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International conference Fluid Power 2017 

Dear participants of the international conference Fluid Power 2017! 

 

DARKO LOVREC & VITO TIČ
 1 

 

Abstract The International Fluid Power Conference is a two day event, 

intended for all those professionally-involved with hydraulic or pneumatic 

power devices and for all those, wishing to be informed about the ‘state of 

the art’, new discoveries and innovations within the field of hydraulics and 

pneumatics. 

 

The gathering of experts at this conference in Maribor has been a tradition 

since 1995, and is organised by the Faculty of Mechanical Engineering at 

the University of Maribor, in Slovenia. Fluid Power conferences are 

organised every second year and cover those principal technical events 

within the field of fluid power technologies in Slovenia, and throughout 

this region of Europe. This year's conference is taking place on the 14th 

and 15th September in Maribor. 

 

We wish all participants at the International Conference-Fluid Power 2017 

continued successful professional work, and hope that we have yet again 

added another small piece within the mosaic of fluid power. 

 

Keywords: • fluid power technology • components and systems • control 

systems • fluids • maintenance and monitoring • 
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Digital pneumatics: App-driven pneumatics for Industry 4.0 

 
MARKUS MIKLAS2 

 

Abstract Piezo technology, integrated sensors for stroke and pressure, 

combined with software modules, open new perspectives to the use of 

pneumatic technologies for machine building. In a Motion Terminal a so-

called valve becomes a freely programmable pneumatic element with four 

channels. The flow can be regulated proportionally and dynamically using 

software modules. Via different Motion Apps one pneumatic element can 

replace more than 50 traditional ones. Fast switching times, and low 

energy consumption are just two of the many advantages compared to 

traditional pneumatics. This new technology will open completely new 

fields for pneumatic applications and might even revolutionise the way 

machines will be built in future. 

 

Keywords: • pneumatics • digital systems • components •sensors 

•software 
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1 The role of pneumatics in digital systems 

 

Industry 4.0 represents a future where intelligent machines are self-aware and automation 

challenges can be solved by the machinery itself. In the factory of tomorrow, cyber-physical 

systems will communicate with one another using the Internet of Things. Microsystems will make 

decisions autonomously and highly sensitive robots will support employees so that they can 

continue to work, even in their later years. 

 

Pneumatic applications are sturdy and reliable, which from an Industry 4.0 perspective might also 

be interpreted as inflexible. For pneumatics, this concept seems to leave only peripheral tasks. 

Simple, repetitive tasks might remain under the control of some intelligent sub-system. The 

“natural” motion for intelligent cyberphysical systems seems to be driven electrically. 

 

For machine builders and machine operators pneumatic controls come with some additional 

challenges, since every logical function comes encapsulated in a physical valve. Changing the 

functionality means exchanging the valve. This also means that potentially a lot of valves and other 

pneumatic function elements such as throttles are kept on stock resulting in costs. Pneumatic valve 

terminal with controller and multiple functions, where any combination of functions can be 

implemented, but changing functions requires physical changes is shown in Figure 1. 

 

 
Figure 1: Pneumatic valve terminal with controller and multiple functions 

 

2 Digital pneumatics 

 

As a response to above mentioned challenges, Festo has developed the Festo Motion Terminal, the 

world's first standardised platform that will develop into a "cyber-physical system" thanks to its 

intelligent fusion of mechanics, electronics and software. This system is characterised by an 

extremely high level of adaptability and flexibility. It will enable you to build intelligent machines 

now for the world of tomorrow, and ensure your systems are truly ready for Industry 4.0, even in 

terms of pneumatics. 
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2.1 The Festo Motion Terminal as a cyber-physical system 

 

Cyber-physical systems (CPS) provide the technical basis for the fourth industrial revolution. As 

communicative systems, they open the door to new types of functions, services and features as 

part of the "socio-technical" interaction between people and technology. They act as a bridge 

between the physical world that surrounds us and the digital world. Their flexibility and ability to 

adapt to modern production and machine development processes present new opportunities for 

standardisation, increased flexibility and profitability. 

 

2.2 App-based function selection and decentralised intelligence 

 

The Festo Motion Terminal implements functions using programs in the form of motion apps - 

functions and hardware are disconnected. This is done using integrated, flexible and programmable 

processors, as well as the smart actuator technology within the system. The decentralised 

intelligence and software-based function implementation make the system more flexible than 

"hardwired" components. Adaptations can now be carried out distributed within the system. This 

reduces both the bandwidth required for communication and the complexity of controlling and 

programming tasks for the entire system. 

 

 
Figure 2: The Festo Motion Terminal 

 

The Festo Motion Terminal has powerful on-board processors for decentralised intelligence in the 

integrated controller [1], plus function elements in the form of motion apps [2] – Figure 3. This 

means that pneumatic functions are no longer automatically connected to the mechanical 

hardware, and can simply be assigned using apps. As a result, one valve type is all you need to 

execute a wide range of pneumatic motions. 

 

2.3 Smart actuator technology thanks to integrated sensors 

 

An actuator is a component that influences the physical world, e.g. a valve. However, the sensors 

in a cyber-physical system turn it into much more than just a pneumatic actuator. Thanks to the 

new flexibility it offers, smart actuator technology enables components such as cylinders to 

perform new tasks. 

This new valve technology can be used for a wide range of products, functions and complete 

solution packages. The only prerequisite is a valve design with multiple degrees of freedom for 
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actuation, as well as integrated data acquisition and processing suitable for a cyber-physical 

system. The overall economic advantages for both the machine builder and the operator as a result 

of the valve's variability are immense. 

 

Composition of a digital valve [1] is shown in Figure 3. Four diaphragm poppet valves: actuating 

the poppet valves individually enables a high degree of flexibility. [2]. Four piezo pilot valves: the 

energy-saving piezo pilot valves control the diaphragm poppet valves precisely and proportionally. 

[3]. Valve electronics with sensors: the integrated stroke, pressure and temperature sensors provide 

optimal control and transparent condition monitoring. 

 

 
Figure 3: Composition of a digital valve 

 

In the Festo Motion Terminal, this smart actuator technology is realised by a bridge circuit with 

integrated sensors that is made up of four 2/2-way valves in the form of piezo pilot and diaphragm 

poppet valves. The ability to pressurise and exhaust independently of one another is the key 

principle that allows the user to perform a wide range of conventional valve functions using a 

single valve. This valve technology can also be used to carry out proportional pressure regulation 

and complex control solutions, such as Soft Stop. The bridge circuit in the valve of the Festo 

Motion Terminal as an innovative valve system, is shown in Figure 4. 
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Figure 4: The bridge circuit in the valve of the Festo Motion Terminal 

 

The bridge circuit in the valve of the Festo Motion Terminal is based on the basic elements of 

pneumatic valve functions. Four 2/2-way valves (diaphragm poppet valves) are connected in series 

to form a full bridge. Each diaphragm poppet valve (grey) is proportionally piloted and controlled 

by two piezo valves (blue). Sensors monitor the stroke of each poppet valve, while pressure sensors 

monitor the pressure at ports 2 and 4. All four pilot cartridges (blue) form a total of eight 

proportionally controlled 2/2-way valves. Thanks to the integrated sensors and proportional 

control, which allows the valves to be pressurised and exhausted independently, this single valve 

technology can now be used to execute a wide range of conventional valve functions and full 

system solutions, such as Soft Stop (end-position cushioning without a wear-prone shock 

absorber). 

 

2.4 Integrated sensors with simulation comparison 

 

Built-in sensors are essential in cyber-physical systems, whether they are used for adapting to 

changes in environmental conditions or for gathering all the necessary information for "big data" 

processes. 

 

Simulation models enable the system to carry out evaluation and adaptation tasks independently. 

This means, for example, that external load cells are no longer needed for status monitoring during 

pressing procedures. 
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Figure 5: The combination of integrated sensors and software-based models 

 

The combination of integrated sensors [3] (see Figure 5) and software-based models not only saves 

money, it also simplifies the system engineering, from design to modernisation. For certain tasks, 

the separately integrated inputs [4] can be used to process data from external sensors in real time 

for internal control. This opens the door to new types of pneumatic applications. 

 

2.5 Intuitive user interfaces 

 

Cyber-physical systems have a number of different user interfaces in order to ensure spatial 

flexibility. They prioritise simultaneous communication via multiple channels, also known as 

multi-modal communication. The essence of this type of communication is that data, functions and 

operation are easy to understand. 

 

The Festo Motion Terminal offers you multiple human-machine interfaces. Adjustment is quick, 

easy and direct via the Ethernet connection, your web browser, the intuitive WebConfig interface 

or the process data of a conventional machine control system. The simple function integration 

offered by our motion apps will speed up commissioning, reconfiguration and system adaptations. 

 

 
Figure 6: The Festo Motion Terminal offers a web interface and PLC connectivity 

 

2.6 Adaptable communication interfaces 

 

Cyber-physical systems (CPS) offer new networking capabilities in mechatronic systems. What's 

really new about this is CPS's standardised communication interfaces, which use open, global 
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standards to prepare the Festo Motion Terminal for future developments, such as software services 

and global networking. 

 

The CPX bus nodes [5] on the Festo Motion Terminal and the multitude of available I/O modules 

provide a tried and tested standard for communication in machine and production networks – 

Figure 7. What's more, you can also use the OPC UA interface on the CPX-CEC to create a service-

oriented architecture that is both platform and manufacturer-neutral – the ideal conditions for 

Industry 4.0. 

 
Figure 7: The CPX bus nodes on the Festo Motion Terminal 

 

2.7 Motion apps - applications determine the pneumatic function 

 

A wide range of products, functions and complete solution packages are integrated into the Festo 

Motion Terminal. One valve technology, a powerful controller and smart apps: this combination 

heralds a new era in terms of flexibility. 

 

The apps are the key to almost limitless function integration in the area of valve terminals. This 

approach will: 

 

 Reduce the system complexity, 

 Speed up the engineering processes, 

 Cut the time to market. 
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Table 1: Motion apps available at market start 

 
Directional control valve 

Valve functions of a piloted standard valve (e.g. 4/2, 3/2, 4/3…) 

 
Proportional directional control valve 

Proportional directional control valve for flow control (e.g. 2x3/3 or 5/3 like MPYE) 

 
Proportional-pressure regulation 

2x valve function for proportional pressure control (like VPPM) 

 
Model-based proportional-pressure regulation 

2x valve function for proportional pressure control with calculation model for 

improved and more accurate control for applications with long tubes (information 

about tube and cylinder needed) 

 
Supply and exhaust air flow control 

Cylinder movement with exhaust or supply air flow control (like GRLA) 

 
ECO drive 

Supply air flow control and instant stoppage of air supply as soon cylinder reaches 

end position (lower pressure level in cylinder chamber). Savings up to 70%! 

 
Presetting of travel time 

Selectable travel time for the movement of a specific cylinder (just with standard 

cylinder switches). 

 
Selectable pressure level (ECO) 

Selectable pressure level in cylinder end position and exhaust air flow control (like 

GRLA + LRP) 

 
Soft-Stop 

Cylinder movement with Soft Stop in end positions. This function increases cylinder 

dynamics and eliminates shock absorbers. 

 
Leakage diagnostics 

Leakage detection in the application (Preventive maintenance). Customer sees 

leakage level (red, orange, yellow, green). 

 

2.8 Implementation and next steps 

 

First machine builders use this new technology for completely new machine designs and new 

applications. The full scope of possibilities will show only over time. Festo itself also continues 

its research. 

 

With its Bionic Learning Network it performs research on the future of motion and automation. A 

successful combination of the Festo Motion Terminal and Bionics is the BionicCobot first 

presented at Hannover fair in April 2017. This pneumatic lightweight robot is based on the human 

arm, is designed for save human-machine interaction and is fully controlled by the Festo Motion 

Terminal. 

 

3 Conclusion 

 

The Motion Terminal VTEM is opening up radical new dimensions in the world of automation, as 

it is the world’s first valve to be controlled by apps. The first product to truly earn the label “digital 

pneumatics”. For a multitude of functions that currently require you to order and install more than 

50 separate products/positions. The key features comprise: 

 

 Many functions in a single component – thanks to apps, 

 Combines the advantages of electric and pneumatic technologies, 

 Highest possible level of standardisation, 
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 Reduced complexity and time-to-market, 

 Rising profitability and protection of intellectual property, 

 Reduced installation expense, 

 Increased energy efficiency. 
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Fluid power drives in robotic systems 

 
ŽELJKO ŠITUM3 

 

Abstract Two main actuation technologies are used for stationary and 

mobile robotic systems. Electric actuators are commonly used to drive 

robots and manipulators, but tasks requiring highly dynamic actuation 

performance in terms of speed and torque cannot always provide 

satisfactory solutions unless they oversize them. 

 

The other drive technique used for actuating robots and manipulators is 

based on fluid power technologies, that is, hydraulic drives for higher 

power and pneumatic drives for less power requirements. 

 

This paper briefly reviews the history of robotic systems with fluid power 

drives, focusing on the development of several experimental robotic 

systems actuated by hydraulic and pneumatic drives, which have been 

designed as test models in the field of mobile robots, mechatronics, fluid 

power systems and feedback control education of mechanical 

engineering students. 
 

 

Keywords: • robotics • fluid power • drive systems • actuators• control 

system •

                                                 
CORRESPONDENCE ADDRESS: Željko Šitum, Ph.D., Assistant Professor, University of Zagreb, Faculty of 

Mechanical Engineering and Naval Architecture, Department of Robotics and Production System 

Automation, I. Lučića 5, Zagreb, Croatia, e-mail: zsitum@fsb.hr, Invited author. 

 

https://doi.org/10.18690/978-961-286-086-8.2  ISBN 978-961-286-086-8 

© 2017 University of Maribor Press 

Available at: http://press.um.si. 



12 INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

Ž. Šitum: Fluid power drives in robotic systems 

 

1 Introduction 

 

The majority of modern industrial robots and manipulators are successfully applied for repetitive 

and relatively simple manufacturing tasks that require organized work space and little interaction 

between robot and its environment. More recently, the scope of robots is rapidly expanding, and 

they are increasingly being applied in more complex cases, which generally require faster and 

more accurate motions and at a same time greater interaction with the environment in which they 

operate. Technological improvements and innovations within modern robotic systems as well as 

in artificial intelligence, communication and control techniques have made possible some new 

modalities in traditional robotic system applications [1]. Industrial robots may have three main 

types of actuators: hydraulic, pneumatic or electric drives. Owing to the fact that hydraulic drives 

provide high force multiplication they were preferred actuators for industrial robots during the 

early stages of robotics development. At that time, electric motors did not have satisfactory 

performance for practical use in many applications. But nowadays, electric drives are by far the 

most widely used actuators for industrial robots, because they are reliable and accurate and modern 

industrial robots with electric drives can lift really large loads (payloads over 2 tons), so they 

dominate in all segments of application [2]. 

 

The use of hydraulic systems in industrial applications has become widespread due to their 

advantages such as a high power density, good dynamic performance, high durability, high 

stiffness, etc. Example of state-of-the-art application of electro-hydraulic drives is remote handling 

of critical equipment in nuclear fusion reactor [3]. Reliable and robust control strategies are crucial 

for such applications. Electro-hydraulic servo systems have desirable features for application in 

highly automated production facilities as they are characterized with small size-to-power ratio, 

ability to produce large hydraulic power and large forces, all together in combination with simple 

processing/transmission of control signals in electrical components. However, precision motion 

and force control on high power levels are far from trivial. Significant nonlinearities of hydraulic 

components and complex phenomena of fluid dynamics make control of electro-hydraulic systems 

extremely challenging task, especially in cases of simultaneous motion of several controlled links 

of a robotic system. These difficulties are even more emphasized in plants with a large number of 

control variables and high performance requirements in terms of rapid responses and high accuracy 

in a wide range of working conditions, smooth and noiseless operation, all in conditions of 

dynamically changing structure of the robotic system [4]. 

 

Pneumatic drives, generally speaking, do not offer enough positional accuracy to be used to drive 

all robot joints, and pneumatics are mostly used only for grippers or to create a vacuum for robot 

end-effectors. Robotic manipulators with pneumatic drive are used mostly for pick and place 

operations such as loading machines, placing components on assembly lines, moving parts off 

conveyor belts, lifting or carrying a payload to a predetermined position, etc. [5]. Such drive units 

are fast, accurate and very cost effective. 

 

One of the research directions in pneumatics relates to the area of pneumatic artificial muscle 

(PAM) actuators using biological principles for system design and control as an attempt to 

replicate natural human movement. Due to their adaptive compliance, elasticity, flexibility and 

lightweight, pneumatic muscles are suitable for use in bionic systems, i.e. biologically inspired 

designs of technical systems, where the applications of biological methods and processes found in 

nature are used to improve engineering systems and modern technological products [6]. 

 

Scientific and technical works in the past have shown that overall system performance can improve 

when some biological principles are incorporated within the designing of engineering solutions. 

Some new applications are also identified, particularly in the areas of bio-robotics and human-
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friendly orthopaedic aid devices for the rehabilitations of polio patients. PAMs are progressively 

researched and used in modern human-like robotic systems, offering in many cases natural 

compliance properties. Fluidic muscles also have great potential within industrial applications for 

the actuation of new devices and manipulators. Their properties such as compactness, high 

strength, high power-to-weight ratio, inherent safety and simplicity are worthy features in 

advanced manipulating systems. Unfortunately, due to their highly nonlinear and time-varying 

nature pneumatic muscles are difficult to regulate regarding motion or force. Therefore, various 

control methodologies have been applied to control different robotic systems, manipulators and 

orthopaedic devices driven by PAMs [7] to [9]. 

 

This paper presents several self-made systems actuated by hydraulic and pneumatic drives, which 

have been designed and manufactured as test models within the fields of electro-hydraulic robotic 

systems, walking robots, mechatronics, fluid power systems and feedback control education. 

 

2 Robotic manipulators actuated by hydraulic drive 
 

2.1 A brief history of robotic manipulators 

 

The idea of an automatic device to work for humans has long been in existence, but the prerequisite 

for the appearance of the first industrial robots have been achieved with the invention of the 

numerically controlled machines, the emergence of the first computers, and the integrated circuit. 

The first prototype of the industrial robot known as Unimate, created by American inventor George 

C. Devol, was produced in 1961 in the world's first robot manufacturing company Unimation 

founded by Joseph F. Engelberger. The Unimate was the hydraulically powered robot. The first 

robot was installed at a GM's plant and it was programmed to handle the hot metal parts used in 

die casting and for spot welding on auto bodies. It weighed two tons and was controlled by a 

program on a magnetic drum. The primary purpose of the first robots was to replace humans for 

the heavy, dangerous and monotonous tasks and they were mostly used for simple pick and place 

tasks. 

 

Despite the fact that at the beginning the first industrial robots had a hydraulic or pneumatic drive, 

they have undergone a huge change since the first prototypes, so the robots with fluid power drives 

are rare today. The usage of industrial robots can be roughly divided into three main groups: 

material handling, process operations and assembly. Research on robotic applications for tasks on 

the assembly line showed that most of the manipulation items weighed only a couple of pounds, 

while pneumatic and hydraulic robots were intended for much larger loads and therefore not 

suitable for assembly works. At the same time robots with higher repeatability, acceleration and 

velocity were needed in order to respond to increased production demands. This leads to 

dominance of electric robots, which has continued to date. 

 

The development of the microprocessor helped to create cost-effective control systems and modern 

industrial robot arms with electric drives continued to quickly evolve. The well-known Stanford 

Arm, invented by Victor Scheinman, was one of the first electronically powered, computer 

controlled, 6-dof electro-mechanical manipulator that performed small-parts assembly using 

feedback from touch and pressure sensors. By the middle of the 1970s, Unimation in collaboration 

with GM developed Scheinmans technology into a Programmable Universal Machine for 

Assembly (PUMA). 

 

At that time the first anthropomorphic, completely electric driven, microprocessor-controlled 

industrial robot was IRB 6 developed by the Swedish manufacturer ASEA (now ABB). It was 

programmed to polish stainless steel pipes. Soon after German toolmaker KUKA introduced 
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Famulus, the first industrial robot with six axes which is nowadays the most commonly used 

kinematic for industrial robots. 

 

The latest major step happened at the beginning of 1980, when researchers at Carnegie Mellon 

developed the Direct Drive Arm, where the motor is directly mounted in the joint, thus removing 

transmission mechanisms between the motors and loads. This results in a robot arm that can move 

smoothly, providing for high speed precision robots. The evolutionary development of industrial 

robots from theirs earliest beginnings to the present day is shown in Figure 1. 

 

 

Unimate robot  

   

Stanford Arm 

 

Unimation PUMA 

 

Anthropomorphic robot IRB 6 

(ASEA-ABB) 

 

Famulus robot            

(KUKA) 

 

Robot M-2000iA/2300 

(FANUC) 

Figure 1: Evolution of industrial robots 

 

In the 1980s, enormous interest was focused on industrial robots. The automotive companies was, 

and still are, an important customer, but industrial robots are used in a wide variety of industries, 

including the mechanical, electronic and chemical industries among others. After having studied 

robot manipulators for decades, we are now witnessing a real interest in robotics and today there 

is a multitude of teams creating different robots worldwide for the applications such as: agricultural 

robots, hostile territory exploration, inspection robots, military robots, cleaning robots, service 

robots, robots for helping the handicapped, medical robots etc. We live in exciting times and the 

change in robotics technology has never been more rapid. Thus the question arises: are there niche 

applications for greater use of robots with fluid power drives? 

 

2.2 Electro-hydraulic robotic manipulator (EHROM) 

 

A prototype of the electro-hydraulic robotic manipulator (EHROM) was developed at the Faculty 

of Mechanical Engineering and Naval Architecture at the University of Zagreb, Croatia. Figure 2 

shows the manipulator intended for manipulation of heavyweight objects in industrial applications, 
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e.g. in foundries to handle the heavyweight metal parts, assembly lines, CNC machines, welding 

operations, etc. 

 

The manipulator was built in close cooperation with two Croatian companies. The robotic 

manipulator has three degrees-of-freedom (the spherical robots’ structure RRT - two revolute 

joints and one prismatic joint for the telescopic extension arm) with a hydraulic gripper at the end 

of mechanical structure. The manipulator weights approximately 515 kg and when the telescopic 

extension arm is fully extended it measures an operating diameter of 3.8 m. This configuration 

allows the manipulator for reaching a wide working area, still being most affordable and flexible. 

The hydraulic power unit consists of a pump (axial piston pump Parker PV023), a tank containing 

60 l oil, filters and proportional valve group (Danfoss PVG 32 with PVEH actuation modules). 

The oil pump is driven by a three-phase squirrel cage induction electric motor, 5.5 kW at 1410 

rpm. The torque motor applies rotational power to the worm shaft causing the worm rotates against 

the wheel and allows rotary motion of the manipulator arm. Worm gears was used because large 

gear reduction was needed (worm gear reduction ratio i=50:1). Rotary motion of the telescope is 

realized using a double-acting cylinder, while the translational movement of the extension arm is 

achieved using a telescopic cylinder. Load-sensing technology is used for the manipulator 

operation, enabling simultaneous motion of all controlled axes. By using PVG proportional valves 

in combination with a variable displacement pump, it is possible to achieve a significant reduction 

in energy loss. 

 

  

Figure 2: Prototype of the electro-hydraulic robotic manipulator (EHROM) 

 

PVG valves also reduce heat generation, increase efficiency and power density. The manipulator 

can be controlled using levers on the proportional hydraulic valve or using a joystick, whereby the 

desired operation is commanded to the valve block for generating a suitable flow to the actuators 

that will move the mechanical arm. The operator easily control the valves using a joystick 

command input, which distributes the fluid on the principle of load-sensing hydraulic system. 

Recently, the wireless control of the proportional valve group has been realized via Bluetooth 

connection, using Arduino microcontroller and self-made control interface. [10] 

 

In the future, the focus will be to build up a control for the end-effector's trajectory within the 

workspace. This will be achieved by using the inverse kinematics of the robot manipulator in order 

to determine the required joint angles that correspond to the desired position of the gripper. In the 
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context of this issue some solutions will be considered that improve better accuracy and 

repeatability of the manipulator, despite the non-linearity of the system, internal and external 

disturbances and complex phenomena of fluid dynamics. In order to achieve automatic control of 

the robotic manipulator and to carry out some advanced feedback control strategy, the system 

includes various sensors (two angular sensors, one displacement sensor, one force sensor and four 

pressure sensors). 

 

The developed robotic manipulator prototype belongs to a group of complex, nonlinear 

multivariable systems with real industrial components, and performance characteristics which 

make it suitable for manipulating heavy weight objects in industrial applications. The robotic 

manipulator is totally open system and has an educational character. It will involve a variety of 

education activities such as explanation of the load-sensing systems operation, programming the 

desired trajectory of robots, etc. During the development of the prototype, a number of students 

had been involved in various stages of production of the necessary parts. 

 

3 Robotic manipulators actuated by pneumatic drive 

 

3.1 Pneumatics in robotic systems 

 

Robotic manipulators with pneumatic drive are mainly used in smaller systems for pick and place 

operations with fast production cycles in manufacturing industries. The pneumatically actuated 

manipulation systems are widely used on the assembly line as automation systems which 

emphasize reliability, cost, cleanness, simplicity, easy maintenance and safety in operation. 

Robotic manipulators with pneumatic drive could be used for material handling in applications 

where electric or hydraulic robots are unsuitable due to fire hazard. Pneumatically driven robotic 

systems usually have a lower cost than hydraulic and electromechanical systems. 

 

Although a pneumatic robot manipulator could be an inexpensive and simple solution for industrial 

applications, when compared to electro-mechanical actuators with identical power, it is still not 

competitive in those applications that demand accuracy, universality and flexibility. Namely, the 

nonlinear effects in pneumatic systems caused by the phenomena associated with air 

compressibility, significant friction effects, load variations, a wide range of air supply pressure, 

etc., make them difficult to control for variable set point applications. Therefore, pneumatic drives 

are traditionally used in manipulation tasks to quickly move loads between two positions using 

simple on-off valves. Development of proportional control valves has resulted in servo 

applications of pneumatic drives and pneumatic actuated drives are progressively used in modern 

automation systems, offering in many cases favorable cost / performance characteristics. 

 

Figure 3 shows one of the first versions of a robot manipulator with pneumatic drives designed in 

1970s at MIT. 

 

 
Figure 3: Pneumatically actuated industrial robot 
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3.2 Electro-pneumatic manipulator 

 

A prototype of an electro-pneumatic manipulator, with three-degrees-of-freedom (one rotational 

and two translational degrees of freedom – type RTT) is shown in Figure 4. The manipulator was 

designed and manufactured in the Laboratory for automation and robotics to enable students to 

gain practical knowledge in the field of mechatronics, electro-pneumatics, industrial engineering, 

automated manufacturing systems, etc. The manipulator arm is connected by joints allowing either 

rotational motion or translational (linear) displacement. 

 

Pneumatic cylinders are used as the main actuating system for the manipulator arm and are 

controlled by a solenoid valve manifold. The belt mechanism was used to convert linear actuation 

displacement of the pneumatic cylinder (SMC, type MGZ63TF-150) to angular displacement 

about the joint. One compact guide cylinder (SMC, type MGPM25R-100) and one standard double 

acting cylinder (SMC, type C95SB50-100) are used to achieve the translational movement of the 

manipulator. A pneumatic gripper (SMC, type MHC2-20D) was attached at the end of mechanical 

structure of the manipulator arm which is used as the end effector to grasp objects. This 

manipulator works as a pick and place robot, capable of picking objects from one location and 

drop them at another location. 

 

A programmable logic controller (PLC) with relay outputs was used as a control device to energize 

solenoid valves module (SMC EX250) in order to control the movement of the pneumatic 

actuators. Ladder programming is used to execute the motion sequence of the robotic arm pick and 

place system. The supply of air pressure is given through an air supply unit, then through the 

compact manifold pressure regulator and directional control valves supplying the pressure 

individually to each cylinder connected to the valve block. 

 

 
 

 
 

Figure 4: Robotic manipulator actuated by pneumatic cylindrical drives 
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3.3 Manipulator arm actuated by PAMs 

 

Technological improvements and innovations in modern pneumatic components as well as in 

control strategies have made possible some new modalities in traditional pneumatic system 

applications. One of research directions is related to the area of pneumatic artificial muscle (PAM) 

actuators using biological principles for system design and control as an attempt to replicate natural 

human movement. Some new applications are also identified, particularly in the area of bio-

robotics and human-friendly orthopaedic aid devices for rehabilitation of polio patients. 

 

Fluidic muscles also have a great potential in modern manufacturing industries and assembly 

automation for the actuation of new types of robots and manipulators. Their properties such as 

compactness, high strength, high power-to-weight ratio, inherent safety and simplicity are worthy 

features in advanced manipulating systems. There exists several types of fluidic muscles that are 

based on the use of rubber or some similar elastic materials, such as the McKibben artificial muscle 

([11], [12], [13]), the rubbertuator made by Bridgestone company ([14], [15]), the air muscle made 

by Shadow Robot Company [16], fluidic muscle made by Festo company ([17], [18]), the pleated 

PAM developed by Vrije University of Brussel [19], ROMAC (RObotic Muscle ACtuator), 

Yarlott and Kukolj PAM [20] and some others. The pneumatic muscle is a diaphragm contraction 

actuator, which shortens under pressure. It consists of an inflatable and flexible membrane (closed 

rubber tube) and two connection flanges along which they drive some mechanical load. Powered 

by compressed gas, the artificial muscle actuator contracts lengthwise when it expands radially, 

and converts the radial expansive force into axial contractile force and generate translational and 

unidirectional motion. We have used fluidic muscles in an antagonistic pair to provide powered 

torque required to move a planar manipulator arm. The pair of PAM actuators put into an 

antagonism configuration imitate a biceps-triceps system and emphasize the analogy between this 

artificial muscle and human skeletal muscle. 

 

A single-joint manipulator arm driven by PAMs in an antagonistic coupling is illustrated in Figure 

5. The pneumatic part includes PAM manipulator with pneumatic valve and measuring 

components, and the control part includes a control computer and data acquisition system. 
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Legend: 

1: Pneumatic muscles; 2: Rotary potentiometer; 3: Voltage reference card; 4: Pressure sensors; 

5: Proportional control valve; 6: Filter-regulator unit; 7: Manually operated valve; 8: Electronic 

interface; 9: Control computer with DAC card; 10: Gripper; 11: High-speed on/off solenoid 

valve ; 12: Feeder 

 

Figure 5: Manipulator arm actuated by pneumatic artificial muscles 

 

The pneumatic part is composed of an air supply with a filter/regulator unit, a directly actuated 

proportional control valve, and two pneumatic rubber muscles (Festo, MAS-10-220N-AA-MC-

K), which are mounted antagonistically to actuate a revolute joint. The rotating torque is achieved 

by the pressure difference between the antagonistic muscles and the lever with a pneumatic gripper 

(Festo, HGP-06-A) is rotated as a result. For activation of the gripper a high-speed on/off valve 

(Matrix 758 series, 8 channel, 2-way) is used. Precision industrial single-turn potentiometer (made 

by Vishay Spectrol), which is attached to the revolute joint is used for measuring its angle θ. The 

measured signals from the process are fed back to the control computer equipped with a data 

acquisition card (NI DAQCard 6024E, 12-bit A/D and D/A converter). 

 

4 Legged robots 

 

Mobile robotics as a fast evolving engineering discipline is one of the more complex and most 

interesting research areas. People seem to have a fascination with human-looking robots and 

machines that mimicking existing biological systems. The field of robotics, and especially mobile 
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robotics, is a multidisciplinary research domain which includes mechanical, electronic and 

software engineering. 

 

       
One-legged robot Bipedal robot   Quadruped robot 

       
Hexapod robot           Octopod robot        Centipede-like multilegged robot 

Figure 6: Legged robots  

 

Legged robots over standard wheeled or tracked robots offer the potential to navigate highly 

challenging terrain. Walking robots can operate successfully within a complex, dynamic 

environment and recently the robotics community has attributed great potential to legged robots 

for acting within unstructured outdoor environments. Researchers inspired by the biomechanics of 

humans and animals (dogs, horses, insects, etc.) have developed a number of mono-pedal, bipedal, 

quadrupedal, hexapod, octopod and centipede-like multilegged robots driven by various types of 

actuators in order to create improved robotic systems [21] to [25]. 

 

Pneumatic muscles have performance characteristics very close to human muscles and due to 

similarities with biological muscles pneumatic actuation is a quite often used approach for 

actuating walking robots. Inspired by this trend and encouraged with the initiative of the Croatian 

Robotic Association we have started a project for developing a horse-inspired four-legged Walking 

Robot Actuated by Pneumatic Artificial Muscles (WRAPAM). This quadruped robot was designed 

with two degrees of freedom within each leg actuated by eight Festo air muscles and controlled by 

a modular valve terminal system which includes eight solenoid coils. 

 

Two Festo fluidic muscles (model DMSP-20-150N-AM-CM) per leg are mounted for actuating 

the robotic joints. Each leg consists of two movable rotational segments and additionally 

incorporates a torsional spring which supports faster movement of the leg joint. The robot contains 

a small custom electronics module. The microcontroller ATmega2560 in a hardware interface 

Arduino Mega is used for controlling the movement of the robot. This microcontroller was chosen 

because of its accessibility, low cost and the large number of inputs/outputs that will be required 

in the future to upgrade the robot. In order to activate eight pneumatic valves the integrated chip 

ULN2803A is used which contains Darlington transistor drives for amplifying the electrical 

signals sent from the microcontroller to the level required by the valve block. The electronic circuit 

board includes a Bluetooth module which enables wireless communication between the controller 

and operator. 
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Figure 7: Construction process of WRAPAM and its final form 

 

All components are mounted on the robot’s frame in such a way that maintains the robot’s centre 

of gravity. All components of the robot frame are hand-made using aluminium L-profiles or square 

tubing profiles. The power source for the compressed air supply and the control unit are housed 

on-the board. This pneumatically actuated quadrupedal robot, as shown in Figure 7, is a fully 

autonomous system, equipped with Bluetooth technology and USB connection for communication 

with a computer. It is controlled by a cell-phone or tablet computer. The robot's design includes 

an energy system that is used for supplying compressed air to pneumatic muscles, then valves for 

controlling the rate of airflow to the actuators as well as the control and electronic part of the 

system with proximity sensor. 

