 %. The required torque (7) for this pump can be calculated using the following
equation:

pD
T= , 1
2TNhm ( )
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where p is the operating pressure in Pa, D is the pump displacement, and 7, is the
hydromechanical efficiency. Using the specified pump parameters, the required
torque to achieve 700 bar is calculated to be 5.84 Nm. The maximum torque of the
air motor exceeds this value for speeds below 2000 rpm (as shown in Figure 2a).

Therefore, the chosen air motor is capable of powering the proposed high-pressure
pump.

3.2 Simulation model

In the model, the speed-dependent torque (shown in Figure 2a) developed by the air
motor is used to both build up hydraulic pressure in the pump and accelerate the
combined inertia (I;) of the motor, pump, and shaft. Therefore, the following

equation can be written:

pD

Tm(w) = Olgq + pr—

)

where @ is angular velocity of air motor and hydraulic pump in rad/s, and combined
inertia is chosen heuristically to be 0.02 kgm? Hydraulic flow 0 is determined by the

pump angular speed, its displacement and volumetric efficiency (#,) according to:

30
Q = nDnye = Tanvol . 3

The duration of the air motot's normal operation is determined by the total volume

of available air (in normal state), which is calculated using the following expression:

vy =2 (), @

DN Te

where p,, is air motor operating pressure, p, 1y and 17, are pressure, temperature and
volume of SCBA cylinder, while px and T are pressure and temperature of air in
normal state, respectively. For example, a 10 L. SCBA cylinder containing air
pressutized to 300 bar at a temperature of 20 °C holds a volume of 2704 normal
liters (NL). This amount of air is sufficient to allow the air motor to operate for 93
seconds at its maximum speed of 2400 rpm, whete the air consumption is 29 NL/s
(see Figure 2b).
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As shown in Figure 3, the simulation model for the power unit is built on the air
motot's torque characteristic from Figure 2a, which provides the maximum torque
(7x) as a function of rotational speed. The motot's torque is opposed by the load
torque from the high-pressure hydraulic pump. The difference between these
torques accelerates the pump and motor. The rotational speed is then found by
integrating the angular acceleration. This new rotational speed is subsequently used
to calculate the air consumption and the motot's torque for the next iteration.
Furthermore, the rotational speed also dictates the oil flow rate () through the
pump. The simulation proceeds until the entire normal air volume (I'n) is depleted.
A necessaty conversion is included in the model, as the motot's characteristics are
given in revolutions per minute (rpm), while the rotational speed (w) is calculated in

radians per second.
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Figure 3: Simulation model.

Source: own
4 Simulation results

As shown in Figure 4a, the air motor (and the hydraulic pump) successfully
accelerates despite the extremely high load torque resulting from the hydraulic
system being set to its maximum operating pressure of 700 bar. After a few seconds,
the motor reaches a steady-state speed of 1963 rpm. At this speed, the motor
develops a torque of 6 Nm, which is precisely what is needed to maintain this steady-

state condition, as seen in Figure 4b.
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The motor's characteristics (Figure 2a) show that a higher torque is available at lower
speeds. This allows for a faster initial acceleration, and this increase in torque is
clearly visible in the first few seconds of Figure 4b. Air consumption, shown in
Figure 4c, has an approximately linear relationship with the rotational speed of the
air motor. The simulation runs until the motor consumes the entire available air

volume, which occurs after 111 seconds.
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Figure 4: Simulation results of air motor speed a) torque b) and air consumption c).
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Figure 5a illustrates the oil flow rate of the pump, which is a linear function of its
rotational speed (see Figure 4a). The time-based accumulation of the total volume
of pressurized oil transferred by the hydraulic pump is depicted in Figure 4b. The
simulation determined that this system, when powered by a 10 L. compressed air
tank at 300 bar, can deliver a total of 1.51 L of oil at a pressure of 700 bat.
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5 Discussion

The simulation results confirm the feasibility of a pneumatic-to-hydraulic drive
system powered by a firefighter's SCBA cylinder. The model shows that the air
motor can successfully accelerate and maintain a hydraulic pressure of 700 bar
despite the extremely high load torque from the pump. This high pressure is
essential, as it enables hydraulic shears, such as the CU 5030 CL, to achieve their

maximum cutting force.

The simulation reveals that a single 10 L. SCBA cylinder, pressurized to 300 bar, can
maintain a maximum operating pressure for 111 seconds. During this period, the
hydraulic pump transfers a total of 1.51 L of pressurized oil. Given that the CU 5030
CL shears require 0.155 L of oil per cutting cycle [11], the system is capable of
performing approximately nine cuts. According to [12], this capacity is often
sufficient for a single technical intervention, as a typical extrication may require
between five and ten cuts. To extend the operating time and increase the number of
available cuts, a two-bottle system, also called Twinpack System [13] could be
implemented. This would increase the available air to 13.6 L, providing 2.06 L of

pressurized oil and enabling up to 13 cuts.



B. Matkun et al.: Pnenmatically Powered Hydranlic Rescue Shears for irefighter Operations 173

The results of this study strongly suggest that powering hydraulic rescue shears from
a firefightet's SCBA cylinder is not only feasible but also offers compelling
advantages over traditional systems. The most significant benefit is the elimination
of bulky hydraulic hoses, which untethers the firefighter and allows for unrestricted
movement around a vehicle. Rescuers can more easily access components from any
angle, navigate through debris, and operate in confined spaces without the risk of
hose entanglement. The compact and mobile nature of the power unit means it could
be carried by a single firefighter or placed on a small trolley, significantly reducing
the physical strain and setup time associated with conventional gasoline-powered

units.

By utilizing a power source that is already on-scene and carried by personnel, the
time from arrival to the first cut can be dramatically reduced. There is no need to
start a gasoline engine or run lengthy cables and hoses. In the time-critical context
of vehicle extrication, saving these crucial minutes can directly impact patient
outcomes. While modern battery-powered tools also offer untethered operation, the
SCBA-powered system presents a different logistical paradigm. Fire departments
already have a robust infrastructure for refilling SCBA cylinders on-site. An empty
cylinder can be swapped for a full one in seconds, ensuring continuous operation.
This contrasts with battery management, which requires charging stations, rotation
schedules, and the eventual replacement of expensive batteries as they age. The
performance of the SCBA system is also independent of ambient temperature,

whereas extreme cold can degrade battery performance.

This study is a theoretical and simulation-based analysis and has several limitations
that must be addressed through future work. The next logical step is to build a
physical prototype of the compact pneumatic-to-hydraulic power unit. This
prototype must be rigorously tested to validate the simulation results and assess its
durability, reliability, and noise levels in a controlled environment. The final weight
and dimensions of the prototype are also critical. Future work should also be focused
on creating a unit that is significantly more portable than traditional power units,
making it practical for a single rescuer to carry and operate. This study used a specific
motor for its calculations. Future research could explore different pneumatic motors

to optimize air consumption and overall system efficiency.
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Ultimately, the system should be tested in realistic training scenarios with
experienced firefighters to evaluate its ergonomics, usability, and effectiveness in

complex extrication drills.
6 Conclusion

This study successfully demonstrates, through simulation, the feasibility of a novel
pneumatic-to-hydraulic drive system for rescue shears that is powered by a
firefightet's SCBA cylinder. The model confirms that the proposed system can
maintain the required hydraulic pressure of 700 bar, which is essential for generating
the maximum cutting force of the shears. The analysis indicates that a single 10 L
SCBA cylinder provides sufficient power for approximately nine cuts, a capacity that
is often adequate for a typical vehicle extrication. Furthermore, the system's
operational time can be extended to support up to 13 cuts with a two-bottle

configuration.

The results strongly suggest that this concept offers significant advantages over both
traditional and battery-powered rescue tools. The most compelling benefit is the
elimination of bulky hydraulic hoses, which grants firefighters unprecedented
freedom of movement, improves access in confined spaces, and drastically reduces
the risk of entanglement. By leveraging a power source that is already carried on-
scene, the system also minimizes the time from arrival to the first cut, a critical factor
in time-sensitive rescue operations. From a logistical standpoint, the system
capitalizes on the robust SCBA refilling infrastructure already present in fire
departments, offering a more dependable and low-maintenance solution compared

to the complexities of battery management.

In summary, this research confirms that using an SCBA cylinder to power hydraulic
shears is a viable and highly promising approach. It offers a powerful combination
of portability, speed, and logistical simplicity that could revolutionize vehicle
extrication. While the simulation results are compelling, the next logical step is to
validate these findings through the prototyping and physical testing of a compact,
real-world unit. This future work will be critical to fully assess the system's

performance, ergonomics, and effectiveness in practical rescue scenarios.
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For severe traffic accidents, rapid occupant extrication is crucial.
Firefighter hydraulic rescue shears, while essential for this task, are
hindered by bulky hydraulic hoses which reduce maneuverability.
This research investigates powering these tools with compressed
air from a firefighter's self-contained breathing apparatus (SCBA)
cylinder. The proposed system utilizes a compact, mobile
hydraulic power unit driven by this pneumatic source. A hydraulic
rescue shears and review of market solutions are reviewed, and a
typical cutting loads are defined. A model of a small, mobile
hydraulic power unit powered by an SCBA cylinder is proposed
and its performance validated via simulation. This study aims to
enhance rescue efficiency and ergonomics by potentially

eliminating traditional hydraulic hose constraints.
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1 Introduction

Remote operation of industrial machinery has become increasingly important in
modern manufacturing, driven by the Industry 4.0 paradigm and the need for
flexible, decentralized control. Pneumatic systems are widely used in industry due to
their long service life and simple maintenance. However, traditionally, direct on-site
supervision is required to monitor and control such systems. Recent global events
(e.g. the COVID-19 pandemic) have further underscored the value of remote access
and control capabilities to maintain production with minimal on-site staffing. This
paper addresses the upgrade of an existing pneumatic workstation [1] to enable
remote monitoring and control over the Internet. The solution employs a Beckhoff
soft-PLC [2] and TwinCAT 3 software to implement control logic and a web-based
HMI [3]. With this approach, authorized users can start, stop, and adjust the
pneumatic process from anywhere, and also monitor the system’s status in real time.
Similar approaches have been explored in prior work, but our implementation

uniquely emphasizes integrated safety and live process visualization.
2 Methodology

The development of the remote-controlled pneumatic workstation involved both
hardware integration and software design. Figure 1 provides an overview of the
pneumatic workstation setup, while Figure 2 shows the control architecture of the
system. The existing workstation’s pneumatic components were leveraged and
interfaced with a new Beckhoff PLC and network infrastructure. We followed an
Internet of Things (IoT) approach, connecting the workstation to a networked PC

controller to allow remote access in line with Industry 4.0 principles.
3 Pneumatic Workstation Design

The base of the system is a pneumatic workstation comprising multiple actuators
and modules arranged on an aluminum frame. It includes two orthogonal linear axes
(X and Y) and a vertical Z-axis manipulator, enabling 3-dimensional movement of a
pneumatic gripper. These axes, driven by pneumatic cylinders, allow pick-and-place
handling of workpieces across the workstation. Additional tools on the station
include a drilling unit and a stamping unit, which can be applied to the workpieces.

Various sensors are installed to ensure safe and precise operation: traditional micro
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limit switches and inductive proximity sensors detect cylinder end positions, and a
magnetic sensor monitors the Z-axis piston position. The station is equipped with a
Festo VIUG pneumatic valve island (manifold) with multiple solenoid valves — eight
5/2 bistable valves, one 5/3 centre-closed valve, and two 3/2 monostable valves —
that direct compressed air to the actuators. The use of bistable valves ensures that
actuators hold position upon loss of power (each valve has a memory function),
whereas monostable valves return to a default state with spring return, contributing
to fail-safe behaviour. Compressed air at a regulated pressure is supplied to the
station and on-board pressure gauge was added. The complete pneumatic

workstation is shown in Figure 1.

Figure 1: Pneumatic workstation with linear axes, grippers, and tooling. Sensors and valves
are installed for position feedback and control.

3.1 Control System Architecture

A Beckhoff programmable logic controller system was used to control the
workstation, selected for its high performance and flexibility. The PLC hardware
consists of a Beckhoff embedded PC (running TwinCAT 3 in soft-PLC mode)
connected to modular I/O terminals via an EthetCAT bus coupler (model EK1100).
Digital input terminals (e.g. Beckhoff E1L1008) interface with the limit switches and
sensor signals, while analog input terminals (e.g. Beckhoff EL3214) read analog

sensor values such as pressure. A special communication terminal (Beckhoff
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EL6631 PROFINET interface) links the PLC to the Festo valve island, allowing
direct actuation of valves via the PROFINET fieldbus. The EtherCAT coupler and
I/O modules ate all powered by a 24 V DC supply for safety. Figure 2 illustrates the
system architecture, including the controller, I/O modules, and their connection to
the pneumatic components. An emergency-stop circuit is integrated such that any

critical fault will cut power to valve coils and immediately stop all motion.
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Figure 2: System architecture connecting the Beckhoff PLC (soft-PLC on embedded
PC) with EtherCAT I/O modules and the pneumatic valve manifold (via
PROFINET).

3.2 Control Software Design

The control logic for the workstation was implemented in the Beckhoff TwinCAT
3 environment. TwinCAT 3 supports programming in multiple IEC 61131-3
languages (Structured Text, Ladder Diagram, Sequential Function Chart, etc.). We
partitioned the control program into an initialization routine and three operational
modes corresponding to available processes: drilling, stamping, and a combined
drill-and-stamp cycle. Upon startup, the system performs an initialization sequence
that moves the robotic manipulator to a safe home position. This step prevents
collisions in case the system was halted in an unknown state when last used.
Operators can then select a mode via the HMI (e.g. drilling only, stamping only, or
both). Depending on the selection, the PLC executes the corresponding subroutine
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to handle the workpiece: retrieving a raw part from a feeder, securing it on the
worktable, performing the selected process(es), and finally depositing the finished

part into one of three sorting bins.

The program was structured using a combination of Structured Text (ST) and
Sequential Function Chart (SFC) languages. Complex logic and data handling (such
as mode selection and cycle counting) were written in ST for clarity and flexibility,
while the step-by-step operational sequences were implemented as an SFC, which
graphically represents states and transitions. This modular approach improved code
readability and allowed real-time monitoring of both numeric variables and state
transitions during runtime. Figure 3 shows a portion of the SFC implementation of
one process cycle, illustrating the sequence of steps and conditions for transitions.
Each step (state) triggers specific actions (e.g. move axis, activate drill) and

transitions on completion conditions.

T
e —— .2 2 posseive 0 o7 a8 proces

step2s G-
TH0ms
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Figure 3: Excerpt of the Sequential Function Chart (SFC) program controlling one
operational cycle.

3.3 HMI Development for Remote Control

A critical component of the system is the TwinCAT 3 HMI web interface, which
provides remote visualization and control through a standard browser. The HMI

was developed as a web application within the TwinCAT engineering environment,
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using drag-and-drop widgets for buttons, indicators, and displays. We designed the
interface to be intuitive and to include all necessary controls and readouts without
clutter. Key controls include buttons for starting and stopping the process, selecting
the operation mode (drill, stamp, or both), resetting the system, and an emergency
stop (E-stop). Status indicators on the HMI show the real-time state of various
subsystems (e.g. whether the manipulator is at home position, whether drilling is in
progress, etc.), illuminating green when the corresponding function is active. The
interface also displays counters that track how many parts have been processed out
of the target quantity set by the user. In addition, a gauge widget (barometer)
continuously shows the supply air pressure; colored zones on the gauge provide
quick feedback if pressure moves outside the normal operating range. For easier
remote monitoring of the physical process, a live video camera feed is embedded in
the HMI. A normal USB webcam is connected to the controller PC and streams
real-time video via an IP camera application, allowing the remote operator to visually

observe the workstation during operation.

For security, the HMI requires user authentication upon accessing the page. The
interface is hosted on the TwinCAT HMI server running on the controller PC,
configured with secure HTTP (HTTPS) on a specified port. We set up the server
with the controller’s IP address and the HMI’s port (3000) as an endpoint so that
authorized users can reach the interface via a. The TwinCAT HMI server was
configured to require an administrator username and password for login. A login
screen prevents unauthorized use, addressing cybersecurity concerns — without valid
credentials, no control actions can be sent to the workstation. To deploy the HMI,

the project was published from TwinCAT into the runtime server environment.
4 Results

After integrating the hardware and developing the software, the remote control
system was thoroughly tested. Initial tests were conducted in manual mode, verifying
that each HMI button correctly triggered the corresponding action on the pneumatic
station (for instance, the “Initialize” button returned the manipulator to home, and
each mode selection button started the correct process sequence). Automatic mode
was also tested by setting a desired count of parts and letting the system run through
complete cycles; all indicators and counters on the HMI updated appropriately with
the process progression. The pressure monitoring feature was validated by artificially
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reducing the air supply pressure: the on-screen barometer reflected the drop and
entered the warning (red) zone as expected.

To evaluate remote accessibility, the HMI was accessed from multiple devices and
locations. On the local network, a second PC was used to connect to the interface
and successfully start and stop the workstation. The interface was also accessed via
a mobile phone over the internet from a different location. In all cases, the system
responded correctly to user commands. We observed a small increase in control
latency when using a mobile cellular network, but the responsiveness remained
within acceptable bounds for safe operation. Throughout testing, the safety features
proved effective: for example, pressing the E-stop button (either on the physical
station or the HMI) immediately halted the system as intended, and the login
requirement successfully barred access when incorrect credentials were entered.
Overall, the system meets its design goals: it allows the pneumatic workstation to be
operated remotely with real-time feedback, and it includes safeguards to prevent
misuse or accidents. Figure 4 shows the final web HMI as seen by the user, with its
main components annotated. The interface includes manual controls (top-left),
automatic operation settings (top-right), status indicators (centre), counters (bottom-
left), a pressure gauge (bottom-right), and a live video feed (bottom-centre). The E-

stop and login features enhance operational safety.

Manual control st BECKHOFF

ESTOP DRILL F;'AL;& Live view

Automatic control
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Figure 4: The TwinCAT 3 web-based HMI for the pneumatic workstation.
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5 Discussion

The developed system demonstrates how an existing pneumatic workstation can be
modernized for remote operation, bringing it closer to an Industry 4.0 “smart
factory” cell. Using a soft-PL.C running on an industrial PC (instead of a traditional
standalone PL.C) made it straightforward to integrate advanced features like the web
HMI and camera feed. This platform leverages standard IT technologies (Ethernet
networks, HTTP/HTTPS protocols) to interface with fluid power equipment,

illustrating the convergence of automation and internet connectivity.

The safety measures implemented — specifically the authentication requirement and
emergency stop integration — address both cybersecurity and operational hazard
concerns. In practice, these measures are essential; an unsecured industrial control
interface could be maliciously manipulated, potentially causing equipment damage
or safety incidents. By requiring users to log in before granting control, and by
designing the interface with clear E-stop functionality and real-time sensor feedback
(e.g. pressure and flow sensors signalling abnormal conditions), the system ensures
that remote operators have the situational awareness and control authority needed
to manage the process safely. The inclusion of a live video feed further aids the
operator in verifying actions and preventing potential collisions or etrors, essentially
serving as the remote “eyes” on the process. This combination of networked control
and live monitoring significantly improves the ability to respond quickly to issues,

even when off-site.

Overall, the project highlights that with appropriate hardware (modern networked
PLCs) and software (web-based HMIs), even traditional pneumatic systems can be
successfully integrated into a remote supervision and control framework. This opens
opportunities for increased flexibility in managing manufacturing processes and
enables rapid expert intervention in system issues without the need for physical

presence on the factory floor.
6 Conclusion
In this work, a pneumatic workstation was successfully upgraded for remote

monitoring and control. The integration of a Beckhoff PLC and TwinCAT 3

environment enabled the existing system to be controlled via a web browser
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interface from anywhere with internet access. The implemented HMI provides
intuitive control and continuous feedback on the process state, including safety-
critical information like emergency stop status and air pressure levels. Testing
confirmed that the remote operation functions as intended, with robust performance
observed in both local and remote network scenarios. This development
demonstrates the feasibility of retrofitting fluid power workstations with modern

control technology to meet the demands of distributed and flexible manufacturing.

Future enhancements could include expanding the system with additional sensors
or incorporating analytics for predictive maintenance, further aligning the
workstation with smart factory principles. Nonetheless, even in its current form, the
system provides a clear example of applying IoT and Industry 4.0 concepts to
pneumatic automation, significantly enhancing both the usability and safety of the
workstation. We believe that such remote-operated pneumatic systems can improve
maintenance response times, reduce downtime, and enable new operational models
(such as centralized supervision of multiple remote sites), thereby offering

substantial benefits in industrial practice.
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Simulation of positive displacement machines requires highly
skilled engineers, use of advanced simulation tools and advanced
simulation approach. The paper presents recent activities and
progress on simulation of positive displacement machines — in
particular, the axial piston pump and the radial hydraulic motor.
Despite that these machines have been designed and produced for
decades, there are still (design) features and phenomena not being
investigated in detail or never being simulated. The simulation
advancements mainly refer to the application of complicated
kinematic motion, fluid properties, physics to consider as well as
mesh and numerical algorithm techniques. In this paper, the focus
is on modelling of advanced fluid material properties. Numerical
approach has been performed by means of CFD within the
environment of Siemens Simcenter Star-CCM+. The anticipation
of cavitation has been possible by implementation of existing “full

cavitation model”.
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1 Introduction

In this very first part, let’s unpack the term “positive displacement machine” step by
step. Positive displacement principle states that the space required to generate flow
rate during a function period is geometrically reduced (compressing period) and
increased again (decompressing or suction period). The pressure to be applied is

determined by the resistance that the actuator (e.g. cylinder, motor) must overcome.

11, 2], 3]

Displacement machines are hydraulic machines (i.e. pumps, motors) in which
hydrostatic power is transferred downstream of the positive displacement principle.
In terms of the operating principle, a distinction is made between rotary type
(rotating components) and reciprocating type (linear motion). In the rotary machines
the transport process takes place in a circumferential direction and is characterized
by the size 2n. On the other hand, reciprocating machines work with the

displacement units (e.g. pistons) performing a linear movement. [1]

Figure 1: Example of reciprocating (left) and rotary machine (right).

Source: own

Typical representatives of reciprocating machines are axial piston pumps, radial
piston motors, diaphragm pumps, plunger pumps etc. Typical representatives of

rotary machines are gear pumps, lobe pumps, vane pumps, screw pumps etc.
11 Axial piston pump

An axial piston pump is a type of positive displacement machine that uses a seties
of pistons arranged in a circular pattern within a cylinder block (or rotor); see Figure
2. These pistons move in a direction parallel (axial) to the axis of rotation of the

cylinder block. Axial piston pump exists as fixed (constant flow rate) or variable
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displacement (swash plate angle can be changed, varying the stroke of the pistons
and adjusting the flow rate).

Piston Cylinder

Displacement
Chamber

Figure 2: Rotating group of axial piston pump.
Source: [4]

1.2 Radial piston motor

Radial piston motor is a type of positive displacement machine that converts
hydraulic energy (i.e. fluid pressure) into rotational mechanical energy (i.e. torque).
It gets its name because the pistons are arranged radially around a central crankshaft
or a cam. Two main types of radial piston motors exist: crankshaft and cam ring type
(or multi-lobe cam type). The latter consists of stationary housing, rotating cylinder
block, radial pistons arranged in a circle inside the rotor and multi-lobe cam ring that

stays fixed (figure 3) [7].

cam-ring

piston roller

[ High pressure
piston [ Low pressure

[] Motor case (Drain)
cylinder block

Figure 3: Typical cross-section view of radial piston motor.

Source: own
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2 Physics to consider

Positive displacement machines are complex products — not just from component
point of view, but also from physics point of view. Several different physical
phenomena appear in such machine: starting from solid mechanics (e.g. solid stress,
tribology, materials ...) further to fluid mechanics (e.g. fluid properties, turbulences,

cavitation ...) and more.

Implementation of those phenomena into physical model(s) is of course not an easy
task and knowledge from different physical domains need to be merged.
For this investigation purposes, one of the most challenging physical domains will

be introduced hereafter — cavitation phenomena.
2.1 Cavitation phenomena

Cavitation is the phenomenon where vapor cavities (which are small and mostly
liquid-free zones), known as bubbles or voids, are generated in a liquid due to the
imbalance of the local dynamic forces. This usually occurs when a liquid is subjected
to rapid changes of pressure under isothermal conditions. An example: if the
pressure falls below a threshold (vapor saturation pressure), the liquid will rupture
and form vaporous cavities, while the voids would implode (bubbles collapse) and
generate intense shock waves when the vapor bubbles are subjected to pressure
higher than the threshold pressure (Figure 4) [6].

Pressure Cavitation Bubbles Bubbles Collapse
Drop Bubbles Expand Releasing
Intense Enargy

Figure 4: Cavitation resulting from a drop of pressure.
Source: [9]
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Two principal types of cavitation exist: vaporous and gaseous. Vaporous cavitation
is a process that takes place if the bubble grows explosively as liquid rapidly changes
into vapor; this situation occurs when the pressure level goes below the vapor
pressure of the liquid. Gaseous cavitation, on the other hand, is a diffusion process
that occurs whenever the pressure falls below the saturation pressure of the non-

condensable gas dissolved in the liquid.
Physical model for cavitation) bubble

A typical physical model for single (cavitation) bubble is shown on Figure 5.

Do®®p

Figure 5: Collapse of single cavitation bubble.
Source: [14]

In most cases, cavitation is an undesirable phenomenon, causing significant
degradation in the performance (e.g. reduces mass flow rates, lower head rise in
pumps, load asymmetry, vibration, and noise). Cavitation also causes physical
damage to a device due to bubble impact on surfaces (very right stage on figure 5),
which can ultimately affect structural integrity.

Cavitation is a very complex phenomena and its details are still under deep
investigation. Huge progress in understanding single cavitation bubble collapse has
been made within the last decade (mainly thanks to deeper and sophisticated visual
examination). [10], [11], [12], [13]

2.2 Difference between cavitation and boiling

Boiling is a phase change at constant pressure and variable temperature; cavitation
on the other hand is a phase change at constant temperature and variable pressure
(Figure 4).
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Figure 4: Boiling versus cavitation.

Source: own

Fundamentally, both cavitation and boiling are the evaporation and condensation
process between liquid and vapor phases. However, the mechanisms that trigger the
phase changes are different. Cavitation is predominately caused by mechanical
effects which are the sharp pressure changes in fluid systems. Boiling is due to
thermal effects that raise the vaporization pressure of a liquid above its local ambient

pressure to cause the phase change from liquid to vapor [5].
3 Numerical techniques

Knowing and understanding appropriate physics is the very first and essential step.
Then, the next challenging step is to implement physics into numerical code. Not
every physical model could be efficiently coded or significant skills in programming
is needed. Implemented physical model of cavitation and mesh techniques are briefly

explained hereafter.
3.1 Cavitation model

For this study purposes, implementation of advanced fluid properties has been of
significant importance. Numerous models are available within many scientific papers
and publications. However, not many of them are suitable for 3D CFD purposes
(e.g. [16]) due to the lack of numerical robustness, stability, performance etc.
Hereafter, “full cavitation model” from Singhal et al. [15] has been used and
implemented into CFD code within Siemens Simcenter Star-CCM+.
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The basic approach consists of using the standard viscous flow (Navier-Stokes)
equations for variable fluid density and a conventional turbulence model (e.g. k-¢
model). The fluid density is a function of vapor mass fraction f, which is computed
by solving a transport equation (1) coupled with the mass and momentum

consetrvation.
d N
E(Pf)JFV-(pr)ZV-(FVf)JrRe—Rc M

The source terms R, and R, denote vapor generation (evaporation) and
condensation rates and can be functions of flow parameters (pressure, flow
characteristic velocity) and fluid properties (liquid and vapor phase densities,
saturation pressure, and liquid-vapor surface tension). The above formulation
employs a homogenous flow approach and therefore does not consider two-phase
(two-fluid) flow.

The primary focus is on proper account of bubble growth and collapse. In a flowing
liquid with zero velocity slip between the fluid and bubbles, the bubble dynamics
equation is derived from the generalized Rayleigh-Plesset equation.
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Equation (2) provides a physical approach to introduce the effects of bubble
dynamics into the cavitation model. In fact, it can be considered as an equation for

void propagation and, hence, mixture density.

The working fluid is assumed to be a mixture of liquid, liquid vapor and non-
condensable gas (NCG). The calculation of the mixture density is defined as

l _v+.&+l_fv_fg
P Py Pg o]

©)

where pg, Py, P1, fo, fg refer to the NCG density, vapor density, liquid density, mass

fraction of vapor and mass fraction of NCG, respectively.
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The main unknowns are pPyqp (Vapor saturation pressure) and fg. Their variation
depends on fluid type and its quality and can be significant [16]. The model has been

validated on several different cases.

Besides that, this cavitation model exhibits the following characteristics:

— Can be applied to any geometric system (3D, 2D planar, or 2D axisymmetric),
all grid cell types and arbitrary interfaces are supported;

— Concurrent use of the turbulence, grid deformation and/or structures solution
modules are fully supported;

— Flow is assumed isothermal and fluid properties are taken as constant at a given

temperature for the entire flow domain;

— NCG mass fraction (fy) is assumed to be constant in the flow field.
3.2 Mesh morphing

Many simulations that involve motion or geometry change require moving or
deforming the mesh. Different deforming mesh methods (and their naming) exist,
such as overset mesh, morphing, adaptive mesh refinement, general remeshing etc.
The morpher motion allows to account for the effect of moving boundaries in a
transient simulation. The morpher can be used, for example, to simulate the
reciprocating motion of a piston in a cylinder - where the boundaries are not
changing shape, but the mesh vertices must morph to accommodate the movement
[17].

Solution Time 0.1 (s) Solution Time 1 (s)
Iteration 1 Iteration 10

Morpher Displacement: Magnitude (m) Morpher Displacement: Magnitude (m)
Y 0.0000 0. 0048708 0.0097417 0.014613 0.019483 0.024354 ¥ 0.0000 0. 0048708 0.0097417 0.014613 0.019483 0.024354
£ - n < -

Figure 5: Cylinder with a contracting wall.
Source: [17]
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The morphing motion in Siemens Simcenter Star-CCM+ redistributes mesh vertices
in response to the movement of a set of control points, which can be considered as
being a cloud of points overlaid onto the mesh domain. The displacement of a point
can be set directly, or it can be calculated from the input of grid velocity, from which

the displacement is calculated for a given time step.
3.3 Rigid body motion

Rigid body motion allows to model the motion of a rigid body in response to applied
forces and moments. In a rigid body, the relative distance between internal points
does not change. Therefore, it is sufficient to solve the equations of motion for the

center of mass of the body (Figure 6).

Figure 6: The motion of a 3D rigid body has 6 degrees of freedom.
Source: [17]

4 3D numerical model of the axial piston pump

The investigation refers to the flow analysis on pump PM10. The aim of this analysis
is to evaluate pressure field in piston chamber for “full pump” model (i.e. all pistons

are used). 3D view of the pump PM10 is depicted on Figure 7.

3D CFD model considers unsteady conditions, mesh morphing, realizable k-e
turbulence model, passive scalar transport equations and user-defined equation of
states (compressibility).
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3D CAD of PM10 Fluid volume of PM10

Figure 7: 3D CAD model (left) and fluid volume chambers (right).

Source: own

Flid volume has been meshed with polyhedral cells (where appropriate), hexahedral
cells on areas of variable volume and with prisms next to boundaries.
Contact/interface areas have been meshed with conformal mesh. Full 3D meshed

fluid volume (rotating group and inlet/outlet chambers) is depicted on Figure 8.

@ « axial movement

translation + deformation (morphing)

cavitation model

Figure 8: Mesh of fluid volume.

Source: own

Figure 9 depicts normalized piston velocities, used as boundary conditions. The
curves have been obtained thanks to equation based parametric CFD model.
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Figure 9: Imposed piston velocities.
Source: own
5 Results and discussions

Simulation has been defined for one full rotation (2n rad). During
several different physical quantities have been observed.

51 Piston chamber pressure

the rotation,
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Figure 10: Normalized average piston chamber pressure.

Source: own



INTERNATIONAL CONFERENCE FLUID POWER 2025:

198
CONFERENCE PROCEEDINGS

Piston chamber pressure (Figure 10) is a direct consequence of imposed piston
velocity. A typical pressure pattern could be seen during one revolution. In the first
part, there are some instabilities (i.e. oscillations) due to initialization. Then, each
pressure spike (in terms of pressure under/overshoot) is a consequence of interface
with high (HP) or low-pressure (LP) chambers.