 

5 Conclusion 

 

The paper has presented a brief history and a quick survey of industrial and mobile/legged robotic 

systems with electric and fluid power drives, focusing on the development of several experimental 

systems actuated by hydraulic and pneumatic drives, which have been designed in the Laboratory 

for automation and robotics at the Faculty of Mechanical Engineering and Naval Architecture, 

University of Zagreb. 

 

The article was first introduced the design and practical realization of a prototype of an electro-

hydraulic robotic manipulator (EHROM) with three-degrees-of-freedom and a hydraulic gripper 

as the end effector. The robotic manipulator can be controlled using levers on the proportional 

hydraulic valve block, or using a profi-joystick. Also, the wireless control of the proportional 

valves has been realized via Bluetooth connection, applying a low-cost microcontroller and self-

made control interface. The project EHROM is largely based on experiences from past activities 

in our Laboratory, which has resulted in several successfully implemented experimental systems 

in the field of electro-hydraulic controlled systems. The laboratory setups realized so far have the 

characteristics of real-life industrial systems. Then the paper has described the design and 

construction of a robotic manipulator with three-degrees-of-freedom actuated with pneumatic 

cylindrical drives and a pneumatic gripper as the end effector. The manipulator arm is controlled 

by the PLC device and could be used for simple pick-and-place applications. Then the article has 

presented the design and construction of a single-joint manipulator arm driven by a pair of 

pneumatic muscle actuators. PAMs are undoubtedly very suitable actuators for the actuation of 

new types of driving mechanisms and manipulators within the various manufacturing processes, 
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which have traditionally been dominated by pneumatic cylinders or motors. The final section 

describes the design and construction of a four legged walking robot actuated by pneumatic 

artificial muscles. The robot is a fully autonomous system with wireless application platform and 

its motion in all directions can be controlled by using a cell phone. By using realized robotic 

systems with fluid power drives through both theoretical and practical parts, students have the 

opportunity to learn about mechanical system construction, mathematical descriptions of practical 

systems, parameters identification of real processes, consideration of different control techniques 

and their experimental verifications. The complete educational experience involving practical 

applications and comparative analyzes of different system realization are recognized by educators 

in universities and control laboratories around the world. 
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Voice of the MachineTM 

Parker’s complete Internet of Things (IoT) platform 

 
IGOR MAGEL & MIHA ŠTEGER4 

 

Abstract When you hear, Voice of the Machine, you may imagine a robot 

from the movies warning of danger in a voice that can be easily understood 

by the people around it. 

 

Today’s IoT-empowered machines – machines with a voice – can warn 

you of danger, but not quite that dramatically.  

 

By empowering machines to “speak,” valuable data is generated and 

captured as these machines perform their intended function, whether that 

function is delivering compressed air or transferring fluids. IoT enables 

those empowered machines to communicate with each other and with 

management systems that consolidate data to provide visibility into 

components and systems that have, until now, been “in the dark.” 

 

The Voice of the Machine embodies Parker’s approach to IoT, including 

the centralized initiative to standardize IoT technology and IoT-

empowered products that result from that initiative. 
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1 Introduction 

 

Much of the focus of IoT development has been on enterprise-level platforms that provide a top-

down view of large systems. Yet, enterprise-level IoT, while indispensable to the future, captures 

only about 10 percent of the data available, limiting the ability to support predictive maintenance 

and performance optimization at the component level. Unless supported by discrete-level IoT 

systems to deliver the remaining 90 percent of data from critical components, enterprise-level 

systems are unable to tap their potential to transform the business. Fortunately, the reverse is not 

true: discrete IoT systems can deliver immediate value independent of the enterprise-level system 

while still supporting the long-term objectives of those systems. 

 

To move forward with IoT, Parker believes an immediate opportunity exists in discrete application 

areas. Voice of the Machine was created to help capitalize on this opportunity. It is central to 

Parker’s digital transformation and builds on a 100 years of application experience at the discrete 

component level. This paper outlines Parker’s IoT approach delivered under the Voice of the 

Machine platform, and how the supporting technology allows industrial operators to begin 

leveraging the benefits of IoT today while maintaining future flexibility. 

 

 
Figure 1: Voice of the Machine solutions take IoT to the last mile by providing visibility into 

critical components 

 

2 Understanding the Voice of the Machine 

 

Through Voice of the Machine, a common sets of standards, principles and best practices has been 

established across all Parker operating groups. As a result, all Parker products use the same 

communication standards, security architecture, and visualize data in the same way. This ensures 

a delivery of value through interoperability and creates a consistent user experience. From a 

technology perspective, the efforts are focused on minimizing the challenges that have prevented 

operators in critical industries from leveraging IoT to solve operating problems, such as downtime 

and maintenance costs. Considering this transformation for actual operations, there are of 

challenges like legacy devices that are not IoT-enabled, competing communication protocols used 
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by various suppliers, securing devices and data, and determining what data to collect and how to 

present it to the people who can use it to improve operations. 

 
Figure 2: Voice of the Machine uses data encryption and device and user authentication to create 

a secure end-to-end ecosystem 

 

3 Voice of the Machine in action 

 

Voice of the Machine is being implemented across a broad range of Parker products. 

Here are three examples: 

 

a) Connected factory compressed air systems 

b) Electro-hydraulic control 

c) Asset management 

 

a) Connected factory compressed air systems 

 

In manufacturing, compressed air is critical to keeping lines operating. With IoT-empowered 

compressed air systems, a quick deployment of condition monitoring and predictive maintenance 

routines for factory compressed air piping systems is possible. The condition monitoring system 

uses advanced sensors, software and wireless or Bluetooth connectivity to provide a 

comprehensive picture of system performance through both real-time and historical data. By 

providing data on vital operating metrics, such as pressure, temperature, humidity, power and flow, 

through an easy-to-use interface, users can rapidly diagnose problems, such as leaks, and employ 

predictive maintenance routines that allow them to address seemingly minor issues before they 

snowball into serious problems. 

 

      
Figure 3: Advanced compressed air system condition monitoring - Transair® powered by 

SCOUT™ Technology 
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b) Electro-hydraulic control 

 

Parker’s IQAN® Connect solution integrates intelligent hydraulic components with electronic 

control hardware and software to create a seamless digital ecosystem. With IQAN Connect, 

equipment performance is optimized and remote monitoring is simplified for OEMs and fleet 

managers. The system’s building-block approach reduces development time and enables advanced 

functions to be added without custom programming. Because IQAN Connect stores data in the 

cloud, information can be accessed instantly, allowing adjustments to machine operation to be 

made in real time. Assets are managed with live diagnostics to help reduce downtime, maximize 

return on investment, and improve safety and productivity. 

 

      
Figure 4: Parker IQAN® Connect – a totally electro-hydraulic approach that replaces traditional 

systems in mobile machines. 

 

c) Asset management  

 

The Parker Tracking System (PTS) is an innovative component-tagging and asset management 

solution that focuses on critical-wear components to drive new levels of productivity, efficiency, 

and reliability. Ideal for companies looking to plan for and perform asset management and 

replacement services for a wide variety of product types, PTS can establish detailed asset location 

data, create and deploy custom inspection templates, store and retrieve historical inspection results 

and schedule and personalize MRO alerts and notifications. PTS has been engineered with key 

industries and user profiles in mind. What makes PTS unique is the ability to move asset records 

between accounts or create “Affiliate” relationships between users. 

 

             
Figure 5: The Parker Tracking System (PTS) innovative component-tagging and asset 

management solution 
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4 Conclusion 

 

While IoT can be seen as early in its maturity, the technology has reached the point in its evolution 

where it can deliver significant value in industrial applications if the right partner and right 

approach are selected. Parker’s Voice of the Machine initiative and solutions were created to 

enable a focused, cost-effective and secure approach to IoT. Through Voice of the Machine most 

critical assets for condition monitoring can be targeted, realizing immediate benefits while laying 

the foundation for expanded use of IoT in the future. 
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With HYDAC on the way to Industrie 4.0: Industrie 4.0 based 

predictive maintenance 
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Abstract Technology and ever shortening product life cycles, increased 

individualisation of customer wishes, resources becoming scarce and 

globalisation are bringing about enormous challenges for the 

manufacturing industry. 

 

The resulting problems do, however, create a high potential for innovative 

solutions. For machinery and system builders, there are diverse 

opportunities to generate competitive advantages. Connectivity and 

digitalization will play a key role here. 

 

HYDAC offers a wide range of products and services and possess in-depth 

application knowledge, making HYDAC a partner for all kinds of Industrie 

4.0 developments. Furthermore, we work with our customers on future-

focused products, digital services and new business models. 
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1 With HYDAC on the way to Industrie 4.0 

 

Technology and ever-shortening product life cycles, increased individualization of customer 

wishes, resources becoming scarce and globalization are bringing about enormous challenges for 

the manufacturing industry. 

 

The resulting problems do, however, create a high potential for innovative solutions. For 

machinery and system builders, there are diverse opportunities to generate competitive advantages. 

Connectivity and digitization will play a key role here. 

 

On this basis, it will be possible to develop new business models as well as new product and service 

offers. The changes that industry is aiming for are deemed so extensive that in Germany there is 

talk of a fourth industrial revolution or, put simply, “Industrie 4.0”. 

 

In other parts of the world, corresponding developments are being advanced under terms such as 

Smart Factory or Industrial Internet of Things (IIoT). 

 

 
Figure 1: Industrie 4.0 concept: Smart Factory - Industrial Internet of Things (IIoT) 

 

1.1 What is the best way to describe ‟Industrie 4.0”? 

 

Many different definitions have been put forward. In brief, ‟Industrie 4.0” is often defined as ‟the 

merger of cutting-edge information and communication technology with the manufacturing 

industry” or as the ‟Internet of things and services” in the industrial sector. The very far-reaching 

vision and goals of Industrie 4.0 are illustrated by the in-depth definition of ‟Platform Industrie 

4.0”: ‟Industrie 4.0” stands for a new level of organization and control of the entire value chain 

across the life cycle of products. 

 

This cycle is orientated towards the ever increasing individualized customer requirements, 

encompassing the idea, the development, the assignment, the manufacturing, the delivery of the 

product to the end customer and the recycling, including the associated services. The basis is the 
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availability of all relevant information in real time by connectivity of all instances involved in 

value creation and the ability to derive the optimum value creation flow from the data at each point 

in time. 

 

Linking people, objects and systems creates cross-company added value networks that are 

dynamic, real-time optimized and self-organizing and that can be optimized in accordance with 

criteria such as costs, availability and resource usage. 

 

1.2 Targets Industrie 4.0 

 

- More extensive digitalization and automation of value chains/ networks, 

- New business models and new forms of added value, 

- Efficient production of customized products “batch size of one”, 

- Flexibilization , 

- Further increase in efficiency (in terms of productivity and resource efficiency), 

- Improved information and transparency as a basis for optimizing decisions and  processes, 

- New design for work - thus overall increase in competitiveness in global competition. 

 

To allow the far-reaching vision of I 4.0 to be realized, comprehensive foundations must be laid, 

particularly in relation to the security of networked systems, legal frameworks, standardization 

and research & development. The industry is currently at the beginning of this development and 

is first of all pursuing a migration strategy towards I 4.0. 

 

The I 4.0 solutions currently offered are often isolated solutions, such as distinct production units 

or assistance systems, that use available solutions directed towards I 4.0. 

 

 
Figure 2: Reference architecture model Industrie 4.0 (RAMI 4.0) 
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At the same time, existing components and systems are naturally also used, if their characteristics 

meet the current requirements for the development towards to I 4.0 or can be adapted to do so. 

 

2 HYDAC capability regarding Industrie 4.0 

 

HYDAC offers a wide range of products and services and possess in-depth application knowledge, 

making HYDAC a partner for all kinds of I 4.0 developments. Furthermore, we work with our 

customers on future-focused products, digital services and new business models. 

 

Being very strongly integrated in industrial manufacturing processes, hydraulic is predestined to 

be highly involved in the fourth industrial revolution. Hydraulic power units and lubrication 

systems often play a key role in industrial manufacturing of goods, mobility, production of power 

and ores. A chance for Industrie 4.0 is that it enables the operator of the machines to know the 

state of the machine through 4.0 sensors which give current data about the process. The operator 

is thus in the position to see correlations in the collected data and can optimize the production 

process. 

 

 
Figure 3: Sensors and signals – prerequisite for implementing of Industrie 4.0 concept 

 

Since very widely used and trusted in by the operators, hydraulics is ideal for the mid–term 

implementation of Industrie 4.0 principals, especially in the field of maintenance so called 

predictive maintenance 4.0 which can be seen as integral part of Industrie 4.0. 
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Figure 4: Maintenance management strategy 

 

2.1 Predictive maintenance - the strategy that predicts when machinery will require 

maintenance 

 

In hydraulic and lubrication oil systems, friction, wear, leakage and excess temperatures can 

contribute to the operating fluid becoming contaminated, with solid particle contamination or 

water, for example. This contamination then goes on to cause errors in components and subsystems 

and ultimately in the system as a whole. Furthermore, the normal ageing process of the fluid causes 

performance losses that often result in system downtime. 

 

In order to prevent these time-consuming and costly consequences, monitoring the condition of 

the operating fluid is of major significance. The condition of the operating fluid is comparable to 

a “fingerprint” of the overall condition of the system. 

 

Implementing a predictive maintenance strategy allows the service life of all critical machine 

elements to be fully utilized, by detecting a variation from the fluid’s normal condition early on. 

 

This is the basis for a significant reduction in operating costs resulting from costly unplanned 

system downtime being eliminated or minimized. As soon as the beginnings of a variation are 

detected, the remaining service life of the corresponding parameter or component can be estimated 

and used for ongoing production in a controlled manner. Meanwhile, spare parts can be procured 

and maintenance with minimal costs can be scheduled. 

 

A predictive maintenance strategy thus allows available resources to be utilised optimally, 

reducing the total costs for the machinery throughout its service life (life cycle cost - LCC). 
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2.2 Achieving Condition-based, predictive maintenance strategy 

 

The predictive concept, which is the only one that allows the service life of all critical machine 

parts to be fully utilized, by detecting a “rise” in levels which indicates the start of a (fluid) 

deviation from the normal condition. This is the basis of a substantial reduction in operating costs 

by cutting out or minimizing expensive and unplanned maintenance and stoppages. As soon as the 

beginnings of a variation are detected, it is possible to estimate how much service life remains for 

the corresponding parameter or component and to use this service life in a controlled manner for 

ongoing production. Meanwhile, spare parts can be procured and maintenance with minimal costs 

can be scheduled. To clarify this point further, the advantages and disadvantages of different 

maintenance management concepts can be differentiated as follows: 

 

- In the reactive model, the biggest cost factors are unplanned maintenance and production 

stoppage. 

- In the preventive model, the biggest cost factor is the high proportion of planned 

maintenance. Moreover, components are rejected which could continue to be used. 

- In the predictive model, there are some small additional costs initially for the Fluid 

Condition Monitoring System, but the total operating costs and therefore the LCC are the 

lowest. The typical cost distributions of the three maintenance management strategies are 

compared in the Figure 5. 

 

A suitable Fluid Condition Monitoring (FCM) System always forms the maintenance 

management. In practice, two types of FCM can be implemented, as shown in Figure 5. 

 

 
Figure 5: A suitable Fluid Condition Monitoring (FCM) System 

 

A further cost advantage of Fluid Condition Monitoring is obtained right from the design stage 

because of the possibility of improving the sizing of the components: 

 

- Components no longer need to be over-sized and therefore more expensive, 

- The risk of components being operated at the limit is eliminated, 

- The system has a higher efficiency as a result. 

 

The greatest benefit of permanently installed fluid condition sensors and subsystems is the facility 

to monitor the fluid condition: 

 



INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

D. Glavač: With HYDAC on the way to Industrie 4.0: Industrie 4.0 based predictive 

maintenance 

37 

 

- on a continuous basis, 

- practically in real-time. 

 

The key system characteristics to be monitored and the appropriate sensors (to complement the 

conventional sensors for pressure, temperature, flow rate etc.) are listed in order of priority in 

Table 1 and Figure 6. 

 

Table 1: The key system characteristics to be monitored 

 
 

 
Figure 6: The appropriate sensors for monitoring of system characteristics 

 

For implementation in a predictive maintenance concept, the electrical sensor outputs must be 

configured according to the following guidelines: 

 

- Essentially, the output signals must enable the system or the operator to estimate the 

remaining service life of a component or a process to carry out planned maintenance. 

- Switch outputs alone are usually adequate for slow processes. 

- Analogue or digital bus outputs should ideally be used for highly transient processes. 

 

3 Predictive maintenance in practice 

 

3.1 Wind energy – turbine gearbox 

 

The task was to monitor the gearbox lubrication system online in order to prevent secondary 

damage and also production stoppages (electricity generation). The solution was found through 

installation of a Metallic Contamination Sensor (MCS) for full-flow monitoring of the lubrication 

circuit. As the image on Figure 7 shows, a Metallic Contamination Sensor (MCS) was used to 

detect a bearing failure. The curve shows the number of accumulated particles, i.e. the amount of 

metal detached from the driving gear. Each jump corresponds to one or more detected metal 

particles. The first warning was confirmed by a visual inspection because the main bearing showed 

slight damage but this was classed as non-critical. Consistent with this, a repair was planned and 

until then the wind turbine could continue to be operated at 80% capacity (the lower curve in the 

graph shows the power generated). 
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Figure 7: Preventive maintenance of wind turbine gear box and MCS 

 

The progress of the damage was monitored until the bearing repair was performed and no 

unplanned maintenance or downtime was required and the costs for a new gearbox (roughly 

€360,000) could be avoided. 

 

3.2 Steel industry – rolling mills 

 

In rolling mills the operating fluid for controlling the rolls is exposed to very high rates of solid-

particle and water ingress. This is inherent to the conditions of hot/cold rolling processes. The task 

was to reduce unplanned maintenance and downtime costs by installing fluid sensors. The solution 

was found with standardization of a Fluid Condition Monitoring subsystem and its integration in 

the hydraulic circuit. The subsystem consists of a visual particle sensor, a water sensor and a data-

logging device with display. The maintenance and downtime costs could be significantly reduced, 

as seen of Figure 8. 
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Figure 8: Benefits of using FCM on rolling mills 

 

4 Conclusion 
 

The examples listed clearly show that using Fluid Condition Monitoring in combination with a 

predictive condition-based maintenance system and appropriate measures can help to considerably 

reduce the maintenance and the corresponding life cycle cost of production machines. 

 

Further additional benefits are: 

 

- Rapid notification when fatal errors occur 

- Opportunities for optimising component and system service life 

 

Fluid Condition Monitoring is therefore an efficient system design element for reducing the life 

cycle cost of modern production machines, predestined for the design of predictive maintenance 

strategies. 
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Global Analysis of an RC-Filter for a Switched Hydraulic Drive 

 
EVGENY LUKACHEV & RUDOLF SCHEIDL6 

 

Abstract In switched hydraulic systems control is done by fast on-off 

valves which are operated at high frequencies. Such operation is likely to 

excite unwanted oscillatory response in the multi-modal combined hydro-

mechanical system. 

 

This paper presents a detailed analysis for a system comprising a hydraulic 

cylinder, which is connected to the on-off valves by a long transmission 

line and a hydraulic RC-filter placed right after the valves. The problem of 

an optimal tuning of this filter for quite different system configurations is 

treated in a comprehensive way to allow a full global understanding of the 

system and filter parameter influences on the main oscillation effects. 
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1 Introduction 

 

Switched hydraulic drives represent a direction in the Digital Fluid Power (see e.g. [1] for 

definition) in which actuators are controlled by fast switching on-off valves. The flow is defined 

by the ratio of opened and closed states duration. In comparison to another digital approach – 

parallel connection – switched systems benefit from the reduced number of valves per metering 

edge and generally finer resolution, but at the same time suffer from pulsations caused by 

continuous valve switching, intrinsic to this type of control. 

 

The problem arises particularly strongly in the schemes with a single valve per metering edge if it 

has to manage in the same application fast motion and precise position tracking. The latter requires 

extremely short pulses that have very large excitation bandwidth. The situation can be worsened 

by long transmission lines, which are inevitable if the valve cannot be placed directly at the 

actuator. The hydraulic system in this case exhibits a complex multimodal oscillatory behavior 

defined by a large number of parameters describing the cylinder, the transmission line and the 

switching pulse shape. Resulting oscillations of the actuator output as well as pulsations of pressure 

and flow impair significantly the system performance in terms of position/speed/force tracking, 

increase noise and reduce reliability.  

 

Despite the fact that noise filtering in hydraulics is studied for decades, the problem of pulsations 

arising between the control unit and the actuator was not addressed before long as they are 

normally not excited by servo valves. Considering nature of these pulsations and system 

requirements, the attenuator device must provide good damping in a broad band and at the same 

time pass the signal in the demanded drive frequency range. Thus, most of the existing techniques 

are not applicable for switched hydraulics due to different disadvantages and limitations described, 

e.g., in [2], [3]. 

 

The growing popularity of digital fluid power increased the researchers’ interest in the solutions 

for attenuation of pulsations caused by valve switching. The proposed methods can be divided into 

two groups: intelligent switching and implementation of filters. Methods of the first group are 

presented in [4] and [5]. An example of a filtering device – hydraulic RC-filter – designed for 

switched control applications is proposed by the authors in [6] for the case of a hydraulic cylinder 

and a transmission line (Figure 2). A comprehensive analysis of this filter with derived basic design 

rules is given in [7], which also presents measurement results verifying the analytical model and 

proving the filter effectiveness. 

 

However, different parameter cases studied in [7] showed qualitatively different performance of 

the filter-switched control drive system, especially in terms of cylinder natural frequency damping. 

The relatively large parameter space of the problem was the main obstacle for building a general 

theory of such filter for any reasonable combination of the system and filter parameters. 
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Figure 2: Schematic of a hydraulic switched control drive with a transmission line between 

valves and actuator and an RC-Filter for oscillation dampening 

 

The main goal of this paper is an attempt to further decrease the number of variables by the proper 

nondimensionalization and by means of multi parameter optimization. The resulting model must 

provide a global view of filter capabilities and limitations for a certain class of hydraulic drives 

and also a simple guidance for the filter parameter choice in a given hydraulic system. 

 

2 System model 

 

2.1 Linear mathematical description 

 

The system model is based on the drive schematic from Figure 2. In order to apply linear analysis 

methods the following assumptions and simplifications are introduced: 

 

 The switching valves are considered as the system boundary and their effect is replaced by 

an input flow 𝑄𝑉. 

 Filter elements are described by linear equations with constant 𝑅 and 𝐶 parameters. 

 Fluid friction in the pipeline is neglected. 

 The cylinder capacity variation due to change of cylinder position is negligible within a 

few switching pulses. 

 Cylinder friction is neglected. 

 Rod side pressure is considered constant in the relevant frequency range, thus its influence 

on system dynamics can be omitted. 

 

The system of equations is formulated in frequency domain employing the Fourier Transform and 

reads: 
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−𝜔2𝑚𝑆̂ = 𝑝̂2𝐴𝑃 − 𝐹̂ 

𝑄̂1 = 𝑄̂𝑉 − 𝑄̂3;      𝑄̂3 =
𝑝̂1 − 𝑝̂3
𝑅

;      j𝜔𝑝̂3 =
𝑄̂3
𝐶𝐻

 

𝑗𝜔𝑝̂2 =
𝑄̂2 − 𝑗𝜔𝑆̂𝐴𝑃

𝐶𝐶𝑦𝑙
 

𝑄̂1 = 𝑗
𝑝̂2 − 𝑝̂1 ∙ cos (

𝜔𝐿
𝑐 )

𝑍𝐻 ∙ sin (
𝜔𝐿
𝑐 )

 

𝑄̂2 = 𝑗
𝑝̂2 ∙ cos (

𝜔𝐿
𝑐
) − 𝑝̂1

𝑍𝐻 ∙ sin (
𝜔𝐿
𝑐 )

 

𝑢̂(𝜔) = ∫ 𝑢(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡

∞

−∞

 

𝑍𝐻 =
√𝐸𝜌

𝐴
;      𝑐 = √

𝐸

𝜌
;     𝑗2 = −1;     𝐶𝐶𝑦𝑙 =

𝐴𝑃𝑆0
𝐸

;     𝐶𝐻 =
𝑉𝐹
𝐸

 

(1) 

 

Transmission line equations employ the model of D’Souza and Oldenburger [8] for the case of 

zero viscosity. 𝐿 and 𝐴 are the pipeline dimensions and 𝑍𝐻 is its hydraulic impedance. 𝑐 is the 

wave propagation speed in the fluid, 𝜌 and 𝐸 – its density and bulk modulus. 𝑆0 is the initial 

cylinder position, 𝐴𝑃 – area of the piston, 𝑚 – the moving mass. The meaning of other letters is 

clear from Figure 2. 

 

Equation (1) can be solved for the system state vector 𝐱̂ = [𝑆̂, 𝑝̂1, 𝑝̂2, 𝑝̂3, 𝑄̂1, 𝑄̂2, 𝑄̂3] as a function 

of a linear combination of components of the input vector 𝐮̂ = [𝑄̂𝑉, 𝐹̂]. At this point the part of 

the solution dependent on 𝐹̂ is omitted from further investigation. This decision is motivated by 

the following reasons: 

 

 The main interest of the research is the hydraulic drive subsystem and its eigen dynamics. 

 Operation without load is often the most critical mode for hydraulic drives in terms of 

oscillation problem as the load normally increases overall system damping. 

 Investigation of the whole variety of different load types currently lies outside the scope of 

the research. 

 

Of all state variables the cylinder position 𝑆̂ represents the highest interest. From the solution of 

(1) the transfer function for 𝑆̂ over the input valve flow 𝑄̂𝑉 is obtained: 

 
𝑠̂

𝑄̂𝑉
= −

𝑗𝐴𝑃𝑍𝐻(−𝑗 + 𝜔𝐶𝐻𝑅)

𝜔

(

 
 

(
𝑗𝑚𝜔 −𝑚𝜔2𝐶𝐻𝑅 −

𝑗𝑚𝜔3𝑍𝐻
2𝐶𝐻𝐶𝐶𝑦𝑙 + 𝑗𝜔𝑍𝐻

2𝐴𝑃
2) sin(Ω) +

(
𝑗𝑚𝜔2(𝐶𝐻 + 𝐶𝐶𝑦𝑙)𝑍𝐻 −𝑚𝜔3𝑍𝐻𝐶𝐻𝐶𝐶𝑦𝑙𝑅

−𝑗𝑍𝐻𝐴𝑃
2 + 𝜔𝑍𝐻𝐶𝐻𝑅𝐴𝑃

2
) cos (Ω)

)

 
 

 

(2) 
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2.2 Nondimensionalization 

 

Expression (2) can be used for building the frequency response characteristic for a given parameter 

set, which gives comprehensive information about filter efficiency in damping of different 

oscillation modes. Examples are depicted in Figure 3 for two different drive types and different 

values of 𝑅. 

 

 
Figure 3: Examples of amplitude frequency characteristics according to (2) 

 

However, the number of variables and the complexity of the transfer function make it of little use 

for sound understanding of parameter influence and interaction in the whole space of drive 

dimensions. In order to reduce the number of variables, the set of non-dimensional parameters (3) 

was proposed in [7], resulting in the transfer function (4).  

Ω =
𝜔𝐿

𝑐
;    𝑎 =

𝐴

𝐴𝑃
;    𝜆 =

𝑆0
𝐿
;    𝜇 =

𝜌𝐴𝐿

𝑚
;    𝛾 =

𝐶𝐻
𝐶𝐶𝑦𝑙

;  𝜏𝐶𝑅 = 𝐶𝐻𝑅
 𝑐

𝐿
 

 

(3) 

𝑆𝑐𝐴𝑃

𝑄̂𝑉𝐿
=

1 + 𝑗𝛺𝜏𝐶𝑅

𝛺

(

 
 
−𝛺𝜏𝐶𝑅 (

𝑐𝑜𝑠(𝛺) (1 −
𝑎𝛺2𝜆
𝜇 ) −

𝑠𝑖𝑛(𝛺)
𝛺𝑎2

𝜇

) − 𝑗 (
𝑐𝑜𝑠(𝛺) (

𝑎𝛺2𝜆(1 + 𝛾)
𝜇 − 1) +

𝑠𝑖𝑛(𝛺) (
𝑎2𝛺 − 𝛺3𝜆2𝛾

𝜇 +
𝛺𝜆𝛾
𝑎 )

)

)

 
 

 

(4) 

 

This expression still contains 3 drive (𝑎, 𝜆, 𝜇) and 2 filter (𝜏𝐶𝑅, 𝛾) parameters and does not provide 

a direct insight. A further analysis of (4) lead to a drive component description by only 2 non-

dimensional parameters by the following relations:  

 

𝑎̃ =
𝑎

√𝜇
;   𝜆̃ =

𝜆

√𝜇
      or       𝑎̃ =

𝐴√𝑚

𝐴𝑃√𝜌𝐴𝐿
;   𝜆̃ =

𝑆0√𝑚

𝐿√𝜌𝐴𝐿
        (5) 

 

This means that in the scope of the derived model any combination of the cylinder and the 

transmission line can be uniquely defined in a 2 dimensional variable space (𝑎̃, 𝜆̃ ) which is a 

significant reduction of the initial parameter number. Two additional variables are needed to 

describe the filter. 
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Relations (5), although not obvious from first sight, have a certain physical meaning. If the cylinder 

and the transmission line model is transformed into a simple lumped parameter mechanical 

equivalent (see Figure 4), the value of 𝑎̃2 would mean the ratio of the cylinder mass and the 

effective fluid mass, the latter is calculated on the basis of kinetic energies equality: 

 

𝑎̃2 =
𝑚𝑍

𝑚_𝐹𝐸𝐹𝐹
 (6) 

 

 
Figure 4: Mechanical equivalent model 

 

𝜆̃-value represents the ratio of fluid volumes in the cylinder 𝑉𝑍 chamber and in the pipeline 𝑉𝑅 

multiplied by 𝑎̃: 

 

𝜆̃ = 𝑎̃
𝑉𝑍
𝑉𝑅

 (7) 

 
3 Global analysis by multicriteria optimization 

 

3.1 Multicriteria optimization and methods 

 

Multicriteria optimization problem (also called multi objective or Pareto optimization) is the 

problem of finding a set of optimal solutions for multiple optimization criteria. In mathematical 

terms it can be formulated as: 

 

min(𝑓1(𝑥̅), 𝑓2(𝑥̅),… , 𝑓𝑛(𝑥̅)) ;     𝑥̅ ∈ 𝑋 
𝑥̅ = (𝑥1, 𝑥2, … , 𝑥𝑘) 

(8) 

 

where 𝑓1(𝒙̅), 𝑓2(𝒙),… , 𝑓𝑛(𝒙) are the objective functions (𝑛 > 1), 𝑥1, 𝑥2, … , 𝑥𝑘 – the parameters for 

optimization, 𝑋 – the set of possible solutions. Criteria in real engineering problems are often 

conflicting, so it is normally not possible to find the 𝒙̅ minimizing all objectives. In this case Pareto 

optimal solutions are of interest. The solution is called Pareto optimal if it cannot be improved in 

any of the objectives without degrading at least one of the other objectives. The results of the 

optimization present a Pareto front – a set of Pareto optimal solutions (Figure 5). When a Pareto 

front is obtained, still a decision on the final choice has to be made. If there is a solution that 

minimizes all objective functions, the Pareto front collapses into a single point, corresponding to 

this solution. 
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Figure 5: Example of a Pareto front for 2 objectives. 

 

There are plenty of algorithms developed for solving the multi-criteria optimization task. An 

overview is given for instance in [9]. In brief, all methods are divided into gradient based and non-

gradient based. The latter are preferable if the derivative of the objectives cannot be explicitly 

calculated and the objective functions are not smooth or have local minima. 

 

3.2 Parameters, constraints and criteria for optimization  

 

In terms of control theory the cylinder with the transmission line represents the so called plant. Its 

parameters (𝑎̃ and 𝜆̃) are normally fixed in the process of the control scheme design. The filter 

(described by 𝜏𝐶𝑅 and 𝛾) is a compensator; its task is to change the drive response in a favorable 

way. Compensator parameters can be chosen from a wide range of values, limited only by practical 

aspects. The choice of these parameters is a common engineering problem and is often solved by 

optimization. 

 

Employing this approach to the filter-drive system the filter parameters are found as optimization 

results calculated for a mesh of points on the 𝑎̃-𝜆̃ plane, which represents the variety of hydraulic 

drives. Thus, 𝜏𝐶𝑅 and 𝛾 form the parameter vector for the optimization problem. 

 

There are some considerations for the range of possible parameter values based on practical issues 

and due to some results of previous research. They are added as optimization constraints to narrow 

the problem. 

 

It was shown in [7] that the ratio 𝑅/𝑍𝐻 equal to 1 is a reasonable upper boundary value of 𝑅. Filter 

resistances higher than the pipeline hydraulic impedance are not particularly useful. For the lower 

boundary no certain value exists, yet it makes sense to omit near zero values representing no local 

resistance. The second filter parameter, 𝛾, is defined for a given drive by the filter capacity 𝐶𝐻. It 

is important to define its upper limit. First, higher values require more space. This can be solved 

by implementation of gas spring hydraulic accumulator, but the latter has nonlinear characteristic 

and negative effect on the reliability. Second, higher volumes make the drive softer. It cannot be 

observed from the transfer functions (2) or (4), because the load term is omitted. Therefore, it 

should be taken into consideration by constraint definition. An initial guess for the feasible upper 

limit is 20 volumes of the pipeline fluid. The lower limit is taken as 1/10 of the pipeline fluid thus 

practically representing the system without filter. Transforming this limits into system parameters 

results in the following expression for 𝛾: 

 

 0.1 ∙ 𝑎̃/𝜆̃  ≤ 𝛾 ≤ 20 ∙ 𝑎̃/𝜆̃  (9) 
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If the 𝑎̃2 term is large enough, the cylinder inertia would add some significant contribution to the 

fluid inductance. To consider this effect, multiplier (𝑎̃2 + 1) is introduced into (10): 

 

0.1 ∙ 𝑎̃/𝜆̃ (𝑎̃2 + 1) ≤ 𝛾 ≤ 20 ∙ 𝑎̃/𝜆̃ (𝑎̃2 + 1) (10) 

 

Criteria for optimization are based on the system frequency response – the main indicator of the 

filter efficiency in damping of different oscillation modes. Frequency range is divided into two 

domains by the value corresponding to 80% of the cylinder resonance. The first criterion is the 

deviation of the system from the ideal response as given by an incompressible, inviscid, zero 

density fluid in the first frequency domain. The deviation is estimated as the mean ratio of the 

actual and ideal responses or its opposite if the actual response is lower. This criterion is dominated 

by transmission line modes. The second criterion evaluates how much the actual amplitude 

exceeds the linear approximation of the critically damped cylinder frequency response in the 

second domain, consisting of cylinder resonance frequency range and beyond. The second 

criterion is also based on the ratio of amplitudes. 