Piston pressure force (in axial direction) is an integral value of pressure over the
piton area. Corresponding curves have identical shape as for the pressure, so they

are not shown here.
5.2 Piston tilting moment

Piston tilting moment (Mts) is depicted on Figure 11. Observing curve for piston
#1, there is negative Mts in the first part of rotation. This is because piston chamber
#1 is under high pressure (HP) and generated moment try to rotate in negative
direction. It is opposite when the chamber is under low pressure (LP). The magenta
curve depicts sum of all tilting moments (from all pistons chambers). One can sees

that it is not constant and changes significantly during one revolution.
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Figure 11: Normalized piston tilting moment Mts.
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5.3 Flow rate

Piston volumetric flow rate (VFR) could be seen on Figure 12. The very top and
bottom curves refer to the total flow rate at the inlet and outlet ports. Total flow
rates are not constant and change during the revolution. In addition, flow rate for
each piston sees two local increase/decrease in flow rate (offset for n rad) due to

beginning of the interface with high/low pressure zone ot vice versa.
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Figure 12: Normalized volumetric flow rate (VFR)

Source: own

6 Conclusion

Positive displacement machines are widely used in the engineering fields. Usually,
such machines operate in a harsh environment and extreme conditions. Detailed
understanding their functionalities is a key point for proper (robust) design,
predicted service lifetime and finally, for customer satisfaction. Simulation-driven
design can significantly decrease design cycle (lower the iteration loops), reduce
experimental investigations and gain time to market. However, simulation of such
machines requires advanced skills in numerical modeling. Although that these
machines are presented on the market for decades, there is still lack of their detailed

understanding,.
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In this study, numerical approach has been performed by means of computational
fluid dynamic (CFD) within the environment of Siemens Simcenter Star-CCM+.
The cavitation has been implemented into the CFD code in order to assess the
potential cavitation areas. Results of flow analysis (e.g. piston chamber pressure,
tilting moment on a swash plate etc.) enables better understanding of the key
functionalities for such machines but also serve as design guidelines for
engineers.The constructed numerical model opens the door for its further
improvement, deeper investigation of axial piston pumps as well as its further
deployment to the other type of positive displacement machine (i.e. hydraulic
motor), produced by Poclain.
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1 Introduction

Hydraulic devices are very common in many fields, in various industries, aviation,
shipping, agriculture, construction and other fields. Hydraulic pumps are an
indispensable component of hydraulic systems, as they ensure the flow of hydraulic
fluid and thus perform work on the actuators side. Depending on their design and
mode of operation, there are several types, the most common of which are gear
pumps with external and internal gearing, vane pumps, axial piston pumps with
swash plate or swash roller, radial piston pumps, etc. In closed circuits, the pumps
delivered the liquid through pipes to the actuators. When the fluid has completed
the circuit, it returns to the pump, from where a new circuit begins through the
consumers. In open circuits, the hydraulic fluid is stored in tanks, from where it is
pumped through pipes and to the consumers, and the path ends back in the tank. In
this problem definition, we are focussing on an open circuit. In presented case, a
hydraulic system with two gear pumps with internal gearing and two separate suction
lines was considered. The larger pump has a displacement of 125 cm3/rev, the
smaller one 63 cm?/rev. Under certain operating conditions, such a hydraulic system
is likely to lead to interactions between the fluid flows at the inlet to the suction lines
of the two pumps, and in extreme cases even to burning of the fluid between the

pumps.

The lack of liquid or the presence of air pockets in the suction line will consequently
lead to a reduced pumping capacity and an increase in the speed at the inlet to the
suction line of this pump, as well as a corresponding drop in pressure due to the lack
of liquid at the inlet. The air pockets are then transported with the flow into the
pump, where the expansion and compression of the liquid causes cavitation and
cavitation erosion of the material between the gears and the housing, which in

extreme cases can also lead to pump failure.

The long-term presence of cavitation or the conditions under which cavitation
occurs, lead to erosion of the surfaces exposed to the collapse of the vapour bubbles.
This manifests itself as pitting on the surfaces where the bubbles have collapsed.
Figure 1 shows an example of a pump with internal gearing that has failed due to
cavitation erosion. The valve plate is shown, and the pitting is visible on the part of
the plate where the opening for the discharge line begins. The reason for the

occurrence of cavitation and the failure of the pump was too low a level in the
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otherwise large-volume but too low tank [1]. This led to surface turbulence, with
which the pump sucked in air, and a vacuum was created in the suction line. This
created vapour bubbles, which were transported forwards by the rotation of the
pump until the static pressure of the liquid rose above the vapour pressure of the
bubbles again, causing them to collapse on the pressure side and erode the surface

over time.

Figure 1: Internal gear pump with damaged valve plate due to cavitation erosion [1].
2 Materials and methods

In the following, the parameters of the tested hydraulic pump and the procedure
with parameters for numerical calculations will be presented.

21 Tested internal gear type of hydraulic pumps

Figure 2: Tested hydraulic pump type PGH (Rexroth) [2].
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Rexroth hydraulic pumps of the PGH type were used in the study (Figure 2) [2].
These are hydraulic pumps with internal gearing and constant displacement. This is
125 ecm3/rev for the larger pump and 63 cm3/rev for the smaller pump.

2.2 Hydraulic resetvoir with different suction potts for two pumps

In the experimental research we had to construct a suitable tank to investigate the
influencing parameters. The model of the tank was created using the SolidWorks
programme. Given the space available in the laboratory and the recommendations
for the dimensions of the tank, we first established rough initial dimensions —
950 mm wide, 700 mm deep and 500 mm high — which we then used as the basis
for the modelling. As we will be observing the inside of the tank, particularly the
area around the suction pipes, during pump operation, the front of the tank is made
of glass. The other sides and the bottom of the tank are made of sheet metal, material
ST37 or S235, which is bent and then welded into sub-assemblies and into the overall
assembly (Figure 3).

Figure 3: Special hydraulic tank for analysing the influence of the suction lines of two or
more pumps (1050 mm x 750 mm x 670 mm).

2.3 Numerical calculation of the fluid dynamics of two pumps
In the following, we present the parameters of the simulations carried out in the

Ansys Fluent software environment. This is a software package for computational
fluid dynamics, hereinafter referred to as CFD. This is a discipline that deals with
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analysing flow systems, heat transfer and associated phenomena such as chemical
reactions. It uses numerical methods and algorithms (e.g. finite difference methods,

finite volume methods, etc.) to search for solutions based on input parameters.

The basic (guiding) equations that describe the motion of fluids in CFD ate the
Navier-Stokes equations. These are a series of partial differential equations that

describe the conservation of mass and momentum of the fluid.

One of the most important steps before the actual numerical calculation of the mesh
is the definition of turbulence models. Most of the flows we encounter in technical
practise are turbulent. Such a flow is characterised by sudden fluctuations in velocity
and a disordered and rapid flow movement due to the formation of vortices. These
represent an additional mechanism of energy and momentum transfer which, in
contrast to molecular diffusion, occurs much faster in laminar flow, which

consequently leads to higher values for friction, mass and heat transfer.

The geometric model for the simulation studies was created using the SolidWorks
programme. Several models with individual differences were defined according to
the simulated influencing parameters. We started from the dimensions shown in
Figure 4. It is a section of a part of the suction pipes of the tank. The geometric

model consists of two bodies to enable an efficient network.

100
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Figure 4: Dimensions of the geometric model of the simulation research
(all dimensions are in mm).

The mass flow rate at the outlet surfaces of both pipes was determined (shown in
red in Figure 3) as the outlet boundary condition. Here, the same volume flow was

assumed as specified in the manufacturer's catalogue [2] for pumps, measured at
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n = 1450 min~!. Using the known volume flows of both pumps and the known
density of the oil, the mass flow rate for each pump was calculated, according to the
expression m = gl” p. This amounts 2.583 kg/s for the pump with a displacement
of 125 cm?/rev, and 1.2915 kg/s for the pump with a displacement of 63 cm3/rev.

The mass flows are shown in Figure 5 as red arrows pointing out of the range.

Atmospheric
pressure

“p

Mass flow -

TA

Figure 5: Boundary conditions of the simulations of two suction lines.

body with dense
mesh

Figure 6: Meshed geometric model in the xz cross-sectional plane [9].

The geometric models were meshed with the CFD tool Fluent (With Fluent
Meshing) of the Ansys software. The poly-hexcore meshing was used, which is one
of the mosaic meshing technologies. It is a combination of polyhedral and



F. Majdic et al.: Research Into the Influence of Critical Hydraulic Tank Parameters When

Using Two Pumps Simultaneonsly 207

hexahedral control volumes, where polyhedral volumes fill the outer region near the
wall (boundary layer) and allow the description of more complex parts of the
geometry, while hexahedral volumes fill the inner region of the volume [3]. In this
case, each hexahedron at each mesh density is subdivided into eight smaller control
volumes called octrees (from the Greek word octo — eight and the English word
tree) in a tree structure. Numerous studies and articles [4 to 8] have shown that the
use of polyhexkernel meshing leads to a lower number of control volumes, higher

mesh quality, shorter computation time and higher solution accuracy (Figure 6) [9].
3 Results

Here, the results of a study on the effects of different distances between two suction
pipes and the influence of oil level will be presented.

31 Numerical results

Figure 7 shows the distribution of velocity fields for case of two suction lines at a
distance of 125 mm. The left suction line belongs to a pump with a displacement of
63 cm3/rev, the right one to a pump with a displacement of 125 cm3/rev. It can be
seen that the velocity fields of both suction lines curve or tilt in the direction of the
neighbouring line. The pressure curves shown in Figure 8 show the same, whereby
each is shown with its own scale due to the large differences in the pressure values
of the two suction lines. The curvature or tilting of the velocity lines would mean
that the velocity and pressure gradients are no longer symmetrical to the longitudinal
axis (z) due to the mutual influence of the suction lines, but are greater on the side
that is closer to the other suction line. This can also be seen from the velocity profiles

in Figure 9.

The calculation of the difference in the absolute values of the gradients of the
velocity profiles along the walls of one suction pipe and the other also proves the

asymmetry.

Figure 9 shows the flow lines at the inlet of the suction lines. Due to their proximity,
the interaction of the flow lines creates a “virtual liquid wall” between the delivery
areas of the two pumps. This prevents liquid from being pumped through from the
delivery area of the other pump.
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Figure 7: Velocity fields of two suction lines at a distance of 125 mm
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Figure 8: Absolute pressure cutves of a pump with a displacement of 63 cm3/rev (a)
and 125 cm3/rev (b) with suction lines at a distance of 125 mm.
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Figure 10: Streamlines at the inlet of the suction lines at a distance of 75 mm.

Due to the uneven power distribution between the suction lines, the pump with a
displacement of 125 cm3/rev has a greater influence on the liquid particles that
would otherwise follow the nozzles into the suction line of the pump with a
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displacement of 63 cm3/rev. The larger pump therefore interferes with the delivery
area of the smaller pump and prevents a normal flow of liquid. The apparent wall of
the nozzles is therefore not straight but curved in the direction of the pumping area
of the smaller pump. This leads to an asymmetrical flow of liquid into the suction
lines. The result is a thinning of the stagnant recirculation area along the wall, as can
be seen in Figure 10 and Figure 11 - the recirculation area of the nozzles in the
suction line of the smaller pump almost disappears in this part, while it starts to

decrease in the case of the larger pump.

I
Velocity, m/s l i
39 ‘ ‘

Figure 11: Streamlines at the inlet of the suction lines at a distance of 50 mm.

3.2 Experimental results

Table 1 summarises the average values of the measured absolute pressure of both
sensors with the associated expanded uncertainties of type A as well as the maximum

and minimum pressure values for all 4 distance measurements.

The maximum pressure drop or the lowest absolute pressure due to the change in
suction conditions, as a result of the mutual influence of the suction lines is given at
the smallest distance of 125 mm. Compared to the next largest distance of 250 mm,
the pressure drop in the suction lines of both pumps is 800 Pa greater and the
absolute pressure is correspondingly lower. The maximum absolute pressures of
both pumps are also 1400 Pa lower, and the minimum absolute pressures are also
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lower, namely 1300 Pa for the larger pump and 1000 Pa for the smaller pump. Above
a distance of 125 mm, the pressure changes in the suction lines of both pumps are
no longer uniform and begin to fluctuate around stable values. From this it can be
concluded that above a distance of 125 mm the mutual influence of the suction lines

is no longer present or is negligible.

Table 1: Results of the absolute pressure influence of the suction line distance and the

associated type A measurement uncertainties.

125 mm 250 mm 375 mun 500 mm

p1, Pa 64200 £ 11 | 65400 = 9 | 65800 £ 13 | 65300 = 11

. Pa 80300 £ 13 | 81100 £ 8 | 81000 £ 6 | 31100 £ B
Pl maks, Pa 65800 67200 67200 67200
P1,min; P2 62200 63500 63500 63500
P2.maks, Pa 81600 83000 82500 83000
P2,min. P2 79300 80300 30300 80300

A reduction in the oil volume in the tank or a lowering of the level has a negative
effect on the suction conditions. The already low oil volume at a given flow rate is
reduced even further, resulting in turbulent oil and a turbulent level. In addition,
with high flow rates and oil turbulence and a lower fill level in the tank, it often
happens that the suction power of the pumps creates a localised vacuum in the oil
level. This creates a vortex that is sucked into the suction line. This vortex forms

and disappears within 1 to 2 seconds, as shown in Figure 12.

Figure 12: Pumping air from the surface into the suction lines — view of the tank from above.
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4 Conclusions

In the present study, we determined numerically and experimentally the conditions
for the interaction of two pumps mounted outside the tank with two separate
suction lines and flow rates of 125 cm?3/rev and 63 cm?/rev. During the experiments,
we used a glass front to provide a real-time view of what was happening inside the

tank, which contributed to more efficient and high-quality results.
The main results and findings are:

— The phenomenon of interaction of the suction lines of two hydraulic pumps
was confirmed by numerical situations.

— For the experimental studies, an experimental test rig with an open circuit was
designed, as well as a tank, suitable for measuring different mutual distances and
other vatiable parameters.

— In the case of using two hydraulic pumps with internal gears and a
corresponding displacement of 125 cm?/rev and 63 cm3/rev and two separate
suction lines, we carried out pressure measurements in the suction lines at the
pump inlet.

— It was found out that the mutual distance has a great influence on the flow field
near the suction lines and on the non-uniform flow distribution. In our
particular case, using these two pumps, the mutual distance between the suction
pipes over 125 mm no longer plays a major role.

— It was experimentally confirmed, that very undesirable conditions occur when
the volume is reduced and especially when the liquid level in the tank is reduced.
If the volume is too low, the oil switls strongly, and too low a level also leads to
the absorption of air from the surface in the form of funnels. Air in the oil
consequently leads to conditions for cavitation to occur, which can have
negative consequences for efficiency and damage to pumps in the event of long-

term operation without monitoring or troubleshooting.
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1 Buzzy words

If one searches for the explanation or the meaning of upfront simulation, there are
dozens of different explanations, interpretations and words used for the same (or
similar) meaning .. such as upstream simulation, simulation-driven design,

simulation-led design, etc. One can quickly get confused.

As with most buzzy words, upfront simulation and/or democratization ate
interpreted differently by different people. But all would likely agree on the broad
sense of its meaning: the goal of simulation democratization is to empower more
people to take advantage of simulation technology (Figure 1). On the other hand,

upfront simulation means simulation activities being performed early in the design

stage. ([1] to [8])

o ol W
PN T b

CFD analyst @ » Designers
democratization

Figure 1: Simulation democratization, an example.

Source: own

1.1 To diminish the misunderstanding

The source [2] gives a meaningful example what it is meant by “democratization” —
it explains the term on GPS (Global Positioning System). Deploying a GPS is not
an easy task. One needs a knowledge of wireless communications, orbital mechanics,
general relativity, and a whole lot more. Locating oneself with a GPS used to require
just as much expertise, in the form of specialized equipment and operators who

knew how to use it.
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The complexity of GPS has not changed. What has changed is who can effectively
make use of it: everyone. If one owns a smartphone, he has access to GPS. He does
not need any knowledge of GPS to use it — he just pulls up Google Maps and tell it

where he wants to go. The details are irrelevant to the end user.
The same idea lies behind the democratization of simulations.

Looking at past technological precedents, one could argue that Henry Ford saw the
value of democratizing the ownership and use of motor cars a century ago by making
them more consistent and affordable, and Steve Jobs created a market for smart
phones a decade ago that was very different to what had gone before - allowing for
the democratization of such technology. Even the worldwide web associated with
the internet of the last 30 years is a form of democratization because it shares

information globally. We are in an age of democratization in so many ways [8].
1.2 How did we understand those words at Poclain?

Simulation tools have been part of design process at Poclain for decades (starting
much before the 21 century). In the early stage, FEA (Finite Element Analysis) has
been introduced by means of dedicated “FEA expert” and later on by small team of
“FEA experts”. Then, 1D simulations were implemented as well. But again, they
were used only by dedicated team (Figure 2). Later, CFD (Computational Fluid
Dynamics) was brought into the company and was used only by single “CFD

expert”.

Figure 2: The early team of simulation experts.

Source: own
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It needs to be mentioned that in the beginning (as well as later on), the word
“simulation tool” mainly refers to the use of standalone advanced simulation tool.

A lot of practice was/is necessaty to be autonomous and experienced uset.
Later, the number of simulation users increases year by year (Figure 3).

But still, those users mainly used simulation tools as their “main source”, so daily.
They were experts in this (simulation) field. By conquering new markets and new
(demanding) customers, product portfolio progressively expanded along with the
product complexity. Consequently, the need for deeper understanding of products
behavior arises; but also, time to market was requested to be shorter and shorter.
Those, along with some other reasons and needs, were the main triggers to invest
more into the virtual validation (i.e. simulation) approach.

USA (Sturtevant WI) £
R

Slovenia (Ziri) Czech Rep. (Brno)
ALD contor RA&D conter

Figure 3: The extended team of simulation experts.

Source: own

As more and more people started using simulation tools, there soon raised the need
to unify and standardize simulation procedures. Further, as Poclain started to acquire
more companies (ex. Slovenian Kladivar, for example), there was also the need to

unify simulation tools (software) as well.

The natural consequence of increasing market needs, its demands and its share, we
were faced with the following fact: increase the team of experts or extend the use of
simulation tools towards the design engineers (designers).
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2 The path to broader leverage of simulation tools

Speaking from Poclain point of view, the leverage of simulation tools should be put
in a much global aspect. Tools (any kind) are one of the main pillars of the process,
called Knowledge Management (KM). This process has been put in place at Poclain
since last decade. But note that KM is also one out of ten pillars of lean product and
process development (LPPD). LPPD is a powerful system for developing new

products and services, as well as the processes needed to produce and deliver them

[9]-
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Figure 4: Tools under global aspect of LPPD.

Source: own
2.1 Democratization means changing our mindset

It may not be as easy as simply giving our design engineers simulation tools, and
then waiting what will happen. Mostly nothing! Nobody will use the tools. One can
go further and provide dedicated training (on-site, virtual classroom etc.). Most
often, the result is also predictive — very few people will use the tools. Cleatly, there’s
more to democratization than the simple provision of simulation tools. Similar

findings are also reported by [2].

Democratization is a strategic, well-organized path. It can only be successful when
an entire organization - from the managers to the analysts to the design engineers —
is on board with the shift in thinking. The most difficult thing in simulation
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democratization is not the technology itself — it is actually the culture, the mindset,
the spirit.

And it usually takes a significant amount of time (years!) to give the right spirit to
the team or to the entire enterprise. Poclain was not an exception here. Very in the
beginning, project managers did not want to “book time” in a project pipeline to
perform simulations because they simply did not trust the outcomes of simulations;
top management did not know much about the technology and therefore investment
in simulation tools has not been approved from their side; and the last but not the
least, designers have seen using simulation tools just as additional (unnecessary)

wortk. So, it has been many barriers to start with democratization.
2.2 Efforts to make democratization live

As just mentioned, changing people’s mindset (starting with my own) usually takes
the most resources. Here, lots of well-defined activities are incorporated, such as
clear presentation (with facts!) of new approach, its added values to the stakeholders,
strategic plan of deployment (trainings, workshops ...), support, return of

investment (for management) etc.

At Poclain, simulation tools democratization started by the group of enthusiastic
who, initially, made simulations solely by themselves — mostly even before the
concept stage in order to study feasibility and to build missing knowledge bricks.
Along with their expertise path, simulation results became more and more aligned
with test results and confidence from (project) management, design leaders and
design engineers became higher. Consequently, management decided to deploy

simulation approach on a design level.

And here, the main effort just started. First, standardized and validated simulation
procedures have been established and official simulation tools created and codified
(for those purposes, intranet portal has been established, see Figure 5). Then several
training documentations have been written, demo cases prepared and training
session organized. Last but not least, strong simulation (technical) support has been
established in order to minimize bottleneck during design stage. All those training
sessions have been integrated later into the Poclain Academy system. Each training

document is accessible via intranet portal.
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OPOCLAIN intranet Home Search this site )

L QOCS List Calculation tools support Tools Availability Trainings Design Know How Sharing

Welcome on CASIMIR, the CAlculation and SIMulation InteRnational web portal

CASIMIR NEWS

Current View == Find an item 2

Icon Title Description Publication_Date

VFG4 Update April 2025  Today we are releasing a new version of VFG4 with two new and complementary features which can have an impacton ~ 4/18/2025
all results from durability calculations:

=y

Efficiency data used for durability calculations.
Efficiency calculation for duty cycle ediition.

VFGA Update December  Detailed explanation of all the changes made with the December 2024 version, 12/4/2024
2024

=N

VFG4 Update May 2024 Here is a detailed explanation of all the changes made with the May 2024 version. 5/15/2024

Bug correction for the newcame core

Shared reliability setting

Fixations calculation results clarified

Added statistical data for the internal loads

Added metadata for splines and rim plate stress detailed reports

=8

Figure 5: Intranet portal for calculation and simulation.

Source: own
2.3 Efforts to keep democratization alive

Despite numerous training sessions being organized and active support provided,
there was still a lack of simulation spirit. Very few people “internalized” simulation
tools as a part of their design workflow. Simulation tools with corresponding
documentations, training and support were there, but not broadly used within
enterprise. To (te)enforce the simulation spirit, additional steps have been
introduced. Two of them are explicitly mentioned hereafter: regular workshops and
yeatly deployment plan (YDP).

2.3.1 Workshop

At Poclain, we found that just “pushing” people to use simulation tools is not the
right approach. There is (almost) no lever to use simulation tools efficiently if their
users (i.e. design engineers) do not feel “comfortable” with. There is another path
we took to convinced users to “grab” the simulation tools — because they like them

and because they are familiar with them. This is the path of regular practicing of
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simulation tools on real demonstrative cases and showing best practices of using

simulation tools. This is the path of regular workshops.

A workshop is an organized event where (limited number) participants refresh their
knowledge and skills on simulation tools — simply by quick recap what they learned
during the past trainings (e.g. theoretical background, Graphical User Interface GUI
tool, methodologies ...) and by practicing simulation tool (and methodology) on real
case. Note that workshop is not a training, it is a “refreshment” of their existing

knowledge and skills (Figure 6).

Figure 6: Internal workshop for the employees.

Source: own

Such a workshop is organized at least once per year for most used simulation tools

(numerical or analytical). Each design engineer is invited to join the workshop.
2.3.2 Yearly deployment plan

Yearly deployment plan (YDP) is the process of creating a plan for the successful
deployment of new/existing tasks, tools or systems. It involves identifying the

resources, tasks and timeline needed to ensure that the deployment is successful [10].

Through the YDP, we define where (on which projects, topics), who (design
engineer) and what (part, assembly) needs to be virtually validated by means of

simulation tools. In this way, we promote people using simulation tools and project
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managers to book necessary time for such analyses into project pipeline. By this way,
there is no more “we do not have time” and much less design “surprises” later in a

design stage.
3 Current status of simulation tools democratization at Poclain

There are numerous simulation tools currently used by design engineers and
simulation experts. Some of the simulation tools ate purely analytical and have been
purchased (e.g. compression spring design tool) or developed internally (e.g.
hydraulic motor lifetime design tool). The rest of the simulation tools are numerical,
which means that they use one or more available numerical methodologies to solve
governing equations (originally in partial differential form).

Whatever the nature or the origin of the simulation tools, they are all officially
codified and available via intranet portal (Figure 5). Each codified tool is “equipped”
with corresponding technical documentations, training sessions, associated skills and

contact reference (i.e. expert for dedicated field of physics).
3.1 Upfront simulations

So far, nothing has been said about upfront simulations: what it actually is, how it is
linked with simulation democratization, how it has been implemented etc. Let’s
focus and clarify such questions hereafter. Mechanical computer aided design
(MCAD) is the center of all virtual product development processes. Embedding 3D
simulation tools (e.g. FEA, CFD, topology ...) inside MCAD tools is an effective
way of improving user productivity and democratizing the use of such tools [§]
(Figure 7).

Common CFD aproach

SITéIé?;On

Frontloading CFD aproach

I_Jesign.& Production Savings & advantages
Simulation

Figure 7: Classic traditional CFD design flow and its relationship to MCAD relative to a
frontloading approach.

Source: own
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Embedding 3D simulation tools in MCAD also allows for more simulations early in
a product development design process where it has the most impact at the least cost.
Such upfront or frontloaded simulations within common CAD environments and
PLM workflows are done directly on the latest 3D CAD model and provide results

in minutes or hours rather than days or weeks.

At Poclain, MCAD package comes from PTC and is called Creo Parametric. It has
several simulation tools embedded (Figure 8), such as Simulate (FEA), Flow Analysis
(CFD), Mold Analysis, Mechanism, Generative design (Topology) etc.

Model Analysis Live Simulation Annotate Tools View Flexible Modeling Applications

Mod C| A 490 @ m @

Welding Mold/ Expert Generative Ansys  Simulate Simulate  Flow Mald GD&T EZTolerance | Render
Cast Moldbase Design | Simulation Results  Analysis Analysis Advisor  Analysis Studio

Engineering Simulation Calculation GD&T Rendering

Figure 8: Embedded (simulation) tools within PTC Creo.

Source: own
3.1.1 Upfront CFD simulations

Thanks to embedded simulation tools, each MCAD user has now access to vatious
tools. Embedding computational fluid dynamics (CFD) into native CAD software
is definitely one of the biggest factors driving the democratization of CFD. Data
generated by CFD is the same as any other product manufacturing information, like

mass, visual appearance, kinematics, manufacturing cost, etc.

Therefore, as soon as MCAD user builds his first design idea(s), it could be evaluated
by this embedded simulation tools. There is no need to switch to another CAD
package or simulation software. Embedded tool also allows to keep (bi-directional)
associativity with the main CAD model which significantly reduces iterative
simulation loops (Figure 7).

Let’s demonstrate the practical use of CFD tool on typical Poclain product:
directional control valve (type KV, size 6).
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1. Create/ import CAD model

In this step, a CAD model is created/designed or imported in any supported format
(Figure 9). It 1s advised to “equipped” part of interest with auxiliary elements (e.g.
subplates, fittings ...). This is of especially importance if simulation results need to
be compared with experimental data.

2. Create new simulation project within the embedded CFD tool

Since there might be several simulation projects within the same CAD model, it
makes sense to define meaningful project name (to avoid confusion or

misunderstanding).
3. Follows the workflow “left to right” (in the flow analysis ribbon)

Flow Analysis Ribbon (Figure 10) guides CFD user through the complete CFD
workflow of preprocessing, performing the simulation and post-processing; CFD
analysis starts with fluid domain definition, fluid type (material) definition, physics
to consider, definition of boundary conditions, mesh generation and (during pre- or
post-processing stage) section planes, plots and monitoring points definition.
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Figure 9: CAD model created within PTC Creo.

Source: own
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Figure 10: Workflow in embedded CFD tool.
Source: own

4. Run simulation(s) and observe obtained results

Once a single or multiple projects are set up, simulation run could be performed
(single or batch). It needs to be emphasized that runtime is usually very fast due to
efficient numerical solvers and multicore capabilities. Then, the second (and very
important!) part of CFD task begins = post-processing stage is an “work of art” for
CFD user. His skills and ingenuity are key factors to get most from simulation results
(Figure 11).
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Figure 11: Post-processing activities

Source: own



A. Celik: Upfront Simulations and (Their) Democratization — Where We Are? 227

4 Conclusion

The paper presents the general aim, meaning and current status regarding upfront
simulations and their democratization within Poclain group. The path that explains
the evolution of simulation democratization is also shown. Further, it is clearly
explained that simulation democratization is all but not “just push” the simulation
tools to design engineers. Otherwise, the result is well predicted — tools are not
widely spread. The most difficult thing in simulation democratization is actually not

the technology itself — it is the culture, the mindset, the spirit.

The ability and power of upfront simulations is also demonstrated on practical
example. It emphasizes the ease of use of simulation tool, the importance of
understanding the product behavior as well as the gain in time to market - due to
short time from pre- to post-processing stages. Validated simulation tool can make
its user more powerful, productive and can provide in-depth understanding of the

product in hand. But it is user responsibility to “grab the tool from the shelf”.
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The protection of structural facilities in alpine regions from
natural hazards--particularly rockfalls--is becoming increasingly
important due to global warming. While installing protection
systems such as rockfall nets is an important first step, these
systems require long-term maintenance and regular inspection to
ensure functionality. Although inspection of the nets themselves
is often feasible in alpine terrain, inspection of the ground anchors
has not been possible until now. This challenge motivated the
development of a hydraulically powered, mobile testing device
specifically designed to evaluate the ground anchors of rockfall
nets in alpine areas. The hydraulic concept enables the required
forces to be generated within a short time, while the compact
design allows the device to be carried through difficult terrain by
just two people.
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1 Introduction

Micropiles (ground anchors) have proven to be a reliable foundation element for
protective structures, as they are able to transfer impulsive tensile loads resulting
from natural hazards such as rockfall into the subsoil. In contrast to conventional
foundations, where permanent loads are decisive, protective structures are primarily
subjected to dynamic actions [1]. However, standardised procedures to adequately
capture the dynamic behaviour of micropiles under realistic loading conditions are
still limited.

Previous investigations considered different concepts for energy input, including
mechanical and pneumatic approaches. These methods, however, showed
considerable practical limitations, which shifted the research focus towards hydraulic
solutions. By using hydropneumatic accumulators, hydraulic systems can provide the
required impulse efficiently, reproducibly, and in a field-applicable manner. This
makes it possible to realistically simulate the characteristic loading of micropiles in

protective structures [1], [2].

The present work builds on these developments and explores the application of
hydraulic testing systems for dynamic micropile loading. The objective is to highlight
the potential of this approach for both research and practice and to provide a basis

for the further advancement of dynamic testing methods.
2 State of the art to test micropiles

Micropiles have become a widely used foundation element for protective structures
against natural hazards such as rockfall, avalanches or debris flows. In contrast to
their application in conventional foundations, where mainly permanent static loads
are decisive, micropiles in protective structures are predominantly subjected to
short-term, impulsive tensile loads [1]. This fundamental difference requires adapted
design and testing methods to ensure reliable performance under dynamic

conditions.
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2.1 Protective structures and micropile foundations

Protective structures (see Figure 1) are designed to reduce the consequences of
natural hazards to an acceptable level, thereby safeguarding infrastructure and
settlement areas and ensuring economic sustainability. While earth embankments
dissipate impact energy through their mass and internal load transfer, flexible
systems such as rockfall protection nets rely on a combination of interception
structures, superstructures and cables to redirect forces into the foundation [1].
Micropiles act as key anchorage elements in these systems, transferring high tensile
forces into the ground.

Figure 1: Typical projective structures.
Source: [1]

2.2 Characteristics and installation challenges

According to EN 14199 (2016), micropiles are versatile elements used to reduce
settlements and transfer compressive or tensile loads. In protective structures,
however, their function differs from classical geotechnical applications: tensile
loading is often eccentric, and additional deflections arise due to cable extensions
and system flexibility [1]. Installation in steep or inaccessible terrain poses further
challenges, as lightweight drilling rigs are required and the use of fully cased or
double corrosion-protected elements is often restricted. Current developments
therefore investigate self-drilling micropiles with double corrosion protection (DCP-
SBZ) as a potential solution [2]. Different tendon diameters (DN22-DN40) are
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commonly used depending on the load level and boundary conditions of the

protective structure.
Conventional testing procedures

As with anchors (EN 1537:2015) or soil nails (EN 14490:2010), micropiles must be
tested to validate design assumptions and ensure functionality. Investigation,
suitability and acceptance tests are defined depending on the project stage [1]. In
Austria, acceptance criteria include the creep rate (ks = 5 mm, ONR 24810:2020) as

well as conditions regarding constant load maintenance and maximum load decrease.