 

Frequency response for evaluation is constructed numericaly in a user defined Matlab function. Ω 

is defined as a linearly spaced vector. The correspondent value of amplitude is calculated according 

to (4). Mathematical expressions for objective functions read: 

 

𝐼1 = [∑max ((
𝐴𝑎𝑐𝑡
𝐴𝑖𝑑

)
𝑖

, (
𝐴𝑖𝑑
𝐴𝑎𝑐𝑡

)
𝑖

) /Ω𝑖
𝑖

−∑
1

Ω𝑖
𝑖

]  ∙
Ω𝑍

max (𝑖)
;                     Ω ≤ 0.8Ω𝑍 

 

𝐼2 =  𝑚𝑎𝑥 ((
𝐴𝑎𝑐𝑡
𝐴𝑖𝑑

)
𝑖

, 1) − 1;                                                                      Ω > 0.8Ω𝑍 

(11) 

 

where 𝐴𝑎𝑐𝑡 is the frequency response calculated according to (4),  𝐴𝑖𝑑 – ideal response, Ω𝑍 – the 

cylinder resonance frequency, 𝑖 – index of the frequency vector used in the calculation. The term 

1/Ω𝑖 in the 𝐼1 definition is needed to increase the error weight on lower frequencies. Terms after 

the minus sign in both expressions are introduced in order to make the ideal response objectives 

equal zero: 𝐼1
𝑖𝑑 , 𝐼2

𝑖𝑑 = 0. 

 

A graphical representation of both criteria for the arbitrary frequency response (red line) is 

depicted in Figure 6. The black line corresponds to the ideal response. 
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Figure 6: Visualization of criteria 

 

From the previous experience, two objectives describing the system performance are conflicting 

at least for some of the drive dimensions. This suggests that the result of the optimization in an 

arbitrary point (𝑎̃𝑖, 𝜆̃𝑖) is expected to be a Pareto front, although a collapse of this front into a single 

point for some of the areas on 𝑎̃-𝜆̃ plane is not excluded. 

 

Considering that no derivatives with regard to optimization parameters are available, non-gradient 

optimization method, namely, genetic algorithm is employed. For the search of optimal solution 

(Pareto front) the multi objective Genetic Algorithm for Optimization developed by Popov [10] 

was implemented. 
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Figure 7: Atlas of Pareto fronts on the 𝑎̃-𝜆̃ plane (hint: 𝑎̃=a1, 𝜆̃=1 in the diagrams) 
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4 Results and interpretation 

 

4.1 Pareto front atlas 

 

This research was conducted in the framework of an investigation of the possibility to replace 

servo valves in the control of hydraulic drives with digital valves for a variety of drives in industrial 

plants. Therefore, the choice of values for 𝑎̃ and 𝜆̃  for the Pareto front atlas was based on the 

variety of the hydraulic drives typically used in such plants. 

 

The results for the 10x10 logarithmically spaced mesh of plant parameters are presented in Figure 

7. The 𝑎̃-𝜆̃ plane is divided into 4 quadrants with different scales of axes and 𝐼2. The right and the 

left halves have also different scale of 𝐼1 objective. This scaling allows for easier visualization of 

trends. 

 

It is possible to achieve good values of 𝐼1 for the whole atlas, which was expected since this 

criterion is dominated by transmission line and the RC-filter is effective in damping of the 

corresponding oscillation modes. More interesting is the possibility to dampen oscillations of 

cylinder natural frequency, indicated by 𝐼2. This possibility depends strongly on the parameters of 

the plant. 𝐼2 is in direct relationship with the 𝑎̃ parameter and is inverse to 𝜆̃. 

 

By the high values of 𝑎̃ the cylinder caused pulsations can be effectively dampened by the filter. 

Explanation lies in the physical meaning of  𝑎̃2 – the ratio of the cylinder mass to the effective 

mass of the fluid (6). Small values of 𝑎̃ mean that the cylinder oscillations do not excite significant 

flow of the fluid in the pipeline. This flow is crucial for the filter operation. 

 

Influence of 𝜆̃ is related to its proportional dependency on the initial cylinder position. Higher 

values of 𝜆̃ mean softer piston chamber fluid (due to larger values of cylinder position 𝑆0). This is 

equal to a softer spring in the mechanical model of Figure 4, which also worsens transmission of 

the cylinder oscillations to the filter attachment point. 

 

The next step consists of analyzing the shape of Pareto fronts at different atlas domains. First, there 

are regions where the Pareto front collapses into a point (Figure 8a), which generally means that 

the objectives are not conflicting. This happens at high 𝑎̃ values. Second, regions exist where the 

second criterion cannot be reasonably improved. The Pareto front in this case is the line, horizontal 

to the 𝐼1-axis (Figure 8b). Finally, in some regions optimization results present a classical type of 

Pareto front for two conflicting objectives (Figure 8c). In the systems with correspondent 

parameter values it is possible to improve one of the criteria at the expense of the other. 
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a) 

 

b) 

 

c) 

 
Figure 8: Pareto front shapes 

 

4.2 Matlab GUI tool for result evaluation 

 

For easier and faster evaluation of the optimization results a simple tool with graphic user interface 

was created in the Matlab GUI module. At the script launch, the atlas of Pareto fronts is plotted in 

the figure window on the basis of the optimization results. Right mouse click on chosen axes 

creates the magnified plot of the Pareto front for the correspondent parameters (Figure 9). Left 

mouse click above axes – creates the plot of amplitude characteristics for end points of the Pareto 

front (minimal 𝐼1 and 𝐼2). The plot contains also ideal characteristic (used for evaluation of the 

objectives) and the characteristic with resistance equal to the pipeline impedance (capacity is the 

same as in the minimal 𝐼1 case). An example is depicted in Figure 10. If the mouse click is done 

directly above the Pareto front, the amplitude characteristic for the solution, closest to the pointer 

is also depicted (Figure 11). 
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Figure 9: Pareto front, magnified with the right click 

 

 
Figure 10: Plot of the correspondent amplitude characteristics 
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Figure 11: Plot of the amplitude characteristics including selected solution point 

 

5 Conclusion 

 

In this paper the global analysis of the hydraulic RC-filter for switched control drives is presented. 

A modified nondimensionalization of an existing analytical model resulted in a reduced plant 

parameter space with only to 2 variables. The space of the filter parameters was reduced by multi 

objective optimization. These lead to an atlas of Pareto fronts for different points on the plant 

parameter plane. The atlas gives a comprehensive overview about the filter performance for the 

whole variety of feasible drive dimensions. The new approach to the filter investigation has 

significantly improved understanding of the RC-filter’s ability to dampen transmission line and 

cylinder oscillations and how this depends on the plant parameters. 

 

In addition, a simple tool based on the Matlab GUI module was created providing easier evaluation 

of the optimization results. The tool can be utilized in the filter design for the forthcoming digital 

hydraulic applications, which require pulsation damping. 

 

A next step of the research is an investigation of the filter influence on the system response to the 

external load by considering the cylinder force dependent part of the transfer function. 
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Abstract This paper presents the force control methods for a pneumatic 

and a hydraulic press. Both systems have been made for educational 

purposes as well as for experimental testing and verification of different 

control techniques. 

 

The pneumatic press contains a proportional pressure valve which is used 

for pressure regulation in a cylinder chamber and has direct impact on 

controlled force. The hydraulic press contains a servo-solenoid pressure-

control valve for regulating the cylinder pressure. The pressing force can 

also be indirectly measured by a pressure transducer which is installed in 

the cylinder chamber. 

 

Experimental tests have shown that electrically actuated control 

components supported by the appropriate measuring devices and computer 

programs make it possible to improve the characteristics of the hydraulic 

and pneumatic systems required in modern industrial plants. 
 

Keywords: • press • hydraulic and pneumatic • force control • pressure 

sensor • force sensor • simulation •

                                                 
CORRESPONDENCE ADDRESS: Juraj Benić, University of Zagreb, Faculty of Mechanical Engineering and 

Naval Architecture, I. Lučića 5, Zagreb, Croatia, e-mail: juraj.benic@fsb.hr. Nikola Rajčić, University of 

Zagreb, Faculty of Mechanical Engineering and Naval Architecture, I. Lučića 5, Zagreb, Croatia, e-mail: 

stuslu@fsb.hr. Željko Šitum, Ph.D., Assistant Professor, University of Zagreb, Faculty of Mechanical 

Engineering and Naval Architecture, Department of Robotics and Production System Automation, I. Lučića 

5, Zagreb, Croatia, e-mail: zeljko.situm@fsb.hr. 

 

https://doi.org/10.18690/978-961-286-086-8.6  ISBN 978-961-286-086-8 

© 2017 University of Maribor Press 

Available at: http://press.um.si. 



58 INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

J. Benić, N. Rajčić & Ž. Šitum: Precise force control for hydraulic and pneumatic press 

system 

 

1 Introduction 

 

Presses are one of the most used machine tools in industry for different materials forming. In the 

past, for pressing tasks in industry, mechanical presses were more frequently used, but nowadays, 

especially for large pressing force, hydraulic presses take precedence due to their numerous 

advantages, such as full force through the stroke, the moving parts operate with good lubrication, 

the force can be programmed, the stroke can be fully adjustable which contributes to the flexibility 

of application. Also, hydraulic presses can be made for huge force capacities. On the other hand, 

hydraulic presses are generally slower than mechanical presses, which is overcome with the 

development of new valves with higher flow capacities, smaller response time and improved 

control capabilities. Pneumatic presses can be used for less force capabilities, but they can move 

several times faster than hydraulic presses. Pneumatic presses are extremely adaptable to different 

process requirements and they are very low-maintenance. Most hydraulic and pneumatic presses 

used in industry are working in an open-loop and are usually operated manually or using a control 

device such as programmable logic controller (PLC), where the end positions of the ram are set 

via dead stops or limit switches. Today’s industry is looking for flexible solutions that will be able 

to achieve some new characteristics of hydraulic and pneumatic systems, such as the ability of 

controlled motion, the possibility of continuous control of the required values, a simple data 

transfer and signal processing, the possibility of monitoring and process visualization etc. The 

increase of micro-electronics in recent years has reduced the cost of computer equipment to a level 

acceptable for industrial applications which has enabled the implementation of sophisticated 

control strategies in practice. Therefore, modern hydraulic and pneumatic systems suffered a great 

evolution towards electronics and microprocessor controlled electro-hydraulic components in 

order to achieve new control possibilities [1]. Commonly, due to its complexity, almost every 

advanced controller must be implemented on a digital computer. Such control systems, that have 

electrically-actuated valves, can respond to complex demands posed by today’s technology. The 

ability of force control or positioning control systems to follow-up varying reference signals is 

often required for proper operation of the technological process [2], [3]. Therefore, a new quality 

and significant improvement in the functioning of presses are obtained by applying the force 

feedback, where the force output is measured by a load cell and the cylinder movement is 

controlled via proportional or servo valve [4], [5], [6]. 

 

This paper presents basic construction of a pneumatic and a hydraulic press and the 

implementation of force control algorithms. Control algorithms and data monitoring are 

implemented on a real-time hardware board. The control algorithms are tested via numerical 

simulations, as well as experimentally to verify their practical use and effectiveness. 

 

2 Experimental setup 

 

A photo of the pneumatic press on which experiment is carried out is shown in Figure 12. A 

pneumatic double acting cylinder (1) with 100 mm stroke and 50 mm bore is used as actuator to 

convert compressed air into mechanical power. An electro-pneumatic regulator (2), SMC 

ITV3050, is used for controlling the pressing force. It has current type input signal in the range 

4÷20 mA for the pressure output range of 0÷9 bar and gives an analogue (monitor) output signal 

in the range of 1÷5 V proportional to the pressure output. The force acting on the spring (5) is 

directly measured by a disc load cell (6), type TAS606. Rated load of the load cell is 200 kg, while 

the maximum output is 7.5 mV when the sensor is connected to 5 V power supply from Arduino 

board (8). The load cell analogue to digital converter with amplifier (7), type HX711, is used to 

amplify the load cell output signal. The Arduino Mega 2560 board (8) is used for data acquisition 

which offers 16 analogue inputs with 10-bit resolution, 54 digital input/output pins (of which 15 
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provides PWM output) and USB connection to the control computer (9). A signal converter (3) is 

used to convert Arduino 0÷5 V voltage output to 4÷20 mA current input signal for the proportional 

pressure-control valve. Both the signal converter and the proportional pressure-control valve are 

powered by 24 V power supply (4). The control algorithm is implemented in Matlab/Simulink 

software, which allows executing the simulation program in external mode, similar to the Real-

Time Workshop tool. 

 

 
1-Pneumatic cylinder, 2-Proportional pressure-control valve, 3-Signal converter, 4-Power supply, 

5-Spring, 6-Load cell, 7-A/D converter, 8-Arduino board, 9-Control computer 

Figure 12: Pneumatic press 

 

A schematic diagram and a photo of the hydraulic press on which experiments have been carried 

out are shown in Figure 13. The hydraulic cylinder (1) which is used to actuate the press is a double 

acting 300 mm stroke cylinder with 80 mm bore and 60 mm diameter rod. The control of the 

pressing force is accomplished using an electro-hydraulic servo valve (5) with a box chopper 

amplifier and ±10 V analogue input signal. Maximum pressure in the system is limited by a 

pressure relief valve (10). The force acting on the rubber bumper is directly measured by the force 

sensor (18), which is a compression load cell. The pressure inside the cylinder chamber is 

measured by a pressure transducer (2), with a measuring range 0 to 250 bar and an output signal 0 

to 10 V. In this system it is also possible to measure displacement of the press by using a micro-

pulse linear transducer (3). Since the servo valve is installed in the system, particular attention 

should be given to ensure the cleanliness of oil, so a high pressure filter (12) and a return flow 

filter (13) are set in the hydraulic circuit. The hydraulic power is provided by a hydraulic gear 

pump (15), with a volumetric displacement of the pump of 2.6 cm3/rev and the maximum nominal 

pressure of 25 MPa. Data acquisition in the system is handled by a National Instruments 

DAQCard-6024E (for PCMCIA), which offers both 12-bit analogue input and analogue output. 

Control algorithms were developed in the Matlab/Simulink environment supported by Real-Time 

Workshop (RTW) program. Detailed description of the system can be found in [5]. 

 

The considered experimental electro-hydraulic and electro-pneumatic systems have been made in 

the Laboratory for automation and robotics at the Faculty of Mechanical Engineering and Naval 
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Architecture. The modules are used for research purposes in the field of hydraulic and pneumatic 

systems control, as well as for training students.  

 

 
 

1-Hydraulic cylinder, 2-Pressure transducer, 3-Micro-pulse linear transducer, 4-Solenoid 4/3 

valve, 5-Servo valve, 6-Shut-off valve, 7-Solenoid 2/2 valve, 8-Throttling valve, 9-Manometer, 

10-System pressure relief valve, 11-Ball check valve, 12-Pressure filter, 13-Return flow filter, 4-

Three-phase electric motor, 15-Hydraulic pump,16-Electronic interface, 17-Electric rectifier, 18-

Force sensor (load cell), 19-Control computer 

Figure 13: Hydraulic press, a) schematic diagram, b) photo 

 

3 System modelling 

 

3.1 Pneumatic press system modelling 

 

The problem under consideration is shown in Figure 14. The goal is to make the actuator compress 

an object with a desired force. The force producing element is a double-acting pneumatic cylinder 

driven by a proportional pressure-control valve. The mathematical model of the pneumatic 

actuator interaction with its environment is given bellow. The force balance equation for the 

mechanical part of the system can be written as follows: 

 

𝑚 𝑥 ̈ = 𝐹p − 𝑏 𝑥̇ − 𝑘e 𝑥 (1) 
 

where m, b, x represent the mass, damping and displacement of the actuator, while ke represent 

spring stiffness. The actuator force Fp allows interaction between the cylinder piston and its 

environment and its given by: 

 

𝐹p = 𝐴(𝑝 − 𝑝𝑎) (2) 
 

where 𝐴 is piston area, 𝑝 is inlet pressure and 𝑝a is atmospheric pressure. 
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Figure 14: Schematic model of the pneumatic press 

 

The output of interest on the experimental test system is the force F of the pneumatic press and 

that force is equal to the compression of a spring x multiplied by its stiffness ke: 

 

𝐹 = 𝑘e 𝑥 (3) 
 

From (3) the velocity and acceleration are given by: 

 

ek
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   and 

ek
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   (4) 

 

Substituting equations (2), (3) and (4) into equation (1) gives the force balance equation for the 

pneumatic actuator and it can be written as follows: 
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The mathematical model of the proportional pressure control valve is obtained from 

experimentally measured pressure response on a step command input. The pressure responses for 

step input signals with amplitudes of 1 V, 2 V and 5 V are shown in Figure 4. The pressure 

transient-response of the valve has an aperiodic form, and can be approximated by a first-order lag 

term as follows: 

 

)()(
)(

vv tuKtp
dt

tdp
T   (6) 

 

where 𝑇v is a time constant and Kv is the gain of the proportional pressure-control valve. 
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Figure 15: Step response of the proportional valve 

 

The force control loop uses a PID controller given by the following expression: 
 

𝑢(𝑡) = 𝐾p 𝑒(𝑡) + 𝐾i ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾d 𝑒̇(𝑡) (7) 
 

where 𝐾p, 𝐾i, 𝐾d represents proportional, integral and derivate gain and 𝑒(𝑡) represents the control 

error between the measured force and the desired force trajectory given by: 

 

𝑒(𝑡) = 𝐹r(𝑡) − 𝐹(𝑡) (8) 
 

The mathematical model of the system can be written in the standard state-space form as 𝒙̇ =
𝒇(𝒙(𝑡), 𝒖(𝑡)) where state variables 𝒙 = [𝑥1 𝑥2 𝑥3 𝑥4]

𝑇 are chosen as: 𝑥1 = 𝑝, 𝑥2 = 𝐹, 𝑥3 = 𝐹̇ and 

𝑥4 = ∫𝑒(𝑡), then the simplified representation of the actual system dynamics which includes the 

controller can be written in the state-space form as follows: 
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 (9) 

 

The state-space model is given in general nonlinear form and it is used for numerical simulation 

of the pneumatic press. The desired output of the system is the force F (variable 𝑥2). 

 

3.2 Hydraulic press system modelling 

 

For the hydraulic press system, the considered model and the obtained solution are similar to the 

previously presented model for the pneumatic press, as shown in Figure 16. The force producing 

element, similar to the pneumatic press, is a double acting hydraulic cylinder controlled by a 
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pressure type servo valve. The simplified nonlinear mathematical problem describing the hydraulic 

actuator interacting with its environment is derived below and the complete mathematical model 

is given in [7]. 
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Figure 16: Schematic model of the hydraulic press 

 

The force balance equations for the mechanical part of the system can be written as follows: 

 

𝑚 𝑥 ̈ = 𝐹h − 𝑏 𝑥̇ − 𝑘e 𝑥 − 𝐹fc(𝑥̇) (10) 
 

where, similar to the pneumatic press model, m, b, x represent the mass, damping and displacement 

of the actuator, while ke represents the spring stiffness. Here we assume a classical friction model 

that includes the viscous and Coulomb friction, 𝐹v and 𝐹fc respectively, and is given by: 

 

𝐹friction(𝑥̇) = 𝐹v + 𝐹fc(𝑥̇) = 𝑏 𝑥̇ + 𝑓c 𝑠𝑔𝑛(𝑥̇) (11) 

 

The actuator force Fh allows interaction between the piston and its environment and is given by: 

 

𝐹h = 𝑝1𝐴1 − 𝑝2𝐴2 (12) 
 

where 𝐴1 and 𝐴2 are the cross sectional piston areas, 𝑝1 is the inlet pressure and 𝑝2 is the outlet 

pressure. The output of interest is similar to the case of the pneumatic press and it's actually the 

force 𝐹 of the hydraulic press. It is supposed that the force is equal to the compression of the rubber 

spring 𝑥 multiplied by its stiffness 𝑘e: 
 

𝐹 = 𝑘e 𝑥 (13) 
 

From (13) the velocity and acceleration are as follows: 
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Substituting equations (12), (13) and (14) into equation (10) gives the force balance equation for 

the hydraulic actuator and it can be written in following form: 
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From [7] the expression for the piston and rod side actuator pressures may be written as follows: 
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where 𝑉1 and 𝑉2 are total fluid volumes in the two cylinder chambers, 𝑉0 is the half-volume, 𝐴1 

and 𝐴2 are the annulus area of the piston and rod side of the cylinder.  

 

If we suppose that the bandwidth of the servo valve is much higher than the dynamics of the control 

system, then the valve dynamics can be neglected and the flow is taken as a linear function of the 

control signal 𝑢: 

 

𝑄(𝑦v, 𝑝) = 𝐾 𝑢 (18) 
 

where K is the flow/signal gain of the valve and its value is estimated from the flow/signal 

characteristic curve. 

 

If we derive the expression for 𝐹h and substitute equations (16), (17) and (18) into equation (12) 

then the acting force derivate is given by: 
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If we choose PI controller, then the control signal will be equal: 
 

𝑢(𝑡) = 𝐾p 𝑒(𝑡) + 𝐾i ∫ 𝑒(𝑡)𝑑𝑡 (20) 
 

where 𝐾p, 𝐾i, represent proportional and integral gain of the controller and 𝑒(𝑡) represents the 

error between the measured force and the desired force trajectory given by the following 

expression: 
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𝑒(𝑡) = 𝐹r(𝑡) − 𝐹(𝑡) (21) 
 

Similar to the case of pneumatic press, the state-space model can be written as 𝒙̇ = 𝒇(𝒙(𝑡), 𝒖(𝑡)) 
where state variables 𝒙 = [𝑥1 𝑥2 𝑥3 𝑥4]

𝑇 are chosen as: 𝑥1 = 𝐹, 𝑥2 = 𝐹̇, 𝑥3 = 𝐹h and 𝑥4 = ∫𝑒(𝑡), 
then the simplified representation of the actual system dynamics, which includes the controller, 

can be written in the state-space form as follows: 
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The state-space model is given in a general nonlinear form and it is used for numerical simulation 

of the hydraulic press. The desired output of the system is the force F (variable 𝑥1). 

 

4 Simulation model and numerical results 

 

The numerical simulations are carried out in Matlab/Simulink program to verify the stability of 

the process for proposed controllers, both for pneumatic and hydraulic press. The simulations were 

performed using the Matlab ODE solver. In these examples, the relative and absolute tolerance for 

the ODE routine was set to 10-6. The developed controllers were tested for a sinusoidal and square 

wave reference signal. 

 

4.1 Pneumatic press simulation model and numerical results 

 

The simulation was performed using parameters listed in Table 1, which were obtained from 

manufacture’s data sheets and measurements, while corresponding results are shown in Figure 17. 

During simulation it was found that the values greater than 1 for proportional gain Kp and values 

greater than 2 for integral gain Ki of PI controller have resulted in a significant oscillatory response 

of the cylinder pressure. The simulation showed that the control algorithm could achieve good 

abilities for tracking square wave reference forces with fast response to changes in reference 

trajectory. 

 

Table 1: Parameters for pneumatic press system 

Parameter Value Parameter Value 

m 1 kg Tv 0.008 s 

A 1.963∙10-3 m2 Kv 0.18 MPa/V 

ke 80 N/mm Kp 0.5 

b 80 N/(m/s) Ki 2 

pa 101 kPa Kd 0.01 
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Figure 17: Pneumatic press simulation results, (a) square wave force tracking, (b) sine wave 

force tracking 

 

4.2 Hydraulic press simulation model and numerical results 

 

The numerical simulations for the hydraulic press were carried out with parameters listed inTable 

2, which were obtained from manufacture’s data sheets and measurements.  

 

The results obtained through numerical simulations are shown in Figure 18. These results confirm 

that the PI controller couldn't follow square wave reference signal without tracking error and also 

unwanted high frequency oscillations occurred in the control variable. 

 

Table 2: Parameters for hydraulic press system 

Parameter Value Parameter Value Parameter Value 

β 1.4∙107 N/m2 V0 7.5398∙10-4 m3 ba 520 N s/m 

A1 50.26 ∙10-4 m2 m 50 kg fc 120 N 

A2 28.27 ∙10-4 m2 ke 5.46∙10-5  N/m Kp 6 

φ 1.7778 K 8.33∙10-6 m3/V s Ki 2 
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Figure 18: Hydraulic press simulation results, (a) square wave force tracking, 

 (b) sine wave force tracking 

 

5 Experimental results 

 

The control algorithms are implemented in Matlab/Simulink environment, which allows executing 

the simulation program in real time. Such implementation of control algorithms allows real time 

data monitoring and online tuning of controller parameters. Block diagrams are used for the 

controller design procedure which gives simple data flow representation. The experimental results 

obtained for both systems are compared with those obtained from simulations 

 

5.1 Pneumatic press experimental results 

 

Implementation of a PID controller for the pneumatic press system is given in Figure 20. By 

activating the switch in controller model it is possible to choose between sine and square wave 

input signal. The controller is implemented on a standard laptop PC with a sampling rate of 20Hz. 

During experiments, signals that were recorded are the pressing force, the error between the 

reference force and the pressing force, the control signal on the proportional pressure-control valve 

and the pressure from the pneumatic actuator inlet. 
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Figure 19: Pneumatic press experimental results, (a) square wave force tracking, 

 (b) sine wave force tracking 

 

The first experimental test was carried out for the square wave input signal and the results are 

shown in Figure 19. The measured results exhibit an aperiodic response, without overshoot and 

with small output error. The second experiment was carried out for the sinusoidal signal of 

frequency 0.08 Hz. The force response is shown in Figure 19. The experiment demonstrates that 

the PID controller follows the reference sinusoidal input signal with significant control error. Both 

experiments were carried out with PID gains obtained from numerical simulations. 

 

 
Figure 20: Simulink model used for experimental testing of the pneumatic press 
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5.2 Hydraulic press experimental results 

 

The model using PI controller for the hydraulic press force control is shown in Figure 21. The 

switch shown on the Simulink model is used for choosing between square and sine wave input. 

The controller is implemented on a standard laptop PC with sampling rate of 100Hz. Signals that 

are being acquired are the pressing force, the control signal for the servo valve, and the pressure 

from the hydraulic cylinder inlet. 

 

 
Figure 21: Simulink model used for experimental testing of the hydraulic press 

 

Experimental results for the hydraulic press are shown in Figure 22. PI regulator gains, used for 

experimental test, are the same gains used in numerical simulation test. The value for proportional 

(Kp) gain was set at 6, and value for integral (Ki) gain was set at 2. The first test was carried out 

for the square wave reference signal. Results showed similar trend as the results from numerical 

simulation. Therefore, the linear PI regulator follows the reference square wave input signal with 

significant control error because of many nonlinearities of the hydraulic systems. The second test 

was performed with the sinusoidal wave signal with the frequency of 0.08 Hz. From observed 

experimental results it can be concluded that PI controller shows inferior results for the sinusoidal 

wave than for the square wave input signal, which was expected. 
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Figure 22: Hydraulic press experimental results, (a) square wave force tracking, 

 (b) sine wave force tracking 

 

6 Conclusion 

 

According to the experimental results, it can be concluded that in the case of PID controlled force 

of the pneumatic press, valid results can be obtained only for square wave input signal. Moreover, 

numerical simulations didn’t present the same results as the experimental tests, because of many 

simplifications in the mathematical model. For the hydraulic press system PI controller could only 

be used for tracking desired constant input force. For the square and the sinusoidal wave input 

signal it is needed to consider new ways of the system control. The experimental results show that 

there are no high frequency oscillations in the control signal, unlike the oscillations which have 

appeared in numerical simulations. For better systems control, new control algorithms should be 

considered, such as sliding mode control, back stepping control or fuzzy control. Mentioned 

control algorithms could probably give better results than PID controller.  
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Abstract This paper studies the nonlinear closed loop control of an 

electrohydraulic servo system with use of Lyapunov theory of nonlinear 

systems using integrator backstepping. Because of highly nonlinear nature 

of electrohydraulic servo system, the conventional control strategies 

mostly cannot reach desired control objectives. Nonlinear mathematical 

model of the system contains many nonlinear terms, which influence also 

the dynamic errors of the control system. Modern control strategy should 

be able to cope with these nonlinearities. 

 

Two different nonlinear design procedures are employed here, feedback 

linearization and integrator backstepping. Backstepping is used because it 

is a powerful and robust nonlinear strategy. 

 

The research studies represented in the paper shows big potential of 

Lyapunov based nonlinear controller design procedures, to obtain desired 

control objectives. 
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1 Introduction 

 

Electrohydraulic servo systems take important place in modern industrial automation. It has been 

used in many kinds of mechanizations, including robots, computer numerical control (CNC) press 

brakes, computer controlled testing machines, etc. 

 

Electro hydraulic actuator system has become one of the most important actuators in the recent 

decades. It offers many advantages such as good capability in positioning, fast and smooth 

response characteristics and high power density. Due to its capability in positioning, it has given 

a significant impact in modern equipment for position control applications [1] and [2]. The 

applications in position control can be found in production assembly lines, robotics, aircrafts and 

testing equipment. However, excellent positioning in these applications requires an accurate 

electro hydraulic actuator. Therefore, the development of suitable controller which could reflect 

such characteristics is very significant, although the dynamics of electro hydraulic servo system is 

highly nonlinear [3], as well as pneumatic systems [4]. 

 

In ordinary feedback systems the method of feedback linearization is used to eliminate 

nonlinearities. Feedback linearization employs changes of coordinates to transform a given 

nonlinear system into equivalent linear one. A major advantage of feedback linearization approach 

is related to the cancelations of systems nonlinear dynamics that are introduced in design process. 

On the other hand some kinds of nonlinearities can have positive effects on system stability, 

therefore their cancellation can lead to instability in the presence of modelling uncertainties. As a 

solution to this problem the integrator backstepping approached is proposed. The fundamental 

concept of backstepping method is introduced by Krstic et.al. in their book [5]. 

 

The approach focusing on the stabilization problem in stochastic nonlinear systems is developed 

in the extension of this book. The backstepping control method is also presented in [6], [7] and [8] 

where this technique is explained in detail for regulating and tracking problem. 

 

There are numerous of applications in industry, where the backstepping approach was used to 

obtained successful control of electric machines, wind turbines, based power production, robotic 

production systems and flight trajectory control. 

 

Integrator backstepping control method allows also finding a solution for optimal control problems 

[9], estimating parameters and adaptive control design, as well as, development of robust nonlinear 

controllers. The observer based backtepping technique has been designed for force control of 

electrohydraulic actuator system [10]. The developed control system combine backstepping 

observer with adaptive and sliding mode controller. Electrohydraulic active suspension control 

system is also designed by backstepping approach [11]. To obtained best value for its tuning 

parameters the paricle swarm optimization tool is proposed in [12]. 

 

It is proved that the technique improve the transient stability and damping presented in the system. 

The performance of backstepping controller also depends on its gains or controller parameters. In 

this paper, the controller is developed on the basis of simplified mathematical model, while the 

parameters are tuned manually to prevent the control signal chattering. 

 

2 Simplified model of the system  

 

For the purpose of design of a closed loop controller the complete mathematical model of the 

system which consists of the hydraulic actuator dynamics, including the load and SV dynamics 

can be simplified according to manufacturers data of real system components. Usually a 
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simplification can be obtain when the dynamic of the servo valve with control electronics is much 

higher than the dynamic of the cylinder and load. 

 

For hydraulic system with Ap=6.4 10-4 m2, Vt=131.85 10-6 m3 and m=200 kg the minimum natural 

frequency is: 

 

 
2

min

4
310,052 49,35

p

H

t

A rad
Hz

m V s




  
     

  (1) 

 

Natural frequency can be read out, from the manufacturers data sheet for SV MOOG 769 [13] we 

can read out fHsv=325Hz. 

 

Because of very high natural frequency of servo valve with comparison to hydraulic cylinder Hsv 

>> Hmin ), taking in to account also dynamic effect of manifold which decreases hydraulic natural 

frequency, the dynamic of SV can be neglected. The servo valve can be described only by static 

relationship between spool position and the valve current input. Moreover the combined assembly 

of servovalve and electronic amplifier can be described by the equation: 

 

v vx k u    (2) 

 

where kv [mV-1] is combined SV and electronic amplifier gain. Therefore the simplified system 

equations have the following form:  
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  (3) 

 

where xp is actual piston position, vp piston velocity and pL load pressure. 

 

3 Controller design 

 

For a spatial class of nonlinear dynamical systems, the backstepping control has emerged us 

successful control strategy. Some of nonlinear systems can be observed as a systems constructed 

from subsystems. The number of subsystems depends of dynamic model order. Because of this 

recursive structure, the designer can start the design process at the known-stable system and 

design,”back out”, new controllers that progressively stabilize each outer subsystem. The process 

is finished when the final external control is reached. 

 

The mathematical description of nonlinear system in new set of coordinates allows us to use the 

backstepping approach to force it to behave like a linear one [5]. Backstepping has the availability 

to avoid cancellations of useful nonlinearities and pursue the objectives of stabilization and 

tracking rather than that of linearization method. Besides, backstepping approaches relaxes the 

matching conditions on perturbations which means that the perturbation doesn’t have to appear in 

the equation that contains the input of the system. This controller can be used for tracking and 
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regulation problem. For tracking problem, backstepping always use the error between the actual 

and desired input in order to start the design process. 