1.5tiitze: 2 Seilfhrung: 3 4.0meg; S 6.Ankerbiigel:
7.Bergseitige Verarkerung: 8. Anker

Figure 2: Micropile installation.

Source: Trumer Schutzbauten and [1]

For protective structures, however, the creep-rate criterion appears only of limited
relevance, as the actual loading case is defined by short-term impacts. Static testing
procedures therefore provide insufficient insight into the real behaviour of

micropiles under dynamic conditions [1].
2.3 Approaches to dynamic testing

Dynamic testing methods have so far been mainly applied to large-diameter piles,
where wave propagation techniques (e.g. ASTM D5882-16) are used to evaluate
production quality and structural integrity. While useful in that context, such
methods provide little information on the tensile bearing capacity of micropiles [1],

[3]. Drop-weight systems and other commercial testing devices (e.g. Allnamics)
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demonstrate the general feasibility of dynamic loading, but their application to small-
diameter micropiles in tension remains restricted [1]. Against this background,
research efforts have focused on developing dedicated test concepts capable of
reproducing the impulsive loading scenatios relevant for protective structures.
Pendulum-based approaches, inspired by Charpy impact tests, represent one line of
investigation and mark an important step towards the establishment of suitable

dynamic test procedures for micropiles [1].
3 Requirements for a new dynamic testing device

The development of a dynamic micropile testing device aims to meet the objectives
outlined in the preceding chapters. To achieve this, specific technical and practical
requirements must be fulfilled. Table 1 summarises the main criteria, which
represent an initial consolidation of conceptual considerations and can be refined in

the course of further development.

Table 1: Requirements for a dynamic micropile testing device

Requirement Description

Dynamic loading Application of an impulsive load up to 250 kN

The target force must be applied within a maximum of 5
ms to reproduce impact-like loading [1]

Impulse should be adjustable on-site between 100 kN and

Load rise time

Adjustable load level 250 KN
Simple handling ODne\Sfitc: should only need to be mounted and pre-tensioned

Ideally, no external abutment required; optional integration
for higher loads or research purposes

Device should be portable by two persons, even in rough
terrain

Interchangeable adapters to connect to different tendon
diameters (DN22 to DN40)

Reaction system

Weight

Compatibility

source: own source

4 Construction and function of the dynamic testing device

4.1 General design

The dynamic micropile testing device is based on a hydraulic impulse cylinder,

developed at the Institute of Production Engineering, TU Graz. Its design enables
the rapid application of tensile impulses up to 250 kIN within < 5 ms, fulfilling the
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requirements defined in Chapter 3. A CAD model with the main components is

shown in Figure 3.

___— hydraulic accumulator

cylinder tube —

—— valve block

housing

micropile —

Figure 3: Impulse cylinder.

Source: own source.
4.2 Accumulator system

A bladder-type accumulator is integrated. It separates hydraulic oil and nitrogen by
an elastomer bladder; pre-charging stores hydraulic energy that is released when the
valve opens, covering peak flow demand and allowing millisecond-scale piston
acceleration. The current design allows maximum accumulator charging pressures
up to 450 bar, providing sufficient energy for impulsive load levels typical of
protective structures [1], [2]. Unlike conventional systems, there is no separate safety
shut-off valve on the accumulator; instead, a dedicated hydraulic circuit ensures

pressure control and safe energy release.
4.3 Cylinder—piston unit
The piston—cylinder assembly is optimised for very high acceleration. No piston seal

is used; sealing to the environment is achieved solely by rod seals. This reduces

moving mass and internal friction, enabling the required stroke velocity. The rod
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seals face high dynamic loads because sliding speeds reach up to 15 m/s in this
application. Under such conditions, frictional heating, lubrication breakdown, and
extrusion must be considered. Design guidance from hydraulic fundamentals and
sealing handbooks recommends pressure- and temperature-stable materials,
optimised lubrication, and anti-extrusion back-up elements; high-performance PU
or PTFE composite rod seals are commonly used for piston velocities above ~10
m/s to 15 m/s [10], [11].

4.4 Valve technology

A 2/2 seat-type directional valve is used (rather than a spool valve) for tight shut-
off, lower contamination sensitivity, and short actuation travel. In the rest position,
a spring keeps the valve closed; when pilot pressure is applied, the valve opens and
the accumulator discharges into the cylinder chamber, producing rapid piston
acceleration (see Figure 4) [10].

4.5 Impulse generation

When the valve opens, hydraulic fluid acts on the piston surface, accelerating it until
it strikes the impact plate at the cylinder head. The resulting momentum transfer
generates the impulsive tensile load that is transmitted to the micropile. The stroke
is ~130 mm; after impact, oil returns to tank via the return lines, and the piston

retracts for the next cycle.

cylinder tube — —

- 2/2 way valve

housing —— ——— pilot valve

i ___ valve for the
stroke back

Figure 4: Valve block and oil flow.

Source: own source.
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4.6 Hydraulic supply

Lab tests used a compressed-air driven hydraulic pump (up to ~700 bar). For field

use, a battery-driven pump unit is foreseen to ensure mobility in alpine terrain.
4.7 Control of impulse intensity

The impulse p depends on piston mass and velocity:
= =
p=mv, v== M

with Q the flow rate through the valve and A the piston area. Thus, system pressure
and valve geometry govern piston velocity and the resulting impulse [4], [10]. This
allows on-site adjustment of test loads between 100 kN to 250 kN as specified in
Chapter 3 [1].

4.8 End-of-stroke cushioning

At the extremely high rod speeds in this device (up to 25 m/s), uncontrolled end-
of-stroke impact would produce harmful pressure spikes, rebound, and structural
stress. End-of-stroke cushioning (“cushions”) decelerates the piston/rod assembly
near the stroke limit by restricting the outflow from the cushioning chamber or by

introducing energy-absorbing elements. This converts the kinetic energy Ej =
Emequ into fluid or material work over a defined cushion travel AL, limiting peak

force and pressure [12] to [16].

In this application, cushioning not only protects components but also enables the
targeted impulse transfer: by braking the piston rod in a controlled manner, the
impulse change Ap is shaped so that the required reaction force within < 5 ms is
achieved. Thus, the cushioning is directly linked to the fulfilment of the functional

requirement defined in Chapter 3.

As a first approach, an elastomeric buffer was implemented. The specially shaped
rubber cushion acts as a deformable damping element at the end of the piston stroke.

Its geometry was optimized using finite element (FEM) simulations, allowing the
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energy absorption characteristics and stiffness profile to be tailored to the impulse
requirement. Compared to fluid-based cushions, this solution offers a compact
design and robust behaviour under the very short impulse durations considered here.
Literature describes vatious approaches, including plunger/bushing tapers, grooved
pistons, and progressive multi-stage metering to control fluid discharge [12] to [15].
For high-energy systems, a combination of material-based buffers (e.g., elastomer

pads) with fluid cushioning can provide additional robustness.
5 Calculation of the elastomeric buffer for end-of-stroke cushioning

In order to realise the required end-of-stroke cushioning within <5 ms, an
clastomeric buffer was designed and analysed. The buffer is intended to absorb the
residual kinetic energy of the piston rod after impulse transfer, thereby shaping the
impulse change and generating the defined reaction force. Three different buffer
geometries were evaluated using finite element method (FEM) simulations, each
aiming to achieve a favourable stress distribution, controllable deformation, and

reproducible damping behaviour.

Because elastomeric materials exhibit a strongly nonlinear stress—strain relationship
even within the elastic regime, all calculations were performed using nonlinear FEM.
This approach accounts for large deformations, geometric nonlinearity, and the
nonlinear constitutive behaviour of rubber-like materials, ensuring that stiffness and

damping effects are represented realistically.
5.1 Variant A — Solid elastomer disc (Shore 40)

The baseline design consisted of a solid rubber disc with a uniform thickness. The
material selected was a standard elastomer with Shore A 40, representing a
comparatively soft and energy-absorbing configuration. This variant was used as
reference to evaluate the achievable stiffness and deformation without additional

geometric modifications.
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5.2 Variant B — Chamfered disc (Shore 40)

To reduce stress peaks and to create a softer transition during compression, the
second variant introduced a chamfer on the inner edge of the same Shore 40 disc.
The chamfer modifies the local stiffness and allows the buffer to engage
progressively, distributing stresses more evenly across the contact surface. Nonlinear
FEM results indicate that the chamfer geometry can delay the onset of maximum

stresses and provide a smoother force—displacement response.

5.3 Variant C — Structured disc with cavities (3D-printed, Shore 50)

As a third concept, a 3D-printed elastomer disc with integrated cavities was
investigated. The structured geometry was designed to guide deformation into
specific zones, reducing stiffness in selected areas while retaining higher strength
elsewhere. Due to the limitations of additive manufacturing materials, the available
elastomer had a higher hardness (Shore A 50) compared to the previous variants.
Despite the higher base stiffness, nonlinear FEM analyses showed that the targeted
cavities effectively reduced the effective modulus and enabled controlled energy

dissipation.
5.4 Model setup and simulation outputs

Symmetry of the cylinder—buffer assembly was exploited to reduce the
computational cost and, in our case, to allocate the freed degrees of freedom to a

finer mesh in the region of interest.

The optimized geometry resulting from the nonlinear analysis is a rubber disc with
internal holes (see Figure 5). The perforations are designed to guide and localize
deformation, thereby tailoring the effective stiffness and energy absorption of the

elastomer.

Figure 6 presents the computed force—time response. The initial condition for the
simulation is a cylinder-rod velocity of vy = 5 m/s. The contact force rises rapidly
to a peak and then exhibits a damped oscillation. This oscillatory decay is attributed

to the combined effects of material/structural damping and contact interaction,
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while the rod continues to bear against the hard stop, maintaining a compressive

preload during the rebound phase.

Figure 5: 3D printed elastic buffer.

Source: own source.
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Figure 6: Simulated impact of the cylinder rod into the buffer vatiant C with 5 m/s.
Source: own source.
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6 Test and results

Many different tests were made to determine the response of the impuls cylinder on
the structure of an micropile. At the beginning all test were made in a laboratory and
to field test were made. To measure the reaction force on the micropile was one of

the most challenges. Different methods were investigated:

— High speed camera to determine the speed of the cylinder rod.
— Laser vibrometer to determine the reaction velocity on the housing of the
cylinder.

— Load cell to measure the reaction force directly.

The best results came out from the solid joint, which can be seen in Figure 7 left, as
data recording system a system from National Instruments was used.

The whole system was mounted on a steel construction with a weight of about
5000 kg (see Figure 7 right). The connection between the structure and the micropile
was made as a welding construction, because it has been seen that a screw solution
can not be fixed. The connection between the micropile and the impulse cylinder is
the original screw of the micropile which must be fixed after each test, resulted by
the pitch of the screw on the micropile.

Figure 7: DMS measuring system (left) and mounted impulse cylinder
on the test rig (right).

Source: own source.
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The tests were made with different pressures in the hydraulic accumulator. The pre
pressure of the accumulator is 70 bar so the tests were started with 100 bar up to
250 bar. It was not a hydraulic accumulator with a maximum pressure of 450 bar

uses, for the first test a accumulator with a maximum pressure of 300 bar was used.

200

Impulszylinder (230bar)
T

Spitzenwert: 161.56 kN

F [kN]

50 I L 1 1 I
-2 0 2 4 6 8 10
Zeit [ms]

Figure 8: Test of the Impulse Cylinder with 230 bar supply pressure.

Source: own source.
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Figure 9: Test series over the supply pressure.

Source: own source.



INTERNATIONAL CONFERENCE FLUID POWER 2025:

242 ;
CONFERENCE PROCEEDINGS

Figure 8 shows the result of the test with 230 bar. It can be seen that the force rises
up in 0.5 ms to a maximum of 161 kN and decrease in 0.5 ms back to zero. Then
oscillation can be seen. These oscillation results out of the damping system and of

the whole structure of the test rig.

Figure 9 shows all test, a linear dependency between 120 bar and 250 bar of supply
pressure can be seen. Pressures under 100 bar cannot be tested resulted by the pre

pressure of the hydraulic accumulator.
7 Conclusion

Protective structures in alpine regions increasingly rely on micropiles (ground
anchors) to safely transfer impulsive tensile loads from rockfall events into the
subsoil. Existing static test procedures do not capture this dynamic loading regime,
motivating the development of a mobile, hydraulic impulse device for in-situ
verification of micropile performance. Building on state-of-the-art concepts, the
device applies adjustable tensile impulses up to 250 kIN with a load rise time < 5 ms,
while remaining field-portable (two-person carry) and compatible with common
tendon sizes (DN22 to DN40). The design features a bladder accumulator (final
concept up to 450 bar), a 2/2 seat-type valve for rapid discharge, and a piston—
cylinder unit without a piston seal (external tightness via high-speed rod seals).

To shape the impulse and avoid rebound/ovetloads at high rod speeds (up to
15m/s), an end-of-stroke cushioning concept was implemented using an
elastomeric buffer. Three geometries were assessed via nonlinear FEM: (A) solid
Shore-40 disc, (B) Shore-40 disc with inner chamfer for smoother engagement, and
(C) structured, additively manufactured disc (Shore-50) with internal cavities for
guided deformation. The elastomer behaviour was modelled with a Mooney—Rivlin

formulation to reflect geometric and material nonlinearity.

Laboratory and initial field tests investigated multiple measurement strategies (high-
speed camera, laser vibrometer, load cell, and a strain-gauged solid joint). The solid-
joint approach delivered the most reliable reaction-force data. With a pre-charge of
70 bar and supply pressures from 100 bar to 250 bar (300 bar accumulator used in
the first campaign), the device produced fast impulses; e.g., at 230 bar the force
increased to = 161 kIN in ~0.5 ms and decayed within another ~0.5 ms, with a largely
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linear pressure—force trend between ~120 bar and 250 bar. These results
demonstrate the technical feasibility of compact, hydraulic dynamic testing for
micropiles and provide a validated basis for further optimisation of the cushioning

geometry, the measurement chain, and on-site procedures.
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1 Introduction

Hydraulic components that are used to convert energy are motors and pumps.
Hydraulic pumps convert mechanical energy into hydraulic energy, while hydraulic
motors convert hydraulic energy into mechanical energy. Hydraulic motors falling
into the group of executive elements. The conversion of hydraulic energy into
mechanical energy is achieved by the action of the fluid pressure force on the

working element of the motor.

The mechanical energy obtained by the operation of hydraulic motors is manifested
in the form of rotary or linear (translational) motion [1]. The principle of operation
of motors is achieved by increasing and decreasing the volumes filled with fluid,
which in the case of motors is associated with high pressure on the suction side and
lower pressure on the discharge side. For this reason, these devices are called positive

displacement motors, or pumps.
2 Rotary hydraulic motors

Rotary hydraulic motors are motors whose output element moves in a rotary
manner, without any limitation of angle or speed. According to the speed of rotation,
they can be divided into slow-speed (up to 1000 rpm) and high-speed (over 1000
rpm) motors [2]. Since the power of the motor is equal to the product of the torque

and the speed of rotation:
Py=M-w 1)

for the same hydraulic motor power, the torque must be increased with a decrease

in speed or vice versa. That's why slow motors often have a high torque.

Hydraulic motors can be variable and fixed displacement. According to the design
and the possibility of the direction of rotation, the motors can be represents as motor
that always rotates in the same direction, or aa motor that has the ability to rotate in
both directions (reversible), which is achieved by exchanging the sides of the fluid
inlet and outlet [3]. Examples of symbols for the configuration of rotary motors are
given in Figure 1. The flow of the working fluid through the hydraulic motor is equal

to:
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Q=ny-n-V @)
where:

n - number of revolutions per unit of time,
V - theoretical working volume,

Ny - volumetric efficiency of a hydraulic motor.
The power of the hydraulic motor is:

Py =my-n-V-2p=my-Q-Ap 3)
where:

Ap - pressure drop in the hydraulic motor,

Ny - total efficiency of a hydraulic motor, product of volumetric i, and mechanical

Nm efficiency My = Ny * Nm)-

a) e b) le 9 e

Figure 1: Hydraulic motors configuration symbols.
3 Orbital hydraulic motor

The orbital hydraulic motor developed from studies on rotary piston machines,
which are volume displacement machines with chambers between rotor and stator
(also known as "star" and "ring"). The epitrochoidal profile is used for the stat's
profile, while the ring's profile is the envelope, using the same design architecture as
the Wankel engine. The previously mentioned design, when applied to hydrostatic
machines, leads to increased power density and smaller dimensions of hydraulic
motors. The forms of the star and ring are continually changing, allowing trochoidal

and hypotrochoidal profiles for the star and encompassing curves for the ring. The
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key advantage of this design is that it uses fewer components and sealed elements

than a traditional gear pump and motors.

Orbital hydraulic motors or in practice known as gerotor motors with a gear ring are
mainly used as slow-speed motors with high torque. Compared to other motors with
the same torque, they are significantly smaller in size and weight. The advantages of
these motors are: simple and compact construction, favourable speed and torque
ratios, precise fluid flow distribution, simple change of direction of rotation,
relatively low noise production, easy starting under load, high radial and axial load
capacity, resistance to external influences, and high mechanical strength and long
service life under high pressures [4], [5]. Due to their good working capabilities,
orbital motors find their application in industry, mostly in construction with heavy

machinery and agriculture with various attached machines.

a)

Figure 2: Working principle and basic parts of gerotor (a) and geroler (b) hydraulic motor.

The construction of orbital motors is very simple, the main working element is a
star-shaped gear pair composed of one gear with internal teeth that represents the
stator and one gear with external teeth that rotates, where the rotor gear always has
one tooth less than the stator gear. A decade after the appearance of the first orbital
motor, a new concept of the orbital motors was formed and its characteristics were
significantly improved. There are two types of orbital hydraulic motors: original
orbital hydraulic motor — gerotor type and an improved model of the original - a

roller gerotor type (geroler) hydraulic motor. Both variants are shown in Figure 2.

Within this type of motor design, the rotor assembly consists of a stationary ring
called the stator and a moving, planetary gear, the rotor. The stator is machined into

a star shape within a metal motor housing that houses the rotor, the star-shaped
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gear, and its walls are used to form fluid chambers to propel the motor. As oil enters
the stator-rotor assembly, passing through zones of high to low pressure, it causes
the rotor to rotate within the stator and convert the fluid force into torque. Each
cavity between adjacent teeth of the moving gear, enclosed by the inner surface
between the teeth of the stationary gear, represents a fluid chamber. During
operation, these fluid chambers change shape and volume. If these chambers are
properly connected to the inlet and outlet ports, during the dynamic change in the
volume of the chambers, fluid will gradually be transferred from the inlet to the
outlet, while at the same time transmitting torque and power to the shaft [6]. In order
to ensutre the correct operation of such a hydraulic motor, the openings on the
distributor must be correctly positioned in relation to the fluid chambers, otherwise
the may malfunction. The distributor can be in the form of a spool or in the form

of a disc.

Although the gerotor design can meet the needs of various applications and is an
economical option, it has larger clearance tolerances. These clearances allow more
oil to pass from high to low pressure than necessary, resulting in greater slip and less
torque conversion. The rotor and stator moving relative to each other within a
gerotor design can cause them to wear over time, which is why for medium to heavy
duty applications at high pressures that require a more robust option, that is a roller
gerotor design.

The roller gerotor (geroler) version of the orbital motor functions in the same way
as a gerotor motot, i.e. the way the fluid drives the rotor inside the stator, converting
hydraulic power into torque |7]. The stator of a geroler motor is constructed slightly
differently and instead of using the entire stator wall to form the pressure chambers,
roller inserts are also used. It is these roller inserts that eliminate the gaps found in
the gerotor design, which leads to a smaller clearance tolerances between the stator
and rotor, allowing less oil flow and therefore more torque. These rollers also act as
a roller bearing, reducing friction when the rotor rotates, increasing mechanical

efficiency and reducing wear in hydraulic systems using low-viscosity fluids.

Motors with this design are more robust and perform better, especially at low speeds,
however, there is an additional cost associated with these benefits. Depending on
the position of the stator and rotating elements, several types of geroler hydraulic

motors have been developed as shown in the Figure 3.
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Figure 3: Types of geroler hydraulic motors.

3.1 Geometry of orbit hydraulic motor

In the gerotor design process, two types of curves are used: epicycloids and
hypocycloids. These forms of tooting are commonly used due to their excellent
meshing properties, endurance to shock load, low noise, etc. Figure 4 illustrates

uncorrected and corrected gear profiles [8].

curtate epicycloid - curtate epicycloid -basic curve

Y, ¢ c)

al ‘ basic gear inner equidistant to the curtate
B epicycloid - basic gear
Yﬂ
[} M X
dyy ~/ \Xet
day i
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F
AT\ g
envelope external to d) .

b) the family of curtate 7 curtate epicycloid - basic curve

envelope external to the family of
curtate epicycloids - mating gear
inner equidistant to the curtate
epicycloid - basic gear

Yol iy, epicycloids - mating gear
curtate epicycloid -

Figure 4: Designing epicycloid gears: a), b) uncorrected gears: internal and external;
c), d) corrected gears: external and internal [8].
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Figures 4a and 4b present the principles of designing a system of uncorrected
epicycloid gears. In Figure 4 the following parameters are shown: z; - number of
teeth identical to the number of the epicycloid’s or hypocycloid’s arcs present in the
entire closed cycloidal curve, m - a module which in accordance with the principle
of constructing cycloidal curves is equal to the diameter of the moving wheel 7 =
2p, A - tooth depth factor (A = OM/p), n- the angle of the cycloidal cutve, » -

correction coefficient of the cycloidal profile, g - shift of the profile (g = »p), & -
tooth width.

Using these variables, the geometry and kinematics of cycloidal gears may be
characterized, as well as machine hydraulic parameters such as delivery and delivery
pulsation. It shows the adaptability of the selected parameter system and its utility
throughout the design process. The parametric equations describing the family of

wheels with an epicycloid outline have the following form:

=nr Znzy @atDzan-y

X2 = 5 [Acosy + (z; + 1)cos o Acos o ] ©)
M, Ny g Dz -y

Yr2 =3 [Asmy + (z; + Dsin o Asin o ] ®)

Equations (1) should be supplemented with a condition of the envelope which
connects angle of rotation y of the basic wheel relative to the collaborating wheel
with angle of the epicycloid 7:

daz =2(z1p+p —Ap + Ap) =m(z; + 1) ©)
de, =2(z1p +p +Ap + Ap) = m(z; + 1+ 22) @)

Figure 4b shows that formulas for finding the contour of internal gears are difficult
to apply directly. The teeth of both gears have incorrect proportions between the
head and foot, resulting in excessive contact pressures. Additionally, creating an
internal gear with a complex design is difficult and costly. In such a situation, the

gears and gear systems are corrected [9]. First, basic external gear is corrected.
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Figure 4c illustrates that the correction involves forming an internal equidistant
relative to the curate epicycloid and shifting it by ¢ = » p. The parametric equations
that describe the equidistant have the following form:

cosn—Acos(z1+1)n

m
Xeger =7 [(z1 + 1)cosn — Acos(z; + 1)1 — V i—zicoszniie ®

sinn—Asin(z1+1)n

m . .
Yeqer =~ [(z1 + 1)sinn — Asin(z; + 1)n — Uy roeve vl ©)

The formulas for calculating the outside diameter and the root diameter in the

corrected gear are:
dey1 =2zip+p+lp—g)=m(z; +1+1—-v) (10
diy =2(zip+p—2Ap—g)=m(zy +1-21-v) Q)

Next, the collaborating internal gear is corrected. As shown in Figure 4d, circles of
a radius equal to the equidistant shift of » = g are drawn from the vertices of the
envelope, and then those circles are connected to each other by arcs of the tp radius
circle, which rotates from the centre of the collaborating gear O,. The characteristic
diameters of the collaborating gear after correction are derived from the formulas:

doo =2(zip+p—Ap—g+Ap) =m(z; +1-v) (12)
de =2(ziptp+Ap—g+ap) =m(z; +1+21-v) (13)
It can be following defined:

— the formulas for calculating the gear outlines are simple and easy to use in the
design process,

— the teeth and gears are proportional,

— manufacturing of the gears is much simpler and cheaper compared to the

uncorrected gears, particularly in the case of the collaborating internal gear.
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3.2 Hydraulics motor delivery and pulsation

Using the characteristic parameters of the teeth and the mesh, it is possible to make
formulas for calculating of the hydraulic parameters of the machines.

The delivery of gerotor machines is determined by the formula:

Z

£=%[(zl+1+)t—v)2—

wbhm

(2 +1-)? + 2, 2| (14)

zZ1+
and the pulsation of delivery from the formula: § = f(z, 4, v).

In the case of orbital machines, which, by principle, work only as motors, the

delivery is determined by the formula:

Qor = Z24st (15)

4 Model and analysis of geroler hydraulic motor

Geroler hydraulic motors come in many types and versions. In order to be able to
show all the elements, CAD model of the geroler hydraulic motor is created. For the
analysis is used is used hydraulic motor installed in the excavator JCB mini backhoe
(Figure 5), where in the assembly with the valve block and the planetary gear it served
as the rotation drive of the upper part of the hydraulic excavator. Hydraulic motor
has newt characteristics: volume: 51.5 cm?, maximum speed: 775 rpm, maximum
torque: 100 Nm to 130 Nm, maximum power: 8.2 kW to 9.7 kW, maximum flow:
80 1/min, maximum oil pressure: 140 bar to 175 bar.

Figure 5 shows a CAD model of a hydraulic motor housing. On a hydraulic motor,
inside the oil inlet and outlet openings there is a thread whose type and size also
determines the type of coupling. Inside the housing walls there are openings and
channels through which oil is supplied and discharged under pressure to the orbital
part of the motor. Housings are generally symmetrical in structure and made of hard
steel resistant to many external influences. Between all parts of the housing (body
and covers) there are seals that enable complete sealing and prevent fluid flow at

very high pressures.
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Figure 6. shows a model of the stator: before inserting the rollers and with the rollers.
This parts, together with the rotor, forms the orbital part of the motor. The inner
part of the stator is made to a size and shape that depend on the dimensions and
shape of the rotor. Like the interior of the stator, the rollers are made by fine
machining so that the friction between the stator and the rotor is completely

eliminated or reduced to a minimum.

(1) Geroler hydraulic motor
(2) Valve block

(3) Planetary transmission
(4) Flow valve

(5) Safety valve

(6) Hose fittings

(7) (8) O-ring seal

9) (10) Screw

(11) Wedge

(12) Sealing

(13) Breather

(15) (16) Pipe connections

Figure 5: Geroler hydraulic motor with planetary reducer [12].

00

Figure 6: Stator model of geroler hydrauli motor without and with roller elements.

O

Figure 7: Rotor (star gear) and shaft model.
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In Figure 7a, model of the drive gear in the form of an epitrochoid star is shown.
This gear represents the rotor of the motor, which, together with the inner shape of
the stator, forms fluid chambers. The rotor is made of hardened steel and subjected
to thermal and chemical finishing treatments such as hardening and cementation. In
Figure 7b, a model of a toothed/splined shaft is presented, which is used to transmit
movement and torque from the rotor to the output shaft. The toothed part of this
shaft is bevelled at a certain angle because one side of the shaft that is connected to
the rotor performs both rotary and planetary motion, while the side that is connected
to the spool valve performs only rotary motion.

5 Analysis of geroler hydraulic motor

During work and before the hydraulic motors stopped working completely, it was
noticed that the motor was running rough, the rotation speed was reduced. The
overhaul was done after the motor stopped working completely and upon removing
the upper motor cover, a defect was found. In Figure 8. the rotor of the hydraulic
motor is shown, where one can notice an almost uniform way of cracking and
damage on the individual segments of the rotor and severe wear of the internal teeth
through which the rotational movement is transmitted to the toothed shaft. A visual
inspection concluded that the motor stator and the rollers inside the stator were not

damaged.

a)

Figure 8: Motor rotor condition: a) damage; b) signs of wear on the internal teeth.

Furthermore, damage was observed to the teeth of the toothed shaft that enter the
assembly with the motor rotor. The condition of the teeth on the shaft is shown in
Figure 9.
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In order to restore the hydraulic motor to working condition, it is necessary to
manufacture a new rotor and shaft. Manufacturing the new shaft was not very
demanding because most of the dimensions could be determined based on the
current condition and considering that the teeth on both sides of the shaft are
identical. While the reconstruction of the rotor was quite demanding due to the
decomposed condition of the rotor. Based on precise measurements of all rotor
segments, the inner stator ring and the rollers on which the rotor moves, a rotor
model was manufactured. According to model and designed model in CAD

software, a new rotor was manufactured by machining (Figure 10a).

Damaged part

Undamaged part

Figure 9: The condition of the teeth on the shaft.

The hydraulic motor was then assembled and put into operation. During the
operation of the motor, a major error was found, namely, the motor did not rotate
properly. When the motor gave rotational motion in the counterclockwise direction,
i.e. when the turret of the excavator turned to the left, the rotation torque was too

great, and the rotation happened too fast.

After the analysis, it was concluded that there was an error during the manufacturing
of the rotor. The inner teeth of the rotor on which the shaft was supported were not
correctly arranged in relation to the outer shape of the rotor. Due to that, a new
rotor was made. In order for the hydraulic motor to work propetrly, @ must be equal
to 0, i.e. the axis of the inner tooth must coincide with the axis of the star arm of the

rotor.
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Figure 10: Comparison new rotors: a) rotor with error, b) rotor without fault.

After replacing the faulty rotor with a new rotor, the hydraulic motor was put into
trial operation to check for any errors. During the trial operation, the hydraulic
motor performed all its functions correctly, rotated at normal operating speed and
provided the required torque equally on both sides.

However, the grinding sound during rotation of the turret was still present, i.e. the
cause that led to the motor failure had not been eliminated. Further analysis of the
entire upper part drive assembly concluded that it was necessary to replace the
tapered bearings (Figure 11.) located in the planetary gear. At first glance, the
bearings were not particularly damaged, but during operation under load, the high
torque caused a small instability in the bearings to lead to large vibrations inside the
orbital hydraulic motor. It was precisely this constant exposure of the hydraulic
motor to these vibrations that led to the complete failure of the rotor and the

cessation of operation of the hydraulic motor.

Figure 11: Tapered roller bearing.
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6 Conclusion

The aim of this paper was to analyse the hydraulic motor used in hydraulic systems.
It should be emphasized that hydraulic motors in hydraulics play a very important
role in converting energy. Choosing the right type of hydraulic motor is a very
important factor for hydraulic systems. With the correct choice and installation of
the hydraulic motor, the output torque and the number of revolutions can be
propetly controlled on the external actuators, which as such are used for lifting and
lowering loads or for moving large masses. If the hydraulic system needs to perform
mechanical work in the form of large torques at low rotation speeds, then orbital
hydraulic motors are used. The orbital hydraulic motor of the geroler type represents
an improved version of the original orbital motors. The created CAD model in work
of the orbital hydraulic motor shows its components and assembly, the connection
between individual components, and as such the model was used as a basis for
reengineering and subsequent production of the damaged parts of the hydraulic
motor. The aim of the paper was to analyse an orbital motor during its work to show
the great importance of synchronizing all working elements of the motor. Given that
if synchronization is not performed according to, it can lead to damage and

permanent deformation of individual parts of the hydraulic motot.

Particular attention must be paid to their mutual compatibility during manufacture
and assembly, because even very small deviations can lead to improper operation of
the motor. Geroler hydraulic motors are ideal for applications that require high
torque and low speed. It should be emphasized that their reliability, compactness
and efficiency make them indispensable in a wide range of industrial and mobile

applications.
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1 Introduction

The electrical production by source “Our world in data, 2025 “[1] shows that in 2025
the hydropower was the third most powerful source of electricity production after
coal and gas, and before nuclear and oil. In 2024, the ratio is similar, only the
production is higher by about 50 %

Over the past three decades of energy production development, the developed world

has steadily moved toward:

a) The development of smart power grids, towards bilateral operation and
protection, distributed energy production, and its optimization according to
the energy demand in the network.

b) The combination of different energy systems, in the field of renewable energy
sources, mainly the combination of wind and hydropower (reversible
hydroelectric power plant).

¢) The modernization and upgrading of existing hydropower systems, such as
the replacement of Kaplan Turbine and Francis Turbine with the Deriaz
turbine, of course, in the mixed field, where both types of classic hydraulic
turbines (Kaplan and FT) have been used so far, by placing the powerhouse
at an increased pressure in it (high-pressure Pelton systems).

d) The installation or revival of older forms of hydraulic turbines, especially
modernized water wheels, improved designs (Steff turbine), screw designs,
matrix arrangement of turbines in the watercourse (MATRIX, HydroMatrix),
tube designs and derivatives (Saxo, Darrieus designs, ...).

e) Installation of alternative forms of hydraulic turbines (Vortex), mainly in the

field of medium and small hydroelectric power plants.
2 Smart networks

The need for smart grids has been established with the increased share of energy
obtained from renewable sources. It is known that renewable soutces are "volatile"
in terms of forecasting production and, of course, subsequent distribution into the
grid system [2]. Therefore, the need for two-way communication and automation
(regulation + optimization) of the grid has become evident, which will enable

monitoring of the amount of energy in the grid in real time (use of sensors, smart
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meters, control systems that analyse or process data based on which quick decision-

making will be enabled (in the future also with the use of artificial intelligence).

Optimization of such a grid system operation will enable automatic switching of
energy flows according to current needs, better integration of dispersed energy
production (especially from renewable sources), better and balanced supply and

demand for energy, and rapid detection of errors and their elimination [3].

Thus, connected users will be able to control their consumption, storage in storage
tanks (e.g., batteries), and return energy to the grid (e.g., from a solar power plant)

during times of domestic production surpluses.
By using smart grids, we will therefore achieve:

— greater reliability of electricity operation (supply)

—  Dbetter grid efficiency (higher efficiency and lower losses),

— more straightforward and better integration of "capricious" energy sources,

— greater influence of users (producers and consumers) regarding grid operation
and

— greater influence on the price and, above all, on the dynamic determination of

electricity prices.

Figure 1: Smart networks.

Europe is at the forefront of renewable energy development, having achieved 24.5 %
of its energy supply from renewables in 2023, with a goal of at least 42.5 % by 2030,
as specified in European Directive 2009/28/EC.
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2.1 Smart grids in Slovenia

In Slovenia, we are significantly lagging behind Europe, as the development of
Slovenia's electricity distribution network has only recently begun in terms of greater
investment in modernization through the introduction of innovative (smart) grid
components [4]. Elektro Primorska, Ljubljana, Gorenjska, Celje, and Maribor
promise to invest 150 million euros in upgrading the network by the end of 2026.
Approximately 71 million euros should be invested by the national recovery plan,

and the aforementioned dispatching companies should invest the rest.

A smart transformer station with a power of 15 MW and a capacity of 30 MWh
has been installed in Kidri¢evo since 2021, which is still the only storage station in
the Slovenian electricity grid. Near Maribor (in Pekre) and around Ljubljana, two
storage stations with a power of 5 MW and a capacity of 25 MWh have been
installed.

In total, in Slovenia, in the last 30 years. We have 25 MW of installed power with a
capacity of 80 MWh, which is significantly too little for any severe accumulation.

However, increases in power and capacity and new installations are planned [5].
3 Combination of Energy Systems

The combination of different energy systems provides a solution for stabilizing the
electricity grid when multiple renewable energy producers are integrated. In such
cases, significant fluctuations in grid power can occur due to variable wind speeds.
The first practical combination involved integrating wind farms (WPP) with
reversible hydropower plants (RHE).

The basic principle of parallel operation between a wind farm and reversible
hydropower systems is known as the short-circuit operation mode. In this mode, the
RHE operates in parallel in the pumped-turbine mode. This means wind energy is
used to drive pumps that lift water into a higher reservoir while turbines
simultaneously generate electricity from the stored water. Although this operation
introduces additional system losses, it greatly enhances the operational reliability of
the energy supply during potential power shortfalls from wind farms. In practice,

any loss of wind turbine production is nearly simultaneously compensated by the
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RHE operating in turbine mode. This results in improved grid stability, making the
system less sensitive to fluctuations from renewable energy sources. At the same

time, RHE continues to fulfill its primary role of storing excess energy during

%}Ll ié
— N AT ]

petiods of surplus generation.

Figure 2: The combination of RHE with WPP.

The integration of RHE with wind systems is organized so that all wind farms within
a wind field are first connected to the secondary network (SEC), which is linked to
the RHE network. From the RHE, electricity enters the primary (national) grid
(PRIM). The RHE maintains a dual connection: directly to the primary grid and
indirectly via the secondary network of wind fields. This configuration allows the
RHE to operate independently, even when wind production is absent, either as an
energy storage system or, if needed, as a direct electricity producer for the primary

grid.

Figure 3: The combination of RHE with WPP and SPP.
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In extended combined systems, solar power plants (SPP) are also integrated with
RHE. This addition allows the system to balance daily surpluses of solar energy,
which would otherwise need to be curtailed to prevent excessive load on the

electricity grid.
3.1 Combination of energy systems in Slovenia

In Slovenia, there is currently only one operational reversible hydroelectric power
plant: RHE Avce, located on the Soca River, with an installed capacity of 185 MW.
This plant is not directly connected to any wind farm or solar power plant in the
country. Theoretically, RHE Avce could serve as a compensatory source for the
NEK Krsko Nuclear Power Plant (NPP); however, this would only apply to the
Slovenian portion of the power supply. If Slovenia had followed global or European
development trends, this RHE should have been constructed alongside NEK, which
began operations 42 years ago.

Several additional RHE projects are planned in Slovenia, with the closest being RHE
Kozjak, which is expected to have an installed capacity of 2 X 220 MW. Construction
of this project is scheduled to begin in 2027. Currently, Slovenia does not have any
operational wind farms, so it is not possible to combine wind power with the existing
RHE Av¢e.

Slovenia does, however, have several solar power plants (SPPs) installed in
conjunction with hydroelectric power plants (HPPs). These include installations near
HPP BrezZice on the Sava River, as well as HPPs at Dravograd, Maribor, Zlatolicje,
and Formin. Among these, the largest solar-hydro combination is at HPP Brezice,
with the SPP providing an installed capacity of 6 MW. Notably, the solar plant is
connected to the 110 kV transmission network as the fourth unit of HPP Brezice,

making it the largest solar power installation in Slovenia.

On the Drava River, next to the hydroelectric power plants, we have
installed HPPs:

—  HPP Dravograd, SPP with an installed capacity of 40 kW,
—  HPP Mariborski otok, SPP with installed capacity of 25.5 kW,
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—  HPP Zlatoli¢je, SPP with an installed capacity of 777 kW,
—  HPP Zlatoli¢je — segment 5, SPP with installed capacity of 2.5 MW,
—  HPP Formin, SPP with an installed capacity of 112 kW.

4 Upgrades and modernizations

As the first direction of upgrades, or modernization in the world, especially
in Europe, the direction of upgrades and modernization of hydropower
systems is also moving towards replacing the turbine type, e.g., Francis and
Kaplan with Deriaz. In the mixed operating range, between Francis and
Kaplan, the basic form is successfully replaced by Deriaz. This replacement
achieves a higher "yield" of production, because the efficiency of Deriaz is
higher at partial loads (when operating outside the maximum efficiency
point). The higher yield of Deriaz is possible due to the possibility of
operating at a higher available head compared to Kaplan, and the better
efficiency of Deriaz compared to Francis, due to better regulation compared

to Francis. Deriaz has dual regulation, just like Kaplan.

In terms of efficiency, Deriaz is even better in the partial load range (between
20 % and 50 % of full load) than both compared forms (Francis and Kaplan).
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Figure 4: Deriaz pump-turbine.
Source: [8]
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By replacing worn-out hydraulic turbines operating in a mixed range between
Francis and Kaplan, significantly better production can be expected,
especially in smaller, sub-optimal flows. Hence, during times of low water,

energy yield is significantly better.
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Figure 5: Efficiency comparison.
Source: [8]

Another direction of upgrades is taking place in impulse types of hydraulic turbines
Pelton, whereby placing the engine room at a lower level and with increased air
pressure in the engine room, production (yield) can be increased, mainly due to the
increased head. The engine room is usually placed approximately. 10 m lower, and
the ambient pressure (pressure in the engine room) is increased to 2 bar absolutes.
That means that we have to maintain the increased air pressure in the engine room
with an air compressor system that maintains a constant increased air pressure in the
engine room. That is, of course, necessary to place the outlet water angle
approximately. 10 m lower, thus ensuring that the Pelton still flows into the air, as

the impulse type of turbine requires.

In one such project (IKOPS II) [8], we collaborated with the Technical University of
Graz, where we tested the impact of increased pressure in the engine room of a
Pelton turbine in a laboratory environment. Measurements on the model
demonstrated a positive energy yield achieved by increasing the Pelton head, even
though a portion of the compressed air in the engine room casing, approximately
3 % to 5 %, was lost through the outflow of the lower water. The increase in power
due to the greater head was significantly greater than the energy losses of the

compressed head.
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The third direction of upgrades or modernization is classic modernization, which
replaces older hydraulic turbines of all types with new, more modern ones of the
same type and dimensions. Due to better design and better materials, these achieve

better efficiency and thus enable greater production than older designs.

41 New construction, upgrades, and modernization in Slovenia

Unfortunately, we do not have rivers on which Deriazs and larger Peltons
could be installed in Slovenia. Following the example from the
neighbourhoods, the upgrade could be installed. Mainly, the upgrade or
replacement of older forms of hydraulic turbines with newer ones, with a

minimal increase in efficiency, was done.

In the last 30 years, Slovenia has upgraded or modernized six major

hydroelectric power plants, namely:

— HPP Bostanj, new construction, built in 2006, as part of the chain of
hydroelectric power plants on the lower Sava, average annual production
115 GWh

— HPP Blanca, new construction, built in 2008, as part of the chain of
hydroelectric power plants on the lower Sava, average annual production
144 GWh

— RHE Avce, new construction, built in 2009, nominal capacity 180 MW,
with an efficiency of 77 %

— HPP Kirsko, new construction, built in 2012, as part of the chain of
hydroelectric power plants on the lower Sava, average annual production
144 GWh

— HPP BrezZice, new construction, built in 2017, as part of the chain of
hydroelectric power plants on the lower Sava, average annual production
161 GWh;

— HPP Zlatoli¢je underwent modernization and expansion, including the
small hydroelectric power plant Melje. Between 2007 and 2013, a
comprehensive renovation of the Zlatolicje HPP, upgrades to the Melje
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Dam, and construction of the Melje SHPP were completed. After these
improvements, it produces approximately 600 GWh annually, almost

5 % of Slovenia's total electricity production.
5 Renaissance of older forms of hydraulic turbines

Classical water wheel layouts:

a) Undershot Water Wheel Design
b) Overshot Water Wheel Design
c) Pitchback Water Wheel Design
d) Breastshot Water Wheel Design

Add a)

The Undershot Water Wheel Design, also known as a “stream wheel,” was the most
used waterwheel type and the simplest, cheapest, and easiest type of wheel to

construct.

In this type of waterwheel design, the wheel is placed directly into a fast-flowing
river and supported from above. The motion of the water flow below creates a
pushing action against the submerged paddles on the lower part of the wheel,

allowing it to rotate in only one direction relative to the flow of the water.
Add b)

The Overshot Water Wheel Design is the most common type of design. The
overshot waterwheel is more complicated in its construction and design than the
previous undershot waterwheel, as it uses buckets or small compartments to catch
and hold the water.

These buckets fill with water flowing onto the wheel through a penstock design
above. The gravitational weight of the falling water in the full buckets causes the
wheel to rotate around its central axis as the empty buckets on the other side of the

wheel become lighter.
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Add ¢)

The Pitchback Water Wheel Design is a variation on the previous overshot water
wheel, as it also uses the gravitational weight of the water to help rotate the wheel.
However, it also uses the wastewater flow below it to give an extra push. This type
of waterwheel design uses a low head infeed system that provides water near the top

of the wheel from an open penstock trough above.

Unlike the overshot waterwheel, which channelled the water directly over the wheel,
causing it to rotate in the direction of the flow of the water, the pitchback waterwheel
feeds the water vertically downwards through a funnel and into the bucket below,

causing the wheel to rotate in the opposite direction to the flow of the water above.
Add d)

The Breastshot Water Wheel Design is another vertically mounted waterwheel
design where the water enters the buckets about halfway up at axle height, or just
above it. Then it flows out at the bottom toward the wheel's rotation. Generally, the
breastshot waterwheel is used when the head of water is insufficient to power an

overshot or pitchback waterwheel design from above.
The disadvantage here is that the gravitational weight of the water is only used for
about one quarter of the rotation, unlike previously, which was for half the rotation.
To ovetcome this low head height, the waterwheels' buckets are made wider to
extract the required amount of potential energy from the water.
5.1 Modern water wheels
Modern water wheels have changed in the last 30 years mainly in two directions:
1) with better hydrodynamically designed blades

From 2004 to 2009, the hydrodynamics of water wheel blades were improved,

mainly by using CFD. In this way, the total efficiency increased by
approximately 3 %.
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by solving the problem of low water wheel speeds

Modern water wheels eliminate the disadvantage of transmitting torque from
the wheel to the generator shaft with a new generator design directly integrated
into the water wheel itself. Permanent magnets are installed on the larger radius
of the wheel so that the passing speed increases even at low wheel speeds. The
stator windings, with a larger number of pole pairs, are also installed on this
larger radius, which achieves good generator efficiency even at low speeds. As
mentioned, the electric generator is integrated into the water wheel itself, so the
transmissions required due to the higher speed of classically designed generators
are also eliminated. The solution was patented in 2003, DE 102 18 443, which
presents a modular solution of a segmentally placed generator, which enables

direct drive with the water wheel.

Steff turbine

The subsequent “modernization” of the water wheel is in the form of the Steff
turbine, a turbine developed by the company Walter Reist Holding AG (WRH) from

Switzerland. The first physical (concrete) installation was done in 2011. It works on

the

principle of an “extended path of pulleys”, which are attached to a rubber

elevation belt on an additional wheel on the other side. The water is fed to the lower

part of the belt, which means the water flow is used as in a water wheel with a bottom
inlet.

Generator

Corrosion-free paddes

Inlet/Bypass

Mounting bars

Support

Figure 6: Implemented Steff turbine.
Source: [10]
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The application range of the Steff turbine ranges from about 2 to 5 m head and at
flow rates between 0.2 and 0.6 m3/s, up to about 12 kW of power (Figure 7a).

Turbine efficiency
e
=

i L 350
T By 90
Gradient [*] 50 oo e

bl 200
) 010 Flow rate [Vs]
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Figure 7a: a) Field of use; b) efficiency.
Source: [10]

The efficiency achieved by the Steff turbine reaches somewhere up to 0.9, which is
a good efficiency for such a design (Figure 7b). It is also interesting because of its
low maintenance and relatively simple installation work. It is also distinguished by
its low operating noise level and possible operation even at low ambient

temperatures.
Screw turbines

Screw turbines for harnessing the energy of overflow, equalization, or wastewater
have emerged in the last 30 years as a cheap and reliable system for harnessing small
or small hydro potentials. They can utilize falls from 1.5 m onwards. They are fish-
friendly, as the fish survive the passage through the screw rotor. They are relatively
undemanding to maintain, even in the case of dirty water. Since they are open, they
can be easily cleaned.

5.2 The renaissance of older forms of hydraulic turbines in Slovenia

Is, secondly, only slightly present. As far as the authors know, very few such
systems have been implemented in Slovenia, the most famous being the Mill

on the Mura River, which was renovated in 2024.
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6 Alternative designs and layouts of hydraulic turbines
Yortex turbine

Iis a commercially viable implementation of an alternative hydroelectric power plant.
It is intended for small falls and flows and is ideal for implementing small and/or
simple hydropower systems (sHPS). Due to its simple design, its use is interesting
for smaller watercourses. Flood protection is also well solved, as it can be easily

separated from the watercourse flow by closing the inlet gate.

Other alternative forms are mostly still in the development phase, so we do not

include them in the comparison.
6.1 Alternative designs and layouts of hydraulic turbines in Slovenia

To the best of the authors’ knowledge, no Vortex turbines have been installed in
Slovenia. Small hydroelectric power plants employing serial water pumps operating
in turbine mode represent the closest alternative. Several such installations exist in

Slovenia, particularly in the hilly regions of Gorenjska and Koroska.
7 Conclusions

A comparative analysis with Slovenia’s western neighbours, Austria, Germany, and
Switzerland, reveals marked disparities in the share of electricity generated from
renewable energy sources (RES) (Table 1). Austria leads with over 75 % of its
electricity produced from RES, followed by Switzerland (65 %), Germany (55 %),
and Slovenia (35 %). When nuclear energy from the Kr$ko Nuclear Power Plant
(NEK) is counted as a low-carbon source alongside RES, Slovenia’s share rises
modestly to around 40 %. Although the figures in Table 1 are drawn from unverified

online sources, they nonetheless illustrate a meaningful and indicative trend.

A key structural weakness of Slovenia’s power system is its dependence on a single
pumped-storage hydroelectric facility, the Avce Plant, commissioned in 2010, with
an installed capacity of 185 MW and a round-trip efficiency of 77%. While several
pumped-storage projects have been proposed, their development remains stalled.

The primary reason is the diversion of financial and institutional resources into



A. Predin, M. Kastreve, G. Hren: The Last 30 Years of Hydropower in the World and

Slovenia 275

economically unsound and environmentally detrimental projects, most notably the
Sostanj Thermal Power Plant Unit 6 (TES 6) and the Ljubljana District Heating
Plant. These misallocated investments have significantly reduced the capacity to
finance technologically advanced, low-carbon alternatives, limiting progress in

expanding flexible generation infrastructure.

The modernization of Slovenia’s energy sector has therefore fallen short of the
benchmarks set by international environmental agreements, most notably the Kyoto
Protocol and the Paris Agreement. The disproportionate allocation of resources to
failed or inefficient projects, epitomized by TES 6, has severely hampered systemic
progress. This mismanagement has led to the suspension of hydropower
development along the lower and middle Sava River and effectively stalled the
rollout of new pumped-storage facilities. The RHE Kozjak project stands as the sole
partial exception, having advanced only marginally through initial stages of

documentation, permitting, and regulatory review.

No major investments have been made in the alternative sector, and unfortunately,

none are planned in the near future.

Table 1: Overview of the state of the main (national) grid system.

Year: 2024 Germany Austria Swiss Slovenia
0,
Ratio RES ~55% >75% ~65% 35% (from NEK
40%)
Main resources RES Wind, Sone HPP HPP HPP
Storage Battery + HPP RIIPP RIIPP Minimal (Avée)

Weaknesses Medium High Very high Medium+
Excesses Market, export, RHPP HPP + import Exp()ttc +
shutdown modulation regulation

Flexibility Medium High High Low

source: various online data for 2024
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1 Introduction

The beginning of utilization of hydro power for electricity production dates back
almost 150 years. In this time, many types of water turbines in a very wide range of
sizes were developed. Hydro power generating unit consist of water turbine, which
converts energy of the water into rotation and generator, which converts rotation
into electricity. Main parts of water turbine are runner (rotated by the flow of water),
shaft (connecting the runner to generator) and distributor (carefully regulates the
flow of water on to the runner from closed position to maximum discharge). These
assemblies include all components necessary to run the units — load bearing

structures, bearings, seals, mechanisms for power transmission, etc.

i

' Hydraulic
power unit

Oil head

Regulating pipes:
Runner
****** Distributor

]
|:| Generator !
i
i
i
i

Distributor:
Servo cylinder
Regulating ring
Mechanism
Guide vanes > Ei

—= Guide and
thrust
bearings

Kaplan
runner

Figure 1: Typical Kaplan generating unit.

Source: own

Water turbines can achieve impressive efficiency. Up to 96 % of water energy can
be converted into rotation of the unit (various mechanical and electrical losses

decrease effacing of the whole unit). To reach such values, each water turbine and
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generator must be carefully adopted to specific hydraulic conditions. Available head

and flow of the river are the most contributing factors.

Main classification of hydraulic units is based on the type of runner installed:

— Kaplan runner is designed to be regulated together with distributor which is
suitable for low head and large discharge hydropower plants (HPP). Double
regulation allows high efficiency in a wider operation range which is necessary
to utilize all water level fluctuations at low head.

— Francis runner is designed with fixed blades, compete regulation is performed
only with distributor. These units can cover the largest range of heads and
discharges. Such runners are less expansive to manufacture and do not need a
regulating system. Narrower operating range is acceptable due to lesser influence
of the head fluctuation.

—  Pelton type of water turbine is fundamentally different to Kaplan and Francis in
mechanical design and physical principles that govern energy transformation.
Open water jet is used to power the runner (impulse turbine). Such units are
suitable for the highest heads and small discharges. In comparison, Kaplan and
Francis are a reaction type turbines, where runner is encased into sealed water
passage connecting upstream and downstream water level. Pressure, kinetic and
potential energy of the water are being transformed inside the passage to achieve

optimal conditions to power the runner.

Figure 2: Kaplan, Francis and Pelton runners.

Source: own

Main design variations of the units, in addition to runner selection, include vertical
or horizontal main shaft, main shaft bearing arrangement (1 thrust and typically 2 or

3 guide bearings with different locations in relation to generator), distributor type
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(cylindrical or spherical), water passage design (steel liner or concrete, bulb, open pit,
etc.). Design influencing factors are natural conditions of HPP location, quality vs.

cost, maintenance requirements, limitation of transportation to HPP locations, etc.

Generating units are equipped with auxiliary systems which enable their operation
and typically include hydraulic regulation, lubrication, cooling and drainage systems.

2 Turbine regulating system

Turbine regulating system has a function of starting, regulating and stopping the
unit. It also performs a safety function (shut down or “speed no load” operation) in
case of turbine and generator faults. Kaplan and Francis turbine regulating systems
have similar basic design. Major difference is that a complete section for runner
regulation is not necessary for Francis turbine. Regulating system is divided into
mechanical assemblies (distributor and runner) and hydraulic power unit which are

discussed in the next chapters and various electrical control systems.

HPP are, in addition to the generating units, equipped with other systems which are
also typically operated by hydraulic power units (HPU) such as turbine inlet valves,

water passage gate mechanisms, trash rack cleaning machines, etc.
21 Distributor

Main parts of distributor are hydraulically shaped guide vanes arranged in
circumference around the runner (typically 16, 20 or 24 pieces). Their purposes are:

— Close the water passage, stop the flow of water on to the runner and stop the

unit (normal stop or emergency)

— Regulate and assure optimal water flow to the runner while unit is operating

Each guide vane is connected through a linkage mechanism to a common regulating
ring which is rotated by hydraulic servo cylinders. Depending on the size and type
of units 1 or 2 cylinders are installed. Varus layouts are possible (parallel on each side
of the unit, rotated by 180°, located on inner or outer diameter of regulating ring)

which influence the oil requirement for movement, regulating force and dimensions.
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Distributor is equipped with locks for closed position (automatic) and open position
(typically mechanical) for safety and maintenance reasons. Locks can also be installed

to servo cylinders which can simplify regulating ring design.

For specific units with horizontal shaft a closing weight can be installed to assure
closing in case of HPU failure (larger size turbines with no possibility of safety
turbine inlet valve). Most units have vertical shaft where weight cannot be installed

(direction of gravitational force is perpendicular to regulating ring movement).

Servo cylinder
Regulating ring
Mechanism

Figure 3: Distributor.

Source: own
2.2 Kaplan runner, oil head and pipes in shaft

Kaplan runner blades are regulated by servo cylinder integrated into the runner hub.
Cylinder and blades are connected through a linkage mechanism. Complete assembly
is carefully designed to fit inside a narrow hub where access and maintenance
possibilities are very limited and operate in harsh conditions completely submerged
into water passage. Operational life is typically minimum 40 years.

Regulation of blades is arranged with hydraulic power unit located in the
powerhouse (15+ meters above runner), through oil head (special assembly
connecting stationary pipes and rotating shaft) and special pipes in shaft (connecting

oil head and runner).
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Oil head is located on the top of the generator and unit main shaft. It has many

design challenges:

— It must maintain high regulating pressure with minimum leakage losses;

— It must sustain constant blade position for a long operating periods where oil
flow is very low (only compensation of losses) and handle large flows in case of
emergency where fast movement are required;

— Sealing between stationary and rotating parts is contact free. Minimum
clearances are achieved by fitting one part to another which prevents repairs.
Complete assembly must be replaced in case of damage.

— It must handle vibrations.

Pipes in shaft are specially designed section of hydraulic piping. Two pipes are
installed, one into another, and both together inside a central hole of unit main shatft.
Diameter of shaft hole varies depending on the size of the unit and is typically
between 160 mm and 250 mm. Due to length of main shaft and site assembly
limitation both pipes must be splitted into sections (up to 6 m long) with flange or

thread connections. These connections are very critical:

— They must conform to tight space inside main shaft hole;

— Bolted flange connections cannot block the flow of oil (especially in emergency
— large flows);

— Assembly is performed under difficult condition;

—  They must maintain good sealing properties during the operational life time.

Inner pipe is connected to the moving part of the servo cylinder inside the runner
(depending on design a piston or cylinder housing can move). Complete piping
assembly must be straight over the complete length and allow free movement which

enables runner blade position feedback. Position is monitored at the oil head.

Shaft hole and two pipes form three channels. Two are used for runner regulation,
third one is used to fill (or drain) the runner hub with oil or water (ECO runners).
Top of the rotating shaft is designed to allow drainage of fluid away from the shaft

and generator.
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Figure 4: Kaplan runner with integrated servo cylinder and pipes in shaft, oil head (right).

Source: own

Runner, oil head and pipes in shaft have in recent decades undergone significant
design changes driven by increasing oil regulating pressure. Level was slowly raised
from 20 bar to 40 bar and 60 bar and recently quickly to 130 bar and even 160 bar
which has downsized the equipment, allowed for cylinder placement change inside
runner hub (from top to bottom), influenced oil head leakage, etc.

2.3 Hydraulic power unit (HPU)

Hydraulic power unit has a function of suppling pressurized oil for turbine
regulation. All operational regimes, especially safety functions, must be considered
in design (they are presented in the next section). Basic design and operational
requirements are always similar but final solution can be significantly adjusted for

each Customer. Main driving factors are price, working pressure level and safety
requirements.

HPU is a complex assembly. Typical main pars are:

—  Oil sump tank

Variable displacement piston pump with electric motor — 2x

Main pumps for pressurizing accumulator station, which then supplies the
oil for regulation.
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Primary pump is working permanently, second is stand by, priority
changed periodically for reliability and equal wear.

Pumps are activated in predetermined sequence to compensate consumed
oil (at first low pressure point main pump is regulated to increase

discharge, at second low point stand by pump is activated).

— Accumulator station

Source of pressurized oil for the system.

Size determined based on safety requirements — number of cylinders
strokes in case of system fail (typically 3 strokes before minimum pressure
is reached).

Typical arrangement with piston and nitrogen bottles or bladder type.

—  Main regulation valves used during normal turbine operation

Servo proportional directional valve — 2x
One valve for runner, second for distributor regulation

Pilot operated for larger units

— Emergency shut down valve system

Fault signal triggers a sequence which isolates both main proportional
valves and opens cartage valves which allow higher oil flow to distributor
and quick stopping of the unit

Solenoid directional control valves activated by fault signal — 2x
Hydraulically actuated cartridge valves for isolation of both main
proportional valves — 2+2x

Hydraulically actuated cartridge valves for oil supply during emergency
shut down — high flow — 2x

During emergency shut down distributor is closed and runner remains in

the current position

—  Manual control for maintenance purposes

Guide vane and runner blade position is manually set to required opening
and blocked to prevent unvented movement during maintenance works
Main proportional valves are isolated with cartage valves (the same as used
for emergency stop)

Solenoid directional control valves, separate for distributor and runner —

2xX

Manual isolation valves with lock — 2+2x
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—  Filtration loop unit — continues operation
—  Cooling loop unit
—  Oil head minimum pressure requirement
— Modern oil head solutions suitable for high pressures are designed with
minimal clearances between rotating and stationary parts. Constant
minimal pressure (typically 5 bar) is mandatory to prevent seizure.
—  Pressure regulating valve with check valves for each flow direction

— Isolation valve for unit standstill

HPU is equipped with all necessary parts for safe operation inside designed
parameters, continues system monitoring and alarm or emergency shut down
signaling (safety valves — for each pump and accumulator station section,
temperature, pressure, flow and level transmitters and switches, shut off valves for
maintenance, additional high pressure filters after each main pump, oil heater

arrangement, etc.).

HPU is designed to be operated automatically. Electrical signals for valve actuation
are received from digital turbine regulator. Runner and distributor opening feedback
signals are continually monitored by independent linear transmitters and compared
to the input signals to assure correct position.

- RAAERER

EERRSEEEE Y

Figure 5: Hydraulic power unit.

Source: own
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3 Hydro generating unit operating regimes

Hydro generating unit has three basic operating regimes — normal operation,

emergency shut down and load rejection.
3.1 Normal operation (start up, power regulation and shut down)

Starting procedure can begin when turbine, generator and all auxiliary systems are
ready which is confirmed by a number of signals (pumps on; oil, pressure,
temperature levels OK, filters not clogged, safety element OK, distributor lock OFF,
hydrostatic bearing lubrication ON, water passage gates removed, etc.).

HPU begins opening of runner and distributor proportional valves which releases
water flow on to runner blades at which point the unit starts rotating. At approx.
15 % opening “speed no load” point is reached and unit is ready for synchronization
with the electrical grid. This is the most critical sequence during which the unit must
quickly increase the power output to desired value inside the operational limits while
all the time maintaining nominal speed and grid frequency. Maximum output can

typically be reached in approx. 15 sek.

During normal operation the unit power output can be regulated. These actions are
also performed by actuation of both proportional valves. Runner and distributor
positions are carefully matched across the entire opening range to assure optimal

hydraulic conditions at any point. This is referred as on-CAM operation.

Normal shut down procedure is as well carried out by proportional valves. During
this sequence the distributor will close and stop the water flow and power
generation. Runner typically remains submerged in the trapped standing water inside
the water passage (depending on the height difference between runner centerline
and level of the water at the HPP outlet — tail water level). Due to high weight and
inertia of rotating parts the runner is moved into open position where turbulent
mixing of trapped water creates braking effect which significantly reduces the time

until unit reaches stand still.
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Distributor servo cylinder is designed to dampen the last ~20% of the stroke to
prevent water hammer effect in the power plant water passage. Fast initial closing

time is approx. 4 sek, complete closing time is approx. 15 sek.
3.2 Emergency shut down

Emergency shut down can be triggered by a number of different faults on the unit,
its systems or even inside complete HPP and results in the unit being stopped. Main
proportional valves are immediately isolated which leaves the runner in its current
position while pressurized oil for distributor closing is supplied trough two separate
high flow cartridge valves.

33 Load rejection

Load rejection is triggered by a sudden loss of generator load and results in unit
rotating at nominal speed with no load (speed no load). Runner and distributor are
both closed trough main proportional valves until they reach “speed no load” point.
If no other faults are signalled the unit can be quickly restarted. Load rejection can
occur during start up (unsuccessful synchronization with grid) or during normal

operation.
4 Electric grid regulation requirements

Hydro generating units are typically connected to country’s electric grid to which it
must strictly conform during operation. The main challenge of ensuring stable grid
is to continually and very accurately balance the power demand with production
from various sources with very different characteristics while all the time maintaining

grid frequency inside a narrow tolerance.

Demand for electricity is constantly changing but the general daily trends are
predictable. Traditional power generation sources are also very predictable and
provide good balance between stable base production (nuclear, coal) and required
flexibility (hydro, gas). All these power plants have an additional advantage of large
inertia which provides resistance against rapid power balance changes and aids in

grid stability efforts.
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Solar and wind power plants are in comparison unpredictable both in time and
amount of electricity generation. In addition, the inertia of these systems is extremely
low. As a result, these power plants are causing disturbances in the grid and make
them more unstable. With very fast implementation of such projects and
decommissioning of nuclear and coal plants their share in energy mix is increasing

and so are the challenges.

Hydro power plants positively address many of these topics. Electricity produced is
green without emissions and renewable, operation can be regulated and they have
good inertia. Their impact on the installed location is however large which has in
recent times stopped or delayed many new projects. Despite some of the impacts,
like flood prevention, being very positive. In more developed countries majority of
the river potential is already utilized and the focus is on the modernization of existing

equipment which is between 40 and 60 years old.