 

The system state equations can be represented in “strict feedback form”: 

 

 

1 2

2 1 3 2 2 3 2 4

3 5 3 6 2 7 3

( )

s

x x

x a x a x a sgn x a

x a p sgn u x u a x a x



   
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 (4) 

 

where x1=xp, x2=vp and x3=pL, with: 

1 2 3 4 5 6 7

4 4 4
L

p vf co ext
d v p

t tt

A F F
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m m m m V VV
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
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In the procedure of design a backstepping controller it is preferable to replace nonlinear terms with 

differentiable mathematical functions. An essential factor of its validity is the continuous 

dependence of its solutions on the data of the problem that can be stated by the Lipschitz inequality 

given by: 

 

( ) ( )f x f y L x y     (5) 

 

To satisfy condition in Eq. (5) we estimated the “sgn” function with continuously differentiable 

function “tanh = th” (hyperbolic tangent) except in last equation. 

 

1 2x x   (6a) 

 

2 1 3 2 2 3 2 4( )x a x a x a th x a      (6b) 

 

 3 5 3 6 2 7 3sx a p sgn u x u a x a x     (6c) 

 

 free coefficient (=2) 

 

The control objectives were to stabilize the plant and to track the given reference signal 

asymptotically. The detailed derivations of finding backstepping control input are covered in next 

three steps [10]. 

 

Step1 

 

We want the x1 – position variable to track a reference signal, say, r(t). So we have the first error 

variable: 

 

1 1z x r   (7) 

 

and its derivative: 

 

1 1z x r   (8) 

 

where r(t) is the reference input. 
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For equation (6a) we can define a virtual control 1. Virtual state variable z2 represents the 

difference between the actual and virtual control of (6a), i.e. 

 

2 2 1 2 2 1z x x z       (9) 

 

Define a candidate control Lyapunov functional for this equation: 

 
2

1
1

2

z
V   (10) 

 

The derivative of V yields: 

 

    1 1 2 1 1V x r z x r r       (11) 

 

Select a virtual control for the first order system: 

 

1 1 1 1 1 1r K z K x K r r        (12) 

 

where K1>0. Hence, V  can be rewritten as: 

 
2

1 1 1 1 2V K z z z    (13) 

 

Step2 

 

Define a second virtual state  

 

3 3 2 3 3 2z x x z       (14) 

 

Thus: 

 

2 2 1z x    (15) 

 

Define a candidate control Lyapunov functional for this equation: 

 
2

2
2 1

2

z
V V   (16) 

 

The derivative of V2 is: 

 

2 1 2 2V V z z    (17) 

 

Select a virtual control for this system to remove any potentially undesired z2, x1 and x2 terms: 

 

  2 2 2 3 2 4 1 1 2 2

1

1
a x a th x a z K z

a
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where K2>0, therefore: 

 
2 2

2 1 1 2 2 1 2 3V K z K z a z z         (19) 

 

Step 3 

 

Let’s recall 3 3 2z x   . The derivative of z3 is: 

 

3 3 2z x    (20) 

 

With augmentation of the initial control Lyapunov functional to reflect the presence of the new 

state variable: 
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3

3 2
2

z
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The derivative yields  

 

3 2 3 3V V z z    (22) 

 

Select an actual control for this system  
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where K3>0. Then we get: 

 

3

2 2 2
3 1 1 2 2 3V K z K z K z       (24) 

 

where K1, K2, K3>0. Note that Equation (16) is the Lyapunov function of the system defined by 

Equations (18a) to (18c) and that the control law given by Equations (12), (18) and (23) renders 

its derivative negative semidefinite. 

 

4 Results  

 

In order to verify the effectiveness of the proposed backstepping control algorithm, simulation 

experiments have been done on the electrohydraulic servo system. Main parameters of the system 

are given in table1. 

 

Computer simulation scheme i.e. Simulink model represents Figure 1. 

 

For position control systems dynamically aperiodic response is demanded. The final position 

accuracy is tested at small steps of reference value.  
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Table 1: Main parameters of the EHS system 

Par. Value Par. Value Par. Value Par Value 

Ap 6.4 10-4 m2 m 200 kg Fext          [N] ps 210 bar 

vf 70 Ns/m Vt 131.85 10-6 m3 kL 3 10-13 m5/Ns  850 kg/m3 

Fco 19.62 N  1.5 109 Pa Cd 0.63 kV 5.53 10-7 m2/V 

 

 
Figure 1: Simulink scheme used for simulation 

 

 
Figure 2: Simulation results of the system step response 

 

In Figure 2 the comparison of systems dynamic response between P-controller and backstepping 

controller to 1mm desired position step is shown. 
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Figure 3: Dynamic response on ramp reference 

 

In Figure 3, the comparison of systems dynamic response to ramp reference input is shown. The 

corresponding details are shown on Figures 4, 5, 6 and 7. 

 

 
Figure 4: Detail “a” 
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Figure 5: Detail “b” 

 

 
Figure 6: Detail “c” 
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Figure 7: Detail “d” 

 

The results are obtained with P-controller gain KP=2.5, while the backstepping controller 

parameters are K1=110 , K2=1100 , K3=440. 

 

5 Conclusions 

 

In this paper, a controller design procedure is presented in order to control the position of the 

electro-hydraulic servo system. Comprehensive investigation was carried out on the mathematical 

modelling and computer simulation of dynamic behaviour of whole system, based on real 

laboratory experimental data. 

 

Because of very fast SV in combination with large moving mass and relatively long hydraulic 

cylinder, the mathematical model was reduced to third order, neglecting SV first stage dynamics. 

Such simplified mathematical model was used as a basis to design the closed loop controller. The 

developed control strategy is based on Lyapunov stability theory of nonlinear systems. We 

proposed a robust nonlinear controller, using integrator backstepping approach. 

 

The validity of the proposed new feedback law has been tested and compared with P-controller in 

various computer simulations. In all cases the nonlinear controller shows best tracking 

performance, with very small position tracking error. Excellent tracking capability of the proposed 

new controller is also recognized by ramp reference input. Furthermore the tracking errors 

converge to zero quickly in contrast to the non-zero tracking error of the P-controller. The new 

controller also shows a certain measure of robustness to small parameter changes. Finally, the 

controller guaranties a prescribed transient performance and final tracking accuracy. Our future 

work will look towards the development of nonlinear adaptive controller which would be able to 

work in the presence of parametric uncertainties and environmental changes. 
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Modern control system for servo hydraulic linear drive 
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Abstract This paper presents an approach to a customised servo hydraulic 

linear drive design, together with a user-friendly control concept, that 

offers a tailor-made control of the whole system - from modelling of the 

cylinders to the programming of the complete system. The emphasis is on 

the modern control system approach. 

 

The system is designed as a testing device for testing of different control 

algorithms, which can be transferred to real life industry applications with 

focus on applications, which require precise dynamic positioning, e.g. 

testing devices. With the upgrading of the system, it is also possible, 

besides the position control, to use the force control concept. 

 

A brief overview of the components used in the system and programming 

of the control system allows  the end user not only to test different control 

algorithms on a real system, but also to record, export and analyse data 

from the performed tests. 
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1 Introduction 

 

Nowadays, electrohydraulic linear servo actuators (linear servo drives, or, briefly servo cylinders), 

are present in almost all ranges of applications that include the automotive industry, robotics, 

mining, material fatigue-testing systems, special purpose machines, metal processing, machining 

plants, motion simulators, oil exploration, aerospace, etc. 

 

Servo cylinders are used wherever there are requirements for: 

 

 Fast and stiff response for resisting loads (motion simulators, rolling mills, machine tool 

drives, etc…), 

 Bigger forces (lifting platforms, digging machines, presses, etc…), 

 Precision and accurate response control (machine tools, testing devices, robotics, 

landing gears, etc…), 

 Manual control of motion involving considerable forces (power steering, aircraft 

controls, heavy machinery), 

 Complex automatically controlled motions (4D-cinema theatres, flight and driving 

simulators, robots, fatigue-testing of materials, etc.). 

 

The performance of hydraulic servo cylinders is relatively high compared to conventional ones. 

They are able to handle big inertia and torque loads with high accuracy and fast response time. 

They are extremely stiff and use special seals with a low friction coefficient. The basic concept 

consists of a power supply, control unit, electronic interface, servo valve, actuator and feedback 

transducer (Figure 1). ([1] to [4]) 

 

 
Figure 23: Schematic of a hydraulic linear servo cylinder drive [2] 

 

2 Customised hydraulic linear servo axis 

 

The elementary function of each hydraulic cylinder, as well as of the servo hydraulic cylinder, is 

to convert hydrostatic energy into mechanical energy, into linear motion. 
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The design of a servo hydraulic cylinder depends on its application. In our case, cylinders are used 

within a purposely-built testing station, which is used for testing of different control algorithms; 

later, they can be used for durability testing of different materials or machinery assemblies as an 

actuator of the multi axis fatigue-testing device. The cylinder is of double-rod cylinder design 

form, with the same effective area on both sides of the piston. This means that the piston rod 

extends and retracts with the same speed and force at constant flow and pressure settings. 

 

The cylinders used are customised, double-ended with low friction sealing. They are robust and 

fatigue rated, with dynamic force of 40 kN and stroke of 110 mm (in this, the presented case). 

Working pressure is rated at 210 bar, testing pressure is rated at 310 bar. 

 

2.1 Structure design and mounting options 

 

On the top and bottom of the cylinder there are connections for manifolds, on which servo valves 

are installed. So, there is the possibility of using two servo valves on the same cylinder. This results 

in increased dynamic of the cylinder. In this configuration, trunnion mounting or back flange 

mounting of the cylinder is used. Another possible configuration is to use one manifold and servo 

valve per cylinder at closing the other ports. Because of the design of the testing bench, we used 

the second option, as it gave us the possibility to mount the cylinder on a flat surface via the custom 

built mounting plate (Figure 2, right). 

 

 
Figure 24: Configuration with two (left) and one (right) servo valves 

 

The cylinder is double acting with a rod extending on both sides of the cylinder. A cross- section 

schematic of the cylinder is shown in Figure 3. The position measurement sensor 2* (see Figure 

3) is secured in the sensor housing 3* inside the cover-end base 1*. The piston area amounts to 

1241 mm2 and a heavy front flange 9* is mounted to prevent misalignment, sagging or bending of 

the piston under load. The piston rod 7* is hollow and hard-chromed. It is housed in cylinder 8* 

made of high grade alloy steel material (42CrMo4). On the cylinder is an attached manifold block 

10*. The tapped hole inside the manifold block allows the hydraulic oil to flow between the 

cylinder and servo valve. 
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Figure 25: Cross-section of servo cylinder 

 

3 Static analysis of servo cylinder 

 

The hydraulic cylinder and piston rod are modelled with a computer aided static and modal 

analysis tool, performed by using finite element methods. Analyses were made using Solidworks 

software. With static analysis of these elements, we can obtain information about static stresses 

and deformation of the cylinder under pressure with respect to boundary conditions. So, it can be 

determined if components would withstand maximal stress during operation. [5] 

 

3.1 Stress test of the cylinder 

 

A stress test was carried out with load equivalent to 30 MPa (300 bar). Results are shown in Figure 

4. It results in a safety factor of 1.00746. A safety factor of 1.0 at a location indicates that the 

material at that location has just started to fail. This determines maximal pressure allowed in the 

system. Selecting a smaller value of pressure increases the life cycle of the hydraulic cylinder. [5] 

 

 

Figure 4: Stress test of the cylinder filled with 30 MPa of pressure [5] 

 

3.2 Stretss test of the piston rod 

 

The piston rod is made from the same material as the cylinder itself. Pressure applied on the piston 

rod affects more the back lateral face, where grooves with two different radius chamfers are 
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designed (Figure 5). Assuming that the fluid flow in the cylinder is laminar, this design with two 

different chamfers enables larger pressure distribution, which results in rapid movement of the 

actuator. [5] 

 

 
Figure 5: Static nodal stress of the piston rod with applied pressure of 30 MPa [5] 

 

4 Control components of the linear drive 

 

The most important component within a servo hydraulic drive is the servo valve. There are two 

Moog G-761 valves in this application set [6]. These are 2-stage valves with spool and bushing 

and dry torque motor. Maximum operating pressure is 315 bar and maximum flow through the 

valves is rated at 63 L/min. To improve the dynamic of the system, four bladder accumulators with 

nominal volume 0,75 litres are mounted on the hydraulic cylinders (two on each cylinder). For the 

setting of operating pressure and for the pressure relief of the hydraulic system, a proportional 

pressure relief valve is used DBEM (Bosch-Rexroth). For the supply, an axial piston pump Parker 

PAV32 is used with variable displacement. The hydraulic circuit of the whole system is shown in 

Figure 6. 

 

 
Figure 6: Hydraulic circuit of the system 
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For the control and monitoring of the entire system, as well for the control of the two servo axis, 

an open high-performance quad-core CPU controller Beckhoff CX5140-0125 is used, with 

embedded OS PC. The command signal for servo valves is converted with servo amplifier-control 

cards. The feedback loop is realised through MTS sensors in the cylinders. An embedded PC also 

controls the pump and its settings, and the DBEM valve. Additionally, two pressure sensors can 

measure pressure at different measuring ports (Figure 6). 

 

5 System control 

 

The system is designed as a testing bench for different testing algorithms. Figure 7 shows the 

possibilities of positioning the cylinders on the testing table. 

 

 
Figure 7: Plausible cylinders` arrangement 

 

On left side of Figure 7, the cylinders are positioned parallel to one another. This position is used 

for study of problematic parallel movement. In the middle of the figure, the cylinders are 

positioned opposite one another. This configuration enables connection of the cylinders with load 

cell, and testing of force control algorithms and/or contra-load profile. On the right of Figure 7, 

the cylinders enable generation of bending load on the testing element. Different cylinder layouts 

are also possible, in view of the requirements of testing the object. 

 

As already mentioned, system control runs on a Beckhoff embedded PC. The programme is 

divided into two separate programmes that communicate with each other. The first programme is 

a PLC programme, programmed in TwinCAT3, and controls all modules connected to the 

embedded PC. This programme processes all input, and sends all output signals. It also contains 

all regulators, and all calculations are done here. 

 

Other programme is used for user interface and analysis of recorded data. It is programmed in a 

Visual studio in C# language. The benefit of this approach is that, in C#, there are more 

possibilities for signal processing than in the visualization package included in TwinCAT3. 

Command values typed in the visualization programme are sent to the PLC programme, values 

from different sensors and variables on the PLC programme are read by the visualization 

programme, and their value is represented accordingly. 

 

5.1 PLC programme 

 

The PLC programme receives process input signals and generates output signals. There are 

different programming languages supported in TwinCat 3. For this programme, a combination of 

Ladder Logic Diagram (LD) and Structured Text (ST) are used. The programme is divided into 
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several subprogrammes. They are controlled by a programme called Main. Figure 8 shows a list 

of all programmes and code of the programme Main. 

 

 
Figure 8: List of all programmes and code of the programme Main 

 

Programmes enable testing the response of the system to step signal, sinus signal, ramp signal, S-

profile signal, and it is also possible to drive cylinders manually. Controllers and signal generators 

are available in TwinCat3 and they are included in the programmes. It is possible to change 

controller parameters with a user interface. 

 

5.2 User interface 

 

By using the user interface, which can be adapted to the requirements of an individual user, the 

user can control the whole system and system’s parameters. The programme is divided to a series 

of subprogrammes, used to set parameters and test different control algorithms. The layout of the 

user interface window for the pump control is shown in Figure 9. It is possible to set different 

system pressure levels and pump flow via a simple entering of appropriate numerical values for 

the pressure or flow rate. For reference, there are two graphs. The first graph shows the relation 

between command signal and set-pressure, and the second graph shows flow in relation to set time 

of the swashplate. 

 

 
Figure 9: Setting the operating parameters 
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Data analysis can be performed with the help of a visualization programme and with the use of 

cursors, which are used to read data on graphs accurately. Another option is that the user exports 

the recorded graph to Excel. Besides the reference graph plots, the actual position can be shown 

simultaneously and, in the case of S-profile-control, the speed and acceleration signals as well. 

Values from pressure sensors are plotted on a different graph. The programme also displays 

maximal, minimal and current pressure values of the system automatically. The layout of the user-

interface window for S-profile control is shown in Figure 10. 

 

 
Figure 10: S-profile-control 

 

6 Control example 

 

Figure 11 shows, as an example, step responses of the system before and after the parameter 

optimization in the case of a classical PID-controller. At this point, we must mention that the 

parameters of the controller are dependent on the system set up. This means e.g., that if the 

controller is set for flow in the amount of 15 L/min and 140 bar, it won’t work optimally when 

flow and pressure of the system are changed. 

 

 
Figure 26: System step response with 25 % overshoot (left), and with fine-tuned controller 

parameter (right) 
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In the shown case, the stroke of the rod amounts to 10 mm (change in position from 10 to 20 mm). 

On the left side of Figure 11 is shown the step response with 25 % overshoot and long settling 

time. In this case, the integral and differential parameters of the PID-controller were set to 0. On 

the right side of Figure 11, the integral and differential values were set in such a manner, that the 

desired position was achieved without overshoot. 

 

7 Conclusion 

 

The main purpose of the project was to design a servo multifunctional hydraulic linear drive system 

that is suitable for developing and testing of different control algorithms, and for durability tests 

of different materials, various forms of simple products and complete machinery sets. In order to 

meet these requirements, the servo cylinders are designed in such a way that they allow the 

fulfillment of different requirements, both in terms of assembly, and in terms of system dynamics. 

 

From the point of view of the control of a single cylinder, both position control and force control 

are enabled. In this regard, it is possible to use, and test, various control concepts, from the classical 

one, to the modern, adaptive non-linear concepts. When designing the individual control concept, 

and monitoring concept for individual components and the entire system as well, setting of 

operating parameters, control and visualization of individual quantities, and data archiving ..., such 

an interface design was taken into account, allowing user-friendly input of data and adapting the 

appearance of the interface to their needs and desires. 

 

In order to meet all these requirements and options, only "open" control systems for the control 

electronics and the entire control, monitoring and data management system, together with the 

appropriate, compatible software, must be used as in the presented case. 
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Abstract The paper presents the impact of a hydraulic network on the 

operation of hydraulic actuators and an entire hydraulic system. We were 

particularly interested in the influence of hydraulic accumulators at various 

pre-charge pressures and the influence of a hydraulic pipeline of different 

dimensions. The tests were performed using an open-loop controlled 

servo-valve with sinus signal at various frequencies and amplitudes. One 

of the aims of the research was to verify experimentally the 

recommendations on pre-charge pressures of hydraulic accumulators 

given by manufacturers that are often only defined roughly. 
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1 Introduction 

 

Choosing the proper hydraulic accumulator size and its pre-charge pressure are essential for the 

optimal operation and dynamic response of a hydraulic system, especially when operating linear 

hydraulic servo axes. The hydraulic accumulators can store compressed hydraulic fluid (energy) 

and discharge it when the pressure drops. Since servovalves and cylinders operate at high speeds 

and frequencies, they can require a considerable volume (flow) of hydraulic fluid instantly. These 

accumulators are often placed closed to the servovales to help overcome restrictions and drag from 

a long pipeline [1]. 

 

The presented research was focused on gas-charged diaphragm accumulators that are placed near 

servovalves to increase the response time of the servocylinders.  

 

2 Hydraulic system setup 

 

The hydraulic system operating a servoaxis is powered by a Parker PAV 32 axial piston pump 

driven by an 18,5 kW asynchronous motor capable of delivering around 45 L/min at maximum 

pressure of 315 bar. An electrically controlled pilot operated proportional pressure relief valve 

(Bosch Rexroth DBEM 10) is placed near the pump to control the fluid pressure in the pressure 

line. Figure 1 shows the actual hydraulic system used in the research, whereas Figure 2 presents 

the corresponding hydraulic plan of the system. Only one servoaxis was used in the research, while 

the other was disconnected from the hydraulic system. 

 

   
Figure 1: Hydraulic power unit (left) and servoaxes (right) 
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ID Component Manufacturer Model Qty. 

1 Hydraulic pump Parker PAV 32 1 

2 Pressure relief valve Kladivar  VV-6-A 1 

3 Proportional pressure relief valve  Rexroth DBEM 10/51 1 

4 Pressure transducer  Hawe DT 2-4 (0-400 bar) 1 

5 Pressure transducer  Hawe DT 2-4 (0-400 bar) 1 

6 Hydraulic accumulator Hydac Diaphragm 0,75 L 4 

7 Servo valve Moog  G-761 2 

 

Figure 2: Hydraulic plan [2] 

 

2.2 Linear servo axis 

 

The linear hydraulic servo system under investigation includes a 74,5 / 63 x 100 mm cylinder 

driven by a Moog G-761 servovalve, which is a two-stage servovalve with torque motor used in 

the pilot stage. The valve is equipped with two 0,75 L diaphragm type hydraulic accumulators: 

One on the P and one at the T line. During the test, the pre-charge pressure of the T accumulator 

was not under investigation, and was set to a constant pressure of 3 bar. 

 

Experimental measurements, which were taken at 1 kHz, were made at various working points, 

altering: 

 

 Working pressure – 70, 140 and 210 bar, 

 Amplitudes of sinus signal fed to the servovalve – 25, 50 and 75 %, 

 Frequency of sinus signal fed to the servovalve – from 0,5 to 20 Hz, 

 Accumulator gas pre-charge pressure – from 40 to 110 % of working pressure. 
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There were 6 pressure transducers placed in the system (not all are shown in Figure 2): 

 

 Right after the pump, 

 At the P, T, A and B lines of the servovalve (Figure 3 left), 

 Just before the return filter at the tank. 

 

Although this paper only focuses on pressure oscillation in the P line near the servovalve, the other 

measurements can be used to investigate the pressure and flow conditions in the observed 

hydraulic network further. 

 

 
Figure 3: Servocylinder with servovalves and accumulators on P and T (left) 

Gas-charge diaphragm type hydraulic accumulator [3] 

 

3 Results 

 

The results of measured pressure oscillation (at the P line near the servovalve) at different working 

conditions are shown in the following Figures 4 to 7. The results are presented as the RMS value 

of the pressure oscillation: Average working pressure was subtracted from the measured signal, 

then the RMS was calculated. 

 

 
Figure 4: Pressure oscillation at 140 bar, 50 % amplitude of sinus signal to valve 
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Figure 5: Pressure oscillation at 210 bar, 75 % amplitude of sinus signal to valve 

 

The first phenomena we can notice from the figures are that the pressure oscillation is most severe 

at frequency of 3 Hz due to the natural frequency of the hydraulic cylinder, especially in the region 

of the overcharged accumulator, which corresponds to the hydraulic network without an 

accumulator. 

 

Figures 4 and 6 show two working points where the minimum pressure pulsation was recorded at 

90 % of accumulator pre-charge, whereas Figures 5 and 7 show two working points were the 

minimum pressure pulsation was recorded at 80 % of accumulator pre-charge. In the latter two 

cases, the pressure pulsation at 90 % precharge is much greater than in the first two cases at 80 % 

pre-charge. Thus, if we would like to pre-charge an accumulator to cover various working points 

of the linear servo axis, we recommend pre-charging it to 80 % of working pressure. 

 

 
Figure 6: Pressure oscillation at 140 bar, 25 % amplitude of sinus signal to valve, 

double pipeline length 
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Figure 7: Pressure oscillation at 70 bar, 50 % amplitude of sinus signal to valve, 

double pipeline length 

 

Comparing the measurements at nominal pipeline length (cca. 5 m) and extended pipeline length 

at P and T to double their length (cca. 10 m), we can also conclude that such extension has no 

significant influence on the pressure oscillation at line P. 

 

4 Conclusion 

 

The experiments conducted in the scope of this research allowed us to find optimal pre-charge 

pressures for the hydraulic accumulators used on the servo axes to improve dynamic behaviour of 

the hydraulic cylinders. 

 

The paper presents only the first findings in the scope of this extensive research, where pressure 

oscillations were recorded at six different points in the servo hydraulic network. In the future, we 

are planning to conduct more complex data analysis and compare it to the corresponding 

simulation model. 
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Abstract Since 2002, introducing ISO 15380 specifying minimum 

requirements for readily biodegradable hydraulic fluids classified HETG, 

HEPG, HEES or HEPR, a few important specifications were launched 

recently. 

 

We would like to shortly highlight the following selection of important and 

latest regulations and standards for environmentally considerate hydraulic 

fluids: ASTM D8029-16; Standard Specification for Biodegradable, Low 

Aquatic Toxicity Hydraulic Fluids. 

 

Bosch Rexroth RE 90235; Rating of hydraulic fluids for Rexroth hydraulic 

components (pumps and motors). PANOLIN HLP SYNTH 32 is the first 

and still only readily biodegradable hydraulic fluid successfully passed 

Bosch Rexroth RE 90235 and being published on the Bosch Rexroth Fluid 

Rating List RDE 90245. 

 

EPA Vessel General Permit 2013 (VGP); EPA test requirements state, all 

vessels must use an EAL in all oil to sea interfaces. “Environmentally 

Acceptable Lubricants” means lubricants that are biodegradable and 

minimally-toxic and are not bioaccumulative. 
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1 Introduction 

 

Since 2002, introducing ISO 15380 specifying minimum requirements for readily biodegradable 

hydraulic fluids classified HETG, HEPG, HEES or HEPR, a few important specifications were 

launched recently. 

 

Minimum requirements as well as ratings help equipment manufacturers and endusers to easily 

select the correct hydraulic fluid for the specific application. Within readily biodegradable 

hydraulic fluids not only technical parameters and performance are important. Also the eco-tox 

profile has to be respected. 

 

Especially within the eco-tox profile of a readily biodegradable hydraulic fluid it is important to 

specify the relevant test methods to avoid misinterpretation respectively force all fluid 

manufacturers to apply to the relevant minimum requirements. 

 

2 ASTM D8029-16 

 

2.1 Standard Specification for Biodegradable, Low Aquatic Toxicity Hydraulic Fluids 

 

This specification covers performance requirements for biodegradable hydraulic fluids with low 

aquatic toxicity used in industrial/mobile hydraulic applications. There are some cases where 

biodegradable fluids have been found to perform differently than traditional mineral oils, which 

makes separate performance requirements desirable. 

 

Also included in this specification are requirements for environmental behavior and physical 

properties as well as compatibility of mixtures of hydraulic fluids. [1] 

 

2.2 Technical Parameters 

 

ASTM D8029-16 was approved January 01, 2016 and published in February 2016. Under the 

direct responsibility of subcommittee D02.N0, involving different parties from the lubricants and 

additive industry, the latest standard for readily biodegradable hydraulic fluids was successfully 

developed. 

 

The following parameters within ASTM D8029-16 are remarkable or even unique: 

 

- This specification assumes that all biodegradable hydraulic fluids shall have a minimum 

impact on human health, which is documented in the safety data sheet of offering a labeling-

free product in accordance with globally harmonized system (GHS) regulation. 

- ISO VG 15 is included (important within steel-water works or hydro power installations). 

- ASTM D665B is subject to report. 

- ASTM D2070 Standard Test Method for Thermal Stability of Hydraulic Oils. 

 

2.3 Eco-Tox Profile 

 

The eco-tox profile of an environmental considerate hydraulic fluid is defined within table on 

Figure 1. It is remarkable that the ultimate biodegradability according to OECD 301 B, 

respectively comparable methods like ASTM D5864 or ISO 9439, is requested within an 

international standard again. Both major standardization bodies, ASTM and ISO, refer to the 
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ultimate biodegradability which leads to the conclusion that all other method (e.g. primary 

biodegradation etc.) are no longer a topic to be discussed and argued at the moment. 

 

 
Figure 1: Environmental Behaviour Requirements; excerpt from ASTM D8029-16 

 

2.4 Conclusion regarding ASTM D 8029-16 

 

ASTM D 8029-16 represents the latest independent standard for biodegradable hydraulic fluids 

and incorporates a complete eco-tox profile including bioaccumulation as well as a certain 

technical performance. Thermal stability evaluated by ASTM D2070 will lead to a discrimination 

of performance. Oxidation stability testing by ASTM D943 (modified; no water) remains integral 

part; unfortunately only very long test duration would lead to any discrimination. The setup of a 

suitable oxidation test for EALs (based on esters) would be desirable. 

 

3 Bosch Rexroth RE 90235 

 

3.1 Rating of hydraulic fluids for Rexroth hydraulic components 

 

Rexroth fluid test RFT-APU-CL (Rexroth Fluid Test Axial Piston Unit Closed Loop). Fluid test 

for closed loop applications using a combination of units consisting of a hydraulic pump 

A4VG045EP and a hydraulic motor A6VM060EP. 

 

The safe and reliable operation of industrial and mobile equipment is only possible if the hydraulic 

fluid used is selected with respect to the application. The main tasks of the hydraulic fluid are e.g. 

transmission of power, lubricate the components, reduction of friction, corrosion prevention and 

heat dissipation. Unfortunately the common element “hydraulic fluid” is often disregarded during 

conceptual design. Increased requirements on machines and equipment constantly raise the quality 

requirements on the hydraulic fluid. For choosing a suitable hydraulic fluid, adequate knowledge 

and experience are needed. Therefore Bosch Rexroth offers the rating of hydraulic fluids for 

Rexroth hydraulic components as a service. [2] 

 

3.2 Technical Parameters 

 

Bosch Rexroth does define the technical parameters and minimum requirements for 

“environmentally acceptable hydraulic fluids” as follows; ISO 15380 and additional Bosch 

Rexroth requirements including pump test RFT-APU-CL. 

 

The following technical parameters are remarkable or outstanding within this specification: 
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- elastomer compatibility 72 NBR 902 after 1008 hours at 100 °C, 

- elastomer compatibility 75 FKM 595 after 1008 hours at 130 °C, 

- ASTM D2070 Standard Test Method for Thermal Stability of Hydraulic Oils, 

- pump test RFT-APU-CL. 

 

3.3 Pump Text RFT-APU-CL 

 

Fluid test for closed loop applications using a combination of units consisting of a hydraulic pump 

A4VG045EP and a hydraulic motor A6VM060EP. This fluid test represents the requirements on 

a hydrostatic transmission. [2] 

 

The RFT-APU-CL is splitted into three test cycles; break-in test followed by a swivel cycle test 

and a final corner power test. The operating data age given in Figure 2. 

 

 

 
Figure 2: Operating data; excerpt from RE 90235; RFT-APU-CL 

 

These demanding test conditions in combination with the before mentioned technical parameters 

lead to an OEM specification representing the latest state-of-the-art and most complete fluid rating 

at the moment. 

 

PANOLIN HLP SYNTH 32 is the first and until today only readily biodegradable hydraulic fluid 

fulfilling all criteria according to Bosch Rexroth RE 90235 and therefore it is listed within Bosch 

Rexroth Fluid Rating List RDE 90245 [3]. 
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Figure 3: Test bench RFT-APU-CL and awarding dot for PANOLIN HLP SYNTH 32 

 

To demonstrate the outstanding performance of PANOLIN HLP SYNTH 32 and the demanding 

parameters by Bosch Rexroth RFT-APU-CL please find below a selection of the components at 

initial stage, after the test passed with PANOLIN HLP SYNTH 32 and examples of failed parts. 

 

 
Figure 4: Components out of RFT-APU-CL; pictures by Bosch Rexroth AG 
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3.4 Eco-Tox Profile 

 

Within RE 90235 the minimum requirements towards eco-tox profile refer to ISO 15380. 

 

 
Figure 5: Environmental behaviour requirements for categories HETG, HEPG, HEES and 

HEPR; excerpt from ISO 15380 

 

3.5 Conclusion regarding RE 90235 

 

Bosch Rexroth RE 90235 represents one of the most demanding and complete minimum 

requirements for environmental considerate hydraulic fluids. A positive aspect is the inclusion of 

“real life” elastomers instead of Standard Reference Elastomers (SREs). 

 

4 EPA Vessel General Permit 2013 

 

4.1 Scope 

 

This permit became effective on December 19, 2013 and will renewed in 2018. VGP is an 

extension of the US EPA clean water act and a detailed review of; 

 

- environmental protection procedures, 

- vessel inspection schedules, 

- manning levels, 

- crew training and qualification, 

- recording and documentation. 

 

EPA Vessel General Permit 2013 represents a collection of mandatory management practices 

under which vessels are authorized to discharge and is a permit, authorizing effluent discharges 

incidental to normal vessel operation. It applies to all commercial vessels (> 24 meters in length 

and > 8 m3 ballast capacities) in US waters (3 nm of US Coast; can be up to 12 nm). The VGP 

deals with 27 waste streams for discharges, such as fuel bunkering, ballast water, bilge water and 

many more as well as oil-to-sea interfaces where the use of environmental acceptable lubricants is 

a must. [4] 

 

4.2 Key Strands 

 

The EPA Vessel General Permit 2013 adopts best management practice for; 

 

- self inspection, 

- rectification, 
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- documentation, 

- self reporting. 

 

Failure to report, record or rectify causes of pollution can incur heavy penalties including fines, 

black-listing and imprisonment. 

 

4.3 Oil-to-sea interfaces / Technical Parameters 

 

There are no technical parameters specified but the use of environmental acceptable lubricants is 

a must at all oil-to-sea interfaces. The technical parameters are defined by the component 

manufacturers of stern tubes, propulsions, hydraulic systems and all other installations used on a 

vessel. 

 

 
Figure 6: PANOLIN ECLs application guide 

 

4.4 Exo-Tox Profile for Lubricants 

 

“Environmentally Acceptable Lubricants” means lubricants that are “biodegradable” and 

“minimally-toxic,” and are “not bioaccumulative” as defined in this permit. For purposes of the 

VGP, products meeting the permit’s definitions of being an “Environmentally Acceptable 

Lubricant” include those labelled by the following labelling programs: Blue Angel, European 

Ecolabel, Nordic Swan, the Swedish Standards SS 155434 and 155470, Convention for the 

Protection of the Marine Environment of the North-East Atlantic (OSPAR) requirements, and 

EPA’s Design for the Environment (DfE). 
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Figure 7: Compliance with EPA Vessel General Permit 2013 

 

5 Summary 

 

5.1 Minimum requirements and specifications … where does it lead to 

 

The use and purpose of minimum requirements, specifications and ratings by authorities, 

standardization commitees, OEMs and equipment manufacturers are important and simplify the 

process to do the right choice. They will lead to a differentiation of performance and eco-tox profile 

for readily biodegradable hydraulic fluids on the market and demonstrate the need and increasing 

demand for sustainable and environmentally considerate lubricants. 

 

Nevertheless, we want to point out that all these new requirements and fluid tests are expensive 

and sometimes limit the reconcilability of different requirements on one fluid. It is important to 

carefully select the need and necessity of further standardization procedures and to involve all 

parties to create relevant criteria which lead to successful and recognizable market 

implementation. 
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1 Introduction 

 

Application of food-grade lubricants in food processing industry demands special types of base 

oils and additives, which must meet stringent requirements, set by the NSF (National Sanitation 

Foundation) Class H1 standard. The H1 specification refers to the food-grade lubricants used in 

food, feed and pharmaceutical processing industry, and packaging equipment environments where  

exist the possibility of incidental food and drug contact [1]. NSF was established in the 1940’s as 

the national foundation for standardization, setting special requirements for lubricants used in food 

industry on American market. 

 

In addition to the discussed criteria, food-grade lubricants meet other international standards in 

food-processing industry, such as: 

 

 Halal, 

 Kosher, 

 ISO 22000 – food-safety standards, and 

 GMP - manufacturers of drugs, blood and medical devices. 

 

Depending on the mode of application (liquid, semi-liquid, solid or aerosol), food-grade lubricants 

must often meet stringent requirements of machine exploitation, while remaining safe in contact 

with processed food [2]. 

 

Hydraulic and gear H1 oils can be used in the lubrication of all types of compressor applications 

including some types of refrigeration compressors, vacuum pumps, air lines, chains, bearings, 

generaly speaking in all lubrication and heat transfer applications where there is a chance of 

incidental contact with food, food stuffs, drinking water, potable water, or ground water may occur. 

 

Typically, these applications can be found in the following industries: Meat and Poultry Processing 

Plants, Egg Processing Plants, Fish and Seafood Processing Plants, Breweries and Wineries, Soft 

Drink and Bottling Plants, Vegetable and Fruit Processors, Cheese and Cheese Product Producers, 

Bakeries, Snack Food Manufacturers, Pasta Manufacturers, Pet Food and Animal Feed Producers, 

Oil Mills and Seed Cake Processors, Pharmaceutical and Drug Manufacturers, Cosmetic 

Manufacturers, Food and Beverage Container Manufacturers, Paper and Paperboard 

Manufacturers, Water Well Drillers, Drinking and Potable Water Treatment Plants. 

 

This paper reviews two examples: gear reducer oil usage in a lubrication system of a cigarette-

making machine, and a hydraulic oil used for Blow/Fill/Seal hydraulic machine systems. 

 

2 Physical-chemical characteristics of hydraulic and gear oil in for use in the food 

industry 

 

Just as with other types of standard industrial lubricating oils, all other physical/chemical 

properties food-grade lubricants must match the quality of conventional mineral oils. 

 

The base oils which are contained in food-grade hydraulic and gear reducer oils are manufactured 

according to H1 and are predominantly of ester type [3]. The majority of synthetic esters (among 

various types) are quickly biologically degradable, almost matching vegetable oils in that respect, 

as proven by numerous experiments [2, 3, 4]. However, the advantage of synthetic esters lies in 

their better oil oxidation stability and pour point at low temperatures. Another advantage is their 

ability to mix with mineral oils. 
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Synthetic ester based oils are used for manufacture of various types of products, including: 

hydraulic oils, oils for two-stroke gasoline engines, oil mixtures for Diesel engines used in 

ecologically sensitive environments (forestry, river and lake shipping, etc.), gear reducer oils and 

all other industrial oils which must meet ecological and food-safety requirements [5, 6]. 

 

Generally, the synthetic ester based oils perform exquisitely in comparison with their mineral base 

counterparts, regarding: 

 

 thermal stability, 

 oxidation stability, 

 low volatility – this results in less make-up requirements due to evaporation loss, 

 replacement intervals (longer, compared to mineral oils) 

 viscosity index (VI) – temperature properties, 

 flow properties at low temperatures, 

 operating temperature limitations, 

 resistance to radiation, 

 resistance to flame. 

 

As regards chemical characteristics, hydraulic and gear reducer oils used in food processing 

industry must meet following requirements: 

 

- Good corrosion properties - according to ASTM D-130 copper corrosion test, allowed limits 

are 1a to 1b [7]; 

- Lower values of total acidity number –TAN, approximately 1 (0.9 – 1.1), as opposed to 

conventional hydraulic and gear reducer oils which feature 2 and 3 mgKOH/g and higher. 

Tests are performed according to ASTM D-974 standard [8]; 

- Resistance to demulsification of food-grade hydraulic and gear reducer oils should also meet 

high standards. According to ASTM D 1401 10-minute test, mixture of 40ml oil and 40 ml 

water in a test tube must not result in a visible emulsion. The result is expressed as 40/40/0 

(oil/water/emulsion) [9]; 

- Foaming of hydraulic and gear reducer oils should also be minimized to meet stringent 

requirements. During first stage of test, oil sample is tested at 24°C for 10 minutes, followed 

by the second 10-minute stage at 94°C, and the third 10 minute stage at 24°C. This 

experiment simulates real operating conditions of oil at various temperatures and loads, 

allowing the foaming to be monitored. The test result should equal zero. One of the most 

widely accepted specifications for such testing is ASTM D-892 [10]; 

- Corrosion protection test also shows that this types of oils must meet stringent exploitation 

requirements. According to ASTM D-665 A&B specification, the result of test should be - 

pass [11]; 

- Lubricating characteristics of food-grade hydraulic and gear reducer oils are tested according 

to various specifications, of which the most widely used are: 

 

- Four Ball test – a test with four balls where the oil sample is tested for a period of 

one hour at 75°C, under the 40 kg load and 1200 rpm. The result is a wear trace on 

the test ball which must not exceed 0.4 mm (ASTM D – 4172) [12]; 

- Shell Four Ball EP test (ASTM D-2783) -  gear reducer oils [13]; 

- Timken OK wear test (ASTM D-2782) [14]; 

- Vickers Pump Wear test (ASTM D-2882) - hydraulic oils [15]; 
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- FZG test (DIN 14635-1 or ASTM D-5182), which uses various loads to monitor 

the intensity of wear between a meshed pair of gears. Test result values depend on 

the meshed pair used - class 10 corresponds to light loads, while class 12 

corresponds to heavy loads [16, 17]; 

- Oxidation stability test by a rotating bomb, according to ASTM D-2272, tested oil 

should be stable after a 250-minute test interval [18]. 

 

The discussed physical/chemical properties are common to all types of hydraulic and gear reducer 

oils, from conventional to the specific ones. However, they differ with respect to boundary values, 

which are more stringent for food-grade lubricant oils. 

 

3 H1 gear reducer oil for lubrication of cigarette filter making machine in tobacco 

industry 

 

Machines used for processing and packaging in tobacco industry are specific both design and 

application-wise. The problem of lubricating components and assemblies in these machines lies in 

the fact that the lubricant must possess qualities, which allow it to be exposed to tobacco without 

compromising its safety. 

 

The cigarette filter-making machine is specific in terms of operating at very high speeds, which 

range between 8.000 and 20.000 cpm (cigarettes per minute). During operation, a compact 

circulation system for lubrication, with a 40-liter tank and lubrication pump capacity of 5.8 l/min, 

performs the task of lubricating all critical points. Shown in Figure 1 is a photo image of the 

machine, while Figure 2 shows the head, which rotates at high speed and attaches, filters to 

cigarette paper (position 3, Figure 3). 

 

 
Figure 1: Filter Maker machine [19] 
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Figure 2: Rotating wheel, which attaches filters to cigarette papers [19] 

 

Figure 3 illustrates the lubrication circulating system and the cross-sections of all lubrication 

points. 

 

The Filter Maker machine has six lubrication points, which are vital to machine operation:  

 

- Worm/worm wheel pair (Position 1) teeth contact is maintained over a point;  

- Gear reducer with conical gears (Position 2) – teeth contact is maintained across a line; 

- Main axle bearing the rotating head (Position 3); 

- Roller bearing DIN 628 (Position 4) – the ball and cage maintain a point contact; 

- Roller bearing DIN 625 (Position 5)  – the ball and cage maintain a point contact; 

- Gear reducer with conical gears (Position 6) – teeth contact is maintained across a line. 

 

Due to specific contacts, the worm/worm wheel pair is the most critical component (Position 1), 

together with the roller bearings (Positions 4 and 5) which maintain a point contact between 

working elements. In order to reduce wear, gear reducer oil used in the circulation system should, 

in addition to other properties, possess good EP (extreme pressure) and AW (anti wear) 

characteristics, i.e., good lubrication properties which are maintained under high load pressures, 

and friction reduction under high rpm’s. The compact circulation system provides just the adequate 

lubrication with a quick circulation of lubricant fluid, which takes 8 minutes to pass through the 

pump and the entire circulation system. 

 

The manufacturer recommends oil change at every 4000 hours of machine operation. However, 

within the discussed system, this oil retains its lubricating characteristics even after 8000 hours of 

machine operation. Considering its characteristics, this type of gear reducer oil allows very long 

exploitation providing regular maintenance (absence of water and solid particles, and stable 

operating temperature - as provided by the discussed system). 
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Figure 3: Circulation system for lubrication on the Filter Maker machine [19] 

 

4 H1 hydraulic oil for lubrication Blow/Fill/Seal machine in pharmaceutical process 

and package equipment in food/drug industry 

 

Machines that are used for production and packaging of liquid solutions in pharmaceutical industry 

are also specific by construction and by application itself. Specific requirement of Blow/Fill/Seal 

(B/F/S) machines is that they need reliable work of hydraulic servo system during 

production/injection of polymer container, later filling with solution and welding, with usage of 

H1 hydraulic safety oil for pharmaceutical industry applications. B/F/S Packaging Machines are 

distinguished by high performance output during their exploitation. According to construction of 

tool and size or type, machines in process of blow-molding/filling/sealing produce high amount of 

series in numbers presented in a Table 1. 

 

Table 1: Quantities of made solutions by unit of time in accordance with number of cavities and 

container size [20] 

Number of Cavities Container Size (mL) Containers/Hour 

12 500 2550 

14 500 2700 

14 250 3150 

16 100 4000 

20 50 5150 

30 20 7700 

36 20 9250 

40 5 10250 

48 5 12500 

50 2 13100 

60 0.2 ÷3 15700 

 

It can be seen from looking at the table that B/S/F Packaging Machine must achieve 261 cycle per 

hour in order to produce 15700 bottles of solution size range from 0.2 – 3 ml. Only the cycle of 
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injection/filling/welding takes about 13,79 sec, after which 60 finished doses are removed from 

the tool.  

 

The process itself is intense and requires high quality oil for hydraulic system of B/S/F packaging 

machine able to withstand a large number of load cycles, resistant to oxidation and thermal stress. 

Likewise, systems that are using vane pumps, oil needs to have good EP and AW properties, 

because of the high-pressure loads to which operating elements of the pump are exposed. B/S/F 

Packaging machine are shown in Figure 4. 

 

 
Figure 4: B/S/F Packaging Machines 

 

From the Figure 4, it can be seen that progressive multi-zone extruder is driven by a hydraulic 

system. Likewise, locking system of the plastic casting tool is powered by the hydraulic system. 

Due to the need for a product to be packed in an aseptic zone, where because of these conditions 

great attention is paid to the cleanliness of all elements involved in the production (solutions, 

liquids, air), hydraulic system is avoided due to the possibility of contamination during the 

production process. Therefore, these types of machines have three a-septicity zones that guarantee 

that the end product meets strict standards related to products obtained in pharmacology. In 

addition to the above characteristics, hydraulic fluids used in this type of machines must satisfy 

long lifetime of exploitation, which should in range from 8.000 to 10.000 work-hours. Considering 

its characteristics, this type of hydraulic oil allows very long exploitation providing regular 

maintenance (absence of water and solid particles, and stable operating temperature). 
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Naturally, in order to keep its properties within the required limits throughout exploitation period, 

the oil is sampled and tested for physical and chemical characteristics in certified laboratories, on 

a regular basis. 

 

5 Conclusion 

 

From example of usage of gear and hydraulic oils, the following conclusion is posed: in order to 

get high quality ester oils that will be applied in food processing and pharmaceutical industry high-

quality base oil with high-quality additives must be secured. High-quality oil means high-quality 

ester oil that guarantees long-lasting exploitation, while additives must secure improvements of 

certain physical and chemical properties meeting strictly specified standard requirements that are 

used in food processing and pharmaceutical industry. 

 

Usage of ester hydraulic and gear oils are shown on adequate examples, which with adequate 

maintenance secure long lifespan of machines, thus (depending on the maintenance commitment) 

can experience even up to 20.000 lifetime work-hours. It only indicates the following: ester oil in 

the future will be leading oil in food processing and pharmaceutical industry usage. In food 

processing industry, conventional-mineral oils are still in use, thus it needs to be replaced with 

ester oils. Another favourable feature of ester oil is that the price gradually equates with the price 

of mineral oils. Consequently, besides good properties that ester oil poses, the price will also 

influence on suppression of mineral oil usage, primarily in food processing industry. 
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Inspection of Technical Cleanliness 

 
DETLEF MEURER & AMELA MRAK 13 

 

Abstract The technical cleanliness of surfaces which are relevant to 

function has become increasingly important over the last 25 years. The 

background is the growing demands on components, their service life, the 

technical design, the permissible tolerances and the resulting sensitivity to 

solid contamination. 

 

This paper considers the air extraction (air exhaust) and the rinsing 

extraction by means of high volumetric flows to obtain the solid 

contamination present on the functional surface without its analysis. The 

basis for the extraction performance are the standards and regulations: 

TECSA, VDA19-1 (revision 2015) and ISO 16232. 

 

In essence, two types of extraction are distinguished 

 

A) Wet extraction using the following procedures: syringes, ultrasound, 

rinsing and shaking 

B) Dry extraction using the following methods: blow-off and flow-through 
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1 Introduction 

 

In the past years, the requirements for cleanliness of components, assemblies and finished products 

in optics, precision mechanics, electromechanics and, above all, the automotive industry and 

suppliers have increased considerably. Continuous improvement of characteristics and 

miniaturization of assemblies resulted in increased sensitivity of these to impurities with which 

they come into contact in the process of production, assembly, packaging, storage, etc. 

 

Purity of the surface is becoming one of the major sources of production costs, but it can also have 

a significant impact on the quality characteristics and reliability of the product. For this reason, the 

control of the cleanliness of the area has become an important topic for all the winners who want 

to improve product characteristics, reduce feces and increase the productivity and competitiveness 

of the company. 

 

The expectations and requirements of manufacturers and customers in respect of finished 

components and production machinery are growing steadily. The power densities are increasing; 

the tolerances are shrinking. In the pursuit of energy and cost efficiency, as well as environmental 

protection, weights in vehicles and machines are being drastically reduced. In addition, there is a 

switch to lead-free materials, for example, which means more exacting requirements in terms of 

the surface quality. Whereas in the past hard particles merely dented materials containing lead, 

today with modern new materials they cause immediate damage, leading to stoppages. The 

tolerance to solid contamination is constantly shrinking. Parallel to this, the manufacturer has to 

guarantee his customers an ever higher level of availability. So more and more companies are 

monitoring and optimizing the technical cleanliness in production processes. Production stage 

breakdowns are reduced, quality and availability of machines and components are increased and 

rectifications can be significantly reduced. This saves on costs and there are fewer warranty claims 

which in turn boosts customer satisfaction. This further strengthens customer confidence and 

market acceptance. "The term "technical cleanliness" refers to minimizing contamination so that 

particles will not constrain or interfere with the subsequent function of the technical component." 

(Source: Wikipedia). 

 

2 Technical cleanliness - legal basis and testing methods 

 

Damage caused by particles was recognized as being a problem at the beginning of the 1990s 

because of failures in the field. Specialists from different sectors of the automotive industry were 

called together to devise a standard, in collaboration with the Frauenhofer Institute, which would 

deal exclusively with technical cleanliness. This saw the formation of "TecSa"(industrial 

association for technical cleanliness) in 2001. As amember of TecSa, HYDAC played a leading 

role in developing the guidelines for cleanliness testing in the automotive industry. 

 

As part of TecSa, the VDA Volume 19, Part 1, was compiled: "Technical cleanliness - Inspection 

of particle contamination of function-related automotive parts / 1st edition 2004". In 2010, the 

second volume of this study appeared, Volume 19 Part 2: "Technical cleanliness in installation - 

environment, logistics, personnel and installation equipment" which deals with technical 

cleanliness throughout the process chain. As an international standard, ISO 16232 was developed 

in 2007: »Road vehicles - Cleanliness of components of fluid circuits«. It is the international 

equivalent of VDA Volume 19. Both standards are fully compatible. The above standards are the 

guidelines by which technical cleanliness is tested today. 
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2.1 VDA 19-1 (Revision: 2015) 

 

The development of VDA 19 and ISO 16232 lies in the years 2001-2003 and is due to the TECSA 

regulations of an industrial association under the direction of Fraunhofer IPA Stuttgart. In the 

revision, topics were reintroduced, existing explanations were further expanded taking into 

account the developments and knowledge of the past 12 years. 

 

Chapter 11 has been supplemented, which relates to work safety and the environment. These issues 

are relevant because hazardous substances can be used as test and analysis fluids. In this chapter, 

distinctions are made regarding the technical structure of the extraction equipment open systems 

and closed systems (Figure 1). 

 

 
Figure 1: Chapter 11 - Work safety and the environment (source VDA 19-1; 

 Revision: 2015) 

 

Aerosols: The formation of aerosols is present during the test procedures. Therefore, the following 

table has been created (Figure 2). If a test is carried out above 0.7 pressure (above the described 

field), a closed system is indispensable. The value for nozzle cross-section and flow rate used for 
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the start parameters is marked with an X and is within a range in which there is no danger of 

aerosol. 

 

 
Figure 2: Formation of aerosols in relation to the ratio Volume - Nozzle diameter (source VDA 

19-1; Revision: 2015) 

 

2.2 Testing methods 

 

The VDA Volume 19.1 and ISO 18413 provides conditions for the use and documentation of 

methods for determining the contamination of surfaces of components and systems with solid 

contamination. The procedures for preparing the test sample, the methods for separating particles 

from the sample with fluid, measuring particle analysis, evaluating the results and documenting  - 

all of them are described in details (Figure 3). 

 



INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

D. Meurer & A. Mrak: Inspection of Technical Cleanliness 

125 

 

 
Figure 3: Various extraction methods for determining the quantity of residual contamination on 

components according to VDA 19-1 (source: TESCA) 

 

2.2.1 Preparation of samples 

 

Samples are taken randomly, at the production stage for which control is required. It is necessary 

to ensure that no additional contamination of the surface occurs when taking the sample, storing 

and transporting the sample to the measuring point. 

 

2.2.2 Separation of the solid contamination from the sample 

 

Separation of solid particles from the sample is a preparatory step for measurement analysis. It is 

carried out using a liquid in which particles are retained. 

 

In the diversity of the size and shape of the sample, the following methods are distinguished: 

 

- Ultrasonic method (for components of smaller dimensions, castings, components having 

mechanically treated all surfaces); 

- Shaking (for components of smaller dimensions, components with openings); 

- Rinse under pressure (for tubular components); 

- Spraying (for complete or defined surfaces of components or assemblies of all shapes and 

dimensions). It is performed with dedicated test devices. 

 

Different methods can be combined in order to achieve the best possible separation of particles. 
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2.2.3 Metrological analysis of particulate matter 

 

The metrological particle analysis is carried out using gravimetry, light microscopy, electron 

microscopy, automatic particle counters, and direct inspection. The choice of the method depends 

on the size or the size. Characteristics required (g, g/m2, g/component, maximum particle size, 

particle size in a certain size class, particle size, particle composition, etc.). Different methods can 

be combined to achieve perfect insight in quantity, size and type of particles. 

 

Gravimetry as the only method can only be considered in case of need for information on the 

quantity (masses) of particles. Usually, this method is not sufficient because it does not provide 

data on the number, size, and composition of particles. 

 

Light and electron microscopy is used if an analysis of the type and shape of particles and for 

counting a small number of large particles is required. In the case of particle counting, there is a 

great chance of a subjective error of the analyst. 

 

Automatic particle counting is used for analysis. The result is the number of particles in individual 

size categories according to the applicable standards. The error option is negligible. 

 

Direct inspection is the only method in which no particulate matter is excised. We do not separate 

them from the surface of the component. A direct inspection is a visual overview of smaller 

components or surfaces on components in the purpose of determining the type of particles and, in 

particular, the state of the surface. 

 

2.2.4 Evaluation of results 

 

Regardless of the chosen metrology method, the exact measurement protocol must be determined, 

and so called ¨zero value¨ for each type of component. 

 

The effectiveness of the extraction method is essential for the accuracy of the results. 

Unfortunately, there were no precise rules that ensure the success of the exclusionary method and 

the correct results. It is necessary to find an optimal combination of the type of liquid for washing, 

temperature, metrological methods and rinsing time. 

 

When checking the cleanliness of the surface by washing, there is a risk that the liquid also contains 

particles that were not on this surface. If the content of particles of foreign origin (zero value) is 

large, it can distort the results of the measurements. The zero value must be less than 10 % of the 

maximum measured value (Figure 4). 

 

To determine the protocol, we must first select the metrology method and the type of fluid, and 

determine the zero value. After that, we choose different combinations of parameters: the quantity 

and temperature of the liquid, the mode and the duration of the rinsing, and for each combination, 

six rinses of the same surface are carried out on one component. The results are evaluated by decay 

behaviour (Figure 2). If the purity level decreases, it means that an optimal combination of 

parameters has been selected. All the information needs to be documented, and on the basis of 

them write the precise protocol for controlling the purity of the surface on a particular component. 
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Figure 4: Example of a successful decay behaviour (source: TESCA) 

 

2.2.5 Documentation 

 

The documentation covers the complete specification of the cleanliness of the testing sample and 

is closely related to the appropriate control specification. As an independent document, the control 

specification describes the conditions and details of the process used in the cleanliness control. 

The cleanliness control is documented in the form of a control report. This is a transparent 

document summarizing information on the method and parameters of the separation of particulate 

matter from the surface of the component, the methods and parameters of the analysis, the level of 

surface purity and all other data related to the control. 

 

2.2.6 Cleanliness specifications 

 

Companies in the automotive, agricultural and construction machine industry apply and use these 

procedures to determine the technical cleanliness. So-called cleanliness specifications are drawn 

up and forwarded to suppliers so that component requirements can be met and monitored. These 

analyses are carried out predominantly in-house or in independent laboratories established 

specifically to analyse component cleanliness. 

 

Production of components and systems according to cleanliness specifications ensures that the 

supplied quality is consistent. Before drawing up the specification it is important to establish which 

are the most sensitive components in the system. Individual components or system areas should 

be divided into categories according to sensitivity. 

 

A = not very particle-sensitive, e.g. low pressure systems with large gap tolerances 

B = particle-sensitive, e.g. low pressure systems with small gap tolerances 

C = highly particle-sensitive, e.g. high pressure systems with small gap tolerances and 

exacting requirements, safety-related systems. 

 

For each of these cleanliness categories a maximum value for the particle contamination is 

specified. In addition, the fluid cleanliness for the individual system and process fluids is defined. 

 

The following points are generally included in the cleanliness specification for the components: 

 

1. Objective of the cleanliness specification 

2. Scope of application 
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3. Scope of tests and test cycles 

4. Sample taking 

5. Analysis procedure 

6. Evaluation procedure 

7. Accuracy 

8. Test fluid to be used 

9. Documentation 

10. Limits 

         11. Procedure for non-compliance with the specification 

 

3 Air extraction 

 

The use of air extraction has been part of the VDA 19-1 since 2015. The process described methods 

and the device technique refers to the blow-off process. The development of the process is due, 

among other things, to the need to provide a method of wet sampling, which does not damage 

components and thus allow non-destructive material testing. Example: electronic components, 

these are examined for particle loading in order to prevent short circuits on the circuit boards by 

metallic particles. The wet process used so far saturates the boards with moisture and these can 

not be traced back into the production process. 

 

 
Figure 5: Dry extraction using the following methods: blow-off and flow-through 

 (source VDA 19-1) 



INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

D. Meurer & A. Mrak: Inspection of Technical Cleanliness 

129 

 

 

The method is mainly applied to the following component types: 

 

- Destruction-free testing of electronic components 

- Quick test, in which a wet application is not desired 

- For plastic components that swell during sampling and thus give incorrect results 

- Component surfaces which are destroyed by the use of liquid, e.g. composite materials paper 

/ metal. 

 

4 Rinsing extraction volume flow up to 18 L/min 

 

Due to the increasing demands on the extraction parameters due to the expansion to mobile 

hydraulics and trucks, high volume flows are required for the components with large suction 

volumes and passages. The VDA 19 -1 does not describe the required parameters, but describes 

this via the evaluation method of the decay curve. 

 

The method is basically simple in technical terms. The required test volume flow is generated via 

a defined supply of test liquid to the component. This can be supported with pulsation if the critical 

Reynolds number can not be reached. The analytical liquid discharged from the component (the 

name change of test liquid in analytical liquid is due to the loading with particle loads) is collected 

in a sample container and filtered through an evaluation filter. This filter is sent to the later analysis. 

 

One example of high volume flows extraction procedures: 

Cooler tested with HYDAC CTM-3xxx SC+EF Modul (Figure 6). Testfluid in CTM-3xxx SC 

device is crossing through the cooler, been collected and filtered in EF Module and send back to 

SC Modul (Figure 7). Flow rate during testing is 18 L/min with adjustable pulsation, volume SC 

Modul is 60 L and volume EF Modul is 40 liters. Testing is carried out 5 times successively with 

the duration 1min each. 

 

 
Figure 6: HYDAC CTM-3xxx SC+EF Modul  

(source HYDAC International documentation) 
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Figure 7: High volume flows extraction procedure with HYDAC CTM-3xxx SC+EF Modul 

(source HYDAC International documentation) 
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MPC-Test: An introduction and examples of test results 

 
MANJA MODER & URŠKA CAFUTA 14 

 

Abstract In-service lubricating oils are subjected to degradation processes 

as aging, additive depletion or contamination. Oxidation processes are 

probably the major cause for the degradation of lubricating oil. An 

oxidation process is the initiating process which may result in the 

formation of insoluble deposits, called varnish. These are mainly organic 

nature but of higher polarity and molecular weight, which start to 

agglomerate into sticky deposits at oil-wetted surfaces. 

 

Condition monitoring of in-service lubricating oil is important throughout 

the entire life cycle of the lubricating oil. It involves different test methods 

in order to determine the properties of the in-service lubricating oil. One 

of the latest test methods used mainly for turbine and hydraulic oils is 

referred to as Membrane Patch Colorimetry (MPC). 

 

This paper presents the standard MPC-Test and a modified MPC-Test 

applied in Laboratory Petrol. The modifications are listed. Some examples 

of MPC-Test results are demonstrated and discussed, respectively. 
 

Keywords: • lubricating oil • oxidation • varnish • condition monitoring • 

MPC •
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1 Introduction 

 

Condition monitoring of in-service lubricating oil is important throughout the entire life cycle of 

the lubricating oil [1, 2]. Condition monitoring also involves performing different test methods 

(density, viscosity, VI, TAN, TBN, additive and wear elements, water content,…) in order to 

determine the properties of the in-service lubricating oil. One of the latest test methods used mainly 

for turbine and hydraulic oils is referred to as Membrane Patch Colorimetry (MPC) [3, 4]. The 

standard test procedure is prescribed in ASTM D7843 (Standard Test Method for Measurement of 

Lubricant Generated Insoluble Color Bodies in In-Service Turbine Oils using Membrane Patch 

Colorimetry) [3]. 

 

In Laboratory Petrol we perform a modified MPC-Test. The modifications are the following: a) 

we do not apply sample preheating (aging) and b) we do not apply a spectrophotometric 

determination of the color of the membrane patch reported as the CIE LAB ΔE values. From the 

color and intensity of the filter - membrane patch (insoluble deposits on the filter) a direct 

correlation to oil degradation is made using the ASTM Color Standards and calculating the MPC 

value. 

 

2 MPC-Test: ASTM D7843 standard test procedure 

 

The sample is heated to 60°C to 65°C for 23 h to 25 h and then stored at between 15°C to 25°C, 

away from UV light for an incubation period of 68 h to 76 h. (Samples that are analyzed prior to 

this aging period may produce fewer color bodies on the patch which may lower the value of trend 

analysis.) 

 

The sample is vigorously mixed for a minimum of 15 s to resuspend insolubles uniformly. 50 ml 

±1 ml of sample is transferred into a clean flask/beaker and mixed with 50 ml ±1 ml of petroleum 

ether for 30 s. This mixture is filtered (vacuum pressure of 71 ±5 kPa) through a 0,45 µm nitro-

cellulose membrane filter within 1 min to 2 min after initial mixing and rinsed twice with a suitable 

amount (minimum 35 ml) of filtered petroleum ether. Any adhering insolubles are washed from 

the funnel onto the filter - membrane patch. The filter - membrane patch is washed gently, 

particularly the edges. A dry filter - membrane patch is analyzed using a spectrophotometer in the 

range of 400 nm to 700 nm. 

 

The total difference ΔE*ab between two colors each given in terms of L*, a*, b* is calculated as: 

 

ΔE*ab = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2       (1) 

 

where L*, a*, b* are: 

 

L* = 116*(Y/Yn)1/3 – 16 

a* = 500[(X/Xn)1/3 – (Y/Yn)1/3] 

b* = 200[(Y/Yn)1/3 – (Z/Zn)1/3] 

X/Xn ; Y/Yn ; Z/Zn  > 0,01 

 

The CIE LAB ΔE values are reported to one decimal place [3]. 

 

3 Modified MPC-Test (mod. ASTM D7843) 

 

Modifications: a) we do not apply sample preheating (aging) but perform the test on a received 

sample and b) we do not apply a spectrophotometric determination of the colour of the membrane 
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patch as the CIE LAB ΔE values. Note: The UV-VIS spectrometer is not equipped with CIELAB 

measuring indices. 

 

A 0,45 µm nitro-cellulose filter is weighed before filtration to 0,1 mg precise. First the sample is 

visually inspected for any impurities or water content and then vigorously mixed for at least 15 s. 

50 ml ±1 ml of sample is mixed with 50 ml ±1 ml of filtered petroleum ether in a sample beaker 

for 30 s. Within 1 min to 2 min after initial mixing the sample is poured into a filter funnel and 

filtered with a vacuum pressure of 71 ±5 kPa. The sample beaker and stopper are rinsed twice with 

a minimum of 35 ml filtered petroleum ether. The rinse is poured into the filter funnel and 

permitted the filtrate completely. Any adherent insoluble are washed from the filter funnel onto 

the filter - membrane patch. The filter - membrane patch is washed gently, particularly the edges 

and dried in a heating cabinet (T = 50 – 80C). The filter - membrane patch is visually inspected 

for any wear particles or an inhomogeneous appearance and weighed to 0,1 mg precise. The colour 

of the membrane patch is compared with ASTM Color Standards. The test result of the modified 

MPC-test is the ASTM Color Standards rating from which the MPC value is calculated and 

reported to the whole number [3, 6]. 

 

Example: 

 

1) filter - membrane patch with ASTM Color Standards rating = B-2/B-3:  

 

B-2 has: L* = 91,08 / a* = -0,70 / b* = 8,05  

B-3 has: L* = 86,21 / a* = 0,13 / b* = 14,89 

 

For the calculation of the MPC value the average values for L*, a*, b* are used: 

B-2/B-3: L* = 88,645 / a* = -0,285 / b* = 11,47 

 

For the blank filter the values for rating A-1 are used: L* = 98,99 / a* = 0 / b* = -0,01 [6] 

 

ΔE*ab = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 =  

 

= [(88,645-98,99)2 + (-0,285-0)2 + (11,47-(-0,01))2]1/2 = 15 … MPC value 

 

4 Test results and evaluation 

 

In literature, different recommendations for evaluating the warning and alarm limits of the MPC 

value can be found: 

 

 “Values up to 15 are regarded as normal with no risk of varnish deposition. Values beetwen 15 - 

45 represent moderen risk, and results above represents severe risk of varnish deposits, immediate 

action is required to prevent machinery failure” [4]. 

 

“CIE ΔE Varnish Rating: Fresh Oil: <15; Normal Used: 15 – 30; Potential Varnish Formation 30 

– 40; Varnish Formation >40” [5]. 

 

In Laboratory Petrol the following interpretation is applied:  

 

MPC values <10 are considered as appropriate, MPC values between 10 – 40 are considered as 

acceptable, MPC values >40 are considered as inadequate. The warning limit is between 30 – 40. 
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1    2      3       4        5 

 

Figure 1: Examples of different filters - membrane patches with corresponding  

MPC values (from left to right): 1= <10, 2 = 15, 3 = 32, 4 = 47 and 5 = 64 

 

The MPC value for sample 1 is acceptable and the potential risk for varnish deposits is low. The 

in-service lubricating oil (oil charge) is considered as appropriate.  

 

The MPC value for sample 5 is inadequate, not acceptable and the potential risk for varnish 

deposits is severe. The in-service lubricating oil (oil charge) is not appropriate and immediate 

actions are needed. A recommendation for this in-service lubricating oil / oil system would be to 

change the lubricating oil (oil charge). 

 

In order to provide a sound statement on the status (compliance) of the in-service lubricating oil 

(oil charge) a “complete picture” is needed. The test results for other measured test properties have 

to be considered as well. 

 

5 Conclusions 

 

The MPC-test or the modified MPC-test is an important tool for predicting the creation of deposits. 

For end users (laboratory customers) the MPC value is important. Especially for evaluating the 

status (compliance) of an in-service turbine and hydraulic oil sample.  

 

Despite the fact that we do not have an appropriate spectrophotometer, the condition of the filter - 

membrane patch reflects the state of the oil system. The filter - membrane patch often contains 

solid particles, which are usually wear metals. The filter - membrane patch can be further analyzed 

with an XRF technique to determine the type of wear metals or it can be put under a microscope 

to obtain additional information. 
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Abstract The research objective was to evaluate pressure pulsation and 

flow ripple of a hydraulic pump using two different ionic liquids with high 

bulk modulus in comparison to HLP standard mineral hydraulic oil. 