Since hydro equipment is built for long service life the requirements for more
tlexible operation first started affecting existing units which were not designed for
such load cycles. As a result, equipment started failing. New and newly modernized
existing turbines are designed considering new load cases, but due to the nature of
equipment which can only be tested when fully assembled at site, and many new
additional design upgrades (self-lubricating bearings in mechanism linkages, oil free
ECO Kaplan runners, etc.) the development path exposed new unexpected technical

challenges.
5 Turbine design considerations to meet grid stability requirements

Due to large verity of turbine types and sizes and locations of installation with
specific local needs the operation was always diverse. But typical low head Kaplan
double regulating units were operated in a steady regime with few starts and stops
and small number of adjustments to power output. It was common to set it to
current river flow conditions and operate in best efficiency point for longer
durations. During such operation the hydraulic loads are uniform and changes are

gradual with small impact.
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5.1 Load cycles

Higher flexibility requirements significantly increased the number of statt-stop
cycles and power adjustments necessary to respond to larger power fluctuations and
even more importantly, highly increased the number of micro adjustments for

maintaining grid stability (commonly referred as primary frequency control — PFC).

Older units which were first subjected to such loads without any modifications
started experiencing mechanical failures. This was due to not being designed for
such cases, lower quality materials (general purpose castings), not developed non-
destructive testing (NDT) methods to check material quality and looser tolerances.
The most common fault was braking of the linkage parts of runner blade mechanism

where design compromises must be made due to tight space.

In modern turbines all these areas were already improved due to natural engineering
and manufacturing advances. The biggest challenge remained due to micro position
adjustments — how to determine and evaluate their actual load cycles and effect on
bearings and seals. Finite element method (FEM) analysis has greatly improved,
moving from individual parts to full assembly evaluation with more accurate loads
and boundary conditions specification and including prediction of equipment

lifetime.

Runner hub sizes have also reduced allowing higher water discharges and increased

power outputs. This has additionally compacted and complicated mechanism design.
5.2 Bearings

Bearing (and partly seal) behaviour was significantly impacted by new strict
environmental regulations. Runner hubs with complete mechanism were
traditionally filled with oil which ensured optimal lubrication. Since this creates risk
for river water pollution (protected only by one set of seals which are very difficult
to maintain and replace) a modern oil free ECO runner was developed. Hub is in
this case empty (dry) or water filled, which has a negative effect on the friction during

mechanism movement.
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In ECO runners, traditional bronze bearings were replaced by self-lubricating
bearings (solid lubricant forms part of the base material) of different designs —
sintered bronze with graphite of PTFE (approx. 10 %) or complete composite
design (filament wound of casted). For some designs it was determined only after
the turbine was put in operation that bearings are not suitable and need to be
redesigned and replaced which created extreme costs and long unit shut down
periods. The most critical example are PTFE bearings where it was established that
damp environment significantly raises the friction, in many cases beyond the capacity

of regulating system.

Despite great improvements and some clear advantages (example: reduced edge
pressure) the self-lubricating bearings result in higher friction compared to oil filled
runner design. For PFC regulation it was established that micro movements suffer
from stick slip effect since solid embedded lubricant need certain minimum

movement lengths to be fully effective.

Interestingly some Customers have recently started switching back to bronze
bearings lubricated by oil for the new runners. This is another example of
diversification of the hydro industry and that individual Customer experiences and

good practices are the main driver for their decisions.
5.3 Deadband

Deadband represents the length of servo cylinder stroke before movement is
observed on runner blade or guide vane when direction of travel is changed. Because
of the requirements for precise positioning and frequent micro movements for
adjustment the deadband must be minimized. Typical target specified in recent
technical specifications is 0.1 % of servo cylinder stroke which amounts to 0.6 mm

at average stroke of 600 mm.

This value is low considering the number of parts and bearings in runner and
especially distributor mechanism. Distributor with 24 guide vanes is equipped with
120 bearings (3x for each guide vane and 2x for each link connection) ranging from
50 mm to 220 mm with fit tolerance H8/f7, where individual clearances can reach
up to 0.1 mm. Regulating ring radial bearing diameter typically ranges between 3 m

and 6 m and has a clearance between 0.3 mm and 1 mm.
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When complete assembly is evened out the dead band value typical slightly exceeds
the new requirements. The issue is also that standard bearing tolerances in worst
case allow for higher unacceptable deviation and that the actual value can only be
confirmed once the unit is assembled on site. Modifications at that point are

extremely difficult, costly and will result in long project delays.

Since the requirement for lower deadband is relatively new the modifications are not
yet matured and are not part of the standard design principles. It is however certain

that the target will not be achieved without bigger changes.

One known and proven solution used in hydro industry is to replace the standard fit
tolerance with final machining of one part, based on exact measured diameter of
counterpart. Diameter of bearing counterpart would be determined based on
minimum technically allowed clearance. This process is used occasionally and for
smaller parts which are easy to handle. Due to the high number and large size of the
parts and the difficulty of positioning them on the machines to perform additional
final step, such technological procedure will significantly raise project costs and

extend the timelines.
6 Conclusions

Ensuring grid stability will continue to be a challenge. Modern electric control
systems are capable of processing large amount of information and quickly respond
with adjustment signals. Hydraulic power units and especially main servo

proportional valves have also developed and offer high frequency response.

The main issue remains to be runner and especial distributor assemblies. Big number
of large and heavy parts crate deadband regardless of very tight machining tolerances
(example: 1 ton guide vane bearing surfaces run-out is inside 0.02 mm). Further
reduction of bearing clearances is technically possible but in practice difficult and
expensive to achieve. Additional consideration is the negative effect of new load

cycles on the turbine equipment and especially bearings.
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Therefore, it is worth reviewing if water turbines should be utilized for primary
frequency control operation or at least limit the required micro adjustments to the
technically acceptable level. Rapidly developing battery storage systems offer an

elegant solution which could solve the issue electronically instead of mechanically.
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1 Introduction

One of the important tasks at hydroelectric power plants is to ensure the
synchronous motion of two cylinders that operate the flat plate valve of the upper
head of the ship lock system. The issue concerns the hydroelectric power plant
Djerdap 1.

The electrohydraulic actuation system with throttling control is speed-driven in
nature, 1. e. the control distributor controls the direction of fluid movement, flow
intensity and rate of flow change. Depending on which type of feedback loop we
close, we get a positional, speed, force- and acceleration-controlled actuation system.
The requirements for a positional actuation system are accuracy with repeatability,
speed of response and stability. Accuracy is the difference between the set and
desired position, the positioning error, and if we can maintain that value after
repeated positioning with a certain precision and speed, then the repeatability feature
is ensured. That speed must be such that it provides a sufficient reserve of stability,
that is, the gain in the actuation system that ensures the speed of response during
positioning is chosen in such a way that it does not impair the stability of the

actuation system.

When designing an electrohydraulic actuation system, it is useful to know already in
the first stages of designing whether the desired positioning accuracy can be ensured.
Basically, every linear actuator (executive hydraulic cylinder) as a positional
electrohydraulic system can be loaded inertially, positionally and with friction,
individually or in combination with these three types of loads. The character of the
load primarily affects the project solutions in order to ensure the required

positioning accuracy.
2 Factors affecting positioning accuracy

In addition to the character of the load, the configuration of the electrohydraulic
actuation system and the algorithmic solution for position control are the three basic
groups of factors that affect positioning accuracy. When it comes to load, inertial
and positional are dictated by the character of the drive mechanism whose drive
member is the hydraulic cylinder as the executive organ of the electrohydraulic

actuation system. Friction exists internally in the hydraulic cylinder and externally in
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the loading mechanism. Friction as a type of load is the most difficult to compensate
with the control algorithm. There are some solutions with sliding surface mode
variable structure algorithms, the application of which is limited. In terms of reduced
impact on positioning accuracy for friction compensation, emphasis is placed on the
quality of the hydraulic cylinder and on ensuring minimal friction in the external

elements of the drive mechanism.

The configuration of the electrohydraulic actuation system, as another factor, is
important in terms of the correct dimensioning of the hydraulic cylinder and the
choice of the distributor with the required dynamic properties, which will be
considered separately in the next chapter. The correct choice of the initial control
algorithm is particularly important because it directly affects the shortest path to the
optimal algorithmic solution for positioning accuracy, i.e. to compensate for the
influence of the load and certain phenomena of the non-linear nature of the
configuration of the electrohydraulic system, the consideration of which also
follows. Within the nonlinear nature of the configuration of the electrohydraulic
system, gap-type nonlinearity (hysteresis-type memory nonlinearity) must also be
considered, which includes the influence of mechanical clearances and partial
friction on the positioning accuracy of the electrohydraulic system and is most often
the cause of the oscillatory behaviour of the positional response. The speed of the
computer as well as the level of discretization also affects the positioning accuracy,

which is also analysed by simulation.
3 Selection of distributor and hydraulic cylinder dimensions

The bandwidth of the actuation system is the best representation of the accuracy of
the electrohydraulic actuation system in the initial stages of design, while respecting
the compromise for the stability of the actuation system. There are two important
clements for the performance of the actuation system that need to be reconciled in
terms of achieving a sufficiently large bandwidth. It is the maximum speed of the
hydraulic cylinder, dictated by the dynamics of the drive mechanism and the
dimensions of the hydraulic cylinder dictated by the speed, but also the working
pressure, which defines the elements that determine the bandwidth of the cylinder
with the load that should be modeled as precisely as possible. In order to choose the
distributor properly, we need to define the bandwidth of the actuation system. In

this way, one component of accuracy is defined. The basic principle is that the
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dynamics of the actuation system must not affect the object where the actuator is
the driving element of some mechanism of the object. There are experimentally
verified recommendations for most facilities. Then we can simply arrive at the
necessary dynamics of the distributor valve, through whose performance we can
further consider the correctness of its selection and the impact on positioning
accuracy, primarily through flow amplification and according to static stiffness
conditions. It should be emphasized that the computationally-simulated bandwidths
in practice are lower by about 27 % than actually possible [1].

In addition, here we have an open question whether to choose a distributor with a
linear flow change or with a gap, which is again related to static hydraulic stiffness
and its influence on positioning accuracy. Here also remains the dilemma of whether
to "consume" a larger part of the algorithmic amplification through the amplification
by the flow of the distributor. Both amplifications are contained in the amplification
of the open circuit of the actuation system, Figure 1. This then leaves us with fewer
opportunities to compensate for some elements of nonlinear phenomena of

electrohydraulic positioning systems through greater algorithmic amplification.

With that in mind, there is also the application of a distributor with two
amplifications, Figure 2, one for example for +/- 30 % of the displacement of the
piston, the other, larger for the remaining part of the range, in order to have more
opportunities for algorithmic amplification in case of smaller displacements for

positioning, in order to have more accurate positioning.

g P

(mA) (Vimin) As (m) -

i X
Ka - Ke Q 1 P

(V/m)

Kr -

Figure 1: Basic structure diagram of electrohydraulic actuation position system.
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Figure 2: Two gain static characteristic of distributor.
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Based on equation (1) and on the recommendations that exist in practice it follows:

Kupenl = 0 la)cilioplinati_ﬁ’eq (21)
Kopen 2= O . 4a)servorazvodnik _nat _ freq (22)

As can be seen from the above, the idea is to determine the algorithmic gain Ka.

Simple transformations lead to basic expressions for analysis:

X6 __ G 5
X.(s) 1+G(s)H(s)

G(s)= KA, H(s)=K )
As !
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Xi(s) _ K, __ K _ K ©)
Xii(s) 4 s+1 1 +1 Ts+1
KaKqu Kopm
T= ! sec ©)
open
X(s) 1 -
X:(s) Ts+1
x =L x, ®)
Kf

Previous equation represents the simplest mathematical model of the actuation
system, which only allows us to check the maximum gain, ignoring the cylinder load.

Based on the block diagram, Figure 1, we can write:

I1=KK,x,, 9)
X, =0 (10)
I = Kafodoz (11)

_0.051, W

xdozfmax - Ka Kf

Based on the previous expression (12), we get an estimate of the positioning error
by assuming that 5 % of the control signal is the minimum value sufficient to
compensate for the asymmetry of the distributor and the negative impact of friction
during positioning, i.e. that 5 % is the maximum hysteresis of the distributor, based

on the previously calculated algorithmic gain.
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In the following approach to positioning error estimation, we start from the
assumption that we have external force data. Here we have taken 2 % as the control
signal because for most servo and proportional distributors this is the gain value per
pressure. This means that the position error caused by an external force can be

compensated for by changing the pressure.

Fo ter
1 =0.02* ], *—2=— (13)

ser_raz
A*P,

ser raz

x = e 14)
doz _max_opter.

KK,

F
xdoz_max_opter. = 002 * K];(- * A(::t;; (1 5)
a’™™ f N

As can be seen from expression (15), already after 2 % of the control signal, the
position error becomes a function of the external load. Figure 3 shows the
experimental diagram of the pressure gain of the proportional-servo manifold,
MOOG 671, which shows the asymmetry of the distributor when it comes to the

pressure gain.

e

{p1-p2)

Figure 3: Experimental diagram for pressure gain asymmetry for MOOG 671 distributor.
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Figure 4: Results of simulation for static stiffness of distributor.

The static stiffness of the distributor was analysed by considering its dynamics. At
this point we do not consider the influence of the overlap of the distributor. For the
dead zone type nonlinearity, there are hardware and software solutions to
compensate. The simulation check was done for three values of gain per flow and
three values of the distributor bandwidth, as well as for the variant when the
distributor bandwidth is not considered. The results are presented through
frequency analysis. It can be seen from Figure 4 that high bandwidths and high gains

per flow are critical.

Data 1: the distributor dynamics is neglected

Data 2: @, =10 ,data 3: @, =130, data 4: @, =300
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4 Acceleration and deceleration time of the cylinder - influence on the

accuracy of reaching the set position

The time of acceleration and deceleration also affects the positioning accuracy.
There are several approaches to define this time. One is approximate, based on well-

known relations:

1+ [ (16)
40x Ex 4, A
o, =, X
! hxm 2
¢ =233 (17)

n

Basically, this time is also a criterion to determine the maximum bandwidth of the
actuation system. Since this criterion is not unique, the values 18 or 35 are adopted,
it is much more useful to take the following approach. Ramp time is based on [2]:

t
x=v,|1-—|,t<¢, (18)
tr
y=Cy+Cit+Cyt* —Cpe™ {cos(/i’t) +%sin(ﬂt)} (19)
e e i oty s | e
e I a
e =——=—""1-¢e"|cos(Bt.)+—sin( St 21)
rel xti[r a)jtzr { i (ﬂ r) IB (ﬂ r):|}
]F- -r=02
:1.4' 1. F = :u.st
_ og ik
- -y = [5]
a ]
03
3] = 10 15 M
t - -1

Figure 5: Graphic representation of the error for two limiting degrees of damping [2].
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The point of intersection of these two curves defines the minimum time of

deceleration:

t 2

r

6
— (22)
a)n
Expression (17) is a very loose approximation. Expression (22) was obtained based
on the previous settings for two dampings in the electrohydraulic actuation system.

Although the two constants 35 and 18 are widely used, (22) is a more accurate

limiting value.

In any case, the acceleration limits are important for the overall quality when
designing an electrohydraulic actuation system. It should also be considered that in

reality, the natural frequencies are lower than those obtained by calculation
5 Simulation verification of positioning accuracy

Simulation verification of positioning accuracy is suitable for certain fixed
parameters (gains) to check the impact on positioning accuracy of the basic features
of computer control, selection time and discretization resolution. This is done
through the models shown in Figure 6, and the results are shown in Figure 7. In this
case, only the computer component of the control and its influence on the

positioning accuracy is checked.

[

Figure 6: Basic MatLab simulation model.
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The model shown in Figure 6 allows for the variation of alarge number of simulation
parameters, which are used to check the accuracy, sampling time, resolution of the
discretization, gains, proportional and integral, the bandwidth of the directional

valve as well as its gains. In addition, it is easy to switch from the constant reference
option to the variable sinusoidal one.
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Figure 7b: Simulation results.



INTERNATIONAL CONFERENCE FLUID POWER 2025:

304 )
CONFERENCE PROCEEDINGS

Simulation results depicted in Figures 7a and 7b, show the changes when varying the
desired position value, 0.005 to 0.05 m (set point and amplitude). In the case of a
sinusoidal change, we have two frequencies, 1 Hz and 2 Hz, (2 Hz need different
gain). At steps in Figure 7a we have an average gain of 8.5 to 9.5. We see that for the
selected computer parameters, the sampling time of 0.001 s (1 Hz) and the
discretization of 0.0005 we have almost a coincidence of the ,,analog® and ,,digital
curves, small deviations are only at the desired value of 0.005 m there is a small

difference and at 0.05 m we have no difference.

6 The initial optimal structure of the actuation system

The Figure 8 shows the structure that is shown in the literature [3] as optimal for the
performance of the electrohydraulic actuation system, and thus for the issue of
accuracy. Regarding the application of different control algorithms, there are many
works that compare two or at most three algorithmic solutions, but there are few
works that compare multiple algorithmic solutions with full experimental
verification. One of these is [4], which graphically shows, Figure 9, the quality of

algorithmic solutions through statistics for position control.
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Figure 8: ,,Ideal* structural diagram of electrohydraulic actuation system.

In the Figure 8, we cleatly see that the structural PID algorithm is "broken", by
putting the differential action in the feedback loop in order to avoid the negative

influence of the differential action when we have the desired value of the set point
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type, when there is an impulse component in the response that generally generates
an oscillatory positional response. In addition, the differential gain increases with
frequency, so that certain components of the signal caused by disturbances can be
severely amplified, so a filter block is necessary. Stabilizing feedback block shows
that it is useful to use the resources of computer control and available sensors, in
order to improve the response of the control system, increase the damping, by
adding feedbacks primarily by pressure. A block with feed forward gains is necessary
to reduce the effect of control change on positioning error. In addition to this
structural solution, to improve the algorithmic solutions, it is useful to apply a
cascade configuration for the actuation structure, so that we have an inner loop for

control by force and an outer loop for control by position.
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Figure 9: Mean positioning accuracy MPA of various controllers,
for nominal plant P = NOM [4].

Designations of the considered control algorithms on the diagrams: proportional
derivative (PD), acceleration feedback using an experimentally identified friction
model (FRID), acceleration feedback using a variable structure friction observer
(VSO),variable structure with sliding mode (VSC), model reference adaptive control
(MRAC), self-tuning using a recursive least square parameter estimator (ST1), self-
tuning using a Kalman filter for parameter estimation (ST2), pole placement (PP),
linear quadratic Gaussian control (LQGC), self-tuning generalized predictive control
(GPC). The diagrams (Figure 9) show the tracking error according to the criterion
being defined. The MPA of a controller is defined as the root mean squated position
error obtained for a reference signal, a plant condition, and averaged over a defined
time interval. The APA of a controller is defined as the maximum absolute position
error obtained for a reference signal, a plant condition, over a defined time interval.

The time interval for tracking positioning error is 10 seconds.
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7 Friction and mechanical backlash, influence on positioning accuracy

Friction as a mechanical phenomenon and the non-linear nature of friction have the
greatest impact on positioning accuracy. The main problem is that friction cannot
be measured directly, but only certain algorithmic compensations are possible, but
with limited possibilities. Friction is a function of speed and is greatest at low speeds
and when changing direction. That is why one of the tasks is to design the actuator
system in such a way that the positioning speeds are as high as possible. Figure 10
shows an experimental recording for two frequencies, 02 Hz and 4 Hz, (friction
force, red colour, blue colour position) for a hydraulic cylinder of size
?200/125x650, where the difference in the effect of friction for two movement
speeds of the hydraulic cylinder, for a time-varying position, is clearly visible. The
basic question is what can be done in the initial design stages. The literature, [5]
suggests that it is useful to test the model of the actuation system with some of the
description of the friction nonlinearity with the PD control algorithm, and if we get
satisfactory results, then we can expect better results with the variable structure

algorithm or the observer with the friction model at a later stage.

Figure 10: Experimental result for cylinder friction for two frequencies [6].

Backlash (gap) control, the clearance between the cylinder connecting rod and the
drive mechanism, the positional electrohydraulic actuation system and the effect on
the positioning accuracy is the least investigated in the large number of works that
consider electrohydraulic actuation systems. There is no simple methodology that
can be applied in the initial stages of designing electrohydraulic actuation systems
for this analysis. There is experience that generally requires one to try the inverse
nonlinearity at the level of simple linearized models and then add the nonlinearity to
compensate for the gap nonlinearity in the control algorithm. It means a simulation
check is required, while there are no general computational approaches. One of the

main advantages of an electromechanical actuation system over an electrohydraulic
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one is that it is possible to generate a torque several times higher than the nominal
torque for a short period of time, which compensates for the effect of friction. [7]

8 Error of synchronous motion of two hydraulic cylinders in relation to
position accuracy — the example of slide gate of the upper head of the
HPP “Djerdap 1” ship lock

The position accuracy affects another control function of electric hydraulic drives —
the accuracy of synchronous motion of two cylinders. Here, the accuracy of
synchronous motion of two cylinders for a slide gate will be analysed as a specific
practical example. Slide gate is the most common steel construction within
hydromechanical equipment of every hydroelectric power plant, be it a pre-turbine
gate, a spillway gate or a ship lock gate. Only the initial error of synchronous motion
is analysed which sometimes happens to be the maximum error, because the greatest
disbalance of load is at the beginning of manipulation (one cylinder starts moving
before the other, so a significant error is accumulated in the acceleration phase,
Figure 11).

Start of lifting
300
20
a W
s
- 100
© ¢
o 0 4 o
~Shore
—_River
-100 —
0 5 10 15 20 25 30 35 4 45 50
t(s)
1 T
"""""\
T
4
£ \ﬁnnmmmm
D, i
3

0 5 10 15 20 25 30 3 40 45 50
t(s)

Figure 11: Pressure and synchronous motion error - slide gate of the upper head of
HPP ,,Djerdap 1“ ship lock.
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It is important to be able to estimate the error in the initial phase of design of an
electric hydraulic actuation drive using a mathematical model whose outline is given
below [8]. The idea is to determine the necessary acceleration time for slide gate
lifting based on initial error of synchronous motion, since it is important for the

definition of basic parameters of electric hydraulic drive.

Cylinder motion time:

t=—o (23)

Cylinder motion time delay (the difference between the beginning of motion of two
cylinders due to the difference in load each of them is subjected to):

At = A _AY, (24)
o o
V —
o2V B p) -
0
Force equation is given as follows
d2
Alpl_A2p2:Mred +f fr +F +F (26)
Where:
lvp4, dx
=816 27
P 70 27)
Flow equation discarding leakage is:
KX, = A dp ! 28)

gy l‘



D. Nauparac, N. Visnjié: Factors Affecting the Accuracy of Operation of the Electrobydranlic

Actuation Position System With Throttling Control 309

Combining equations (26), (27) and (28) and solving the equation using Laplace
transformation yields the following:

KX, 2K, XM VB 2K XM Vf -

X = e T coswt —
4 A T A T )
K X M V. L
-1 7 zred Oﬂe T sin wt
Al
where
T= 2Mm}1 yE 30)
f, +81,6-2
w:AIVMredK)ﬂ (31)
MredVOﬂ
or
K X, 2KXMV KX‘/MV
x=—1 P _ red 07 o T sm(a)t ) (32)
4 A T A1
where:
2 MredVOﬂ
=arctg ———— 33
@ g AT 33)

Substituting ¢ with Af (cylinder motion delay time for the cylinder subjected to
greater load) in (32) yields the initial position error — distance already covered by the
cylinder subjected to lesser load before the motion of the one subjected to greater

load starts
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(34

Differentiating (29) and discarding the higher order terms, the piston velocity is

defined as follows

KX, ( -
=—22|1-e T cosat (35)

From (31) and (35) and assuming ¢ =37 and v~ Vv__, piston acceleration time to

max >

nominal velocity is defined as follows:

6Mred
tacc ~ IV A2 (36)
[, +81,6P%
9 Conclusion

The design of an electro-hydraulic actuation position system, including the synthesis
of the control algorithm, is a complex process and consists of several phases. In
order to verify certain phases, it is necessary to check the basic parameters of the
actuation system. One of the main basic parameters for an actuation positioning
system is positioning accuracy. Here are several ways of checking the accuracy of
positioning in the first phase of designing an electrohydraulic positioning system, in
order to define the actuation system as precisely as possible at the beginning of the
design, which in any case is an important condition for the rational and efficient
design of an electrohydraulic actuation positioning system. The question of precisely
defining the actuation system is also connected with the choice of the initial structure

of the electrohydraulic actuation system.
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A centrifugal pump is designed to enhance the fluid pressure head
through energy transfer. Fluid enters the impeller axially, which
increases the fluid velocity and pressure by converting mechanical
energy. The present work aims to conduct an experimental
performance analysis of a centrifugal pump. The experimental test
setup as per ISO 9906 (grade 1) is developed for better accuracy
and minimum uncertainty. The experimental analysis is carried
out, for the 7.5 hp end suction pump, at various speeds and valve
opening positions. After conducting a repeatability test, the
performance curves are obtained at various operating conditions.
The performance curves identified the best efficiency region by
varying valve positions in the interval of 1% in the optimum
region. At BEP, the head coefficient ranges from 0.90 to 0.82, the
flow coefficient from 0.16 to 0.13, and the pump efficiency from
66 % to 63 %, depending on the pump speed.
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1 Introduction

A centrifugal pump is a device that transfers fluids (liquids or gases), or slurries, by
dynamic action. There is a conversion of electrical and mechanical energy into fluid
energy. The amount of electrical energy used by the pumps in an average industrial
facility will vary by plant type. A typical pulp and paper mill will use 30 % of their
energy usage to drive pumps. A chemical plant may use 27 % and a petroleum
refinery may use 60 %. Over a short time, the cost of the energy to drive the pump
will exceed the initial purchasing and installation costs. The reduction in energy
consumption and efficiency (v) enhancement can be achieved by proper design,
assembly with auxiliary parts, and regular services of centrifugal pumps. The actual
performance of a centrifugal pump can be judge by experimental readings. The
precise and accurate readings should build the confidence to accept reading among
researchers, manufacturers, and consumers. Also, the precision class (grade 1
category) experiment setup of the centrifugal pump gives better repeatability and the
ability to address minor variations in the pump efficiency due to design changes.

The Indian standards, IS 13538 [1], and the international standards, ISO 9906 |2],
are described with the precision class of centrifugal pump hydraulic performance
acceptance test and followed globally. Also, the American National Standard
Institute/Hydraulic Institute (ANSI/HI) 1.6 [3] standards for centrifugal pump test
detailed procedures on the setup and conduct of hydrostatic and performance tests
are globally accepted by industries. D. F. de Souza et al. [4] discussed guidelines for
an energy assessment of water pumping systems in multifamily buildings. The pump
with an efficiency of 40% was rated as very low-VL for all motor efficiency classes
(IE1 to IE5). Whereas the pump with 60 % efficiency was rated as average and
gradually increased to very high-VH as the energy consumption in the pumps
decreased and the motors’ energy efficiency classes increased. The impeller draws
and throws a large scale of fluid during its rotation, and that results in the generation
of axial and radial force in the impeller. These may result in imbalance, noise
creation, and reduce the life of the centrifugal pump. V. Godbole et al. [5] concluded
that the axial thrust reduces the pump efficiency by 3.5 %. The fluid dynamic
excitation at the impeller blade passing frequency mainly depends on the radial cavity
space between the impeller and the volute tongue [6]. R. Barrio et al. [7] studied
fluid-dynamic load induced in a centrifugal pump with a specific volute with four

different impellers outer diameter (OD) by progressive trimming of preliminary
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geometry of impeller. The researcher suggested 5 % to 10 % of the radial gap with
respect to the impeller radius for a volute pump. G. Wegener et al. [8] suggested that
the effects of hysteresis, reproducibility, surrounding environment properties, etc.,
should be considered while calculating the uncertainty. Using more accurate
instruments, frequently calibrating them, improving the physical conditions for
experiments, and enhancing the metrological process are a few recommendations
for reducing these effects. S. Lorefice et al. [9] have described the traceability of
calibration and uncertainty analysis for volume measurement instruments. D. W.
Braudaway et al. [10] claimed that the data acquisition system had an uncertainty
associated with it. The reasons for these uncertainties could be the internal resistance
of the system, electrical or magnetic interferences, improper calibration, system
environment, etc. Hence, a simple method to account for these uncertainties was
described by the authors [10].

The objective of the present work is to carry out experiments on a centrifugal pump
with ISO 9906 (grade 1) standard setup and analyze the obtained performance
curves based on experimental readings. The developed test setup is used for
measuring the flow rate (Q), net head (H), torque (T), speed (N), and net positive
suction head (NPSHx) of the centrifugal pump. The outline of this paper is as
follows. At first, the experimental set-up and instrumentation are described,
followed by results and discussion based on the obtained performance curves of the

selected centrifugal pump.
2 Experimental setup and instrumentation

The grade one accuracy experimental test setup of measuring capacity up to 15hp
power input, 100 m3/hr of flow, and 50 meters of the head with net positive suction
head measurement is developed at the institute laboratory as shown in Figure 1. The

selection of instruments, preparation of layout, and structure are as per standard [2].

The selection of design inputs of centrifugal pump data is decided based on a survey
of the most widely used pumps for different applications. As a result, the 38-meter
head, 50 m3/hr flow rate, and 2980 rpm speed pump design data (7.5 hp) are chosen.
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Figure 1: Centrifugal pump test setup.
Source: own, RGD lab, Department of Mechanical Engineering, S.V.N.LT.- Surat.

Table 1: Design parameters of centrifugal pump

Parameter Value

Impeller suction eye diameter, D1 (mm) 80
Impeller outlet diameter, D, (mm) 172
Impeller outlet width, bz (mm) 19
Impeller blade inlet angle, 1 (°) 24
Impeller blade outlet angle, B2 (°) 36
Impeller blade wrap angle, ¢ (°) 127
Impeller blade number, Z (nos.) 6
Impeller blade thickness, 3 (mm) 4
Volute base diameter, D3 (mm) 189
Volute inlet width, b; (mm) 24
Volute tongue angle, 9, (°) 24
Volute outlet diameter, Dgq (mm) 65

Source: own

A radial flow single-stage impeller pump is the best suited for this range. One-
dimensional design methodology is used for the initial selection of design data. The
impeller and volute of the centrifugal pump are designed based on meridional plane
velocity and constant velocity methods, respectively. The main geometric parameters
of the impeller and volute are shown in Table 1. The geometrical model of the single-
stage radial flow centrifugal pump follows ISO 2858:1975 [11].
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The developed test setup is used for measuring the flow rate, net head, torque, speed,
and NPSHr of the centrifugal pump. As per the literature, a centrifugal pump test
setup having instruments of a high degree of accuracy with a control and data
acquisition system would lead to minimum uncertainty in the results. The test setup
is equipped with a variable frequency drive (VFD), Programmable Logic Controller
(PLC) supported by SCADA software for automatic control, and a Data Acquisition
system (DAQ) with RS 485 interface for data logging. A computer system will be
connected for data storage and result plot of centrifugal pump performance. ABB
makes an induction electric motor of 22 kW of capacity with 2900 rpm which is used
for pump shaft prime mover. FUJI makes 30 hp capacity of variable frequency drive
(VED), which is used for maintaining constant speed or centrifugal pump. The speed
of the test pump can be varied using PLC, which takes corrective action through
proportional-integral (PI) control and generates a proportional 4-20 mA current
signal as command output. Onyx makes metal bellow coupling which is used to
transmit torque from drive end to driven end. The bellow coupling with zero-
backlash and tight design tolerance allows transmitting torque with zero slip. The
coupling can allow radial, axial, and angular misalignments up to 200 microns, 500
microns, and 1.5 degree, respectively. Test bed frame is made from c section channel
and fitted on a concrete structure with the help of a U-shaped foundation bolt.
Accurate taping hole is provided on the test frame for inline assembly of the pump,
torque transducer, and electric motor. Honeywell VBA type flanged mounted tow-
way ball valves are used for modulating control of flowing fluid in suction and
discharge pipelines. They are regulated by 0-10 mV analog signals through a
programmable logic controller (PLC). The modulating control is used for the
percentage-wise opening and closing of the valve. The frictional loss of a flowing
fluid is proportional to the flow area. As a result, one commercial size larger is
chosen for suction and discharge lines, i.e., 6-inch and 4-inch, resulting in lower
frictional losses. The effective lengths of the suction and discharge pipes are 12 and
18 meters, respectively. A Hollow mesh structure type pipe is used for the discharge
flow line in the sump, affecting in reducing the switl effect of water flow and
minimizing water recirculation in the sump. The pumping fluid is contained in RCC
made sump size of 8X4X3 cube meter and separated by a thin separation wall for
suction and discharge fluid. The distance between the suction pipe and the discharge
pipe submerged in two tanks is 5 meters to minimize fluid flow disturbances passing

from the discharge to the suction tank. PLC will centrally control the centrifugal
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pump testing. User interference for the operation and control of the pump test is
provided by SCADA software installed on a computer.