  

The two most adequate ionic liquids for hydraulic application with highest 

bulk modulus were chosen, and a special test rig was built using a bent 

axis 7-piston pump powered by a servo motor.   

 

Measurements of pressure pulsation were done at two different pressures 

of 100 and 200 bar, two different viscosities and several different rotational 

speeds, ranging from 1000 to 4000 rpms in 100 rpm steps. 

 

Results show change of resonance frequencies of the entire hydraulic 

system due to the higher bulk modulus and higher density of the ionic 

liquids. On the other hand, there is no significant change in pump pressure 

pulsation in the non-resonance frequency range below 2500 rpm. 
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1 Introduction 

 

The most common and frequently used hydraulic fluid in the past decades is HLP hydraulic 

mineral oil, which has well-known properties that make it ideal to be used as a hydraulic fluid. 

Some of its properties are not particularly superior, and could be improved by using other new 

types of hydraulic fluid. One of the drawbacks of HLP oil is its high compressibility, which 

influences the performance of the entire hydraulic system. Thus, ionic liquids have been proposed 

as  possible alternatives to be used as a hydraulic fluid with higher bulk modulus [1]. 

 

In this pilot stage of research – using ionic liquids as hydraulic fluids – we first have to evaluate 

the adequacy of pump design for use with ionic liquids that have higher density and bulk modulus 

which affect the operation of the hydraulic pump. 

 

Hydraulic pumps, as all positive displacement pumps, have typical pulsation. The hydraulic pump 

cannot provide absolutely constant flow at constant speed. These small pulsations in the flow speed 

are called flow-ripple. The flow-ripple and also, consequently, pressure pulsation, generated by an 

axial piston pump, are relatively large compared to the rest of the positive-displacement pumps 

[2]. 

 

In the case of an axial piston pump (Figure 1), the piston movement is sinusoidal, where the flow 

rate by each piston is the product of piston area and speed. The pump delivery is the summation 

of the flow rate delivered by all of the pistons in connection with the delivery port [3]. 

 

However, the pressure pulsation is not only related to the pump, but also to the system which the 

pump is feeding [2]. Since this can make simulations and calculations complicated, we have tried 

to build as simple a test rig as possible.  

 

 
Figure 1: Cross-section of A2F5 type pump used in the test 

 

2 Test setup 

 

2.1 Hydraulic fluids 

 

Three different hydraulic fluids were studied and compared in order to evaluate the effects of high 

bulk modulus and higher density of ionic liquids on the pressure pulsation and flow-ripple of 
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hydraulic pumps. The two most adequate ionic liquids with high bulk modulus were chosen (IL1 

and IL2), and tested against HLP ISO VG 32 standard mineral hydraulic oil. The most important 

properties of the tested fluids are presented in Table 1, while detailed information on bulk modulus 

of the fluids is given in Figure 2. 

 

Table 1: Properties of tested hydraulic fluids 

Property HLP VG 32 IL1 IL2 

Density @ 15°C [g/cm3] 0,869 1,266 1,241 

Viscosity @ 40°C [mm2/s] 31,56 15,42 39,44 

Viscosity @ 100°C [mm2/s] 5,41 4,313 7,66 

Viscosity index 106 208 168 

Bulk modulus [Pa · 109] @ 0 bar 1,64 2,85 3,09 

Bulk modulus [Pa · 109] @ 100 bar 1,74 2,91 3,20 

Bulk modulus [Pa · 109] @ 200 bar 1,86 2,97 3,32 

Bulk modulus [Pa · 109] @ 400 bar 2,15 3,08 3,60 

 

 
Figure 2: Bulk modulus of tested liquids 

 

All liquids were tested at two different viscosities, approx. 15,6 and 31,6 cSt, which were achieved 

by performing the test at different temperatures to match the viscosities of the liquids. These two 

viscosities were chosen because they represent the lower and upper temperature limits  the usual 

hydraulic oil applications (40 and 60 °C). Table 2 presents viscosities and temperatures of the 

fluids at which the tests were performed. 

 

Table 2: Viscosities and temperatures of liquids at which the tests were performed  
Temperature [°C] Viscosity [cSt] 

HLP 32 59,0 15,6 

IL1 39,5 15,6 

IL2 69,0 15,6 

HLP 32 40,0 31,6 

IL1 18,3 31,6 

IL2 46,0 31,7 
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2.2 Hydraulic test rig 

 

The test rig was designed and constructed as simply as possible to allow comparison between the 

test and the simulation model, which will be developed in the future. Each additional component 

in the system would only introduce more and more unknown variables into the simulation model. 

The pressure pulsation and flow-ripple were studied on a Rexroth A2F5/60W-C3 pump, which is 

a 4,93 cc bent axis 7-piston pump that can also be used as a motor. The pump was driven by a 

servomotor with closed-loop speed control at different rotational speeds. 

 

The test rig setup is presented in Figure 3. The pump was placed into a simple hydraulic circuit 

with 4 pressure sensors and a variable orifice at the end. A pressure relief valve, set to 300 bar, 

was placed at the end of the line for safety reasons. The lengths of pipelines (Φ 12 mm x 2 mm) 

between each component are also presented in Figure 3. A smaller hydraulic tank was used, filled 

with approx. 15 L of tested liquid and equipped with a temperature probe to measure the 

temperature of the liquid near the suction line. 

 

  
Figure 3: Test rig setup 

 

2.3 Measurement system setup 

 

Four precision GE PDCR 4060 pressure sensors were installed into the pipeline, as presented in 

Figure 3, and were coupled to an NI 9237 data acquisition unit (±25 mV/V, Bridge Analog Input, 

50 kS/s/ch, 4 Ch Module) driven by National Instruments cRIO-9024 Real-Time FPGA Controller. 

The measurement system allowed us to take pressure readings at 4 different locations in the 

pipeline at a 50kHz sample rate. To compensate the temperature drift of the pressure sensors, the 

sensors were calibrated after each measurement series at a given temperature. 

 

3 Results 

 

Measurements of pump pulsation were made at two different pressures of 100 and 200 bar, two 

different viscosities of 15,6 and 31,6 cSt, and several different rotational speeds ranging from 1000 

to 4000 rpms in 100 rpm steps. 

 

There were some additional limitations while performing measurements: 

 

 If the resonance of the system was to excessive, the measurements were not taken in 

high-resonance rotational speeds, 
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 Measurements with IL1 at high viscosity of 31,6 cSt at T = 18,3 °C were only taken at 

500 rpm steps due to ineffective cooling. 

 

 

 
Figure 4: Hydraulic pump pressure pulsation using tested fluids at n = 1500 rpm 

 

As described above, there were approx. 360 measurements made (3 fluids at 2 viscosities and 2 

pressures in 30 steps by 100 rpm steps), thus, it is impossible to present all measurements in this 

paper. 

 

Figure 4 presents hydraulic pump pressure pulsation (measuring point p1, just after the pump) at 

nominal speed of n = 1500 rpm, at 200 bar and viscosity of 15,6 cSt using different tested fluids. 

Pressure pulsation is shown only for 1 revolution, although 6 revolutions were recorded for each 

measurement and used for all further calculations. 

 

Further on, the pressure pulsation was evaluated in two ways, as shown in Figure 5: 

 

 pmax – pmin: the absolute difference between maximal and minimal pressure reading 

 RMS:  RMS value of pulsation was calculated by subtracting the average pressure from 

the measured pressure signal. 
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Figure 5: Representation of pressure pulsation calculation 

 

Figure 6 presents pmax – pmin and RMS value of pressure pulsation from 1000 to 4000 rpm for each 

tested fluid at (low) viscosity that corresponds to HLP VG 32 viscosity at 60 °C and at pressure 

200 bar. Note that the pmax – pmin values and lines are divided by 5 in order to fit the same y-axis 

scale as RMS values. 

 
Figure 6: Pressure pulsation represented as pmax – pmin and RMS value 

from 1000 to 4000 rpm for each tested fluid at viscosity 15,6 cSt and at pressure 200 bar 
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Figure 6 shows clearly that the resonance frequencies of the system have changed due to using 

fluids with different bulk modulus and different densities. We also notice that the resonance was 

much more severe with high bulk modulus and high density ionic liquids. 

 

On the other hand, there is no significant change in pump pressure pulsation in the non-resonance 

frequency range below 2500 rpm. Thus, data for non-resonance frequency was investigated further 

and is shown in Table 3. 

 

Table 3 shows the hydraulic pump pressure pulsation in the non-resonance frequency range below 

2500 rpm in comparison to standard HLP VG 32 oil: 

 

- For IL1 it was approx. 6 % higher at low viscosity (15,6 cSt), 

- For IL2 it was approx. 11 % higher at low viscosity (15,6 cSt), 

- For IL1 it was approx. 19 % higher at high viscosity (31,6 cSt), 

- For IL2 it was approx. 16 % higher at low viscosity (15,6 cSt). 

 

 

Table 3: Viscosities and temperatures of liquids at which the tests were performed 

   
Average pulsation for non-resonance speeds 

from n = 1000 min-1 to n = 2500 min-1 

Viscosity 

[cst] 

p 

[bar] 
Fluid 

pmax – pmin  

[bar] 

RMS 

[bar] 

pmax – pmin  

vs HLP32 

RMS 

vs HLP32 

Low 

 

15,6 

100 

HLP32 13,12 2,41   

IL1 14,12 2,55 +8 % +5 % 

IL2 15,00 2,68 +14 % +11 % 

200 

HLP32 23,68 4,58   

IL1 25,21 4,85 +6 % +6 % 

IL2 26,13 4,99 +10 % +9 % 

High 

 

31,6 cSt 

100 

HLP32 11,83 2,19   

IL1 13,39 2,56 +13 % +17 % 

IL2 13,56 2,49 +15 % +14 % 

200 

HLP32 20,34 3,99   

IL1 25,25 4,84 +24 % +21 % 

IL2 23,84 4,61 +17 % +16 % 

 

3 Conclusion 

 

The aim of the research was to evaluate the adequacy of hydraulic pump design for use with ionic 

liquids that have higher density and bulk modulus than common hydraulic fluids. A special test 

rig was built to investigate the pump flow-ripple and pressure pulsation. 

 

Based on the numerous measurements made, we can conclude that both ionic liquids performed 

very well as a hydraulic fluid in a hydraulic system with no extra modifications. 

 

The paper presents the first simple data processing results that were made on the measurements. 

The results revealed that there is little to no increase in pump pulsation while using ionic liquids 

at non-resonance frequencies below 2500 rpm. However, since the pressure pulsation is not only 

related to the pump, but also to the system which the pump is feeding, we can notice significant 

change of resonance frequency of the hydraulic system and pipeline. 
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Abstract Axial piston pumps with constant pressure and variable flow have 

extraordinary possibilities for controlling the flow by change of pressure. 

Owing to pressure feedback, volumetric control of the pump provides a 

wide application of these pumps in complex hydraulic systems, 

particularly in aeronautics and space engineering. Some dynamic 

processes developing in control cycle have been analyzed by mathematical 

model and a large number of process simulations have been done by means 

of programming language Matlab. On that occasion some diagrams have 

been made which have been a basis for analysis of time-constants of 

transient and it has been concluded that the characteristics comply with the 

requirements defined by the aeronautics standards. 
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1 Introduction 

 

A review of the axial piston pump with constant pressure variable displacement. These pumps 

have found wide application in complex hydraulic system in the field of aviation [1]. Demands 

placed stations in aviation are numerous but the most significant reliability in operation, 

exceptional efficiency in the supply of highly complex branch system and economical operation 

and request that the maximum energy saving. 

 

Contents of the paper, in an attempt to provide further improve the performance of the devices 

from the structure of the hydro system of the aircraft. In particular, these activities are related to 

the components that generate certain kinds of power, namely, first of all, pumps and motors [2], 

[3]. 

 

Besides causing of the compression losses, changes of the pressure inside the cylinder at short 

intervals are causing hydraulic impacts in the fluid that spread through the housing and cause the 

noise. There is a tendency of development of new pumps with constant increase of the operating 

pressure, which results in increase of the efficiency coefficient while increasing the noise. It is 

interesting to study what possibilities exist to reduce the noise while the pressure rises at the same 

time. One way is selection of optimal angles of suction and suppression openings on valve plate 

to obtain certain angles – compression angle  and expansion angle. 

 

2 Mathematical model 

 

Axial piston pumps with constant pressure and variable flow have extraordinary possibilities for 

controlling the flow by change of pressure [4], [5], [6]. Owing to pressure feedback, volumetric 

control of the pump provides a wide application of these pumps in complex hydraulic systems, 

particularly in aeronautics and space engineering. Some dynamic processes developing in control 

cycle have been analysed by mathematical model and a large number of process simulations have 

been done by means of programming language Matlab. On that occasion, some diagrams have 

been made which have been a basis for analysis of time-constants of transient and it has been 

concluded that the characteristics comply with the requirements defined by the aeronautics 

standards. 

 

Figure 1a. shows a schematic view of an axial piston pump with swash plate and with shown angles 

on valve plate 𝛼𝑘 and 𝛼𝑒. 

 

    
Figure 1a: axial piston pump with swash plate, b) detail of valve port plate 
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The following equation satisfies the compression and expansion of the fluid: 

 

 
dV 

dp
= −

V

E
                (1) 

 

where: 

 

E – compressibility module 

V – volume of the working fluid in the cylinder. 

 

The volume of the working fluid in the cylinder of the cylinder block can be expressed by the 

equations: 

 

             𝑉 = 𝑉0 + 𝑅𝐴 tg 𝛽𝑚𝑎𝑥 − 𝑅𝐴 tg 𝛽 cos 𝛼                                                        (2) 

 

where: 

 

R=D/2- radius of divider circle of the cylinder block 

A - surface of the piston 

 

The cycle of compression and expansion of the fluid in cylinders is shown in the diagram, points 

ABCD. At point B the pressure of the fluid in the cylinder rises rapidly and reaches a discharge 

value, while at point D the pressure begins to decrease rapidly and reaches a filling value. The 

shock waves that cause noise occur because of these rapid pressure changes. In the case of right 

choice of compression angle, fluid in the cylinder is compressed and then discharged into 

suppression opening, point F. The shock wave is avoided in this way since the fluid is compressed 

to the pressure that exists in the suppression opening. In the same way, by choosing the correct 

angle of expansion, the pressure in the point D can be reduced to the pressure in the point E. In the 

first case when ∝𝑘=∝𝑒= 0, the required mechanical work is equal to the surface of the rectangle 

ABCD, and in the second case the required work is equal to the surface EBFD. By analyzing this 

we find that in both cases the generated hydraulic energy is represented with surface EBFD. In 

case when ∝𝑘=∝𝑒= 0, the higher work is required which is spent on compression losses to a 

certain extent. Compression losses in the lower dead point (DMT) are shown with surface of the 

triangle BCF, while losses in the upper dead point (GMT) are shown with surface of the triangle 

ADE [7]. 

 

 
Figure 2: The cycle of compression and expansion of the fluid in cylinders 
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Using the equations (1) and (2), we get  

 
∆𝑝0

𝐸
=
𝑉𝐺𝑀𝑇−𝑉𝛼

𝑉𝐺𝑀𝑇
;  𝛼 = 𝜋 + 𝛼𝑘        (3) 

 

where: 

 

𝑉𝐺𝑀𝑇 - The volume of the fluid in the upper dead point. 

∆𝑝0   - The optimum pressure difference at the lower dead point. 

𝑉𝛼     - The volume of the working fluid in the cylinder when it is turned for the angle 𝛼. 

 

This equation can also be written in another form 

 

 ∆𝑝0 = 
𝐸𝑅𝐴 (1−cos𝛼𝐾)

𝑉+𝑅𝐴 tg𝛽𝑚𝑎𝑥+𝑅𝐴 tg𝛽   
         (4) 

 

If the requirement that ∆p = ∆pb is fulfilled, then the losses do not occur in the upper dead point 

for the expansion angle ∝𝑒. 

 

Analogously to equation (4), the equation (5) is obtained: 

 

   ∆𝑝𝑏 = 
𝐸𝑅𝐴 (1−cos𝛼𝑒)

𝑉0+𝑅𝐴tg𝛽𝑚𝑎𝑥+𝑅𝐴tg𝛽   
        (5) 

 

The compression losses in the upper dead point for the pressure difference ∆p will be: 

 

  𝑊𝐺𝑀𝑇 =
1

2
(∆𝑝 − ∆𝑝𝑏)

2 ∙
𝑉𝐺𝑀𝑇

𝐸
=

1

2𝐸
(∆𝑝 − ∆𝑝0)

2 ∙ (𝑉0 + 𝑅𝐴 tg 𝛽𝑚𝑎𝑥 + 𝑅𝐴 tg 𝛽 )            (6) 

 

 

 
Figure 3: Diagram for ∆𝑝 ≥ ∆𝑝𝑚𝑖𝑛 

 

We can write the equation of the compression losses in the lower dead point: 

 

          𝑊𝐷𝑀𝑇 =
1

2𝐸
(∆𝑝 − ∆𝑝0)

2 ∙ (𝑉0 + 𝑅𝐴 tg 𝛽𝑚𝑎𝑥 − 𝑅𝐴 tg 𝛽 )                                                 (7) 
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In case 𝛼𝑒 = 𝛼𝑘 = 0, losses can be expressed as: 

 𝑊 = 𝑊𝐺𝑀𝑇 +𝑊𝐷𝑀𝑇 =
∆𝑝2

𝐸
(𝑉0𝑅𝐴 tg 𝛽𝑚𝑎𝑥)                                                                        (8) 

 

 

The relative compression loss in percentage can be expressed by equation: 

 

      ∆𝑊[%] =
∆𝑊

𝑃𝐴𝐵𝐶𝐷
100% =

1

2𝐸
∆𝑝 (1 +

𝑉0

𝑅𝐴 tg𝛽𝑚𝑎𝑥
)                                                                      (9) 

 

where: 

𝑃𝐴𝐵𝐶𝐷 - surface defined in Figure 2. 

 

If the pressure difference ∆p is below ∆pmin, where ∆pmin=∆pb-ps, and ps is supply pressure, the 

under-pressure must not occur in cylinder [8, 9]. 

 

 
Figure 4: Diagram for ∆𝑝 ≤ ∆𝑝𝑚𝑖𝑛 

 

The expansion losses in the lower dead point can be expressed by the following equation: 

 

∆𝑊𝐷𝑀𝑇 = 𝑃𝑃𝑂𝑅𝑆 =
1

2𝐸
(∆𝑝𝑜 − ∆𝑝)

2 ∙ 𝑉𝐷𝑀𝑇 −
1

2𝐸
(∆𝑝𝑏 − ∆𝑝 − ps) ∙ 𝑉𝐷𝑀𝑇 =

1

2𝐸
∙ 𝑉𝐷𝑀𝑇 ∙

ps(2∆𝑝𝑏 − 2∆𝑝 − ps)               (10) 

 

Diagram of the losses depending of the compression and expansion angles can be obtained by 

these equations. The pressure differences  ∆𝑝𝑜 and ∆𝑝𝑏 are calculated first, and then   𝑊𝐺𝑀𝑇 and 

  𝑊𝐷𝑀𝑇. 

 

3 Experimental results 

 

Technical data of axial piston pump with variable flow which has the swash plate with these 

properties: 

 

𝐷 = 43 ∙ 10−3 𝑚 - diameter of divider circle of the cylinder block 

𝑉0 = 0,581 ∙ 10
−6 𝑚3 - minimum volume of fluid in the cylinder 

𝛽 = 19°, -angle of swash plate 

𝐴 = 0,785 ∙ 10−4  𝑚2 - surface of the piston 

𝐸 = 1,542 ∙ 103  𝑀𝑃𝑎 - compressibility module of fluid AMG10 at temperature t=60° and 

pressure p=20MPa. 
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Figure 5 shows a diagram of changes of some losses depending on the change in fluid pressure in 

the pressure pipe. Compression losses and losses due to the leakage are linearly increasing with 

the increase of the pressure. On the other hand, the mechanical losses are firstly reduced to a certain 

limit and then are increasing with increase of the pressure [9, 10]. 

 

Compression losses depend largely on the following values: 

 

- Compressibility module of the working fluid, 

- The pressure difference, 

- The minimum volume of the cylinder 

 

 
Figure 5: Diagram of some losses of axial piston pump 

 

Minimum volume and compressibility module are taken as a constant, although the 

compressibility module depends on the temperature and pressure. It is noted that at constant values 

of the angle of swash plate inclination β and the pressure difference ∆p, compression losses can 

be reduced to minimum by proper choice of angles ∝𝑘 and ∝𝑒. The problem is that inclination 

angle β and pressure difference ∆p are constantly changing during the operation of the pump, so 

the optimum pre-compression and pre-expansion are not done at certain angles  ∝𝑘 and ∝𝑒. 

Diagrams ∆WDMT and ∆WGMT for one cylinder and one revolution depending on the angles ∝𝑘 i  

∝𝑒 are shown in Figures 6 and 7, as a result of these calculations. It should be noted that any 

change in the inclination angle of the swash plate affects the change of losses ∆WDMT and ∆WGMT. 

By doing the analysis it can be determined that the compression loss in GMT is much smaller than 

in the DMT at higher values of the angle ∝𝑒. The optimal compression angle ∝𝑘 for a specified 

working range can be chosen from the diagram shown in Figure 6. 
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Figure 6: Diagrams of compression losses in DMT for one cylinder and one revolution 

 

For example, if it is assumed that the angle β=19° and the pressure difference is 0<p<21MPa, then 

   ∝𝑘(opt) =14. For the angle ∝𝑘 =14° compression loss per cylinder and revolution is maximum 

0.13Nm, if the pressure difference ∆p varies from 0 to 21 MPa. However, if the another angle β is 

chosen or another range of the pressure difference ∆p, then, from the diagram, we can find the 

optimal value of the compression angle ∝𝑘. Table I shows the compression losses for various 

values of the inclination angle β and compression angle ∝𝑘. By analyzing the mean values of losses 

it can be concluded that for certain angles of inclination the compression angle ∝𝑘 has an optimum 

value which is 14°. 

 

Table 1: The compression losses for various values of the angle β and compression angle ∝𝑘 

β          ∝𝑘   10o 11o 12o 13o 14o 15o 16o 17o 

19o 0,29 0,24 0,20 0,15 0,13 0,19 0,22 0,29 

15o 0,31 0,27 0,22 0,20 0,14 0,12 0,14 0,22 

10o 0,31 0,29 0,27 0,24 0,20 0,18 0,19 0,21 

5o 0,33 0,33 0,31 0,29 0,28 0,27 0,25 0,22 

Average 

value 
0,31 0,28 0,25 0,22 0,18 0,19 0,20 0,23 

 

Figure 7 shows a diagram of losses depending on expansion angle ∝𝑒, at particular inclination 

angle β, supply pressure ps and minimum volume of the cylinder Vo. It can be seen from the 

diagram that for large enough expansion angle ∝𝑒 the losses ∆Wgmt can be neglected. The 

optimum angle of expansion ∝𝑒 for above mentioned data is in the range from 12 to 16°. 
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Figure 7: Diagrams of compression losses in GMT for one cylinder and one revolution 

 

This paper also considers the noise problems and the tests were performed on the same pump 

where the compression losses were measured. Noise level was measured using a device for 

measuring the noise with C filter. The microphone was attached to the stand at a distance of 5cm 

from the frontal area of the valve plate. 

 

 
Figure 8: Results of measurements of noise depending on the pressure 

 n=1980 min-1, β=19°,∝𝑒= 0 

 

This place was chosen because the loudest noise occurs in the area of the valve plate, and to rule 

out the effect of noise from other devices. Figure 8 shows results of measurements of noise 

depending on the pressure of the fluid in the pressure pipe. In this case, the expansion angle is 

∝𝑒= 0, rotation frequency n=1500 min-1, inclination angle of the swash plate is β=19°, while the 

compression angle was changed and had values ∝𝑘1= 0,∝𝑘2= 14,∝𝑘3= 20. It can be concluded 

that at the lowest pressure and the highest compression angle ∝𝑘= 20° noise is greater than with 

the first pump, in which compression angle was ∝𝑘= 0°. If the compression angle is ∝𝑘= 14°, 

reduction of noise will occur at the pressure of 6MPa. 

 

Figure 9 shows results of noise measurements under the same conditions as in the previous case, 

with the exception in compression and expansion angles ∝𝑘 and  ∝𝑒. The compression angle was 

∝𝑘= 0°, and the expansion angle was changed and had values ∝𝑒1= 0, ∝𝑒2= 12,∝𝑒3= 14°. By 
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analyzing a diagram it can be concluded that for these test conditions the optimal expansion angle 

is ∝𝑒= 12°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Results of measurements of noise            Figure 10: Results of measurements of noise 

depending on the pressure n=1980 min-1,                depending on the pressure n=1500 min-1, 

β=19°,∝𝑘= 0                                                   β=19°,∝𝑘= 0         
 

Figures 10, 11 and 12 show the results of noise measurements depending on the pressure for 

different rotation frequencies n1=1500min-1,n2=1980 min-1,n3=3000 min-1 and for the different 

expansion angles ∝𝑒1= 0°, ∝𝑘1= 0°, ∝𝑒2= 12°, ∝𝑘2= 14°, ∝𝑒3= 14°, ∝𝑘3= 14°.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Results of measurements of noise            Figure 12: Results of measurements of noise 

depending on the pressure                                         depending on the pressure 

n=1980 min-1, β=19°                  n=3000 min-1, β=19° 
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Since the optimal value of the expansion angle ∝𝑒= 12° is near the optimal value of the 

compression angle ∝𝑘= 14°,the case when ∝𝑒=∝𝑘= 14° is considered.Symmetry of openings of 

the pump distribution is present in this case, so the pump can be the two-way with the same valve 

plate, which reduces the production cost with a slight increase in noise. 

 

4 Conclusion 

 

The basic fact that producers and users of axial piston pumps must accept is that every increase in 

the operating pressure leads to the increase in pump noise. The greater influence on the noise level 

has the increase of rotation frequency of pump’s drive shaft than the increase of pressure in the 

pressure pipe. Since the rotation frequency has a large impact on noise, it is often reduced in order 

to neutralize the noise caused by increasing pressure. If the rotation frequency is reduced, we have 

to use larger pump that is heavier and more expensive to remain the same flow. In case of 

increasing flow two times (which means that the rotation frequency can be reduced two times), the 

pump price increases by 30 %. In addition, the weight increases by approximately 50 % and the 

larger space is required for installation due to increase of built-in measures.Reducing the rotation 

frequency in order to reduce the noise has a negative effect also, but if the pump is assembled in 

places where noise must be as small as possible, then this solution is used.Cavitations that occur 

as a result of insufficient supplying of the pump can affect the noise level. Bearings and gears also 

contribute to the increase of noise. It should also be noted that the choice of appropriate materials 

can attenuate certain vibrations that also lead to increase of the noise. The pump noise can be 

minimized if all these factors are taken into account. 
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This paper establish detailed model based on mixed lubrication-wear 

mechanism. Experiment and validation indicate that the proposed 
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1 Introduction 

 

The main friction pairs of axial piston pump consist of cylinder block/valve plate, piston/plunger 

chamber and piston shoes/swash plate. In normal condition, the main friction pairs operate in good 

lubrication condition. However, the complicated operational principle makes it easy enter 

boundary lubrication even abrasion, so the wear and tear plays major role in failures of axial piston 

pump. The failure analysis of axial piston pump divides into two types: one focuses on the 

lubrication and another emphasizes on the wear and tear. In 1986, Yagaguchi studied the 

lubrication between the valve plate and cylinder block, and gives the mathematical model of fluid 

oil [1]. 

 

Based on studied model, he established the dynamic model of cylinder block, calculated its force 

and torque, and provided the stable condition of constant oil film between the valve plate and the 

cylinder barrel [2]. Through fixing up the displacement sensors along the valve plate, he got the 

oil film thickness between the valve plate and the cylinder block [2]. In order to get the variation 

of oil film, Maring measured the oil film pressure between piston shoes and swash plate through 

experiment [3]. At the same time, Ivantysynova established the oil film model of cylinder block 

and valve plate considering the elastic deformation of the contact surface under high pressure [4]. 

She also analysed the temperature influence between this friction pair considering the effects of 

viscosity and pressure change [5], [6]. With the continuous operation of the axial piston pump, 

Greenwood and Williamson discovered the local contact when the oil film thickness is less than 

the roughness of the two surfaces, and built the Greenwood-Williamson model based on the elastic 

contact of rough surfaces [7]. In order to connect the bridge between the lubrication and abrasion 

of friction pairs, Patir and Cheng proposed a kind of Reynolds equation to solve the lubrication 

problem under local contact condition for the axial piston pump [8], [9]. 

 

Yamaguchi analysed the mixed lubrication based on Greenwood Williamson model and Patir 

equation and built the test rig [10]. The corresponding experiment indicated that the proposed 

model can give the predict friction force and flow rate. Subsequently, many researches presented 

a series models to describe the multi scale characteristics of rough peak curvature in two surface 

contact [11],  [12]. Majumdar and Bhushan established the classification model of elastic plastic 

contact process on the rough peak, which means the plastic deformation connect each other and 

develop them to the elastic state [13]. Considering the rough peak deformation, Liou proposed a 

contact model based on height distribution of non Gauss distribution [14]. 

 

From the real micro profile monitoring, the wear and tear of friction pairs of axial piston pump 

depends on the pressure distribution, temperature distribution, oil film thickness variant and 

contact wear principle, so this paper establishes the mixed wear model considering the lubrication, 

boundary lubrication and abrasion, provides the performance degradation law and gives the 

estimation based on the on line wear debris monitoring. 

 

2 Modelling of axial piston pump 

 

Figure 1 shows the structure of axial piston pump, in which the valve plate and swash plate are 

fixed, the shaft drives the cylinder block rotation and the pistons reciprocate in it when the axial 

piston pump operates. There are three friction pairs in axial piston pump, that is, cylinder 

block/valve plate, slipper/swash plate and piston/ plunger cavity. The cylinder block-valve plate 

plays important role in axial piston pump because its failures predominate in maintenance. 
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Figure 1: The structure of axial piston pump 

 

Through analysing the surface morphology of the worn valve plate, its eccentric wear in high-

pressure area occupies the primary position. Since the axial piston pump is full of oil, its normal 

operation depends on the lubrication between friction pairs. Based on the tribology theory, most 

of the abrasive wear of the axial piston pump is caused by oil film damage between friction pair 

surfaces. 

 

In order to describe the failure development of abrasive wear, it is necessary to investigate the 

dynamic variation of the fluid film and abrasion rule between valve plate and cylinder block. 

 

2.1 Model of cylinder block and valve plate 

 

Since the imbalance pressure distribution between cylinder block and valve plate, the oil film 

between the friction pair is wedge-shaped shown in Figure 2. 

 

-  

Figure 2: Wedge-shaped oil film between cylinder block and valve plate 

 

For wedge-shaped oil film, the position of the whole cylinder block can be determined through 

measuring the height of 3 fixed points. Suppose three points in cylinder block are shown in Figure 

4, the oil film thickness at arbitrary point can be determined as follows: 

 

      (1) 
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Where x, y is the coordinate at arbitrary point of valve plate, rr is reference radius, h1, h2, h3  are the 

height of oil film in distributed three points of valve plate. According to the Reynolds equation, 

the relation of support force and velocity can be described as: 

 

   (2) 

 

Where pl is the support force of oil film, h is oil thickness, μ is dynamic viscosity which is related 

to the temperature and pressure. 

 

 
Figure 3: Mixed lubrication state 

 

2.2 Analysis of cylinder block and valve plate 

 

Under ideal condition, there exists a layer of oil film between valve plate and cylinder block, which 

lubricate the operation of the friction pair shown in Figure 4. 

 

 
Figure 4: Valve plate and cylinder block 
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Since the sealing strips separates the high pressure area of outlet and low pressure area of inlet, the 

periodic eccentric moment exists in valve plate to cause out-of-balance between downward 

compressive stress and upward support. 

 

Suppose the contact surface between cylinder block and valve plate has the following 

characteristics: 

 

1) The surface of cylinder block is ideal rigid smooth plane; 

2) The surface of valve plate is non-rigid rough surface; 

3) The top of the rough peak on a rough surface is nearly half spherical; 

4) The curvature of rough peak is related to the sectional area of rough peak. 

 

3 Simulation and validation 

 

Based on the technical documentation was developed model valve plate of axial pump. In 

computer program FEMAP (Finite Element Modeling And Postprocessing) created finite element 

model. 

 

Valve plate is modeled 3D tetra elements with intermediate nodes. Model consists of 307,644 

nodes and 205,323 elements. The analysis assumed that the plate is fixed on one side (Figure 6) 

and on the other hand, the pressure released in Figure 5. On the part of the pressure distribution 

plate is loaded with a pressure of 80 bar, and the air duct pressure is 1.2 bar. 

 

In Figures 7 and 8, there is the field of vertical movements, distribution boards made of a material 

that is PEEK1 PEEK2, respectively, Table 1. 

 

Table 1. Material properties 

Material PEEK 1 PEEK 2 

Additive 10 % carbon, 10 % graphite, 

 10 % PTFE 

 

Young′s modulus [MPa] 9500 3500 

Poisson ratio [-] 0.394 0.400 

Density [kg/m3] 1480 1300 

Tensile strength, Yield [MPa] 119 97 

Compressive yield strength [MPa] 152 118 

Friction coefficient [-] 0.19 0.34 

 

The maximum displacement of the Valve plate made of materials PEEK1 is 5.86 microns, the 

material is PEEK2 15.8 microns. For the analysed cases, stresses in the Valve plate did not differ 

significantly. Based on the analysis, it can be concluded that the use of better materials PEEK1 to 

the Valve plate. In future work will be considered as a pump assembly. 
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Figure 5: Pressure distribution 

 

 
Figure 6: Surfaces to which the specified boundary condition 

 

 
Figure 7: Vertical displacement field [mm], PEEK1 

 

 
Figure 8: Vertical displacement field [mm] PEEK2 
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4 Conclusion 

 

The oil film thickness is time dependent and angle position dependent. The oil film thickness 

decreases from discharge port (150°) to inlet port (330°). The average film thickness of inner 

sealing strip is smaller than that of outer sealing strip in the angular range of 60° to 240°. The 

simulation results demonstrate good agreement with reference [15], [16]. 