The Adept MagFlow 6410 type electromagnetic flowmeter with a measuring range
of 0.2 m/s to 12 m/s is installed through a flanged end connection joint in the
discharge line. It has an output signal of 4 mA to 20 mA with a response time of less
than 100 mSec, and accuracy is £ 0.3 % of the measuring value. The upstream and
downstream distance from the flowmeter is kept at ten times and fifteen times of
internal pipe diameter for the stability of fluid flow in the horizontally mounted
piping system. The FKP and FKH type vacuum and pressure transducers,
manufactured by Fuji, are installed at the suction and discharge flow lines,
respectively, and have a span range of -1 bar to 1.3 bar and 0.3125 bar to 5 bat. The
transducers have low response time, high accuracy 0.1 % for FKP, and +0.2 % for
FKH for all calibrated span, stability, and performance over the operating range of
pressure and temperature. The span is adjusted with calibration of the output signal
in 4-20 mA. the Magtrol makes TMB 310; an inline torque transducer worked on
the strain gauge principle is used. It measured the torque by non-contact differential
transformer torque measuring technology. It has an accuracy of < 0.1 % and less
response time. This instrument has (0 to 50 N. m) measuring span for torque, and
rpm is up to 4000. The integrated electronic circuit, supplied by a single DC voltage
(VDC), provides torque and speed signals without any additional amplifier. The
conditioning electronic circuit incorporated in the transducer converts the voltage
to a nominal torque signal of 0 to = 5 VDC and sends it to PLC as an analogue input
signal. The level transmitter and RTD are mounted on the sump. The contact type
capacitance level transmitter is used for sump water height level measurement during
the testing of the pump. It has an accuracy of = 0.5 % of full scale with 5 mm of

resolution.

A single stage 7.5 hp centrifugal pump is designed, developed, and tested with an
experiment test rig. The methodology to carry out performance test of centrifugal
pump is represented by flow chart as shown in Figure 2. By throttling the discharge
valve of the pump discharge line, the volumetric flow rate can be controlled. A fully
open valve has maximum flow, whereas a reduction in flow is achieved with a

partially closed valve. Whereas speed variation is done with VED.
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Ensure the closure of delivery valve and

allow priming for 15 mins

Switch on the variable frequency drive and

Sensors

Ensure the insulatons around the wires are

good

Start feeding the frequency values into VED
and run-in equal step size of 5Hz until it

reaches maximum frequency limit

Control the delivery valve in 10 equal

closings and perform the test

Tabulate the required variables the proper

units and conversions

Yes

Ensure the closure of delivery valve and

allow priming for 15 mins

No

Ensure the closure of delivery valve and

shutoff the pump

Figure 2: Testing methodology for experimental analysis of centrifugal pump.

Source: own
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3 Results and discussion

For experiment analysis developed grade 1 pump setup is used. Initially, the
experiment is catried out at a rated speed of the pump for a minimum to maximum
mass flow rate conditions, i.e., shutoff to full open condition of discharge valve.
After satisfactory results and analysis, the same procedure is applied for the other
speed range, i.e., from 45 Hz to 25 Hz in the interval of 5 Hz. The repeatability of
the experimental setup is also checked. The non-dimensional performance curves

are plotted based on obtained readings at different speed for different mass flowrate.

Required NPSH m
[ [ S th

[
L

(=]

10 20 30 40 50 60 70 80 20 100 110
Mass flow m¥/hr

[=]

Figure 3: NPSH curve for 50 HZ speed.

Source: own

First, the NPSHr test is performed to determine whether cavitation is possible. The
testing method of the 3 % drop in the head is followed to measure the NPSH-R for
the tested centrifugal pump. Figure 3 depicts the NPSHr test results for 50 Hz speed.
NPSHr tests have been performed for the flow of 20 m3/hr to 100 m3/hr. By
maintaining these flow rates at a constant level, the suction valve is throttled till there
is a pressure head drop of 3 %. The NPSHr is recorded as 2.25 m, 2.70 m, and 3.50
m for the flow rate of 45 m?/hr, 59 m3/hr, and 92 m3/ht, respectively.
Comparatively, both the values are below the NPSH available, and this pump is less
prone to cavitation. Friction loss calculation suggests the effective total head loss at
maximum flow, duty point flow, and lowest possible flow are 2.80 m, 1.11 m, and
0.16 m, respectively for the present test setup. The overall uncertainty in measured
pump efficiency is = 0.63 %, £0.72 %, and £1.54% for duty flow, highest flow, and
lowest flow measuring data, respectively. Whereas; relative uncertainty in efficiency

is in the range of £0.010 % (Duty point), which is quite lower. The lower value of
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absolute and relative uncertainties in the measurement of efficiency, torque, flow,
and total head parameters will satisfy the requirements of the grade 1 setup as per
standards.

The performance characteristics curves are plotted in a non-dimensional form as
shown in Figure 4 and Figure 5. The variations of head coefficient (}) for different
speeds ranging from 50 Hz to 25 Hz are plotted for different flow coefficients ()
as shown in Figure 4. The obtained nature of ¢ — ¢ cutves agreed well with the
theoretical performance curve. One can observe the maximum head coefficient at
(discharge valve) shut-off conditions, which decreases with the opening of a
discharge valve, i.c., an increase in flow coefficient. Figure 4 also reveals that for a
constant value of flow coefficient, the head coefficient increases as we increase the
speed of the pump by varying frequency from 25 Hz to 50 Hz up to the 0.225 flow
coefficient. For flow coefficient values greater than 0.225, head coefficients are high
at the low speed of the pump. This is due to the significant fluid frictional losses
within the pump at high speed and higher mass flow rate due to unaccounted
secondary eddies and turbulence. The operational range of the current pump is

anticipated up to the flow coefficient value of 0.225.
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Figure 4: Variations in head coefficient for different flow coefficient.

Source: own
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Figure 5 represents the graph of pump efficiency (n) vs. flow coefficient (¢p) for the
full range of experiments. It also reveals good agreement with the available theory
of the centrifugal pump performance curve. The best efficiency points (BEP) are
identified at various speeds of the pump based on the highest efficiency of a curve,
and the value of the flow coefficient as well as the head coefficient is calculated at
this point. Table 2 reveals the details of §, ¢, and n at BEP for different speeds of
the centrifugal pump. The head coefficient at BEP varies from 0.90 to 0.82, and the
flow coefficient from 0.13 to 0.16. The greatest efficiency is obtained at 50 Hz and
declines progressively with decreasing speed. Pump efficiency at the BEP ranges
from roughly 66 % to 63 %, depending on pump operating speed.

80 4 50 Hz BEP, 0.16 ¢, 65.70 n-pump 25 Hz BEP, 0.15 ¢. 64.21 n-pump

75 A 45 Hz BEP, 0.14 ¢, 64.86 n-pump

o 35 Hz BEP, 0.14 ¢, 64.18 n-pump
40 Hz BEP, 0.16 . 62.85 n-pump

65

Pump Efficiency n-pump
N o
=

—=50Hz ——43Hz =40 Hz -e-35Hz
[\

25 A 7 ©-30Hz —=-25Hz ~-50Hz BEP —$-45 Hz BEP |

20 A ©-40 Hz BEP 35HzBEP -0 30HzBEP —#25HzBEP

15 T T T T T
0 0.05 0.1 0.15 0.2 0.25 03
Flow coefficient ¢

Figure 5: Variations in efficiency for different flow coefficient

Source: own

Table 2: Experimental head coefficient, flow coefficient, and pump efficiency at BEP

Speed, Hz Head coefficient, §  Flow coefficient, ¢ Pump efficiency, %
50 0.83 0.16 65.70
45 0.89 0.14 64.86
40 0.82 0.16 62.85
35 0.87 0.14 64.18
30 0.90 0.13 63.67
25 0.84 0.15 64.21

Source: own
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4

Conclusions

In this work, the experimental analysis of a single-stage centrifugal pump with a

power input capacity of 7.5 horsepower, a head of 38 meters, a flow rate of 50 cubic

meters per hour, and a speed of 2980 rpm is carried out. The following conclusions

are derived from the results.

1. The ISO 9906 grade 1 established centrifugal pump test configuration yields

uncertainty observed values within allowable limits of + 2.9%.

2. TFor the chosen centrifugal pump, the experimental BEP head coefficient, flow
coefficient, and efficiency range from 0.82 to 0.90, 0.13 to 0.16, and 66% to

63%, respectively.
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1 Introduction

Cavitation is a critical phenomenon in hydraulic machinery such as water turbines,
pumps, valves and marine propellers, where rapid pressure fluctuations cause the
formation and violent collapse of vapor bubbles. The implosion of these bubbles
near solid surfaces generates intense micro-jets and shock waves, leading to material
damage known as cavitation erosion. This degradation not only shortens the service
life of components but also reduces efficiency and reliability, resulting in significant
operational and maintenance costs. Understanding cavitation erosion mechanisms
is therefore essential for improving the durability and performance of hydraulic

systems.

Experimental studies of cavitation in full-scale water turbines are challenging due to
the complexity of flow conditions, high costs, and limited accessibility for in-situ
observations. Consequently, laboratory-scale methods are widely employed to
simulate cavitation and to evaluate material resistance under controlled conditions.
Among these, ultrasonic vibratory cavitation testing using a sonotrode has become
a standardized and effective approach for accelerated erosion assessment. The
ultrasonic method creates highly localized cavitation zones, enabling systematic
analysis of bubble dynamics, erosion mechanisms, and comparative material
performance. In addition to erosion quantification, the visualization of cavitation
plays an important role in linking laboratory experiments to real hydraulic
applications. High-speed imaging provides insight into the formation, collapse, and
spatial distribution of cavitation bubbles, which closely resemble the microscale
processes occurring inside hydraulic machinery, for example turbine blades or valve

gates under cavitating flow.

Numerous studies have sought to understand cavitation erosion in hydraulic
machinery through both field observations and laboratory investigations. Field
measurements on turbines and pumps have provided valuable evidence of erosion
patterns, typically concentrated near runner blades, guide vanes, and draft tubes
where pressure fluctuations and vortex structures are most intense [1], [2], and [3].
However, the complexity of large-scale flows has limited the ability to directly
correlate bubble dynamics with erosion mechanisms. To overcome these challenges,

researchers have turned to model testing and accelerated laboratory techniques.
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Recently computational approaches to predict erosion from CFD simulations have

emerged as complementary approach to experimental approaches.

Ultrasonic vibratory cavitation testing has been widely adopted as a standardized
method (ASTM G32) for laboratory scale material erosion assessment [4]. This
technique enables the generation of stable cavitation zones, allowing systematic
evaluation of erosion rates and material degradation. Previous works have focused
on identifying material parameters which influence material response to cavitation —
cavitation erosion. Franc [5] proposed a model which describes cavitation erosion
of work-hardening materials. Cavitation aggressiveness in ultrasonic cavitation was
studied by Du and Chen [6] by combining experimental approaches with CFD
simulations, showing that microstructural features such as hardness, grain size, and
phase distribution strongly influence erosion. In a more material focused
experimental study, Ye et al. [7], observed the material response, particularly change
in Vickers hardness. High-speed visualization studies have further revealed the role
of transient bubble collapses and micro-jets in initiating and propagating surface
damage [8]. Despite these advances, most studies focus on quantitative erosion rates,
with fewer works linking observed bubble dynamics to material-specific erosion
mechanisms in a way that directly connects laboratory testing to hydraulic

machinery.

The present study investigates cavitation erosion using an ultrasonic sonotrode
under controlled laboratory conditions. High-speed imaging was employed to
capture cavitation dynamics. Erosion was observed on aluminium and steel samples
to examine and differentiate material-specific erosion patterns. The experimental

findings are discussed in the context of hydraulic machinery.
2 Methods

Cavitation erosion experiments were conducted using an ultrasonic vibratory
apparatus (Sonics VCX-750) operating at the standard frequency of 20 kHz. The
sonotrode tip was positioned 30 mm below the free surface of tap water in a
transparent test tank. The vibration amplitude was set to 25 % of the maximum rated
amplitude of the device, which resulted in approximate amplitude of 30 um. The
water temperature was maintained at 17 °C using an additional closed-loop cooling

system to ensure consistent operating conditions throughout the test.
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Experimental setup for investigation of ultrasonic cavitation erosion at the
Turbomachinery Laboratory of the Faculty of Mechanical Engineering, University
of Maribor is shown in Figure 1.

Ultrasonic

vibratory apparatus

Cooling spiral of the
closed-loop cooling —
system

Transparent
water tank

Figure 1: Experimental setup for investigation of ultrasonic cavitation erosion.

Two metallic materials, aluminium and steel, were selected as test specimens. Test
specimens were produced as replicable threaded tips for the sonotrode with 13 mm
in diameter, shown in Figure 2. Both materials were subjected to identical cavitation
conditions. Each test was run for a total duration of 3 hours, after which the
specimens were removed for surface examination. The identical test conditions

allowed a direct comparison of erosion behaviour between the two materials.

High-speed imaging was employed to observe cavitation activity in the vicinity of
the sonotrode with the setup shown in Figure 3.
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a) b)

Figure 2: Ultrasonic vibratory apparatus tip: a) view of the full vibrating apparatus with
replaceable tip, b) replaceable threaded tip used as sample to study cavitation erosion,

displayed is steel tip.
Sonotrode

. - L Water tank
Cavitation _L—"=
observed

7 2 AN
LED N/ "” LED
light light

High-speed camera

Figure 3: Schematic view of experimental setup for high-speed filming.
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A Photron Fastcam SA-Z high-speed camera was used, recording at 100,000 frames
per second. Illumination was provided by GSVITEC Multiled LED lights
(GSV_G8_KIT) with a correlated color temperature of 6500 K and a luminous flux
of 12,000 lumens, ensuring sufficient lighting.

After testing, the eroded surfaces of the aluminum and steel specimens were
documented by photography. These images provide a qualitative assessment of
erosion patterns and damage characteristics, which are then related to the cavitation

dynamics observed in the high-speed recordings.

The chosen materials are directly relevant to hydraulic machinery: steel is
traditionally used for turbine runners and hydraulic components due to its strength
and durability, while aluminium alloys are increasingly considered as alternatives in
certain applications because of their low weight and manufacturability. Comparing
their cavitation erosion response under identical laboratory conditions therefore
offers insights into material selection and long-term performance in water turbines

and other hydraulic systems.
3 Results

First, we present the results of high-speed filming of acoustic cavitation
phenomenon in Figure 4 where pictures covering one full cycle are shown (peak-to-
peak movement of the sonotrode tip). High-speed recordings revealed the formation
of dense cavitation clouds at the sonotrode tip. The bubble dynamics were
characterized by rapid growth and collapse cycles, consistent with the periodic
pressure oscillations at 20 kHz. Bubble collapses were frequently observed close to
the specimen surfaces (see Figure 4 e and f for example), producing localized high-
intensity events. We can see two distinct cavitation zones. The first zone features
larger cavitation structures (macroscopic bubbles) attached to the sample surface in
a band near the circular edge of the sample (pointed out on Figure 4 a) outline drawn
with red dotted line). The second zone features a narrow column of microscopic
bubbles extending radially from the axis of tip movement and bellow the tip towards
the bulk liquid (pointed out in Figure 4 b).
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The zone of attached larger cavitation structures corresponds well to the area of
maximum erosion observed on the samples as shown in Figure 5. These
observations are consistent with previously reported mechanisms of micro-jet and
shock wave formation during bubble implosion which are most erosive when
cavitation is in proximity with the solid surface and recognized as primary causes of

cavitation erosion in hydraulic machinery.

Larger cavitation structures/ e .

t bubbles in contact with the sample t+0.03 ms

dispersed
bubbles

Figure 4: Results of filming with high-speed camera. From a) through f) a full cycle (peak-to-

peak amplitude) of sonotrode tip movement is shown with cavitation structures pointed out.

However, some differences can be observed between aluminium and steel samples,
particularly when looking at the state of the surface at intermediate time (60 minutes
of exposure). In the case of aluminium, pronounced surface damage was visible
already after 60 minutes, characterized by extensive pitting and roughening of the
surface, particularly larger pits can be seen in Figure 5 ¢). Then at final time of 180
minutes, the material exhibited a relatively large eroded area, suggesting lower

resistance to cavitation.
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In contrast, the steel specimen showed only small pits after 60 minutes of exposure.
After 180 minutes more localized damage, with distinct larger pits can be seen. In
comparison to aluminium sample after same duration of exposure, less overall
surface degradation is visible. These differences indicate that steel exhibits a higher

intrinsic resistance to cavitation erosion under the tested conditions.

tOn 7 t = 60 min t = 180 min

Steel |

b)

Large 1

Aluminium

©)

Figure 5: Steel and aluminium samples shown at various times: a) and d) before exposure to
cavitation, b) and e) after 60 minutes exposure to cavitation and c) and f) after 180 minutes
exposure to cavitation.

The results highlight the critical role of material selection in mitigating cavitation
erosion in water turbines and other hydraulic components. While steel remains the
conventional choice for turbine runners and guide vanes due to its durability,
aluminium alloys are being considered for certain applications where reduced weight
and ease of manufacturing offer advantages. However, the present findings indicate
that aluminium is significantly more susceptible to cavitation damage under identical
operating conditions, which may limit its applicability in erosion-prone regions of
hydraulic machinery. High-speed visualization provided further insight by linking
the bubble collapse dynamics to observed surface damage, thus bridging laboratory-

scale testing with real cavitation erosion mechanisms in turbines.
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4 Conclusion

Opverall, the combined use of ultrasonic cavitation testing, high-speed imaging, and
post-test surface inspection provided a comprehensive picture of cavitation erosion
processes. The study reinforces the importance of material resistance in prolonging
the service life of hydraulic machinery and underscores the value of laboratory

testing for predicting field performance.
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The service life of hydraulic oil is significantly influenced by
operating conditions as well as by its composition. Manufacturers
have access to different groups of base oils for the production of
hydraulic fluids. Due to the varying properties of these groups, the
service life of the final product also varies. This article discusses
hydraulic oils according to different groups of base oils, their basic
characteristics, and the differences between them. Furthermore, it
introduces the new series of Energolubric hydraulic oils, focusing
on extended service life compared to conventional mineral-based
hydraulic oils. Results of comparative testing on oxidation stability
of various oils will be presented. The article will also address the
aspect of energy efficiency in hydraulic system operation, which is

also influenced by the choice of hydraulic oil.
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1 Introduction

Base oils are the fundamental component of lubricants and hydraulic fluids and are
classified into five major groups according to production method and

physicochemical properties:

—  Group I: Mineral base oils obtained through conventional refining techniques
such as solvent extraction and distillation. They exhibit lower oxidation stability
and higher levels of impurities compared to higher groups.

—  Group II: More refined mineral oils produced by hydrocracking, offering
improved properties such as greater oxidation resistance and longer service life.

— Group III: Highly refined mineral oils processed via hydrocracking and
isomerization, which closely approach the performance of synthetic oils.

—  Group IV: Synthetic oils based on polyalphaolefins (PAOs), characterized by
excellent oxidation stability, low volatility, and a wide temperature operating
range.

—  Group V: All other base oils not included in Groups I-IV (e.g., esters), typically
used in specialized applications due to exceptional lubricity and thermal stability.

Each base oil group has its own advantages and limitations, which directly affect the
performance characteristics of the final hydraulic fluid. Choosing the appropriate
base oil is essential for achieving optimal performance and extended service life in
hydraulic systems [1] to [4].

The extension of service life for mineral-based hydraulic oils is closely related to
their oxidation stability. Oxidation leads to the formation of acids, varnish, and other
degradation products that can negatively affect system performance. The use of
highly refined mineral oils or synthetic alternatives with advanced antioxidant
formulations can significantly slow down this process, resulting in longer oil change

intervals and reduced maintenance costs [2], [4].

In addition, hydraulic oil plays a crucial role in the energy efficiency of hydraulic
systems. Its formulation and viscosity influence frictional losses, energy dissipation,
and system temperature. Fluids with lower viscosity at low temperatures and stable
viscosity-temperature characteristics at high operating temperatures contribute to

reduced energy consumption and improved system efficiency.
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Consequently, the industry is increasingly adopting hydraulic oils based on highet-
group base oils and containing advanced additive technologies that enhance
oxidation stability and energy efficiency. A relevant application example is the plastic
injection moulding industry.

Plastic injection moulding machines are energy-intensive, requiring heating of the
material, operation of hydraulic drives, and cooling. Monitoring energy consumption
allows [5]:

— Real-time consumption tracking — identifying peak energy use during start-up,
operation, standby, or shutdown phases.

— Injection cycle analysis — comparing consumption across different moulds or
products to assess process efficiency.

— Cost-per-part evaluation — calculating energy use per production cycle to
support cost analysis and pricing strategies.

—  Detection of anomalies — sudden increases in energy consumption may indicate
mechanical failures, inadequate maintenance, or operational changes.

— Optimization opportunities — for example, identifying high idle-time
consumption may justify implementing automatic energy-saving modes or

reducing system pressure during standby.

2 Oxidation stability — a key performance parameter for long-life
hydraulic oils

Oxidation stability is a critical property of hydraulic fluids, especially in demanding
industrial applications where long service life, system reliability, and cost-efficiency
are of paramount importance. Oxidation refers to the chemical reaction between the
oil and atmospheric oxygen, which is accelerated at elevated temperatures, in the
presence of catalytic metal contaminants (e.g., copper, iron), or in systems where

moisture ingress occurs.

This degradation leads to the formation of a variety of harmful by-products,
including organic acids, sludge, varnish, and insoluble compounds. These products
can cause filter plugging, valve sticking, increased wear, and changes in oil

viscosity—ultimately reducing the efficiency and reliability of the hydraulic system. In
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severe cases, oxidation-induced deposits may result in unplanned downtime,

expensive repairs, and reduced equipment life.

The oxidation stability of a hydraulic oil is strongly influenced by the type and quality
of the base oil used, as well as by the formulation and performance of the antioxidant
additive system. Oils formulated with highly refined Group II or Group 1II base
stocks—or with fully synthetic Group IV (PAO) base oils—exhibit superior oxidation
resistance due to their low content of unsaturated hydrocarbons and impurities.
Synthetic base oils also provide enhanced thermal stability and volatility

characteristics.

To further inhibit the oxidation process, carefully selected antioxidants are
incorporated into the formulation. Over time, however, antioxidant levels deplete,
which is why oxidation stability is also a key indicator of oil life. These improvements
extend service intervals, reduce oil change frequency and waste oil generation, and
lower maintenance and filter replacement costs. At the same time, system reliability
increases and the risk of unplanned downtime decreases. In summary, proper oil
selection and an understanding of oxidation stability have a direct impact on the

efficiency, safety, and cost-effectiveness of hydraulic system operation.

The oxidation stability of various ISO VG 46 hydraulic oils was evaluated using the
RapidOxy 100 instrument (Figure 1).
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Figure 1: RapidOxy 100 instrument for measuring oxidation stability of oils.

Source: own



A. Hrobat et al.: Improving Energy Efficiency Through Using Modern Hydranlic Oil 339

RapidOxy 100 is a modern laboratory instrument designed for fast and reproducible
determination of the oxidation stability of lubricants, fuels, and other organic
materials. It is based on the accelerated aging method under elevated pressure and
temperature, in which the pressure drop of oxygen (or synthetic air) in a sealed

chamber containing the sample is continuously monitored.

Compliant with ASTM D8206 and DIN 51466 standards, the instrument measures
the oxidation induction time (OIT)—defined as the time it takes for the pressure in
the chamber to drop by a defined percentage (typically 10 %) from its initial value.
This parameter is a reliable indicator of oxidation resistance and, by extension, the
expected service life of the oil. The measurement procedure includes the following

steps:

— A small sample (approximately 5 mL) is carefully measured and placed into the
steel pressure chamber of the instrument.

— The chamber is sealed and pressurized with pure oxygen or synthetic air to about
700 kPa.

—  The sample is heated to a defined temperature (most commonly 140 °C), while
the instrument continuously monitors the pressure drop.

— The test ends when the pressure has decreased by 10%; the clapsed time is
recorded as the test result (OIT in minutes).

Advantages of the RapidOxy method include:

— Speed: the complete test is significantly faster than traditional methods (e.g.,
RPVOT, TFOUT), typically requiring only 1 hour to 3 hours.

— Low sample volume: suitable for R&D and high-value products where sample
availability may be limited.

—  Versatility: applicable to various types of oils (hydraulic, engine, compressor)
and additive formulations.

—  Excellent reproducibility and sensitivity: allows for reliable comparison of

different formulations or production batches.

Due to its efficiency and robustness, RapidOxy 100 has become an essential tool in
the development and quality control of high-performance lubricants intended for
demanding industrial applications, where extended service intervals and high

oxidation resistance are critical performance requirements.
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The measurement results are presented in Table 1. It is evident that the oxidation
stability of the Energolubric oils is significantly higher than that of all other tested
oils. In some cases, the stability is more than twice as high. Given this, it is not
surprising that these oils demonstrate substantially longer service life under

comparable operating conditions.

Table 1: Oxidation stability of different oils

Oil name Method Value [min]
Energolubric 3046 ZF ASTM D8206 1310
Energolubric 2046 ZF ASTM D8206 1300
Energolubric 4046 ZF ASTM D8206 1220
Energolubric 2046 ASTM D8206 1067
Hydrolubric VG 46 ASTM D8206 664
Hydrolubric HD 46 ASTM D8206 570
Hydrolubric HLP 46 ASTM D8206 529
Hydrolubric VGS 46 ASTM D8206 672
Hydrolubric HVLP 46 ASTM D8206 787
Hydrolubric VG 46 D ASTM D8206 536

Source: www.olma.si

This improved performance directly translates into lower overall operational costs,
despite the slightly higher purchase price of these oils. Extended oil change intervals,
reduced maintenance frequency, and less waste oil generation all contribute to

improved cost-efficiency and system reliability.
3 The impact of hydraulic oil on energy efficiency

We conducted energy consumption measurements on several plastic injection
moulding machines: Krauss Maffei 1100 MX, Krauss Maffei 1150 MX, and Krauss
Maffei KM 1000. On the first machine, the initial test was carried out using standard
hydraulic oil (Hydrolubric VG 46), which was later replaced with the high-
performance, energy-efficient oil Energolubric 2046 for a repeated test. Similarly, on
the second machine, measurements were made first with Hydrolubric VG 46 HC
and then with Energolubric 2046.

In both cases, energy consumption was recorded at the main power supply input to
the machine, which includes all major electrical loads — most notably the hydraulic
pump motor and the plasticizing heaters.
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Data acquisition was conducted using Beckhoff hardware and software (Figure 2),
employing the E1.3443 power measurement module in combination with SCT6421
— 500 A current transformers (accuracy class 0.5). This system enables high-
frequency recording (every 20 ms) of key electrical parameters, such as voltage,

current, active power, and energy.
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Figure 2: Beckhoff data acquisition system.

To verify consistency and ensure reliability, three separate test runs were performed
for each oil type on each machine. However, analysis of the results revealed a
significant limitation: measuring at the main power inlet was not the most effective
or meaningful approach. The repeatability of machine operation from cycle to cycle
proved to be very difficult to maintain due to several internal control loops — such
as those regulating plastic temperature — where heating elements switch on and off

at varying times and intensities.

This limitation is clearly illustrated in Figure 3 which shows the active energy
consumption of the KM 1100 MX machine using Energolubric 2046 over three
consecutive cycles, each lasting 63.0 seconds. As shown, the energy usage varies
considerably from one cycle to the next. This variation makes it nearly impossible to

achieve reliable, repeatable measurements with this method alone.
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Figure 3: Comparison of three consecutive cycles measured at the main power input.

Although a detailed analysis of the active energy in individual cycles, when measuring
on the main power supply, shows a strong non-repeatability of the heaters switching
on, we nevertheless performed a numerical analysis of the average active electrical
energy in the half-hour interval of the machine's operation. In this case, the influence
of the heaters' operation is to some extent removed, since such a measurement
contains their average consumption in the aforementioned half-hour interval. Table
2 shows the average active energy during operation of the KM 1100 MX machine in
a 30-minute interval when using the classic hydraulic oil Hydrolubric VG 46 and the
energy-saving hydraulic oil Energolubric 2046.

Although we are aware that such a measurement of consumption on the main power
supply to the machine itself is not completely authoritative, the first analyses of the
electricity consumption when using the energy-saving hydraulic oil Energolubric
2046 indicate certain savings of 4.3 %.

Table 2: Comparison of average active energy

KM MX 1100 (30 min interval) Average active energy [kW]

Hydrolubric VG 46 — 1st measurement 53.3 5335
Hydrolubtic VG 46 — 2nd measurement 53.4 )
Energolubric 2046 — 1st measurement 50.7 51.05
Energolubric 2046 — 2nd measurement 51.4 )
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Since the measurements performed on the first two machines show promising
results, we are now continuing with measurements on the hydraulic pump's drive
electric motor itself, which will eliminate the effects of other energy consumers, such
as heaters and others. These measurements are performed on the third KM 1000
machine, where it is planned to replace the currently used classic hydraulic oil
Hydrolubric VG 46 with the energy-saving oil Energolubric 2046. The
measurements are not yet complete. However, we can present the first analysis of
the measurements with Hydrolubric VG 46, which confirm that the measurement
results of three consecutive cycles are now much more repeatable and comparable,

as shown in Figure 4.
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Figure 4: Comparison of three consecutive cycles measured on the drive electric motor.

We decided to perform 6 readings of electricity consumption within each
measurement, namely in two consecutive cycles at the beginning of the
measurement, in two consecutive cycles after 30 minutes and in two consecutive
cycles after 60 minutes. The second measurement on the same machine and during
the production of the same product was performed in the afternoon shift, and the
third the next day in the morning shift, to determine repeatability or possible
deviations between individual measurements. After the machine was used to
produce another product in the following days, the fourth and fifth measurements
were taken on this machine again a weck later on the same product as the week
before. The fourth measurement was performed in the morning shift and the fifth

in the afternoon shift. The results of the first set of measurements are shown in
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Table 3 and Figure 5. We can see that the differences in active power between two

consecutive cycles and over a period of 30 minutes or 60 minutes are not large.

Table 3: Comparison of active energy readings of first measurement

Avgerage active Difference to previous  Difference to before 30
Power [kW] cycle [%] min [%]
Start_1 27.865
Start_2 28.004 0.50
Middle_1 27.800
Middle_2 28.143 1.23 0.13
End_1 28.085
End_2 28.060 -0.09 0.36
1-hour run 27.890
average
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Figure 5: Comparison of active energy consumption during first measurement.

We were able to find a similar result in measurements two, three, four and five. The
average active power consumption [kW] in two adjacent cycles and in cycles over a
petiod of 30 min and 60 min is accurate or repeatable to approximately + 1 %.

A comparison of the average active power consumption [kW] in a 1-hour interval
(Table 4) demonstrates that the average active power consumption [kW] in a 1-hour

interval is accurate or repeatable to approximately £ 0.4 %, i.c. under 1 % in total.
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This will allow us to realistically assess whether the new oil will actually bring savings
and what kind.

Table 4: Comparison of average active energy consumption of all five measurements

1-hour run Average Active Power [kW] Difference to average [%]

Measurement 1 27.890 -0.52
Measurement 2 28.112 0,28
Measurement 3 27.976 -0.21
Measurement 4 28.064 0.10
Measurement 5 28.134 0.35

Average (1-hour run) 28.035

4 Summary

This paper explores the impact of modern hydraulic oils on the operational
efficiency and energy consumption of hydraulic systems. It begins by examining the
role of different base oil groups in determining oil performance and service life. The
study emphasizes the significance of oxidation stability as a key property influencing
oil degradation and system reliability. A new line of Energolubric hydraulic oils was
introduced, demonstrating superior oxidation resistance compared to conventional

mineral oils.