 

This paper studies the performance degradation based on the complicated failure process including 

lubrication, mixed lubrication and abrasion. Based on Reynolds equation and Hertz abrasion 

theory, this paper establishes the dynamic abrasive wear model of cylinder block and valve plate 

from normal lubrication, partial abrasion to wear and tear. Simulation and validation indicate that 

the proposed mathematical model can reflect the integrated failure development process of axial 

piston pump, so its performance degradation is more consistent with the actual application [17]. 
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Abstract Highly nonlinear nature of electrohydraulic servo system is well 

known. Main reasons for nonlinear and non-differentiable mathematical 

description of systems dynamics are the fluid compressibility, leakage 

flows, friction forces and nonlinear fluid flow through servo valve orifices. 

 

Accurate nonlinear mathematical models based on physical analysis are 

necessary for construction of computer simulation models. These models 

are used for detailed analysis of nonlinear dynamic behaviour and for 

development of different control strategies. 
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1 Introduction 

 

Conventional hydraulic systems have been widely used as power units because they can generate 

very large power compared with their size. Combining these actuators with electro hydraulic 

servo-valves and sensors as well as appropriate control electronics, we get electrohydraulic servo 

systems. 

 

Detecting, transmitting and processing the signal by use of electric and electronic components, 

driving the load with hydraulic transmission in the electro-hydraulic servo control system. So it 

can make full use of electrical system for its convenience and aptitude, make full use of hydraulic 

system for its rapid response speed, big load stiffness and accurate positioning characteristics to 

make the whole system more adaptable. 

 

Electro-Hydraulic Actuators (EHA) are highly non-linear systems with uncertain dynamics in 

which the mathematical representation of the system cannot sufficiently represent the practical 

circumstances [1]], [2], [3]. The actuator plays a vital role in industrial processes and 

manufacturing line. The electro-hydraulic actuator can use either proportional valve or servo valve. 

It converts electrical signal to hydraulic power [4], as well as conversion to the pneumatic power 

[5]. 

 

Hydraulic servo systems are characterized by their ability to impart large forces at high speeds and 

are used in many industrial motion systems. The goal of this paper is to present a mathematical 

model of a complete hydraulic servo system. Mathematical modeling is a description of a system 

in terms of equations. In order to acquire the highest performance of the electro-hydraulic actuator, 

a suitable controller has to be designed. As the controller design require mathematical model of 

the system under control, a method of identifying the actuator need to be chosen so that the best  

accuracy of the model can be obtained. 

 

For a computer simulation a Matlab Simulink is used. Simulink is a graphical environment for 

dynamic system modelling, simulation and analysis interactively [5], [6]. Using Simulink 

environment, can build complex system simulation model, using the mask function to simplify the 

model, using M files to initial the module variables, which provides great convenience for PID 

parameters setting and change the variable value of the various modules [7]. 

 

2 Analysis and mathematical modelling of electrohydraulic system 

 

A typical electrohydraulic positioning servo system consists of a hydraulic power supply e.-g. 

constant pressure hydraulic pump with relief valve and accumulator, a flow control servo 

valve(SV), a hydraulic cylinder, a position sensor and an electronic controller unit (Figure 1). 
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Figure 1: Electro-hydraulic servo system with load 

 

Before of closed loop controller design for electrohydraulic servo system, the analysis of the 

system dynamics is required, as well as, mathematical modelling and computer simulation of 

dynamic behaviour [7]. The complete mathematical model of the system is based on physical laws 

that expresses dynamic behaviour and are described through differential equations. However, this 

task is troublesome due to the multidisciplinary nature of the electrohydraulic system that requires 

electric, magnetic, mechanical and hydraulic knowledge. Meanwhile, the nonlinearities of this 

type of system, such as fluid nonlinear properties, nonlinear servovalve dynamics and flow rate 

characteristics, as well as, nonlinearities associated with hydraulic actuator by converting 

hydraulic power into mechanical power, increase a model complexity. The methodology in this 

work is that a theoretical model is presented first, where each individual component is expressed 

in a phenomenological description context e.g. basic physical law. 

 

2.1 Description of the SV dynamics 

 

Two stages SV consist of three main parts: the electrical torque motor, the hydraulic amplifier and 

the valve spool assembly (Figure 2). In these SVs, the motor torque is commanded by an electrical 

current resulting in the flapper plate movement from its central position. The first stage is the so 

called flapper-nozzle system which allows the spool motion by adjusting the flapper via a low 

power electrical signal. The second stage relates the small spool motions ([μm]) into a large fluid 

flow through the spool ports. 
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Figure 2: Main parts of two-stage servo valve 

 

The flows in the SV concerns two parts: one is involved in the pilot stage and the other in the 

second stage. 

 

In the first stage, the flapper deflects due to the torque generated by the torque motor. This force 

is the result of the current through the two coils fixed around the armature, which is connected to 

the flapper. As a result of this displacement, the cross sections of the orifices associated with the 

nozzles change. Schematic of SV cross section is shown in Figure 3. 

 

 
Figure 3: Schematic of SV 

 

Dynamic behaviour of valves involves a large number of parameters. An accurate analytical 

description would be time consuming and extremely difficult to validate for details. Therefore, it 

is useful to use manufacturer’s catalogue information that provides the well-known step responses 

and frequency responses for various sizes and types of valves. The inspection of step responses 

and frequency diagrams suggests an approximation of the SV by a second order model of the form 

[8]. 

 

 2

21
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v v v HS v v

v v

x x x f x k u
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 
      (1) 

 

where: v – is a valve natural frequency, v - damping coefficient, xv–valve spool displacement, 

fHS – takes into account the valve hysteresis and response sensitivity, kv – valve flow gain, u – valve 

input signal. 
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2.2  Hydraulic actuator dynamics  
 

Hydraulic actuator (cylinder) converts hydraulic power into mechanical power. Hydraulic cylinder 

consists mainly of hollow cylindrical body and a piston. The chamber pressure dynamics is a well-

known expression proposed by [4] and can be obtained by applying the conversation principle to 

each individual chamber, as follows: 

 

Aeff

A A p p Li LeA

A

p Q A x Q Q
V


       (2) 

 

Beff

B B p p Li LeB

B

p Q A x Q Q
V


       (3) 

 

The effective bulk modulus essentially depends on pressure, entrained air and mechanical 

compliance. The commonly used empirical equation for calculation of the effective bulk modulus 

for hydraulic cylinders is expressed as [9]: 

 

1 max 2 3
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log A
Aeff

p
a a a

p
 

 
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log B
Beff

p
a a a

p
 

 
   

 
 (5) 

 

with the parameters a1=0.5, a2=90, a3=3, max=18000 [bar], pmax=280 [bar]. 

The cylinder chambers volumes are given by  

 

 0 0A A p pV V A x x   
 

 (6) 

 

 0 0B B p pV V A x x   
 

 (7) 

 

Where x0 is initial piston position, xp actual piston position and VA0,VB0 are the initial chamber 

volumes which consist of an efficient part (the volume required to fill only the chambers) and 

inefficient part (volume of the pipelines between the valve and actuator) for the side A and B 

respectively. AA= Ap is a piston surface area and the AB=Ap rode side area where  =AB/AA is a 

ratio of cylinder bore area and the annulus effective area at the rod side. 

 

QLi and QLe denote the internal leakage flow and the external leakage flow respectively. Leakage 

from one cylinder chamber to another, known as internal leakage flow, by assumption of laminal 

flow can be calculated: 

 

 Li L B AQ k p p   (8) 

 

where kL is internal leakage flow coefficient, while the external leakage can be neglected. 
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The mechanical subsystem dynamics of the piston and the moving mass is described by dynamic 

equations: 

 

   t p f p A B p extm x F x p p A F       (9) 

 

where mt is total mass, Ff  friction force and Fext external load force. 

 

The total mass mt consists of the piston mass and the mass of hydraulic fluid in the cylinder 

chambers and the pipelines. However, mass of fluid can usually be neglected with the piston mass. 

 

An important part of above equation is a friction force. Friction is a complex natural phenomenon. 

It occurs at the physical interface of two surfaces in contact and tangential reaction between them. 

It can lead to tracking errors, limit cycle oscillations and undesirable stick-slip motion. Friction is 

commonly modelled as a discontinuous static mapping between the velocity and the friction force: 

 

   ( ) ( ) ( ) ( )

p

s

x

c

f p v p c p s p vf p co p p soF x F x F x F x x F sgn x sgn x F e


           (10) 

 

with vf is the parameter for viscus friction, Fco - static friction force,  Fso – Stribeck friction force, 

cs – Stribeck velocity. This friction force depends on the velocity sign and is restricted to viscous 

friction and Coloumb friction with Stribeck effect. Moreover, the friction force must be considered 

in order to obtain acceptable tracking accuracy. 

 

Natural frequency can be also calculated based on the system design parameters. The natural 

frequency for the overall system equals the natural frequency of the hydro-mechanical part. 

Therefore, an electro-hydraulic control system natural frequency will be: 

 

H
H

C

m
   (11) 

 

In order to calculate the natural frequency of hydraulic cylinder, the hydraulic cylinder stiffness 

must be found in advance. The total stiffness of differential cylinder is defined with equation [8]: 

 
2 2

Aeff A Beff B

H

A B

A A
C

V V

  
   (12) 

 

In case of synchronous cylinder (double rod of equal area) AA is equal AB. For performance 

calculation, only the minimum stiffness will be considered since it has the worst effect on the 

system dynamics. 

 

3 Simulation model 

 

In standard Simulink module library contains many modules, such as Sinks (output module group), 

Source (input module group), Linear (Linear link module group), Nonlinear (non-linear links 

module group), Math (mathematical operation module group), Continuous and Connections 

modules group and so on. Each module contains many sub-module. Models are supported with 

constants (due the simulation) which can be used as exact numbers or symbol constants. Therefore, 

the Matlab script is used. M file is the file with a letter M for its extension and is the executable 
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file in Matlab [6]. For the simulation M file is used to transfer parameters, which are not input or 

output parameter but refers to the use of variable in M files to passes parameters. Because the 

variables that M files created are variables of Matlab working space, when a program run to the 

end, the variables store in the working space. The other programs or simulation model can directly 

call these variables, in order to achieve the purpose of transmitting parameters. 

 

A complex Simulink model, in order to be versatile and portable, each module parameter often set 

in parameter name rather than specific value. Assign or initialize these variables before simulation. 

Figure 4 shows the Simulink model used for compare two models, nonlinear model (in upper part 

of figure) and linearized model (lower part of figure). 

 

 
Figure 4: Matlab-Simulink simulation scheme 

 

Figure 5 shows the inside of the subsystem - nonlinear model. The Matlab script is used for 

initialize the start constants and parameters needed for simulation. For represents the results of 

simulation the Matlab graphic representation is used, customized by usage of Matlab graphics 

commands and script file. 

 

 
Figure 5: Matlab-Simulink subsystem Nonlinear model of EHS 
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4 Results 

 

For position control system, dynamically aperiodic response is demanded. The final position 

accuracy is tested at small steps of reference value.  

 

Table 1: Main parameters of the EHS system 

Par. Value Par. Value Par. Value Par Value 

Ap 6.4 10-4 m2 m 200 kg Fext          [N] ps 210 bar 

vf 70 Ns/m Vt 131.85 10-6 m3 kL 3 10-13 m5/Ns  850 kg/m3 

Fco 19.62 N  1.5 109 Pa Cd 0.63 kV 5.53 10-7 m2/V 

 

Because the tracking precision and the positioning accuracy are two most important index of 

electro-hydraulic position servo control system, so need to examine the variation of these two 

indexes. The unit step signal is selected as Simulation test signal to check localization accuracy of 

the system. Figure 6 shows the result of simulation on step response reference. 

 

 
Figure 6: Step response 

 

On Figure 7, the ramp signal is selected as simulation test signal to compare tracking precision of 

the system on both used mathematical models. 
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Figure 7: Ramp reference response 

 

Figure 8 represents the ramp signal comparison between simulated data (nonlinear model) and 

experimental data. On Figures 9 and 10 the details shown on Figure 8 are presented.  

 

 
Figure 8. Ramp reference response comparison with experimental data 
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Figure 9: Detail “a” of Figure 8 

 
Figure 10: Detail “b” of Figure 8 

 

5 Conclusions 

 

In this paper, a development of nonlinear model for electrohydraulic linear positioning servo 

system is presented. Comprehensive investigation was carried out on the mathematical modelling 
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and computer simulation of dynamic behaviour of whole system, based on real laboratory 

experimental data. 

 

Results of simulation shows the difference between presented models. Linearized models are 

commonly used, but for detailed analysis are not suitable. This is confirmed with differences 

shown in Figures 6 and 7. The comparison between experimental data and data archived with use 

of nonlinear model shows that differences are very small.  

 

Described model was used for development of nonlinear type of controllers. 
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Abstract Hydrostatic bearings in machine tools are used for qualitative 

highest demands. They are used in precisions machines, for example in 

grinding machines, to get a high precision a highest quality in the 

production, or in machines with high forces during the production process. 

Generally, hydrostatic bearings are characterized by a good damping 

behaviour and a good stiffness of the bearing. 

 

To predict the transmission-behaviour of hydrostatic bearings a simulation 

model was developed. The model considers different geometries of the 

bearing and also different kinds of fluid supply. To predict the 

transmission-behaviour it is possible to apply forces and accelerations in 

the simulation model. In this work the verification of the simulation model 

by measurement of a hydrostatic test bench is presented. By the 

verification of the model, it should be possible to dimensions hydrostatic 

bearings and adjust the transmission-behaviour to the working process of 

the machine tool. 
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1 Introduction 

 

Hydrostatic bearings are widely used in technical applications. For instance, as bearing in axial 

and radial piston machines or as bearings of ship propellers [1]. In the machine tool industry, 

hydrostatic bearings are used especially in precision machines. They are used for bearing of 

spindles as well as bearings of linear slides. Machine tools, on the other hand, are subject to the 

dynamics of the movement process, on the other hand, to the cutting forces during machining.  

From the movement of the machine low-frequency loads are produced on the machine, see Figure 

1. 

 

 
Figure 1: Forces on the linear slides of a grinding machine 

 

The cutting forces cause a high-frequency load on the hydrostatic bearing [3], see Figure 2. 

The exact knowledge of the transmission behavior of the hydrostatic bearing is of great importance 

during dimensioning precision machines. The presented model in the following section allows to 

predict the transmission behavior of hydrostatic bearings. This makes conclusions about the 

accuracy and surface quality of the machine tool possible. The model can be used to simulate 

different control strategies, such as the use of progressive flow controllers [4], in the hydrostatic 

bearing. 

 

 
Figure 2: Cutting forces of a dynamic grinding process 
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2 Model 

 

Hydrostatic Bearing are described by the Hagen-Poiseuille-Equation. In this case, a relationship 

between the geometry of the hydrostatic bearing and pressure drop across the gap of the bearing 

is established. In the derivation of the Hagen-Poiseuille-Equation, is a linear pressure drop over 

the gap assumed, see Figure 3. This assumption is permissible for rectangular pockets (except for 

the corners of the pockets). 

 

 
Figure 3: Hydrostatic bearing, pressure profile 

 

For circular pockets is also a linear pressure drop assumed [5]. This assumption is a rough 

approximation, because the area of the circular pocket increases quadratically with the radius. The 

in the evaluation used test rig is equiped with rectangular pockets, therefore the equation for the 

rectangular pocket is used in mathematical modeling, see Equation 1. 

 

𝑄 =
𝑏 ℎ3∆𝑝

12 𝜂 𝑙
 (1) 

 

In this case 𝑏, ℎ, and 𝑙 represent the geometric dimensions of the bearing, Δ𝑝 the pressure drop 

over the bearing, and 𝜂 the dynamic viscosity of the pressure fluid. In order to obtain the function 

of a hydrostatic bearing, which is a throttle, a further throttle must be installed in front of the 

bearing, see Figure 4. 

 

 
Figure 4: Hydraulic circuit diagram, hydrostatic bearing 

 

This pre-throttle ensures, that not the entire pump pressure is passed to the hydrostatic bearing. 

The result is a system with a constant pre-throttle and a variable throttle (hydrostatic bearing). 
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Which type of throttling is used has an affect on the behavior of the hydrostatic bearing. Four 

different possibilities for pre-throttling can be distinguished: 

 

- by a capillary, 

- by a throttle, 

- by a orifice, 

- by a progressive quantity regulator. 

 

Each of the four different types of throttling has a different characteristic. This results in a different 

behavior on load changes of the hydrostatic bearing. The capillary can be regarded as a thin tube 

with a laminar flow inside. The flow depends on the pressure drop and on the viscosity of the fluid, 

see Equation 2. 

 

𝑄 =
𝜋 𝑟4∆𝑝

8 𝜂 𝑙
 (2) 

 

The only difference to the hydrostatic bearing is that the geometry is constant. Is an orifice used 

as pre-resistance, then depends the flow on the geometry of the orifice and the density of the fluid. 

In addition, the pressure drop across the orifice is quadratic in the equation, see Equation 3. 

 

𝑄 = 𝛼 𝐴√
2 Δ𝑝

𝜚
 (3) 

 

If a progressive flow regulator is used, the flow through the pre-resistance should be proportional 

to the pressure in the hydrostatic bearing. As a result, a constant gap heigth can be achieved in the 

hydrostatic bearing [4]. For describing the time behavior of the progressive quantity controller, 

either a characteristic curve can be stored or the controller can be described in a hydraulic-

mechanical system.  

 

To describe the transfer behaviour of a hydrostatic bearing a hydraulic-mechanical model must be 

developed. The hydraulic part of the system will be described with hydraulic resistances, 

capacitances and inductances. The mechanics of the hydrostatic bearing will be described with 

Newton's law of motion. In Figure 5 can be seen the model of a hydrostatic bearing consisting of 

the hydraulic network and the mechanic. 
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Figure 5: Equivalent circuit, hydostatic bearing 

 

While the resistors have already been treated in the description of the hydraulic network, see 

Equations 1, 2 and 3, the hydraulic inductance is neglected by the small volume of oil and the low 

flow rate in the bearing. However, the hydraulic capacity 𝐶ℎ can not be neglected. It represents the 

compression of an oil volume due to the elasticity of the fluid, see Equation 4. At high pressures, 

the stiffness of the components must also be considered.   

 

𝐶ℎ =
𝑄

𝑝̇
 (4) 

 

For the enclosed oil volume can the hydraulic capacity be written, see Equation 5, where E the 

compression modulus of the fluid is. 

 

𝐶ℎ =
𝑉0

𝐸Ö𝑙
 (5) 

 

The compression modulus of mineral oil depends on the pressure and the free unresolved air, see 

Equation 6 [6]. 

 

𝐸Ö𝑙 =
(1−𝛼) (1+

𝑚 𝑝

𝐸
)
−
1
𝑚+𝛼(

𝑝0
𝑝
)

1
𝑛

1

𝐸0
(1−𝛼) (1+

𝑚 𝑝

𝐸0
)
−
𝑚+1
𝑚 +

𝛼

𝑛 𝑝0
 (
𝑝0
𝑝
)

𝑛+1
𝑛

 (6) 

 

With the air content 𝛼, the pressure dependence coefficient 𝑚 and the polytropic exponent 𝑛. The 

pressure dependence of the free unresolved air is described by Henry-Dalton's law. This 

dependence is not considered in this case because it is a 1-d model. The solubility in the oil is not 

infinitely fast and with a 1-d Model it is not possible to consider it. 
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For the description of the hydraulic network, the continuity equation is applied over the hydrostatic 

bearing, see Equation 7. 

 

𝑄𝑧𝑢 − 𝑄𝐶ℎ − 𝑄𝑎𝑏 = 0 (7) 
 

Where 𝑄𝑧𝑢 is described by the prethrottle, 𝑄𝑐ℎ by the hydraulic capacity, and 𝑄𝑎𝑏 by the 

hydrostatic bearing. Substituting the equation 1, 3 and 4 in Equation 7 results the differential 

equation for the hydraulic network. 

 

𝑝̇𝑃𝑜 =
𝐸Ö𝑙
𝑉0
(𝛼 𝐴 √

2 (𝑝𝑃𝑢−𝑝𝑃𝑜)

𝜚
−
𝑏 ℎ3 𝑝𝑃𝑜

12 𝜂 𝑙
) (8) 

 

By the parameters E-modulus, percent air and viscosity the used the hydraulic fluid is taken into 

account. The equation of the hydrostatic bearing includes the gap height of the bearing and the 

pressure drop. These two parameters are related to the equation of motion, see Equation 9, of the 

hydrostatic bearing. 

 

𝑚 𝑥̈ = ∑𝐹 (9) 
 

The force 𝐹 represents external forces on the bearing, inertial forces and also forces through the 

hydrostatic bearing. The current gap height is obtained by integrating twice, see equation 10. This 

gap height is used in the calculation of the hydraulic network. This results in a differential equation 

system for the calculation of the hydostatic bearing.  

 

𝑥(𝑡) =
∑𝐹 𝑡2

2 𝑚
+ ℎ0 (10) 

 

3 Test Rig 

 

Since it is usually difficult to measure both the pocket pressures and the gap heights on existing 

machine tools, a test bench is used to validate the simulation. The geometry of the hydrostatic 

bearings on the test rig corresponds to the hydrostatic bearings of the research grinding machine 

at the institute. Figure 6 shows the test rig for measuring hydrostatic bearings. It consists of three 

axial bearings which represent the bearings to be investigated and a cover disc. The cover disk is 

centered by three hydrostatic bearings. The test rig can be loaded by weights and spring pretension. 

The dynamic loads are applied by a hydrostatic cylinder. It is possible to simulate jumps, sinus 

and square loads. 
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Figure 6: Test rig 

 

4 Results 

 

For the validation of the model, the jump response of the hydrostatic bearing is considered. During 

the jump response test, the bearing is previously loaded with a static load of 40 kN. The pressure 

supply is then activated and the gap height and pocket pressure are measured. The pre-orifice of 

the hydrostatic bearing is adjusted so that a gap height of 40 𝜇m is obtained. In order to take the 

dynamics of the switch-on process into account, the measured pressure build-up upstream of the 

pre-throttle is used as a boundary condition in the simulation, see Figure 7. 

 

 
Figure 7: Supply pressure 

 



182 INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

J. Edler & M. Steffan: Verification of a simulation model to predict the 

transmission behaviour of hydrostatic bearing on machine tools 

 

Figure 8 shows the measured and the simulated pressure profile. The pressure build-up shows a 

good match, while the pressure reduction after the overshoot matches not so good. 

 

 
Figure 8: Simulated and measured pocket pressure 

 

This deviation can be explained by the pressure distribution in the bearing gap during the gap 

height reduction. In the model, a linear pressure reduction over the bearing gap is assumed. In the 

case of the reduction of the gap height, the excess fluid must be squeezed out of the gap. This 

results in a non-linear pressure distribution in the gap and a deviation in the simulated pressure 

profile. Figure 9 shows the corresponding gap height profile, here it can be seen, that the deviation 

is only present during the gap height reduction.  
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Figure 9: Simulated and measured gap height 

 

5 Conclusion 

 

The developed 1-d model makes it possible to depict the time behavior of hydrostatic bearings. 

Both the geometry of the bearing as well as different boundary conditions can be adapted to the 

respective application of the hydrostatic bearing. As a future development, the nonlinear pressure 

distribution in the bearing and the time air solvency should be includet into the model. In this way, 

the prediction of the operating behavior of hydrostatic bearings, especially for applications in 

machine tools, should be even more predictable. 
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Abstract Engineers nowadays face numerous challenges while designing 

hydraulic power packs. One of the more challenging is meeting the short 

design times required by most of the customers. This forces engineers to 
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1 Introduction 

 

Why modern hydraulic power packs? There were no major breakthroughs in the field of hydraulic 

power packs; therefore, the hydraulic power packs are built from same component types as 20 

years ago. They consist of electric motor, hydraulic pump, some valves and filters. So there is 

nothing modern in there, except that most of the components have improved. They still have the 

same function, are still mostly compatible, but require less material for production and are 

generally cheaper. Who knows if they last longer than old components or not? 

 

The word modern is used mainly because the design process of the hydraulic power packs has 

changed. The time from first customer inquiry to working hydraulic power pack has reduced 

dramatically in last years. Such trend is forcing engineers to use suitable modern computer aided 

design tools to speed up and automate the design process. The design and manufacturing process 

must be really short, because sometimes the customer wants the power pack produced before he 

sends in his inquiry. Maybe the future will bring tools to serve such customers too. 

 

Next chapters will present the hydraulic power pack design process. After that, focus will be on 

methods of automating, simplifying and speeding-up the design process. All of the presented 

methods are examples of good practices that have been already implemented and are being used 

in the actual design process. 

 

1.1 Design process 

 

The design process starts with customer inquiry for a new hydraulic power pack. If enough details 

are provided engineers can prepare a quote with draft hydraulic schematic and a bill of material. 

The customer then takes his time to choose the best (the cheapest) quote (because he sent his 

inquiries to more companies) and places the order. After the order has been placed, a detailed 

technical calculation and final hydraulic schematic are created. Next, a 3D model of the power 

pack is drawn from which dimensional and assembly drawings are derived. The drawings are sent 

to production, but the design process does not end here. The designers need to prepare product 

documentation, which includes user manual, technical data sheets, declarations and test protocol. 

It can be seen that the design process is quite extensive. Therefore it requires a lot of experience 

to get through the whole process without mistakes and as fast as possible. As the experience is 

very hard to pack into a tool for speeding up the design process, there are more suitable parts for 

automation, which include calculation, 3D modelling / drawing and documentation. 

 

The next chapter will present techniques used for automation in the calculation phase, the 3D 

modelling phase and documentation preparation phase. 

 

2 Automation of the design process 

 

The design process is shown in Figure 1, where lighter circles represent customer actions and 

darker circles parts of the design process. The uppercase text represents design process actions and 

the bulleted lists represent the outcome of those actions. The next chapters will focus on design 

process actions and possibilities of their simplification and automation. 
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Figure 1: Design process flowchart 

 

2.1 Technical Calculation 

 

There are numerous of calculation programs for hydraulic systems. Some of them are even capable 

of simulating an entire hydraulic schematic. [1], [2] But are such programs really suitable for quick 

technical calculations of hydraulic power packs? Unfortunatly no, because the programs are too 

complex for such calculations, as they require to much input data for simple calculations and are 

therefore too time consuming. An alternative to such calculation programs are Excel based 

calculation programs tailored by engineers who know which data is important for them. 

 

For most of the power packs the customer knows hydraulic loads (cylinder dimensions, required 

forces and speeds), operation timeline of the machine (order of machine operations) and ambient 

conditions. All parts of the hydraulic power pack can be calculated out of this data. [3], [4], [5] 

The flowcharts below represent calculation order; when A and B is taken to calculate C and D 

such action is represented as “ABCD”. 

 

 cylinder dimensions  volume change 

 volume change  speed  flow rates  piping ID1; valve, filter types and sizes 

 flow rates  piping ID, valve, filter types and sizes  pressure losses 

 required force  pressure losses  required pressure 

 required pressure  piping ID  piping size 

 flow rates  pump  accumulator sizes 

 flow rates  required pressure  motor size and power 

 volume change  accumulator size  tank size  oil pan size 

 pressure losses  flow rates  cooler size 

 ambient temperature  flow rates  heater size 

 

Such calculations require a database of basic parameters of mostly used components (valves, 

filters, pumps, …), a table that holds customer input data and some basic hydraulic equations 

which are used to create final calculation report as shown in Figure 2. 
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Figure 2: Calculation program as a funnel 

 

The advantages of such calculation program are: 

 

 simple component database (component parameters can be read from any datasheet) 

 instant calculation (no long computation times) 

 equations and component database are reused in new projects 

 

Everything mentioned above can be packed into an Excel file, which is a well known and relatively 

cheap solution, as it is a must have application in every office. First page of the report generated 

in Excel is shown in Figure 3. 

 

 
Figure 3: First page of a report generated with Excel based calculation program 

 

 

CALCULATION REPORT

equations

user input 
data

component 
database
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2.2 3D modelling of the hydraulic power pack 

 

There are a lot of different CAD software packages available on the market (Inventor, SolidWorks, 

ProEngineer, Catia, Geomagic, …). Most of them have similar functionality and offer comparable 

features. This chapter will point out the most useful features for speeding up the 3D modelling of 

the hydraulic power packs, which are parametric modeling, library features (iFeatures) and finite 

element method (FEM) analysis. An example 3D model of a hydraulic power pack is shown in 

Figure 4. 

 

 
Figure 4: Render of a 3D model of a modern hydraulic power pack 

 

2.2.1 Parametric modelling 

 

Each company that produces a lot of hydraulic power packs, has or should have internal standard 

parts (eg. tanks, oil pans, manifold brackets, flanges, …) which they frequently use. It is nonsense 

to model new parts for each project but reuse the standard parts. There is the point where 

parametric modeling comes in. Each component is drawn using parameters, which are stored in a 

table (eg. height, width, depth and wall thickness of a tank). Example table is shown in Figure 5. 

When a designer needs a tank, it places a tank in the 3D model and chooses the desired size. The 

benefit of such modelling comes to light when changes have to be made. When changing a 

parametrically drawn component a change is done with a few clicks (by highlighting new table 

row). Moreover the constrains (mates) don’t have to be reatached, which saves a lot of time and 

simplifies redesigns and changes. 
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Figure 5: Parametric table in Inventor 

 

Parametric modelling is suitable for components that don’t have a lot of variations. Parametric 

modelling requires more time for creating the first component variant, but saves a lot of time on 

further similar components. The only drawback of parametric modelling is the complexity of 

making unexpected design changes. [6], [7], [8] 

 

Parametric modelling can also be used for purchased parts, which have little differences. For 

example electrical level indicator that has different standard lengths. Although it takes more time 

to draw the parametric model or modify manufacturer’s model to parametric, such approach pays 

of when replacing the components, due to customer requests. 

 

2.2.2 Library features (iFeatures) 

 

Another interesting feature of modern CAD software packages are library features (Solidworks 

[9]) or iFeatures (Inventor [10]). Library features are useful for tank cover hole patterns of 

components (return filters, filler filters, bell housings…). When placing a new component on the 

tank cover, its “footprint” (usually a hole with more threaded holes around it) is dropped on the 

cover from the library and correctly positioned. After that, the actual component is constrained to 

its “footprint”. 

 

Using library features can help designers to create tank covers faster and with fewer errors as 

footprints in library were already verified. “Footprints” can be easily replaced (similarly to 

replacing a parametrically modelled part) when a component change is desired and no constraints 

brake during its replacement. 

 

2.2.3 FEM analysis 

 

FEM analysis is useful for calculating mechanical strength of manifold mounting brackets for 

example. FEM is already built in many modern software packages, therefore it is easy to use. FEM 

analysis is executed using only a few clicks, its results help engineers to determine whether the 

component would withstand the forces and where the component could be improved. The results 

also enable more efficient use of the material and therefore further reduce manufacturing costs of 

analysed components. [11] 
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2.3 Documentation preparation 

 

Every hydraulic power pack needs some documentation, which includes technical datasheets, user 

manual, declaration of incorporation (mostly) and test protocol. All those documents are based on 

templates, which have some fields that have to be filled out. Each new power pack has different 

documentation, which may be in different languages when selling power packs to foreign 

customers. 

 

Because some documents have a lot of fields to edit and sometimes a customer wants multilingual 

documentation (meaning filling out same data for each language), this procedure is extensive and 

time consuming. Even though it is straightforward, a lot of errors can happen due to repetitive 

tasks. 

 

Because of its nature, the preparation of documentation is relatively simple to automate. The 

documentation templates are prepared using Word application. All the fields that need to be filled 

out are marked using Word’s built in content controls. Templates in such form can be easily edited 

using a master Excel document, which serves as a container of additional power pack properties 

and as a link between bill of material and Word templates. Macros based on Visual Basic for 

Applications (VBA) in master Excel open the Word templates, fill out the fields, paste in the 

relevant images, save word files and create PDFs in all the required languages. Such procedure is 

illustrated in figure 6 where grey boxes represent inputs to the master Excel file and black boxes 

represent Word templates, which are converted to normal Word documents during creation and 

finally converted to PDF. 

 

Such approach requires little VBA knowledge plus intermediate Excel and Word experience for 

initial system creation [12]. Using such system is afterwards simple and straightforward, so anyone 

can generate all the relevant documentation in a few minutes. 

 

 
Figure 6: Block diagram of documentation generation procedure 

 

The user must manually add only documents that originate from another programs, for example 

hydraulic schematic from HyDRAW, dimensional drawing from Inventor, electrical schematic 

from Caddy, etc. 
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3 Conclusion 

 

This article illustrated the design process of modern hydraulic power packs. It has been shown, 

that time is one of the biggest challenges that engineers have to face, throughout the whole design 

process. Therefore it is suitable to optimize the parts of the workflow that is repeating from one 

power pack to another. These steps are technical calculation of the power pack, 3D modelling of 

the power pack and preparing power pack's documentation. 

 

The most elegant solution is to get the most out of the tools that engineers already use every day: 

3D CAD software package and Microsoft Office programs. 

 

Excel is an indispensable tool for any calculation, therefore it was used as a fundament for 

hydraulic power pack calculation program. When combined together with Word templates it such 

combination was turned into a powerful documentation generator, which can generate 

documentation of the power pack in the matter of minutes. 

 

There are a lot of features hidden in every 3D CAD software package. Some of them are very 

useful for modelling the hydraulic power packs. Especially parametric modelling, library features 

and FEM analysis have been proven as very useful in the field. Parametric modeling serves for 

fast tank, oil pan and frame generation, where as library features speed up tank cover design. When 

there is a doubt in load capacity of construction, mounting brackets or frames FEM analysis helps 

to determine whether the construction will withstand the loads or not. 

 

Perfectly modelled power packs don't only look nice but can also save a lot of time in the 

manufacturing phase. If one change in calculation phase takes 1 minute, the same change in 

modelling phase takes 10 minutes and in manufacturing phase 100 minutes. Use all the presented 

techniques to save precious time and to make power packs look perfect on the computer screen 

and in reality – Figure 7. 