Oxidation stability tests using the RapidOxy 100 instrument confirmed that
Energolubric oils significantly outperform traditional oils, resulting in extended
service intervals and lower maintenance costs. Furthermore, energy consumption
measurements conducted on plastic injection moulding machines revealed
measurable energy savings, up to 4.3 %, when using energy-efficient hydraulic oils.
Subsequent, more targeted tests on the hydraulic pump motor confirmed improved
measurement repeatability and consistency, with deviations in average power
consumption remaining within £1 %. These measurements were performed using
conventional hydraulic oil Hydrolubric VG. The next step will be to repeat the
measurements using the modern energy-saving oil Energolubric 2046. These
measurements should confirm that this oil actually saves energy and also allow for

an accurate assessment of these savings.
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The findings suggest that selecting high-quality, oxidation-resistant hydraulic oils can
contribute not only to extended oil life and enhanced system reliability but also to

measurable improvements in energy efficiency and overall cost-effectiveness.
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Wear particles in hydraulics accelerate the wear of elements in a
gear pump. The contact between the gear and the pump housing
is particularly exposed to wear. With an increase in the amount of
particles in the oil, the volumetric efficiency of the pump
deteriorates rapidly in the aforementioned contact and the useful
life of the pump is thus reduced. The paper shows the calculation
of the concentration of wear particles in the oil according to the
ISO 4406 standard using the example of 20/19/18. Adding wear
particles and sustainable testing at different concentrations affect
the rate of decrease in the volumetric efficiency of gear pumps
when increasing the concentration of particles in the oil.
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1 Introduction

Particles in hydraulic fluid are causing up to 70 % of failures of hydraulic component
therefore cleanliness of oil is an important parameter [1]. Esteves et al. [2] described

general influence of particle size distribution regarding wear mechanism factors.

The degradation of the pump is reflected in the increase of micro-particles in the
liquid, leading to a decrease in the quality of the liquid, which is a class that does not
meet prescribed standards. Solid particles bring specific wear mechanisms to the
contact surfaces (abrasion, erosion, material fatigue, etc.) [3], [4]. Karanovic et al. [3]
describe the influence of solid particle impurities in the radial gap between the
control piston and the housing of the valve: due to three-body abrasion, they wear
away material and increase the gap. As the gap increases, so does the flow through
the gap (internal leakage), which causes even more particles to travel through the
gap. This further increases friction and accelerates the wear process. Pressure losses
in the gaps and the friction of particles cause local heating. To reduce wear intensity,
optimal cleanliness is required. Jung-Hun et al. [5] studied the influence of particle
composition and quantity. Three different types of particles in oil were used and gear
pumps were tested with an output of 14.5 cm3/rev. at a pressure of 1.6 MPa,
rotational speed of 7000 tpm, and temperature of 120 °C. Type 2 patticles contain
over 97 % of SiO; with an average particle size of 27 um to 31 pm. Type 7 particles
contain 34 % to 40 % particles of the same size of SiO2. A comparison of the
achieved flow rates of the pumps before and after the addition of 25 g of powder
particles at different shaft rotational speeds shows that particles with a higher
content of SiO; wear down the elements more. The researchers imply that adding
of particles reduce the performance of gear pumps.

The analysis of particle size distribution is an established procedure and cleatly
presented in standard ISO 4406 [6]. But there is also volume- and mass-based
distribution that are in practical use and described in literature [7] according to
standard ISO 9276.

The purpose of this paper is to present the transformation of cleanliness ISO 4406
code to adding appropriate mass for achieving the desired cleanliness in hydraulic
oil, demonstrate the degree of decrease in volumetric efficiency in gear pumps and

to predict the failure of the gear pump due to oil cleanliness.
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2 Materials and methods
2.1 Adding particle mass to achieve appropriate concentrations

The mass of particle addition to achieve the appropriate fluid cleanliness classes was
estimated based on the calculation of particle volume and particle density. It was
assumed that the particles were in the form of a ball with a nominal diameter, made
of two materials, namely steel with a density of 7874 kg/m? and quartz sand (SiO»)
with a density of 2650 kg/m?>.

The calculation of the mass of steel particles is presented using the example of two
cleanliness classes. Transition from cleanliness 16/15/14 to cleanliness 20/19/18
according to ISO 4406 in a system with 13 L of hydraulic fluid. Initially, it is
necessary to determine how many particles need to be added to move from class 16
to class 20. ISO 4406 shows that in class 16 there are 480 particles (mean particle
number) larger than 4 um, while in class 20 there are 7500 particles larger than 4 pm
in 1 mL of liquid. Therefore, it is necessary to determine the difference in particle

number for the move from class 16 to class 20 using equation (1).

articles articles
PATTTES _ 4go P08

AXy ym = XH 4 pm — XL 4um = 7500 - 0

particles

= 7020
mL

Where:

—  Ax4um [/]... the difference between the number of particles between two
classes greater than 4 um,
—  XHaum [/]... the number of particles in the higher class (in this case 20. class),

— XL 4pum [/]--. the number of particles in the lower class (in this case 16. class).

The procedure is repeated for the next two classes (particles larger than 6 pm and
14 pm). The volume of the sphere is given by the particle diameter and the average
particle volume between the two particle diameters can be calculated. Equation (2)

gives the mean value of the volume of the spheres between 4 um and 6 um.
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Where:

= Vavg4 um-6 um [m7]...the mean value of the volume of the balls between 4 pm
and 6 pm,

= Vapum [m... volume of a sphere with radius 4 pm,

= Ve um [m7]... volume of a sphere with radius 6 um,

—  Tapm [m]... radius 4 um particle (2x10¢ m),

—  Teum [m]... radius 6 um particle (3x10-¢ m).

For each particle class, it is necessary to determine the mean volume value. For
example, between 4 um and 6 pm, the volume value of the spheres is 7.33x10- 17 m?,
and the weight is expressed by considering the density of the material, in our case
steel. If we additionally multiply the mean weight of the spheres by the number of
calculated particles, we obtain the concentration of particles (c) occurring in the size

range from 4 um to 6 um (Equation (3)).

g
Cparticles 4 ym—6 ym — Vavg 4um—6pum " PFe Ax, um = 0.026 E ©)

If we assume an exponential distribution and divide the particles into groups from
4 um to 6 um, from 6 um to 14 um, from 14 pm to 21 pm, from 21 um to 26 um,
and so on up to 100 um, and add the values and divide by the volume of the liquid
in which the particles are located, we obtain the mass of particles that needs to be

added to the system to ensutre adequate cleanliness (equation (4)).
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We determined that 1.89 g of particles were required to be added to a 13 L hydraulic
fluid system to go from a fluid cleanliness of 16/15/14 to a fluid cleanliness of
20/19/18. We assumed that the particles were steel and that the size distribution of
the added particles matched the calculated differences in the patticles to be added.

2.2 Testing procedure and test rig for gear pumps
The durability testing of gear pumps was done with the control adding of wear

particles to the hydraulic system. Table 1 shows concentration of wear particles in
13 L of hydraulic 0il ISO VG 46, used to carry out the tests.

Table 1: Concentration of wear particles in oil used for durability tests of gear pumps.

Equivalent to
Test 1 Test 2 Test 3 Test 4 cleanliness
20/19/18

Added mass of wear
particles [g]
Wear particles

concentration [g/L]

The rig (Figure 1) for testing gear pumps is consisting of conical reservoir. The
design of reservoir is restricting particles to settle and therefore even distribution of
particles in the fluid is present in the oil. Gear pump (the specimen) sucks the oil
from reservoir and pushes it to 4/3 directional valve with solenoids and hydraulic
aluminium block. Valve redirects flow to two pressure relief valves that are loading
the pump at 22 MPa. The flow goes onwards to priority valve where oil has two
paths. It can return directly back to reservoit, or it goes through the filter back to

reservoir. This priority valve is there to remain cleanliness at desired level.
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Filter

Level switch
Conical reservoir

Return hose

Priority valve

Pressure-relief valve

2/2 ball valve for performing flow and oil
cleanliness measurements

Gear pump - sample

Pressure gauge

4/3 directional valve with solenoids and
hydraulic block

Pressure-relief valves for loading

Figure 1: Test rig for durability testing of hydraulic gear pumps with wear particles.

3 Results

The pump tested at a concentration of 0.387 g/L (Figure 2) expetienced the first
major drop in volumetric efficiency at 50 h of operation, when at 0 MPa pressure
the pump achieved an efficiency of 0.97, at 5 MPa it achieved an efficiency of 0.90,
at 10 MPa it achieved an efficiency of 0.81, at 15 MPa it achieved an efficiency of
0.77, at 20 MPa it achieved an efficiency of 0.71 and at 25 MPa the efficiency
dropped to 0.48. After 429 h of operation the efficiency dropped to 0 at 25 MPa
pressure, while the efficiencies at lower pressures did not change significantly. After
546 h of operation the efficiencies dropped to 0 also at 150 MPa and 200 MPa. The
oil temperature in the tank during the test was 60 £4 °C.

Figure 3 compares volumetric efficiencies at different concentrations of wear
particles in the oil at different pressures. It is important to note that the pump service
lives and thus the operating times are different. Figure 3 shows that with increasing

pressure, the efficiency decreases at the same pressure.
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Figure 2: Measured volumetric efficiency of a pump tested with wear particles at a
concentration of 0.387 g/L at a durability test site.
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Figure 3: Measured volumetric efficiency of pumps tested with wear particles at the end of
the test at different concentrations on a durability test rig.

The cleanliness of the oil according to ISO 4406 was monitored during each pump
test with wear particles. A deterioration in cleanliness means that more particles have
entered the oil and therefore, according to ISO 44006, the particle counter shows

higher classes according to which cleanliness is defined. In the case of an
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improvement in cleanliness, this means that there are fewer particles in the oil (and
consequently lower classes) than at the beginning of the test due to appropriate
filtration of the hydraulic oil in the system. The clean oil measurements taken before
each pump test were 16/15/12 and 15/14/12, respectively (Figure 4). The oil
cleanliness classes after 20 minutes of testing the pump with wear particles at a
concentration of 0.387 g/L increase sharply from the initial values of 16/15/12 to
the value of 22/22/21. After 70 houts of pump operation, the second class, which
records the number of particles larger than 6 um, and the third class, which records
the number of particles larger than 14 um, are reduced by one class so that the
cleanliness stabilizes at 22/21/20. At the end of the test, the cleanliness is 22/21/19
after 546 hours of operation.
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Figure 4: Measured oil cleanliness of a pump tested with wear particles at a concentration of
0.387 g/L.

4 The effect of particles on reducing volumetric efficiency

The consequence of the gradual decrease in the volumetric efficiency of the pump
is a gradual increase in internal leakage due to wear. By adding particles to the system,
we accelerate the wear processes in the pump. This was proven by durability tests
that were carried out without adding particles at constant filtration, with the addition

of wear particles.
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In the durability test without adding particles and with constant filtration, the pump
operated flawlessly for 7079 h, which is 295 days at 24-hour continuous operation.
After the test, the volumetric efficiency was 0.84 at a pressure of 20 MPa.

All volumetric efficiencies of durability tests of pumps with wear particles were
presented, and for an easier and more constructive understanding. A comparison of
regression lines was made, which describe the trend of decreasing volumetric
efficiency with operating time at different concentrations of wear particles. An
example of such lines in tests with wear particles is shown in Figure 5. At a pressure
of 20 MPa, the slope of the curve for wear particles with a concentration of 0.270
g/1 is much smaller than for a particle concentration of 0.615 g/L, indicating a faster
decrease in volumetric efficiency at a higher concentration of wear particles in the
oil. For comparison, Figure 5 also shows a measurement without the addition of

particles (WITHOUT).
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Figure 5: Results of volumetric efficiency measurements for pumps at 20 MPa pressure
tested with wear particles at different concentrations and comparison without adding
particles (WITHOUT).

Figure 6 shows the slope of the regression lines in pump tests with different
concentrations of wear particles. The slope of the lines varies at 0.045 1/h at a
concentration of 0.615 g/1.,0.0003 1/h at a concentration of 0.388 g/, 0.00003 1/h
at a concentration of 0.270 g/1. and 0.0007 1/h at a concentration of 0.160 g/1.. We
find that at lower concentrations of wear particles, the volumetric efficiency does

not decrease as rapidly, as the particles deform and have a smaller impact on the
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efficiency and do not significantly affect the pump, and it turns out that they do not
have a significant impact on the remaining hydraulic components either. When a
sufficient amount of wear particles appears in the system, the volumetric efficiency

of the pump begins to decrease more rapidly, as can be seen in Figure 6.
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Figure 6: Slope of the lines at a pressure of 20 MPa for pumps tested with wear particles at
different concentrations.

5 Conclusion

The calculation of mass of added particles to reach desired cleanliness of ISO code
20/19/18 and thus the concentration was tepresented. The concentration of
patticles was 0,146 g/L and the amount of mass added was 1,89 g in 13 L of oil.
Research shows that the volumetric efficiency of a gear pump decreases slowly, with
a more pronounced acceleration at higher concentrations. The slope of the
regression lines describing the decrease in volumetric efficiency varies depending on
the particle concentration. A higher concentration of wear particles causes a faster
decrease in efficiency, which is consistent with the expected accelerated effect of
wear. The results of the research allow the determination of an acceleration factor
based on the measured service life of pumps tested at different particle
concentrations. The acceleration factor for tests at typical oil cleanliness in the

industry is also described.
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1 Introduction

In general, oils suitable for use in hydraulic systems come from two different
sources, biological or non-biological, which offer a large number of hydrocarbon
compounds. These usually occur as complex mixtures and can be used for many
purposes other than lubrication (i.e. controlling wear and friction). The required
properties of lubricants in modern industry are on the one hand greater, and on the
other hand increasingly diverse. Therefore, the selection and "design" of an
appropriate mixture of hydrocarbons for lubrication is a professional and complex
process. Most natural oils contain substances that can hinder the lubricating
properties, but at the same time they also contain compounds that are essential for
the lubrication process. Lubricants derived from natural or mineral oils are partly
refined and partly impure. The balance between the impure and refined parts is
crucial for the oxidation stability of the oil and is important for the area of
application of the lubricant. So, it is necessaty to deliberately add additives to the oils
in order to improve their properties and to make them more suitable for a certain
use under certain operating conditions. These can radically change the properties of
the lubricants and are essential for its overall effectiveness. In addition, additives
determine the specific properties of the lubricant, such as oxidation stability,
protection against wear and friction, corrosion tendency, foaming, hardening, and

other properties.

A typical mineral oil consists of 95 % base and 5 % additive. The physicochemical
properties of the oil depend on both the additives and the base oil itself. Base oils
can be classified into three basic categories: biological, mineral and synthetic, with

mineral oils being the most commonly used lubricants in industry.

For long service life under harsher operating conditions, the oxidation stability of a
hydraulic fluid is important. The oxidation stability of three different mineral oils
will be discussed below, a hydraulic mineral oil and two turbine oils. All three oils

are of the same viscosity grade.
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2 Oxidation stability — a key performance parameter for long-life of
hydraulic and turbine oils

Oxidation stability is a critical property of hydraulic fluids, especially in demanding
industrial applications where long service life, system reliability, and cost-efficiency
are of paramount importance. Oxidation refers to the chemical reaction between the
oil and atmospheric oxygen, which is accelerated at elevated temperatures, in the
presence of catalytic metal contaminants (e.g., copper, iron), or in systems where

moisture ingress occurs.

This degradation leads to the formation of a variety of harmful by-products,
including organic acids, sludge, varnish, and insoluble compounds. These products
can cause filter plugging, valve sticking, increased wear, and changes in oil viscosity
- ultimately reducing the efficiency and reliability of the turbine or hydraulic system.
In severe cases, oxidation-induced deposits may result in unplanned downtime,

expensive repairs, and reduced equipment life [1].

The oxidation stability of the oil is strongly influenced by the type and quality of the
base oil used, as well as by the formulation and performance of the antioxidant
additive system. Carefully selected antioxidants are incorporated into the
formulation. Over time, however, antioxidant levels deplete, which is why oxidation
stability is also a key indicator of oil life. These improvements extend service
intervals, reduce oil change frequency and waste oil generation, and lower
maintenance and filter replacement costs. At the same time, system reliability
increases and the risk of unplanned downtime decreases. In summary, proper oil
selection and an understanding of oxidation stability have a direct impact on the

efficiency, safety, and cost-effectiveness of system operation.
21 ASTM E2412 method

ASTM E2412 test method [2] is commonly used to monitor the condition of used
lubricants using trend analysis based on Fourier Transform Infrared (FTIR)
spectrometry. It covers the use of FTIR to monitor additive depletion, contaminant
accumulation, and base component degradation in machine lubricants, hydraulic

fluids, and other fluids used in normal machine operation.
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Oxidation stability indicates the resistance of a substance to chemical degradation in
the presence of oxygen. It is crucial for fuels, oils and foodstuffs, as oxidation can
cause rancidity of fats and oils, the formation of resins and deposits in fuels and
shorten the service life of lubricants. Factors affecting the stability of a medium
include the presence of air, light, heat, and especially moisture and metal ions, while

antioxidants are used to slow down the degradation process.

Oxidation according to ASTM Standard (American Society for Testing and
Materials), is used to measure and monitor the oxidation of materials, most
commonly lubricants, fuels and other hydrocarbon-based products. These tests
evaluate the resistance of a material to oxidation as well as identify and determine
oxidation products using techniques such as Fourier Transform Infrared
Spectrometry (FTIR) or by monitoring exothermic reactions. Key ASTM Standard
include D943 for steam turbine oil oxidation, D2274 for diesel fuel stability and
D7414 for monitoring oxidation in lubricants during their use.

In our case, the purpose of ASTM E2412 oxidation tests is to assess the oxidative
stability of hydraulic oils. In other words, to determine how well the oil resists
degradation when exposed to oxygen and heat, especially in applications where the
oil is exposed to more demanding operating conditions such as those typical of

hydraulic systems.

The ASTM E2412 test is based on the use of FTIR to track molecular changes in
the spectrum of the oil, which can indicate the following three groups of changes

that occur:

— Additive depletion: As additives are consumed, their characteristic absorption
peaks in the spectrum decrease.
—  Base stock degradation, which includes:

—  Oxidation: Formation of new carboxylic acids due to heat and oxygen
exposure, a common form of oil degradation.

— Nitration: Reactions that form nitrous oxides, particularly in high-
temperature engines, which can lead to increased oil acidity and
viscosity.

— Sulfation: Formation of sulfuric acid from sulphur compounds and

heat, leading to increased acidity and sludge.
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In addition, the test also provides the occurrence of the formation and accumulation

of the following contaminants:

—  Water: A key contaminant and degradation accelerator.
—  Soot: As products of incomplete combustion, which can be present in the oil.

— Ethylene glycol: A commonly present coolant that can also contaminate

lubricants.

—  Fuel: The presence of fuel can be detected by characteristic spectral changes.

Oxidation, nitration and contamination of hydraulic oil (test label H) and two
different turbine oil (test labels M and C) were measured by Spectrum Two
spectrophotometer with automatic sampler (Figure 1).

Figure 1: Spectrum Two spectrophotometer with automatic sampler.

Source: own

The spectrophotometer measures the transmittance and absorbance of IR light in
the spectrum from 7,800 to 370 cm™. The IR light source sends rays with the full
spectrum through the sample on a ZnSe prism or between two KBr plates. The
remaining light on the other side is detected by a sensor, which records the intensity
of each wavelength and converts it into a graph. In this way, the presence of various

additives, molecules, contaminants, oxidation, soot etc. can be determined [3].
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2.2 Determining the oxidation stability of hydraulic oils

The oxidation stability of hydraulic oil (test label H) and two different turbine oil
(test labels M and C) was evaluated using the RapidOxy 100 instrument (Figure 2).
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Figure 2: RapidOxy 100 instrument for measuring oxidation stability of oils.

Source: own

RapidOxy 100 is a modern laboratory instrument designed for fast and reproducible
determination of the oxidation stability of lubricants, fuels, and other organic
materials. It is based on the accelerated aging method under elevated pressure and
temperature, in which the pressure drop of oxygen (or synthetic air) in a sealed

chamber containing the sample is continuously monitored.

Compliant with ASTM D8206 and DIN 51466 Standards, the instrument measures
the oxidation induction time (OIT) - defined as the time it takes for the pressure in
the chamber to drop by a defined percentage (typically 10 %) from its initial value.
This parameter is a reliable indicator of oxidation resistance and, by extension, the
expected service life of the oil. The measurement procedure includes the following

SthSZ

— A small sample (approximately 5 mL) is carefully measured and placed into the

steel pressure chamber of the instrument.
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— The chamber is sealed and pressurized with pure oxygen or synthetic air to about
700 kPa.

— The sample is heated to a defined temperature (most commonly 140 °C), while
the instrument continuously monitors the pressure drop.

— The test ends when the pressure has decreased by 10 %; the elapsed time is
recorded as the test result (OIT in minutes).

Advantages of the RapidOxy method include [4]:

— Speed: the complete test is significantly faster than traditional methods (e.g.,
RPVOT, TFOUT), typically requiring only 1 to 3 hours.

— Low sample volume: suitable for R&D and high-value products where sample
availability may be limited.

—  Versatility: applicable to various types of oils (turbine, hydraulic, engine,
compressor) and additive formulations.

—  Excellent reproducibility and sensitivity: allows for reliable comparison of

different formulations or production batches.

Due to its efficiency and robustness, RapidOxy 100 has become an essential tool in
the development and quality control of high-performance lubricants intended for
demanding industrial applications, where extended service intervals and high

oxidation resistance are critical performance requirements.
3 Initial condition of the tested oils

When monitoring the condition of hydraulic oils, it is important not only to know
the current condition of the oil, but also to know the initial values of the obsetrved
parameters, i.c. the baseline values of the material properties of the oil. Knowing the
baseline values is crucial for all further analyses and for monitoring the trend of
changes in individual parameters. Table 1 gives the baseline values for the fresh oils

under consideration.

The oxidation properties of hydraulic mineral oil HL type (test label H) and two
different turbine oil (test labels M and C) is discussed. Turbine oil with the M
designation, is a medium-high performance circulating lubricant specifically

designed for steam and water turbine systems and other industrial applications. In
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case of turbine oil labelled with C, is a turbine oil formulated with highly refined
mineral base stocks (Group 11 base oils) and a complex additive package, including
rust and oxidation inhibitors. It has no anti-wear additives and is designed for the
lubrication of steam and industrial gas turbines, especially those with high local
temperatures, due to its excellent resistance to foaming, air release and water

separation properties.

Table 1 gives the experimental values obtained according to ASTM E2412 Standard.
In our case study, oxidation stability and oxidation are in the foreground, as well as
moisture (water) content and the content of AW additives. The other parameters
listed are less important for our discussion. For example, it is immediately clear that
turbine oil C has a very high oxidation stability, especially compared to mineral
hydraulic oil H, and the lowest oxidation tendency value. The moisture content and

the already mentioned AW additives present (typical for C) are also low.

Table 1: Baseline values of monitored parameters for three types of oils

Label

HO MO Co
Parameter
Oxidation stability (OS)
(160 °C, 700 kPa, 10 % Oy) [min] ST AU el
Water (ASTM E2412) 6.9470 4.3432 3.7144
Soot (ASTM E2412) 3.2736 3.222 3.2467
Oxidation (ASTM E2412) 4.6453 2.7543 1.8388
Nitration (ASTM E2412) 3.0719 1.9743 1.5966
AW additive (ASTM E2412) 13.039 10.525 9.6119
Gasoline (ASTM E2412) -0.0190 0.0117 0.01944
Diesel fuel (ASTM E2412) 261.36 207.997 200.157
Sulphates (ASTM E2412) 14.6555 11.5042 11.2905
Ethylene glycol (ASTM E2412) 0.4110 0.3059 0.4681

Oxidation stability (OS) is a substance's resistance to chemical breakdown and
degradation caused by exposure to oxygen over time, which is measured by the
duration it remains stable before undergoing undesirable changes. Data on
oxidation, nitration and sulfation by-products indicate the degree of fluid
degradation. Oxidation testing performed by FTIR measures the breakdown of a
lubricant due to age and operating conditions and is reported in abs/cm (absorbance
units per centimetre). By observing specific absorption, FTIR testing detects the
presence of carbonyl groups (C=0), such as ketones, esters, and carboxylic acids,
that result from oxidation in the oil. Nitration testing is also performed using FTIR
(ASTM E2412 method), which indicates the presence of nitric acid, which speeds
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up oxidation. Nitrates exhibit peaks in the infrared spectrum, allowing FTIR to

identify their presence in the oil.

An OS value expressed (in minutes), indicates how long a substance, such as oil, can
resist degradation from oxygen. A higher OS value signifies greater resistance to
oxidation, meaning the product will have a longer useful life and perform better
under stress before producing undesirable gums, sediments, or rancid odours. A

lower value indicates a substance is more prone to oxidation and has a shorter shelf

life.

An oil oxidation value indicates the extent of chemical aging and degradation in an
oil due to exposure to heat, oxygen, water, and metals. A low value generally signifies
good oil quality and longevity, while a high value signals that the oil is breaking down,
forming sludge and varnish, and needs to be changed to prevent equipment damage.

For mineral oils, an oxidation value above 30 ot 40 may indicate the end of the oil's

life.

The table clearly shows that both turbine oils have much better oxidation resistance
than mineral hydraulic oil. This is especially true for turbine oil with the C

designation.
4 Accelerated degradation process of hydraulic oils samples

For the purposes of accelerated oil aging, a self-developed laboratory dry thermal
test was used, with which accelerated oil aging can be performed on a larger sample
volume (1500 mL), which enables a wide range of laboratory analyses to be
performed. It basically consists of two glass beakers, placed one inside the other, so

that the smaller 3-liter one is placed inside the larger 5-liter one.

The larger one contains rapeseed oil as a heating (tempering) fluid, which, with
constant stirring, ensures constant temperature conditions of the tested fluid. A
copper wire with a cross section of 1.5 mm?, a length of 15 0.1 m, twisted into a
spiral with a diameter of 10 mm, is inserted into the smaller beaker, which serves as
a catalyst (accelerating the degradation of the tested fluid). Oxygen is known to be a
further accelerator of oil aging. Therefore, compressed ambient air with a flow rate
of 3 £0.1 L/min is blown into the test oil, which is previously dehumidified using a

ready-made group for pneumatic systems. The test is carried out at atmospheric
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pressure in a closed test chamber. The temperature of the tested oil is maintained

during the test, in our case 160 £0.5 °C. The test setup is shown in Figure 3.

Figure 3: Accelerated aging test of hydraulic oil — baseline condition.

source: own

5 Results

As an example, Figure 4 shows the change in colour of a sample of C turbine oil
over the course of thermal loading, briefly described in the previous chapter (more
on this can be found in [5], [6] and [7]). For example, the C60 designation means
that it is a C oil sample after 60 hours of thermal stress at 160 °C. The image clearly
shows the colour changes in the sample and also the occurrence of varnishing and
sludge formation. The colour change is more or less similar for the other two
samples, another turbine oil (sample M) and a conventional hydraulic oil (sample H).

Figure 4: Colour changes as a result of thermal stress in case of sample C.

source: own
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The measurement results for aged turbine oil sample C ate presented in Table 2. All
values refer to the mentioned ASTM E2412 Standard and oxidation stability
measurements with RapidOxy 100. Values are rounded to two decimal places.

RapidOxy 100 and FTIR are two completely different methods for measuring the
same phenomenon; namely, oil degradation as a result of chemical reactions,
primarily oxidation and nitration. Both techniques have also already been
standardized through various (mainly) ASTM standards. It is impossible to claim
that one method is the “correct” one and the other is not. These are complex

processes that are not easy to monitor and atre essentially detected indirectly.

In our case, the RapidOxy 100 device was used to expose the sample to an
accelerated oxidation process. The results of the two methods are not directly
comparable, but it is possible to meaningfully track trends in the results obtained by
both methods. The tables 2, 3 and 4 clearly show that the trend of the results is

similar and meaningful.

Table 2: Results for aged turbine oil C over testing time

Label

Co C60 C75 C90 C105 C150

Parameter

Oxidation stability 13536 | 12807 | 11917 39.0 377 61.0
[min]

Water 371 3.6 370 10.04 3095 6049
Soot 325 322 321 357 4.62 611
Oxidation 184 220 2.26 2361 7968 | 151.85
Nitration 159 148 147 3.10 8.68 16.91
AW additive 9.61 954 954 13.28 2144 30.76
Gasoline 0.02 0.02 0.02 0.02 0.02 0.02
Dicsel fuel 20016 | 20040 | 20050 | 19963 | 19878 | 198.54
Sulphates 11.20 10.82 10.79 17.05 32.70 5215
Ethylene glycol 047 0.64 0.64 0.849 0.883 039

The data show that the oxidation stability value gradually decreases from the
beginning of the test until 75 hours of testing under the same conditions, while the
oxidation value increases. However, at longer times of thermal stress under the test
conditions, i.e. at 90, 105 and 150 hours, both values change significantly. At these
testing times, a large drop in the OS value is visible, because these samples were
exposed to moisture after testing. Thus, the interdependence of the moisture present

on the OS is clearly given.
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Similarly, Table 3 shows values for turbine oil (M), and Table 4 shows values for

hydraulic oil (H).

Table 3: Results for aged turbine oil labelled with M.

Label

MO M60 M90 M120
Parameter
Oxidation stability [min] 907.3 1030.2 726.6 146.3
Water 4.34 4.08 4.06 12.94
Soot 3.22 3.23 3.24 3.73
Oxidation 2.75 2.65 3.60 29.59
Nitration 1.97 1.70 1.72 4.11
AW additive 10.53 10.40 10.46 14.00
Gasoline 0.01 0.01 0.01 0.01
Diesel fuel 207.99 207.00 205.76 203.01
Sulphates 11.50 10.85 11.04 18.30
Ethylene glycol 0.31 0.36 0.41 0.31
Table 4: Results for aged hydraulic oil labelled with H.
Label HO H60 H90 H110
Parameter
Oxidation stability [min] 378.1 273.9 129.1 98.4
Water 6.95 6.50 10.35 12.91
Soot 3.27 3.34 3.77 4.07
Oxidation 4.65 6.11 14.16 19.39
Nitration 3.07 3.32 4.41 5.22
AW additive 13.04 12.62 14.55 15.63
Gasoline -0.02 -0.03 -0.03 -0.03
Diesel fuel 261.36 259.01 254.49 252.30
Sulphates 14.65 14.35 16.76 18.10
Ethylene glycol 0.41 0.86 1.06 0.84

In all three cases it is evident that the oxidation stability decreases with aging. On

the other hand, with oil aging, nitration and oxidation increase.

(=)}

Summary

The study focused on understanding oxidation stability as a key performance
parameter for long-life lubricants, especially of turbine oils. Oxidation is a primary
cause of oil degradation, leading to sludge, varnish, viscosity changes, and reduced
system reliability. Three mineral oils were evaluated: hydraulic oil H, turbine oil M,
and turbine oil C.
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Baseline analysis: Turbine oil C had the highest oxidation stability (1353.6 min),
followed by M (907.3 min) and H (378.1 min). FTIR revealed lower oxidation
and nitration tendencies in turbine oils compared to hydraulic oil.

Aging experiments: A self-developed accelerated aging test exposed oils to high
temperature, oxygen, and catalytic copper. Results showed that with aging, all
oils exhibited reduced oxidation stability and increased oxidation/nitration by-
products. Moisture significantly accelerated degradation.

Comparative results: Turbine oils, particularly oil C, demonstrated superior
resistance to oxidation compared to hydraulic oil. RapidOxy and FTIR
produced consistent trends, proving reliable for monitoring degradation though

values are not directly comparable.

Overall, the findings confirm that turbine oils with higher-quality base stocks and

antioxidant systems significantly outperform hydraulic mineral oils in oxidative

stability. Moisture ingress and additive depletion are critical factors reducing oil

lifetime. Proper lubricant selection and monitoring by FTIR and RapidOxy 100 are

essential for extending service intervals, minimizing maintenance, and improving

system reliability.
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Effective detection of compressed air leaks is crucial for | el

pneumatic manipu
improving energy efficiency in pneumatic systems. In this paper,
we present an automated leak detection approach for a pneumatic
workstation using integrated pressure and flow sensors. The
system monitors the baseline operating cycle and identifies
anomalies such as excess air consumption or pressure drops that
indicate leakage. A Beckhoff PLC with TwinCAT 3 was used to
collect real-time data, and a parallel simulation model was
developed in Automation Studio to validate the approach.
Experimental results from both simulation and a physical
pneumatic station demonstrate that flow-based measurements are
far more sensitive to small leaks than pressure-based methods.
Even a 1 mm diameter leak orifice produced a significant increase
in airflow consumption with minimal detectable pressure change.
The comparison between simulated and real-world leak scenarios
confirms the viability of continuous sensor-based monitoring for
early leak detection in pneumatic systems.
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1 Introduction

Compressed air is a widely used energy source in industrial automation. However, a
substantial portion of generated compressed air is wasted through system leaks,
leading to higher operating costs and reduced efficiency. The U.S. Department of
Energy has estimated that industrial compressed air systems typically lose about 25%
of their air to leaks (and in some cases up to 80%). Other studies indicate that on
average as much as one-third of the compressed air in a facility is wasted due to
leakage. These losses translate directly into increased energy consumption and
expense. For example, a single small leak (1.6 mm orifice) can cost on the order of
$1000 per year. Beyond energy cost, leaks can impair system performance by causing
pressure drops that hamper the operation of pneumatic equipment and even lead to
unscheduled downtime. It is therefore imperative for manufacturers to implement
effective leak detection and remediation programs to maintain both energy efficiency

and system reliability. [1]

Conventional methods for detecting compressed air leaks include manual inspection
(audible listening for the “hissing” sound), ultrasonic acoustic detectors, and
periodic pressure decay tests. Ultrasonic leak detection devices are commonly used
to find small leaks that are not audible, by sensing high-frequency sound emissions
at leak sites. While these methods can be effective for spot-checking a system, they
are labor-intensive and not continuous. In a large or complex pneumatic installation,
leaks may develop at any time in hoses, fittings, valves, and other connections. A
more automated, continuous monitoring approach is desirable for ecatly leak

detection without requiring frequent manual audits. [2]

One way to achieve automated leak monitoring is to leverage the sensors and control
infrastructure already present in modern pneumatic systems. Many pneumatic
machines and workstations are equipped with pressure sensors, flow sensors, or can
be retrofitted with such instrumentation. By analyzing sensor data in real time, it is
possible to detect anomalies indicative of leaks. Prior research has explored analyzing
system pressure patterns to infer leaks — for instance, using an accumulator pressure
drop profile and advanced signal processing or machine learning to detect small
leaks. However, because pressure in a regulated pneumatic system may remain
relatively stable even as air escapes (until the leak becomes large), purely pressure-
based diagnostics struggle with detecting anything but major leaks. In contrast,

measuring airflow consumption provides a more direct indication of leakage. A leak
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creates an additional airflow demand on the compressor or supply line, which can
be observed as an increase in flow rate drawn by the system. Recent industrial
solutions for smart leak detection indeed utilize flow sensors on main supply lines

to continuously monitor for unexplained air usage spikes. [3]

In this paper, we present an automated leak detection system for a pneumatic
manipulator station that employs both pressure and flow sensing. The work is based
on a master’s thesis project in which a real pneumatic workstation was instrumented
for self-diagnostics of air leakages. The main contributions of our study are: (1) a
comparative evaluation of three sensing approaches — motion timing, pressure, and
flow — for detecting pneumatic leaks, and (2) an assessment of simulation modeling
for predicting leak behavior versus actual physical experiments. The focus is on
experimental findings: we performed controlled leak tests on a laboratory pneumatic
station and also created a corresponding simulation model in Automation Studio to
replicate the system’s behavior under leak conditions. By comparing the simulated
and real-world results, we validate the reliability of the detection methods and

identify practical considerations for implementation
2 Methodology
2.1 Pneumatic Station and Leak Simulation Setup

The experimental testbed is a pneumatic manipulator workstation (Figure 1)
consisting of multiple pneumatic actuators (cylinders) and a valve manifold (valve
island) controlled by a PLC. The station is supplied with compressed air regulated
to 4 bar. For the purposes of this research, we focused on a single axis of motion
(the Y-axis linear actuator of the manipulator) as the primary point of investigation.
This choice was made to simplify the experiments, since instrumenting every
actuator and potential leak point in the system would require a large number of
sensors. By monitoring one representative actuator motion in detail, we can still

glean insights that are extendable to other parts of the system.

To induce and measure leaks, we introduced calibrated orifice leaks at a specific
location in the pneumatic circuit. A T-fitting was installed near the Y-axis cylindet’s
supply port, with an interchangeable plug that has a small hole to simulate a leak.
Four leak orifice sizes were tested: diameters of 0.5 mm, 1 mm, 2.5 mm, and 5 mm.

These sizes were chosen to represent a range from a very small pinhole leak (0.5
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mm) to a quite severe leak (5 mm). The orifice diameters and corresponding leak
flow rates (theoretical, at 4 bar pressure) are summarized in Table 1. The leak orifice
plug is only installed on one side of the cylinder (for example, the extension side);
when that side is pressurized during the actuator’s stroke, air will continuously

escape through the orifice.

Figure 1: The experimental testbed — a pneumatic manipulator workstation.

Table 1: Theoretical leak flow rates for various orifice sizes at 4 bar

Leak orifice diameter Leak flow (theoretical)

0.5 mm ~0.013 m3/min (13 L/min)
1.0 mm ~0.053 m*/min (53 L/min)
2.5 mm ~0.230 m?/min (230 L/min)
5.0 mm ~1.314 m3/min (1314 L/min)

These flow values were computed using standard orifice flow equations for
compressible flow. As expected, leak flow increases rapidly with orifice size —a 1
mm leak passes roughly 4x the airflow of a 0.5 mm leak, and a 5 mm break could
leak over 1000 L/min (which in practice would overwhelm a typical compressor).
In fact, at 2.5 mm our leak flow was already comparable to the capacity of the air

supply, meaning the system could no longer maintain the nominal pressure.
2.2 Instrumentation and Data Acquisition
Three types of measurements were leveraged to detect leaks: motion timing,

pressure, and flow. For motion timing, a laser distance sensor (Omron ZX1 laser

displacement sensor) was mounted to track the position of the Y-axis carriage over
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time. The idea was to see if a leak (which might reduce the effective force/pressure
available) slows down the actuator’s movement, thereby increasing the stroke time.
The laser provided a real-time analog distance reading of the moving part; by
capturing this signal, we could compute the velocity profile or total time of travel
for the axis under normal and leak conditions. The laser sensor was positioned such
that its zero-point was set at the fully extended position of the axis (a calibration was
done to offset the initial distance). In practice, as will be seen, the motion timing
method proved to be the least sensitive, because the pneumatic regulator largely

compensates to keep the motion speed consistent (until very large leaks occur).

For pressure measurement, we utilized the station’s existing pressure sensors (Festo
SDE1 series pressure transducers) which were installed on the pneumatic supply
lines of the actuators. These sensors output an analog voltage corresponding to the
local line pressure. We connected the pressure sensors to the PLC’s analog input
card (Beckhoff ELL3124) to record the pressure in the cylinder’s chamber during
operation. One important consideration discovered was that the pressure regulator
on the supply maintained the line pressure so effectively that small drops due to
leaks were quickly compensated. Thus, to get a meaningful pressure reading, the
sensor needed to be placed as close as possible to the leak point, ideally on the same
segment of tubing. In our setup, the pressure sensor was attached via the T-fitting
directly adjacent to the leak orifice plug. This way, the sensor would register a
pressure drop whenever air escaped through the orifice. If the sensor were farther
away (e.g., only at the regulator or main header), the local pressure drop might be
completely flattened out by the regulator response and system volume, making the
leak undetectable. Even with the sensor close by, as we will show, the pressure dips

due to the smaller leaks were very subtle.

For flow measurement, two mass flow sensors were installed: one on the main air
inlet to the Y-axis actuator circuit, and another on the branch feeding the Y-axis
cylinder itself. The inlet flow sensor (Festo SEFAM model) had a range of 20-200
L/min, suitable for measuring the total airflow into the entire station or the selected
manifold. The cylinder branch flow sensor (SMC miniature flow sensor) had a much
smaller range (0.2-10 L/min) to measute the actuator’s own air consumption with
high resolution. The rationale for using two flow sensors was to have a reference vs.
localized measurement: the flow into the overall system vs. the flow into the
actuator. In the absence of leaks, these two should match when the only air

consumption is the actuator’s motion. If there is a leak anywhere in the system (in
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our case, intentionally on that actuator’s line), then the total flow at the inlet will
exceed the flow that actually went into moving the actuator. By comparing the two,
one can not only detect that a leak exists (inlet flow > actuator flow), but also

quantify it by the difference of the readings.

All sensor signals (laser displacement, pressure, and flow sensors) were interfaced to
a Beckhoff CX5130 PLC running TwinCAT 3. The PLC was programmed to
execute the pneumatic cylinder’s motion sequence (extend and retract in a cycle) and
simultaneously log the analog sensor values. We utilized the TwinCAT Measurement
functionality (TwinCAT 3 Scope) to record and visualize the data in real-time. The
sampling rate for data logging was set to 100 Hz, which was sufficient to capture the
dynamics of the cylinder motion (which lasts on the order of 0.5-1 s). The data was
later exported for analysis and plotting. Additionally, a simple Human—Machine
Interface (HMI) was built using TwinCAT HMI tools to remotely monitor the
sensor readings and leak detection status. This could allow an operator to see live
information about potential leaks (e.g., an alarm if a leak is detected by the system

logic comparing inlet vs. actuator flow)
2.3 Automation Studio Simulation Model

In parallel to the physical experiments, we developed a simulation model of the
pneumatic system using Automation Studio. The simulation aimed to replicate the
Y-axis cylinder behavior under the same conditions (including leaks) to verify if the
model predictions agree with real measurements. The model included a double-
acting pneumatic cylinder, 5/2 directional control valve, pressure regulator, and
connecting pneumatic lines. We calibrated the component parameters using
manufacturer data sheets for things like cylinder bore and stroke, valve flow
coefficients, and line volumes. The leak was introduced in the simulation by adding
a flow resistance path (an orifice to atmosphere) on the cylinder’s line, with an
opening diameter equal to the physical leak orifice. For example, a 1 mm leak was
modeled as a 1 mm diameter orifice to ambient, placed in the same location in the
circuit as the real leak. To mimic the fact that in the real setup the leak exhausts
directly to atmosphere (very short path), we set the “leak” outlet tube length to only
1 mm in the simulation model. This ensures the simulated leak does not have any
significant flow resistance beyond the orifice itself (i.e., no long pipe that could

restrict it).
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The simulation was run for each leak size as well as for the no-leak case. We recorded
the simulated cylinder chamber pressure and flow rates through the cylinder’s inlet.
One nuance of the simulation is that it can directly provide the leak flow value as a
separate variable (since we can measure flow through the leak orifice element in the
model). This is useful for analyzing how much of the air is going into useful work
versus being lost. In contrast, on the real system we infer the leak flow only by
subtraction of sensor readings (inlet minus actuator flow). In the simulation,
however, one must be careful: if one only looks at the flow into the actuator
component, the presence of a leak on that line might not obviously show up in that
measurement. In our model, the “actuator flow” monitoring block measures flow
into the cylinder itself; the leak path branches off, so from the cylinder’s perspective,
it may still consume the same amount of air to move (until the point pressure drops
too much). The leak flow is then seen separately. Therefore, to make meaningful
comparisons, we consider both the total flow drawn from the supply and the
distribution of that flow into the cylinder vs. out the leak. The Automation Studio
model was executed with the same cycle timing as the real machine (extend and
retract motions with similar load conditions) so that we could directly overlay

simulation results with experimental data.
3 Results and Discussion
3.1 Baseline Operation (No Leak)

We first consider the normal operation of the pneumatic axis with no leak present.
In this scenario, the Y-axis cylinder executes an extend and retract cycle, and the
sensor readings serve as a baseline. The laser displacement sensor showed a smooth
motion profile, with the carriage moving a fixed distance in roughly 2.0 s (extend)
and similarly 2.0 s to retract. The pressure in the cylinder (on the extending side)
during extension typically rose to ~4 bar and remained near constant until the end
of stroke (when the pressure spiked slightly as the piston hit the end stop). The flow
sensor on the actuator line indicated a transient air flow peak during the initial filling
of the cylinder at the start of motion, followed by a drop to near zero when the
piston reached full extension and the valve closed. The inlet flow sensor, which
measures total flow into the system, showed essentially the same profile in the no-

leak case — all the air drawn from the supply went into the cylinder’s movement.
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3.2 Effects of Leaks on Measured Signals

When a leak is introduced, the impact on the system measurements is immediate.
Qualitatively, even a small leak creates an additional steady airflow during and after

the cylinder motion which was not present in the no-leak case.

Leakage flow — 0.50 mm orifice

Flow [L/min]

Time [s]
Figure 2: Simulated air flow rate in the case of a 0.5 mm diameter leak.

The Figure 2 shows simulated air flow rate through the orifice in the case of a 0.5
mm diameter leak (simulation data is shown). During the motion, the flow drawn
from the supply is higher than before because it must simultaneously fill the cylinder
and satisfy the continuous leak. Once the cylinder stops moving, in the no-leak case
the flow would drop to zero, but with the leak, a constant flow continues as air

escapes through the orifice.
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Figure 3: Measured pressure on the system inlet.
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The pressure measurements showed practically no changes. Figure 3 illustrates the
pressure on the system inlet, both without leak and with a 1 mm leak. In the no-leak
case (blue curve), the pressure rises to ~4 bar and stays nearly flat during the stroke.
With a leak (orange curve), one might expect the pressure to drop — however, up to
moderate leak sizes (1 mm) the regulator and valve were actually able to maintain
almost the same pressure profile. In both simulation and real tests, the pressure drop
in the cylinder due to a 0.5 mm or 1 mm leak was almost imperceptible. Only when
we tested a very large leak (2.5 mm) did the pressure traces start to show a noticeable
decay during the motion, and at 5 mm the system could not sustain 4 bar at all
(pressure collapsed, as expected when leak flow exceeded compressor capacity). This
confirms that relying on pressure sensors alone for leak detection in a regulated
supply can be unreliable — small leaks do not create enough of a pressure disturbance
to be distinguished from normal operation, especially if the sensor is not extremely

close to the leak point.

In terms of the motion timing, we measured the time taken for the cylinder to extend
under each leak condition. Interestingly, up to the 1 mm leak, there was no
appreciable difference in the stroke time or velocity. The laser displacement data
over time yielded virtually identical speed profiles for the no-leak, 0.5 mm leak, and
1 mm leak cases. This indicates that the closed-loop pressure regulation (and the
inherent oversizing of the pneumatic supply) can compensate for a fair amount of
leakage without slowing down the actuator’s performance. The operators or control
system would not notice any slowdown until the leak becomes quite severe. Indeed,
in our experiments only the 2.5 mm leak started to produce a slightly slower motion
(and by 5 mm leak, the motion was significantly affected or failed to complete at
speed). These findings align with practical experience: a machine might operate
seemingly “fine” while wasting compressed air through moderate leaks, until a
tipping point is reached. Thus, using motion speed as an indicator of leaks proved
to be the least sensitive method — it can only detect very large leaks that already cause

performance degradation.

Quantitatively, the flow-based detection was the most sensitive. Even the smallest

leak (0.5 mm) caused a clear change in the flow sensor readings.

Figure 4 shows a set of real recorded flow sensor traces for three scenarios — no leak,
0.5 mm leak, and 1 mm leak — on the Y-axis extend stroke (normalized to the same

cycle timing). The inlet flow (primary sensor) in the no-leak case (blue line) peaked
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around ~120 L/min and returned to zero. With a 0.5 mm leak (orange line), the
peak was slightly higher (~160 L/min) and after the motion a ~10 L/min flow
continued to be present on smaller actuator sensor (a flat line indicating the leak).
With a 1 mm leak, the peak was higher still and the flow after motion was ~>50
L./min, which in fact maxed out the smaller secondary sensor on the actuator line.
The difference between the inlet flow and actuator flow corresponds exactly to the
leak flow; for 1 mm this difference was so large that the actuator sensor could not
capture it beyond 10 L/min (saturation). Despite the secondary sensot’s saturation,
the presence of the leak is unequivocal from the inlet sensor alone — seeing a nonzero
flow when the actuator is static is a red flag. In a practical implementation, one could
set a threshold: for example, after an actuator completes its motion, the flow reading
should drop near zero within a certain short time. If instead a sustained flow above

some small threshold is measured, a leak alarm can be triggered.

Supply Flow vs Time (No Leak vs 0.5 mm Leak)
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Figure 4: Flow rate profile without any leak (blue) and with 0.5 orifice leak (orange).
3.3 Comparison of Simulation and Real Results

The simulation model outputs were compared to the real measurements to verify
their agreement. Overall, the trends matched well: both simulation and experiment
showed that flow is a reliable leak indicator while pressure is not very sensitive to
small leaks. The simulation’s flow values for the leak were within ~10% of the
calculated values and what was inferred from real sensor data. For instance,
simulation of a 1 mm leak gave a leak flow of ~55 L/min, whereas the theoretical
was ~53 L/min and the expetriment indicated >50 L/min (consistent with sensor
limits). The pressure curves in simulation also mirrored the shape of the measured

pressure transients. Up to a 2.5 mm leak, neither showed significant pressure drop
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during motion, maintaining a “step-like” pressure profile. At the 2.5 mm leak, both
simulation and real began to show a sag in pressure, and at 5 mm, neither could hold

full pressure.
34 Discussion of Detection Methods

From the results above, we can conclude that among the three measured modalities,
air flow monitoring is the most effective for leak detection in pneumatic systems.
Even minor leaks produced distinct changes in flow that are easy to detect with a
simple threshold or by comparing reference vs. local flow readings. Pressure
monitoring can play a supporting role, especially if one wants to pinpoint where the
leak is (by placing pressure sensors near suspected locations), but it is not as
universally reliable for initial detection of small leaks. The motion timing approach,
while conceptually straightforward (no extra sensors needed if one monitors actuator
cycle times), was essentially ineffective for eatly leak detection in our tests — leaks
that didn’t affect motion speed still caused significant air loss. Only when a leak
becomes severe enough to drop pressure and slow the actuator would the timing
method catch it, at which point a lot of energy may have already been wasted. This
outcome underscores the importance of direct leak monitoring rather than relying

on secondary effects like performance degradation.

Another practical observation is the influence of sensor placement and range. We
encountered an issue where our chosen flow sensor on the actuator line maxed out
at 10 L/min, which was too low once leaks exceeded 1 mm. In a real deployment,
one must choose sensors with appropriate range (or use multiple ranges) to cover
the expected leak sizes. The use of a higher-range sensor on the main inlet was a
good solution in our case, since the main sensor (20-200 L/min range) easily
captured the larger flows. For pressure sensors, as mentioned, distance from the leak
matters. If deploying pressure-based leak detectors, they should ideally be integrated
into each critical segment (for example, built into valve manifolds or cylinder ports)
to catch local pressure drops that a central sensor might miss. Nonetheless, given
our findings, a more cost-effective strategy is likely to put a few flow sensors on

major branches and use those to monitor overall consumption balance.

It is also worth putting the magnitude of losses in perspective: using our
experimental data and calculations, a 1 mm diameter leak at 4 bar consumes on the

order of 3.15 m?® of air per hour (= 53 L/min). Over a full day of continuous
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operation, this amounts to ~75 m? of air lost, and in a year (assuming 8,000 operating
hours) nearly 28,000 m® of air wasted. In terms of energy cost, if we assume typical
compressor efficiency and electricity price, this single 1 mm leak could cost around
€800 per year in electricity. Larger leaks of course cost exponentially more (a 2.5 mm
leak was estimated around €4,800/year). Therefore, even “small” leaks that do not
hinder machine function can have significant economic impact — justifying the

implementation of automatic leak detection and timely maintenance.
4 Conclusion

In this work, we developed and tested an automated leak detection approach for a
pneumatic station using readily available sensors and simulation tools. The
experimental results clearly demonstrated that flow-based sensing is the superior
method for detecting compressed air leaks in pneumatic systems. Even the smallest
induced leak (0.5 mm orifice) was readily identified through an increase in airflow
consumption, whereas pressure measurements showed virtually no change and the
machine’s operation was unaffected (same cycle time). The pneumatic pressure
regulator was effective enough that it masked small leaks from a pressure standpoint,
highlighting why leak detection should not rely solely on noticing pressure drops or
reduced performance. By placing a flow sensor on the main air supply line and
comparing it with the expected actuator consumption (or with additional flow
sensors on sub-circuits), the system can automatically detect when extra air is being
used that does not correspond to productive work. This enables real-time leak
monitoring and could be used to alert maintenance personnel or trigger corrective

actions (e.g. stopping the machine for inspection if a severe leak is detected).

Pressure-based leak detection can still be useful for locating leaks or as a redundancy.
Our tests showed that if a pressure sensor is very near the leak (such as a sensor
mounted in a tee at a cylinder port), it will register a pressure drop when that segment
is active. Thus, one strategy could be to use flow sensors for system-wide leak
detection and pressure sensors at critical components for isolation — for example,
detect via total flow that “some leak” exists, and then check individual line pressures
to narrow down the location. The motion timing method was proven to be largely
ineffective for proactive leak detection in our case; it might only be viable in

scenarios where adding sensors is impossible and only major leaks are of interest.
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The simulation model built in Automation Studio was beneficial in understanding
the system behavior and correlating it with theory. It allowed us to simulate various
leak sizes and confirm that the trends (negligible pressure change, significant flow
change) align with the real-world outcomes. Simulation can be a useful design tool
for predicting how a leak detection system will perform, and for setting appropriate
thresholds. For instance, one could simulate a range of leak scenarios to determine
what flow increase is expected for a given leak size, thereby tuning the sensitivity of

detection algorithms to catch leaks above a certain threshold.

In conclusion, implementing automated leak detection using sensors in pneumatic
stations is both feasible and highly beneficial. With the rising costs of energy and the
push for efficient Industry 4.0 operations, such self-diagnostic capabilities can save
substantial costs and prevent unplanned downtime. Our work contributes an
experimental validation that simple sensor-based approaches (particularly airflow
monitoring) can reliably detect leaks in real time. Future work may involve scaling
the system to monitor multiple actuators simultaneously, integrating machine
learning to distinguish leak signatures from other anomalies, or exploring wireless

IoT sensors for retrofitting existing industrial equipment-
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ENERGOLUBRIC 30XY

ENERGOLUBRIC 20XY ZF5

ENERGOLUBRIC 20XY ZF

ENERGOLUBRIC 20XY S

ENERGOLUBRIC 20XY
HYDROLUBRIC HEES

HYDROLUBRIC VG BR

HYDROLUBRIC HVLPD

HYDROLUBRIC VGS PLUS

HYDROLUBRIC VGS

HYDROLUBRIC HVLP

HYDROLUBRIC VG D

HYDROLUEBRIC VG

HYDROLUBRIC HD

HYDROLUBRIC HLP

Protiobrabni Odliéna
aditivi oksidacijska
stabilnost
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EtherCAT in tehnologija
PC krmilnikov:
New Automation Technology

EtherCAT. ™

ey

TwinCAT l

EtherCAT in tehnologija PC krmilnikov postavijata standarde po svetu: Beckhoff Avtomatizacija d.o.o.
® yse komponente za industrijske racunalnike, /T periferijo, pogonsko Zbiljska cesta 4, 1215 Medvode
tehniko in avtomatizacijo Slovenija
uveljavijeni mejniki v aviomatizaciji na globalni ravni: Telefon: +386 136130-80
Lightbus, ¥/ moduli, programska oprema TwinCAT info@beckhoff.si
maksimalna skalabilnost in odprti sistemi za aviomatizacijo
na osnovi visoko zmogljivega podroénega vodila EtherCAT
zdruzevanje kljucnih funkcij naprave ali sistema na eni krmilni platformi
univerzalne resitve 7a avtomatizacijo za prek 20 razlicnih tipov industrije:
od CNC obdelovalnih strojev do pametne avtomatizacije zgradb

Skenirajte za

Bl EE
e

B vedinformaci]
0 sistemu
¥ Beckhoff
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HAINZL MOTION & DRIVES SLOVENIJA

Va$ partner za hidravli¢ne in elektri¢ne sisteme ter pogonske resitve za
mobilne in industrijske aplikacije.

/ Uradni zastopnik podjetja Danfoss Power Solutions

// Naértovanje, svetovanje in poscdobitev sistemov
// Vzdrzevanje in testiranje hidravliénih komponent

www.hainzl.si



TESNILA
BOGADI cc-.

Izdelava tesnil in hidravli¢nih cilindrov po meri |
Servis in obnova hidravli¢nih cilindrov |
Izdelki iz gume in poliuretana | Obnova koles |

Izzivi nasih naroénikov nas Zenejo k
najboljim resitvam — osebno, strokovno in zanesljivo.

info@bogadi.si / +386 (0)2426 0450

Tesnila Bogadi d.o.o.
. Karantanska ulica 21, 2000 Maribor
E W: www.bogadisi / T:+3B62 4260450 / E:info[@bogadi.si
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Hydraulics

ZA HIDRA VLIGNE-PBGBA{E VDZIL

L L

) I.IN NJIHO VA HIBBA VL‘IBNAJ

Poclain Hydraulics d.o.o. www.poclain-hydraulics.com
Industrijska ulica 2, 4226

Ziri, Slovenija O DY

® +386 (0)4 51 59 100
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Odem

Dravske elektrarne Maribor

skupina € hse

Vodilni proizvajalec elektri¢ne
energije iz obnovljivih virov

Z energijo narave ustvarjamo zeleno prihodnost.
Zavezani trajnostnemu razvoju ter zanesljivim in

strateskim resitvam postavljamo temelje energetske
prihodnosti - odgovorni do okolja, predani druzbi.

www.dem.si



FS Fakulteta za strojnistvo

AKTUALNA IZOBRAZEVANJA
ZA INDUSTRIJO

Na Fakulteti za strojnistvo Univerze v Mariboru ponujamo krajsa strokovna
izobrazevanja, prilagojena potrebam gospodarstva. Omogocajo hitro
pridobivanje specificnih znanj za vase izzive v praksi.

Materiali

Tekstilije, procesi in zeleni prehod

Hidravlika in pnevmatika

Vzdrzevanje

Pametna tovarna

Napredne izdelovalne tehnologije

Numericno modeliranje in racunalniske simulacije
Ergonomija ter snovanje in oblikovanje izdelkov
Zagotavljanje kakovosti

Organizacijska znanja

Procesna tehnika

NOC | ik ) e Evopka unla

ZNANOST IN INOVACIE NextGenerationEU

Univerza v Mariboru



REVIJA ZA FLUIDNO TEHNIKO, AVTOMATIZACIJO IN MEHATRONIKO

I Strokovni in znanstveni prispevki
| 1z prakse za prakso

I Ventil na obisku

I Novice - zanimivosti

I Aktualno iz industrije

I Novosti na trgu

| Podjetja predstavljajo

I Ali ste vedeli

| Dogodki

| Intervju

Fk FLLIDHES THHMIS0, SUTOMATITACLI (N AERATRCHTING

VENT

N
T3 SCARA

400 mm 3 kg 6.990EUR

KONTROLER ¥ DBOTA  RAZVO ] JE RCHT

WIS | FESTO  OPL vogtam SN TN

| ™M

MISL-— S3C <&@ et ommere

revija Ventil

Univerza v Ljubljani, Fakulteta za strojnistvo, Askerceva 6, 1000 Ljubljana
Tel.: 01/ 4771 704, Faks: 01/ 4771772
E-posta: ventil@fs.uni-lj.si, Internet: www.revija-ventil.si

Spostovani!

Ventil je znanstveno-strokovna revija in objavija
prispevke, ki obravnavajo razvojno in raziskoval-
no delo na Univerzi, institutih in v podjetjih
s podroéja fluidne tehnike, avtomatizacije in
mehatronike. Revija Zeli seznanjati strokovnjake
z doseiki slovenskih podijetij, o njihovih izdelkih
in dogodkih, ki so povezani z razvojem in s proi-
zvodnjo na podrodjih, ki jih revija obravnava.
Prav tako Zeli ustvariti povezavo med slovensko
industrijo in razvojno in raziskovalno sfero ter
med slovenskim in svetovnim proizvodnim,
razvojnim in strokovnim prostorom. Naloga revi-
je e tudi popularizacija podrocij fluidne tehnike,
avtomatizacije in mehatronike e posebno med
miladimi. Skrbi tudi za strokovno izrazoslovie na
omenjenih padrodéjih.

Revija Ventil objavlja prispevke avtorjev iz
Slovenije in iz tujine, v slovenskem in angleskem
jeziku. Prispevkom v slovenskem jeziku je dodan
povzetek v angleséini, prispevki v angleiéini pa
50 objavijeni z daljéim povzetkom v slovenskem
jeziku. Clani znanstveno strokovnega sveta
so znanstveniki in strokovnjaki iz Slovenije in
tujine. Revijo posiljameo na ved naslovov v tujini
in imamo izmenjavoe z drugimi revijami v Evropi.
Revija je vodena v podatkovni bazi INSPEC.

Tridesetletno izhajanje revije Ventil pomeni, da
je v prostoru neprecenljiva za razvoj stroke.
Urednistvo si skupaj z znantveno strokowvnim
svetom prizadeva za visokokvalitetno raven in
relevantnost objav, ki bosta v prihodnosti vse
napore usmerila v to, da bo kvalitetna raven se
visja. V ta namen vkljuéuje v znanstveno strokow-
ni svet priznane znanstvenike, raziskovalce in
strokovnjake, ki s svajim znanjem vspodbujajo
vsak na svojemn podrodju objavljanje rezultatov
razvojnega in raziskovalnega dela. Urednistvo
spremilja razvoj stroke in znanstveno raziskovalno
delo doma in v tujini preko konferenc, delavnic
in seminarjev ter z izmenjavo tuje periodike.

Revija je priznana v tujini, e posebno na podro-
¢ju fluidne tehnike, kar Zelimo dosedi tudi na
podroéju mehatronike in avtomatizacije. Preko
objav v reviji se promovirajo doseZki slovenske
znanosti in industrijske proizvodnje. Revija je
in bo tudi v prihodnje prostor za predstavljanje
kvalitetnih razvojnih in raziskovalnih dosezkov
slovenske industrije in raziskovalne sfere na
podrocju fluidne tehnike, avtoratizacije in
mehatronike.

Urednistvo
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» celoletno naro¢nino na
revijo IRT3000 (10 3tevilk)

« strokovne vsebine na vet
kot 140 straneh

(4 Stevilke)

IR

L ADRIA

» celoletno naro¢nino na
revijo IRT3000 ADRIA

+ strokovne vsebine na vec

I l
l l
ZA SAMO 70€ DOBITE: i ZA SAMO 28€ DOBITE: i ZA SAMO 28€ DOBITE:
| |
I l
| kot 200 straneh 1

AL PUA

» celoletno naro¢nino na
revijo IRT3000 AZIPNA
(4 Stevilke)

« strokovne vsebine na vec
kot 200 straneh

+ vsakih 14 dni e-novice IRT3000 na osebni elektronski naslov

DIGITALNA NAROCNINA

Na voljo je tudi digitalna razlicica
revije, obogatena s povezavami in
video vsebinami.

NAROCITE SE!

STROKOVNA LITERATURA

V nasi spletni trgovini je na voljo Sirok nabor
kakovostne strokovne literature.

UMETNGST I )

BRIZGANJA

[] 051322 442
info@irt3000.si
LJ www.irt3000.si/narocilo-revije

WWW.IRT3000.COM
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INTERNATIONAL CONFERENCE
FLUID POWER 2025:
CONFERENCE PROCEEDINGS

DARKO LOVREC, VITO TIC (EDS.)

University of Maribor, Faculty of Mechanical Engineering, Maribor, Slovenia
darko.lovrec@um.si, vito.tic@um.si

The International Fluid Power Conferences are a two day event,
intended for all those professionally-involved with hydraulic or
pneumatic power devices and for all those, wishing to be informed
about the ‘state of the art’, new findings and innovations within
the field of hydraulics and pneumatics. All papers included in the
conference program are reviewed and collected in the conference
proceedings. The gathering of experts at this conference in
Maribor has been a tradition since 1995, and is organised by the
Faculty of Mechanical Engineering at the University of Maribor,
in Slovenia. Fluid Power conferences are organised every second
year and cover those principal technical events within the field of
fluid power technologies in Slovenia, and throughout this region
of Europe. This yeat's conference FT2025 is taking place on the
17t and 18™ September in Maribor, at Congress centre Habakuk.

https
10.18690/um.

ISBN
978-961-299-049-7

Keywords:
international conference,
fluid power,

science and prc
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