 

   
Figure 7: Render of 3D model of a hydraulic power pack (left), actual product (right) 
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Abstract The article presents design study, production and commissioning 

of heavy-duty forestry trailer equipped with hydrostatic transmission. The 

aim of the project is to build heavy duty, highly productive and compact, 

cost-effective and user-friendly machine, which will be able to operate on 

severe terrains and can be at the same time driven with standard agriculture 

tractor. 

 

The aim of the trailer transmission is to generate additional tractive effort 

on terrains where tractive effort of the tractor does not guarantee correct 

and safe driving conditions. Trailer transmission design is done in way to 

provide additional tractive effort when traveling uphill and provide 

sufficient hydrostatic braking when traveling downhill. 

 

Trailer Assist is diagnosed via several sensors and consequently controlled 

by micro controller, which is a part of the transmission and provides on-

time speed synchronization between the tractor and the trailer. An 

additional integrated display provides effective interface between the 

machine and the user. 
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1 Aim of the project 

 

On the market there are many systems to transport wooden logs. There are solutions from very 

simple winches to more sophisticated forestry machines as are tower yarders, to skidders and 

forwarders and finally even helicopter transportation. 

 

  

  
Figure 1: Several concepts of wood transportation 

 

General aim is to transport heavy wooden logs from difficult terrains to the territory near roads 

that can be easily reached with standard trucks. 

 

Focus on basic log transportation “on-wheels” generally show two solutions; transportation with 

tractor trailers and transportation with forestry forwarders. Forwarders are very effective and 

comfortable solution, but at the same time also expensive due to input costs of complex machine 

and regular machine operational costs. Transportation with tractor trailers is at the same time 

inexpensive (tractor is one of the basic equipment on the farm), but causing several deficiency. 

One of the most important is that many difficult terrains are impossible to reach.  

 

On the market there are many different tractor forestry trailers options. From very simple to very 

sophisticated solutions. Weaknesses generally stay the same – classic forestry trailer has to be in 

combination with heavy and powerful agriculture tractor to be able to transport heavy loads. 

Basic idea of the company Pro Jernač was to develop forestry trailer which can be used also in 

combination with smaller agriculture tractor and can at the same time reach heavy terrains which 

are normally reachable only with forestry forwarders. 
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2 Input requests 

 

Input requests were following: 

 

- Trailer solution has to be as much universal as possible and useful with any agriculture 

tractor as possible.  Minimal size of tractor is 4 tons and 90kW engine power. 

- Trailer size has to allow loading, transportation and unloading up to 10 m3 of logs at once. 

- Solution must allow greater manoeuvrability compared to standard trailers solutions. 

- Trailer transmission has to be able to transform as much input power in additional tractive 

effort when composition traveling uphill and at the same time need to provide reliable 

retain torque when traveling downhill. 

 

Almost all points above can and at the end were reached with proper trailer transmission. This was 

the point where innovative ideas of Pro Jernač have met Poclain Hydraulics’ heavy duty 

transmission solutions. 

 

 
Figure 2: Pro Jernač prototype trailer 

 

3 Transmission solution 

 

Generally trailer transmission is closed loop electronically controlled hydraulic transmission.  It 

consists from four general types of components; PW heavy duty closed loop hydraulic pump, 

MSE18 radial piston hydraulic motors, closed loop hydraulic control valves and electronic control 

unit. On the trailer there is also additional open loop hydraulic system provided by Poclain 

Hydraulics to control additional functions on the trailer; steering, wheels position control etc…). 

Transmission was designed in a way that speed of the trailer is synchronized with speed of the 

tractor and at the same time can provide additional tractive effort according to operator demand. 

To achieve those requests, so called constant pressure control principle were used. Beside that 

there are several driving modes: 

 

I. On-road mode: Assistance is completely stopped and system needs only energy to 

provide correct lubricating of the hydraulic motors and ability to operate in 

freewheeling mode. 
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II. Freewheeling mode: Assistance operates, but it is not used to provide any additional 

torque.  

III. Assist mode in forward or reverse: Assistance needs to provide requested torque  to 

trailer’s wheels to increase moving ability of the composition. 

IV. Retain mode in forward and reverse: Assistance needs to provide requested hydrostatic 

braking torque to avoid uncontrolled moving of the composition when traveling 

downhill. 

 

Operational principle is following: 

 

- Composition starts to move; tractor demand speed of composition.  

- One of the trailer wheels is equipped with speed sensor which independently detects and 

measures the speed of composition. 

- Dedicated software calculates pump displacement according to wheels speed. Electronic 

control unit provide on time adjusting of pump displacement regarding to speed variations. 

- At the same time operator set requested additional torque – on the control panel operator 

directly set percentage of additional torque. 

- Software re-calculate requested torque – regarding of wheels size and motors displacement 

– in needed pressure level. 

- Electronic control unit sets the pump to maintain calculated pressure in the high pressure 

lines of the system and at the same time maintain requested speed of the composition. 

- Retain mode is done on the same way the only difference is, that opposite lines are 

pressurized. 

 

This concept gives very effective hydraulic transmission for off-road towed vehicles. Key point of 

system performances is initially correct setting. 

 

4 Hydraulic system 

 

a. Hydraulic motors 

 

There are two low speed high torque (LSHT) radial piston wheel hydraulic motors. Motors are 

used on trailer front wheels due to increase gradeability of the wheels with ground. First wheels 

normally (in case of equal weight distribution) generate greater tractive effort in comparison with 

rear wheels. Motors on the trailer are MS range, that is already well proven on the different forestry 

machines. 

 

Motors used are 2340 ccm radial piston motors with “stepped piston” technology. Stepped 

technology allows higher displacement inside same overall dimensions. At the same time maximal 

pressure for those motors is limited to 410 bar, which is enough for trailer assistance. 
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Figure 3: Stepped piston technology 

 

Motors are wheel type with dedicated bearing support that can take the complete load of the loaded 

trailer. End of the motors are equipped with additional drum brake system provided by company 

Colaert from France. With this braking system trailer comply all regulations for on-road use in 

area of European Union. Brakes can be hydraulic or pneumatic controlled. Braking energy is 

provided and controlled by the tractor. 

 

   
Figure 4: Wheel type hydraulic motors 

 

One of the motors is equipped with additional rear gear pump, which provides necessary hydraulic 

energy when the main pump is stopped. Gear pump is driven by the motor which is driven by the 

wheel when trailer is towed. Additional energy is needed for motor’s lubricating and maintaining 

freewheeling of the motors. Freewheeling means light pressurization of motor case ( 2bar) to 

avoid uncontrolled movement of motor’s pistons. 
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Figure 5: Additional pump on the rear of the motor 

 

b. Hydraulic pump 

 

At first Poclain Hydraulics medium duty PM50 pump was used. But based on results of first tests 

decision was taken to switch to new Poclain Hydraulic heavy duty PW096 pump. PW096 is closed 

loop axial piston pump. High development on this product provide effective and reliable product 

that can be used in several mobile and industrial applications. Key point of the pump is unique 

piston – sliding plate joint which provide less wear of key pump components, higher response time 

due to lighter components and less temperature dependant. 

 

 
Figure 6: Piston – slide plate joint on PW096 pump 

 

Pump is 96 ccm electro-proportional controlled unit with integrated 22ccm g-rotor charge pump. 

Integrated and closed loop flushing valve importantly decrease piping which still – based on 

machine complexity – remains heavy. Integrated pump speed sensor on time monitor pump speed 

and transmit information to main electronic control unit. Pump speed is also important information 

to adjust it’s displacement. 

 

Pump is driven by 3:1 multiplicator which is driven by tractors PTO. This allows pump operating 

in most optimal speed frequency. Open-loop pump for the crane is mounted directly on the rear 

side of PW closed loop pump. 
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Figure 7: PW096 pump on trailer and overall view 

 

c. Closed loop hydraulic control valves 

 

Additional hydraulic controls (beside control provided with pump) are: freewheeling valve, 

traction control valve and motor case pressurization valve. 

 

Freewheeling valve is high pressure, high flow electro controlled hydraulic valve. Its function is 

to enable freewheeling of the motors. At the same time its function is to engage and disengage the 

transmission when pump is running. Freewheeling valve also provides quick transmission 

disengaging in case of emergency. Large internal sections provide low pressure drops through the 

valve. 

 

 
Figure 8: Freewheeling valve VDF-H15 

 

Traction control valve is basically high pressure flow divider, equipped with bypass and control 

system. It is heavy duty FD-H2 type, a new product of Poclain Hydraulics in Žiri. Valve splits the 

pump flow into two independent ways to independently supply each motor. In reverse way it 

combines flow to supply the return line of the pump. Demand when to enagage this function is 

given from operator via control panel. 
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Figure 9: Traction control valve FD-H2 

 

Case pressurization valve is hydraulic wheatstone bridge and it is used in combination with 

additional gear pump driven by hydraulic motor. Motor can run in both directions and 

consequently pump suction and pressure line must change regarding to pump rotating direction. 

That provide case pressurization valve. 

 

 
Figure 10: Case pressurization valve 

 

d. Electronic control components 

 

Electronic controls components exist from four main units; electronic microcontroller with high 

power outputs, dedicated software, control panel and several sensors integrated in hydraulic 

system.  

 

Electronic control unit is Poclain Hydraulics SMARTDRIVE EASY programmable module with 

several high power outputs to control hydraulic pump and several electro controlled hydraulic 

valves. 
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Figure 11: Electronic control unit and control display 

 

Software is dedicated to the trailer assistance. Parameters also allow to control the main trailer 

functions like maximum speed, wheels/tyre size etc. 

 

There are two control panels for the trailer – one for trailer transmission, second for trailer auxiliary 

functions. Trailer transmission control panel is programmable display with several control buttons 

where required functions can be set. Pressure command is given by rotatable potentiometer. On 

the display chosen function is graphically shown. Also important parameters like trailer speed or 

hydraulic oil temperature are shown. 

 

On the trailer there are several sensors of three types: speed sensors, pressure sensors and 

temperature sensors. Outputs are used to provide correct system control and necessary safety 

functions like power or pressure limitation. 

 

 
Figure 12: Trailer electro cabinet 
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e. System hydraulic schematic 

 

 
Figure 13: Trailer hydraulic schematic 
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5 On field testing 

 

Intensive on-field setting and testing show many trailer assistance advantages as far as many 

advantages of the trailer as complete unit. Assistance can be used up to 7 km/h and can provide up 

to 2,75 tons of tractive effort per wheel. That findings show, that trailer assistance in many cases 

is not an additional transmission, but becomes the main transmission. Tractor in that case only 

provides power to run the pump. Fact is also that loaded trailer can weight up to 18 tons, when 

weight of the tractor is 4 tons. 

 

 
Figure 14: On field trailer testing 

 

System can operate up to 410 bar. Temperature stabilization is 82,5 C. System provides 

performances according to initial calculations. Special care were put on retain mode. After a fine 

tuning also this function was fine adapted, especially with use of heavy duty hydraulic pump. That 

was also one of general conclusions of the testing – the complete machine works properly with 

heavy duty components and at the same time best-in-class components that can be found today on 

the market. 

 

Commissioning also exposed one weak point of the transmission - hydraulic hoses. After a longer 

high pressure testing many of them start to leak and need to be replaced. Even high pressure hoses 

were not long term solution.  
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Figure 15: Measurements during commissioning 

 

6 Conclusions 

 

Generally looking hydrostatic transmission is the solution for that kind of heavy duty applications. 

Energy transition via hydraulic hoses allows complex architecture of the machine which at the end 

allows many others functionalities. 

 

Also some further developments steps can be defined: increasing end speed of the transmission 

using two speed hydraulic motors, integration of several components (hydraulic valves) into one 

valve block to simplify piping and some other improvements on trailer geometry and auxiliary 

hydraulic system. 
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used in hydraulic and pneumatic valves. Despite their high-performance 
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The main purpose of the paper is to presents basics of piezo technology 
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and pneumatic prototype valves. The main parameters that have major 

impact on static and dynamic characteristics of the piezo actuators and 

piezo valves are highlighted. Especially the direct drive piezo valves used 

for digital hydraulics and pilot stage driven servo valves are described in 
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1 Introduction 

 

Design and development of hydraulic and pneumatic valves constantly dictates improvements in 

valve miniaturization, lower price, better dynamic characteristics and lower energy consumption 

([1] to [4]). Better dynamics of valves can be achieved with use of light-weight piston materials 

and alternative actuators for their actuation. The most commonly used actuators in industry are 

electromagnetic actuators (solenoids) which are robust and reasonably priced, however, they are 

questionable when shorter switchover and response times are needed, which is desirable in high 

dynamic systems. Shorter switchover and response times occur due to magnetic induction and 

eddy current when switching the current on. With the use of alternative actuators, among which 

piezoelectric actuators (piezo actuators) offer the best possibilities for practical use ([4] to [9]), 

much shorter response times and lower electric energy consumption can be achieved. On the one 

hand, switchover times of the electromagnetic actuators lie in the range between 10 to 20 ms, 

whereas on the other hand, piezo actuators achieve shorter switchover times in the range of 0.1 to 

0.5 ms [3], [10]. 

 

The last twenty years the development of piezo valves presents an important area in the field of 

hydraulic and pneumatic systems. The research works are focused on development of high-

response and energy efficient piezo actuators that can replace the conventional actuators of 

proportional and high-response servovalves. On the other hand high-response piezo actuators 

installed in conventional or new valves can be successfully used in proportional, servo and digital 

hydraulics. Especially the digital hydraulics is the reason that the piezo technology has become 

more interesting in the field of hydraulic valves. The state of the art technology of piezo actuators 

used in hydraulic valves is still in the prototype phase, some of the valves have already been used 

in hydraulic linear drives to analyse the drives characteristics. 

 

A piezo actuator works on the principle of the inverse piezo effect. It converts electric energy 

directly to mechanical energy, while the solenoid (electromagnetic) actuator converts electric 

energy indirectly to mechanical energy (Figure 1). Because of the indirect energy conversion, 

longer response times are achieved with solenoids and consequently, worse dynamic 

characteristics of a hydraulic valve [11]. 

 

 
Figure 1: Conversion of electric energy in mechanical for electromagnetic and piezo actuator 

 

2 Piezo actuators 

 

In 1880 it was discovered that electric potential could be generated if pressure is applied to quartz 

crystals (piezoelectric material). This is called piezo effect. Vice versa, if electric potential is 

applied to piezoelectric material it changes its shape – inverse piezo effect. Piezo effect exhibited 

by natural materials as quartz, tourmaline, Rochelle salt etc. is very small so new materials with 

improved characteristics of piezo effect were developed. These materials are polycrystalline 

ferroelectric ceramic materials such as barium titanate and lead (plumbum) zirconate titanate 

(PZT), which is also a most widely used material for actuator applications today [11]. 
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The biggest advantages of piezo actuators over electromagnetic actuators are short response time 

and low energy consumption in the stationary state. Other advantages and also disadvantages are 

presented in Table 1 [5], [11, [12]. 

 

Table 1: Properties of piezo actuators 

Advantages Disadvantages 

High resolution Hysteresis 

High generated force (stack actuators) Drift, creep (1% displacement/time decade) 

Good efficiency Small displacement, stroke (0.1-0.2%) 

Short response time (below 1 ms) Problem of depolarization 

No wear (no moving parts) High supply voltage (60-1000V) 

High stiffness of PZT material Sensitive to radial loads and torsion 

Low energy consumption (stationary state)  

Operation at cryogenic temperature  

 

The most common used piezo elements for the technical applications are still linear multilayer 

stack piezo elements and bending bimorph piezo elements presented in Figure 2. Main properties 

for selecting the right piezo actuator for a particular application are: force generation, 

deflection/extension, dimensions and response time. Stack actuators (Figure 2a) can consist of 

monocrystal or of several piezoceramic plates. An advantage of the construction made of several 

plates is that a lower voltage is required for supplying the stack actuator, which is especially 

important for applications in fluid power technology and in assembly automation. They also 

generate high forces up to several kN but have small extension – several 10 μm. A bending actuator 

usually consists of a passive metal substrate which is glued to a piezoceramic strip – bimorph 

actuator [11]. There are also bending actuators with several layers – trimorph or multimorph. Two 

types of bending piezo actuators, cantilever piezo actuator (Figure 2b) and crossbow piezo actuator 

(Figure 2c), are more suitable for the use in pneumatic applications. A bending piezo actuator has 

high deflection – greater than 1 mm but generated forces are very low, up to several N. The bending 

cantilever piezo element is fixed only at one end; it has higher deflection and smaller forces than 

the crossbow piezo element. The crossbow piezo element is fixed on both ends [3], [11]. 

 

  
Figure 2: Different types of piezo actuators: a) stack; b) cantilever and c) crossbow 

 

Based on the previous research works multilayer stack actuator (Figure 2a) is more suitable for 

use in hydraulic valves. Their mechanical performances can be described with two basic 

mathematical expressions which defines the electro-mechanical correlation [13]. Equation (1) 

presents the electrical charge of piezo actuator Qpzt while Equation (2) describes the piezo actuator 

displacement xpzt.  
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pztpztpztpzt FxUCQ  0  (1) 
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0  (2) 

 

Where: 

 

Qpzt – electric charge of piezo stack [C] Fpzt – blocking force of piezo stack [N] 

Cpzt – capacity of piezo stack [F] xpzt – displacement of piezo stack [m] 

Upzt –supply voltage [V] kpzt – stiffness of piezo stack [N/m] 

x0 – stress-free displacement of piezo stack 

per unit volt [m/V] 

 

 

Under free operation, or no load, the stack does not exert any force and Equation (2) reduces to 

Equation (3). Thus, xpzt becomes the free displacement of the stack, it varies linearly with voltage, 

and it will be denoted as xfree. In the same manner, if the stack operates under a very large load, its 

output displacement xpzt is zero and Equation (2) reduces to Equation (4). This is the blocked force 

of the PZT stack and it will be denoted as Fblock. Furthermore, for the operation of the stack under 

the maximum voltage allowed, Umax, Equation (2) can be rearranged in the form (5). 

 

 

pztpzt Uxx  0  (3) 

  

pztpztblock UxkF  0  
(4) 

 

max0 UxkxkF pztpztpztpzt 
 

(5) 

 

 

Equation (5) represents the force-displacement characteristic curve for a piezo stack and can be 

plotted as shown in Figure 3. It describes the mechanical performance of the PZT stack. The 

characteristic curve defines the operating point of a PZT stack (OP), given the loading conditions 

it is operating under. 

 

In the same manner, Equation (1) yields to the charge-voltage characteristic shown in Figure 4, 

and it is related to the electrical performance of the PZT stack. 

 

  
Figure 3: Force-displacement curve for a 

multilayer stack piezo actuator 

Figure 4: Electrical charge versus electrical 

voltage 
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One important fact when using the piezo actuator in real applications is the type of preload. As 

described in [13], a piezo actuator is an elastic body with a given stiffness, and from a mechanical 

standpoint it will be represented with a kpzt. Furthermore, it can be operated under two different 

types of loading.  

 

The first case represents the load which remains constant during the expansion process. This is 

represented in Figure 5, where a mass exerts a constant force on the piezo stack. The force of the 

mass m compresses the piezo stack until equilibrium is reached. Thus, the initial position of the 

stack changes by the amount of x = F/kpzt. However, and as represented in the Figure 5, the 

constant force and the nonzero initial condition does not affect the stack's free displacement 

capability (xfreeA=xfreeB). Absolute displacement of piezo stack is defined with Equation (6). 

 

xxxx freeBfreeApzt   (6) 

  
Figure 5: Effect of a constant force pre-load 

on a piezo stack 

Figure 6: Effect of a spring pre-load on a piezo 

stack 

 

The second case occurs when the load on the stack changes during the expansion process. In Figure 

6 the stack is loaded with a spring of stiffness ks that is coupled in parallel to it. Therefore, the free 

displacement of the unloaded stack is expressed with Equation (7) (case A), while the free 

displacement of the spring loaded stack (shown as case B) is expressed with Equation (8). 

  

p

p
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k

F
x   (7) 
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kk

F
x


  (8) 

 

Thus, a spring load does affect the free displacement capability of the piezo stack, reducing the 

free displacement by x, Equation (9). Furthermore, the free displacement of the loaded case can 

be also expressed as a function of the original free displacement, Equation (10). 
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3 Piezo actuators used in hydraulic and pneumatic valves 

 

Hydraulic and pneumatic valves can be directly-operated or pilot-operated. In the first case usually 

the multilayer stack actuators in combination with hydraulic or mechanical amplifiers are used for 

high response servovalves. The stroke of piezo stack actuators (several 10 microns) can be 

amplified up to several 100 microns. In some cases, digital hydraulics, the amplification is not 

necessary. Digital hydraulics and digital fluid control units (DFCU) demands small-size switching 

valves. That can be achieved with the appropriate design of the valve and small displacement of 

the spool driven with direct-driven piezo actuator. The pilot-operated valves can use stack as well 

as bending piezo actuators. In this case the construction modification is usually performed due to 

low generated forces of the bending piezo actuators.  

 

3.1 Directly-operated piezo valves 

 

Interesting concept of a high response piezo servovalve, presented in Figure 7, implies a 

modification of a conventional direct driven servovalve [14]. In contrast to the conventional 

actuation of a spool in an immovable sleeve this concept includes the actuation of both the spool 

and the sleeve. This design allows reacting faster by driving the sleeve in the opposite direction to 

the spool and thereby enlarging the valve control orifice. The spool is driven by a conventional 

actuator (linear force motor) and the sleeve is actuated by a piezo stack. The actuators drive the 

spool and the sleeve in the opposite directions which results in a faster opening of the control 

orifice within a small signal operation till the piezo actuator achieves the full stroke. Both the spool 

and the sleeve are driven in a position closed loop in order to avoid a drift of a conventional 

actuator, to compensate a hysteresis of a piezo-actuator and to hold a required position at changing 

external forces (i.e. flow forces, friction forces). Due to the lower mass of the spool it can be 

advantageous to drive the spool with a piezo actuator and to actuate a sleeve with a conventional 

valve drive. Generally, the force of the piezo actuator reduces with an increasing stroke. External 

forces acting on a piezo-actuator should be considered as they cause an offset of the stroke or 

reduce it. The new concept of hybrid servovalve results in much better dynamic characteristics of 

the valve in the range of small openings. The step response of the sleeve is below 1 ms (maximal 

stroke of the sleeve) while the frequency response is around 620 Hz (-3dB) and 850 Hz (phase 

shift -90°). The delay time of piezo actuated sleeve is much lower (0.1 ms) compared to the 

conventional actuation of the spool (1 ms). 

 

 
Figure 7: Hybrid proportional piezo valve [14] 

 

A product of company Hydraulik Ring can be taken as an example of a directly driven piezo-valve 

with a mechanical stroke amplifier [15], [16]. Figure 8 shows the valve and its schematic 

mechanical stroke amplification system. The amplification ratio is set by the distances between 

the pivot point and the joints. The valve has improved dynamic characteristics (750 Hz at -90° 

phase shift). However, the amplified stroke of the spool (La) of ±150 μm leads to extremely 

narrow manufacturing tolerances and a small nominal flow rate. 
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Figure 8: Hydraulic piezo valve using the mechanical amplifier [15], [16] 

 

Very similar to the mechanically amplified actuator the hydraulically amplified piezo actuator is 

presented in Figure 9 [17]. The amplification ratio is defined by the areas of the pistons at the input 

D and output d side of the amplifier. In order to avoid oil leakage, the amplification system of this 

valve consists of a membrane on the actuator side and a flexible metal bellow on the spool side. 

Thermal expansion of the actuators and the oil is compensated by the opposed arrangement of the 

actuator packages. Some of the authors use silicon filling (instead of oil chamber) in the hydraulic 

amplifiers to avoid leakage. The response time of the valve, size 10, is around 1 ms. 

 

 
Figure 9: Hydraulic piezo valve using the hydraulic amplifier [17] 

 

The next example uses a piezo driven spool valve shows Figure 10 [18]. It provides a partly cross 

sectional view of the valve (Size 10, QN = 70 l/min, Δp = 70 bar) being developed at IFAS. A stack 

of piezo discs provides only a small stroke of about 1/1000 of the stack length. For that reason a 

stroke amplification system is necessary. It features a hydrostatic transformer filled with silicone 

and allows a 40 times stroke amplification. The valve spool is flow force compensated to minimize 

forces required from the piezo drive. It is not easily accessible for stroke measurement and for this 

reason a special eddy current sensor was developed which is integrated into the valve sleeve. 
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Figure 10: Piezo driven servovalve with stroke amplifier [18] 

 

High response hydraulic drives, controlled with servovalves, can be replaced with digital fluid 

control units (DFCU) presented in Figure 11 [10]. New DFCU was developed by UL FS LASIM 

and is suitable for the use as 4/3 spool valve in high performance hydraulic linear drives. The 

functionality of conventional servovalve is achieved with the use of four on/off valves (functional 

states: PA, BT and PB, AT). Valve in combination with proper control electronic and 

control algorithm allows controlling the flow rate (from 0.08 to 20 l/min at pressure drop per 

metering edge Δp = 3.5 MPa) of individual on/off valve independently which results in high 

flexibility of the valve. 

 

The major advantage of the new digital piezo valve, compared to proportional and servovalves, is 

high step response (short delay time-below 0.1 ms, short switching time-below 0.3 ms) in all range 

of valve opening (from 0% to 100 %). The frequency response of the piezo actuator is 

approximately 1.4 kHz (-3dB) and 1.7 kHz (-90° phase shift) while the frequency response of the 

valve is 1.17 kHz (-3dB) and 1.18 kHz (-90° phase shift). The new construction of the seat valve 

is developed in order to reduce the static and dynamic flow forces which results also on reduction 

of the electrical energy consumption. 

 

A B

P T

A-T P-A P-B B-T
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valve 

block
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Figure 11: Digital hydraulic piezo valve [10] 

 

The cross-section view of piezoelectric actuator is shown in Figure 12. It consists of: 1-screw cap 

that allows proper preload of the piezo stacks, 2-spacer in combination with ball bearing to 

eliminate torsion, 3-actuaor housing with the proper stiffness, 4-flange (for installation in hydraulic 

valve), 5-disk springs, 6-control piston and PE-piezo stack.  
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Figure 12: Construction design of piezoelectric actuator [10] 

 

3.2 Pilot-operated piezo valves 

 

A newly developed piloted hydraulic servovalve at IFAS [19] aims at two limits given today:  

 

1. increase of dynamic performance by the use of piezo crossbow actuators 

2. reduction of quiescent leakage using two independently controlled nozzles.  

 

A cross sectional view of this valve can be taken from Figure 13. To increase performance of the 

piezo crossbow actuators the static force of the nozzle acting on it is compensated by a small piston 

fed by supply pressure. During static operation conditions both nozzles can almost be closed 

increasing the pressure in both spool driving chambers thus decreasing quiescent leakage. The 

valve spool is optimized with regard to its mass and is compensated for static flow forces. Spool 

displacement is measured by a small eddy current sensor which delivers a linear output signal. 

 
variable 

nozzle

integrated eddy 

current sensor

Piezoelectric crossbow actuator 

(flapper)

static force 

compensation

Source: IFASconstant 

nozzle

valve spool

 
Figure 13: Pilot stage servovalve using the piezo crossbow actuators [19] 

 

Figure 14 shows another concept how to modify the conventional nozzle flapper pilot stage 

servovalve (Figure 14 left) with two variable flow resistors A2 and B2 and two constant flow 

resistors A1 and B1. The concept (Figure 14 right) deals with a use of piezo-driven pilot stage as 

a hydraulic amplifier for the main stage with a higher nominal flow rate. The pilot stage comprises 

of four variable hydraulic flow resistors. Each flow resistor is implemented as a piezo-actuated 

2/2-way poppet valve. The pilot stage is mounted on a main stage of a conventional servovalve. 

The pilot stage pressures PAV and PBV are varied by a continuous displacement of the pilot valves. 
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The spool of the main stage is driven by these pressures in a position control loop. One of the 

operation modes of the pilot stage is driving the pilot valves pairwise in opposite directions. While 

valves A2 and B1 are closing, valves B2 and A1 are opening and vice versa. By changing the 

stroke of each pilot valve and the phase lag between them, different operation modes of the pilot 

stage can be achieved. The use of the highest hydraulic power amplification of four variable 

resistors on the one hand and fast piezo actuators on the other hand provides the valve high 

dynamics. The step response of the piezo valve is approximately 1.3 ms (maximal stroke of the 

sleeve) while the frequency response is around 340 Hz (-3dB) and 300 Hz (phase shift -90°). 

 

main stage

pilot stagepilot stage

piezo 

actuator

pilot valve

pilot stage pilot stage

main stage

Source: IFAS
 

Figure 14: Pilot-operated piezo servovalve [14] 

 

Very similar to the concept of hydraulic valve shown in Figure 13, Figure 15 shows pneumatic 

directional valve of the size ISO 3, 5/2 with a pilot-stage piezo actuator [3]. The research into the 

possibilities of using piezo actuators with bending elements has shown that for controlling a 5/2 

directional valve it is possible to use the crossbow piezo element with a flapper/nozzle system.  In 

the pilot-stage two crossbow piezo elements were used. The supply pressure pn is led from the 

main power supply on the main directional valve. The supply air flows through the constant nozzle 

to the adjustable nozzle. At standstill both piezo elements are unloaded and the air flows from both 

nozzles into the atmosphere. By switching ON one of the pilot-stage valves, the piezo actuator 

bends and moves towards the nozzle. Due to greater blockage of the air outflow, the pressure pk in 

the chamber rises. When the pressure force in the chamber is big enough, the valve is switched 

over into a new position. The research also includes the energy consumption analysis by taking 

into account the energy needed for one switch of the main spool. The results shows that piezo 

actuator consume up to 30 % less energy compared to the conventional solenoid. 

 

Source: UL FS LASIM

piezo actuator

control 

chamber cartridgespool valve body

 
Figure 15: Pneumatic piezo valve ISO 3, 5/2 with a pilot-stage piezo actuator [3] 
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4 Conclusion 

 

The paper presents different types of piezo actuators that can be used in hydraulic and pneumatic 

valves. In the first part basic theoretical background of the piezo technology which should be taken 

into account when developing the new piezo actuators is presented in detail. Further on three most 

useful piezo actuators, multilayer stack, cantilever and crossbow, are presented. 

 

Piezo stack actuators are more suitable for the use in direct-operated hydraulic valves due to their 

high blocking forces. Very small displacement of the piezo stack actuators demands mechanical 

and hydraulic stroke amplifiers to increase the stroke to a demanded value. In the case of 

servovalve with the torque motor the piezo stack actuators can be used in pilot operated when 

small flow rates of the pilot stage is needed to control the main spool. 

 

Piezo stack actuators are very suitable for the use in digital hydraulics as actuators of fast switching 

valves. Based on existing researches the combination of pilot-operated high flow rate switching 

piezo valve and the small flow rate direct-operated piezo valve should give the best results in terms 

of robustness, functionality, price and dynamic performance of the entire DFCU. 

 

Bending piezo actuators are usually used in pilot-operated hydraulic and pneumatic valves. 

Hydraulic valves demands modifications of the pilot-stage chambers in order to achieve the static 

force compensation needed to open the pilot-stage nozzle. Otherwise these types of actuators don’t 

provide functionality due to small generated forces. 

 

The mechanical components such as actuator body, preloading components of the actuator system, 

valve spools, valve sleeve, valve body, and other mechanical elements effecting the static and 

dynamic characteristics of the actuator or the valve need special treatment and the use of advanced 

numerical approach such as CFD (Computer Fluid Dynamics) and FEM (Finite Element Method) 

methods. Otherwise the problems in terms of valve stability and performance of the valve cannot 

be achieved. Especially the dead volume of the pilot-stage chamber could have major impact on 

valve dynamics. 

 

By taking into account all the requirements the improved characteristics of the valves can be 

achieved. The experimental results of the existing piezo valves prototypes shows that piezo valves 

can be used as alternative to conventional servo valve for driving the high-performance and energy 

efficient hydraulic and pneumatic drives. 
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The paper shows development procedure of a heavy-duty flow divider of 

spool type for mobile applications: starting with basic principle of flow 

dividing, over development activities including benchmarking, concept 

design to experimental validation, to patenting problems. The latter 
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1 Introduction 

 

If there is a need to split a single hydraulic line into two or more identical flow paths, a tee (i.e. 

hydraulic T-junction component) or several tees can be a solution. However, if the resistance in 

all lines is not identical, flow can vary in each line. Adding flow control valve at the tee outlets 

allows changing resistance and equalizing flow in each line. In the machine operating condition, 

work resistance changes often require constant flow modifications. A special flow control valve, 

called a flow divider, splits flow and compensates for pressure differences. A flow divider can 

split flow equally, unequally, and into single or more paths [6]. There are two types of flow 

dividers: a spool type and a motor type (usually gear). This is shown on Figure 27. 

 

 
Figure 27: Hydraulic symbol of a flow divider: spool type (left) and motor type (right) [5] 

 

If this valve also combines the flows, is it named a flow divider/combiner. However, for this paper 

purposes, only a flow divider/combiner of a spool type is taken into account. For the sake of 

simplicity, flow divider/combiner will be called, hereafter, only a flow divider. 

 

A typical flow divider has two functions, dividing and combining of a fluid flow. The valve divides 

a fluid flow in the direction from A to B and C, and combines flows in the direction from B and C 

to A (refer to Figure 27). The dividing/combining ratio is usually 50 % : 50 % (although any other 

ratio is possible), independent of a pressure in respective pipelines, B or C. Typically, the valve 

consists of housing (4), outer spool (3), two dividing spools (2) and three weak springs (1). See 

Figure 33 for more details. 

 

Flow dividing: The fluid flows in the direction from A to B and C. The flow in chamber A 

is divided and flows through the orifices with constant cross-section (i.e. fixed orifices) and 

throttles (i.e. variable orifices) into chambers B and C.  

 

Flow combining: The oil flows in the direction from B and C to A. The operation is 

identical as at dividing of the flow. 

 

The principle of operation depends on the pressure loss, which again depends on the fluid flow. 

For this reason, the divider works properly only within the defined flow range. Limitation of a 

maximal flow directly affects the rate of pressure loss; limitation of minimal pressure has a direct 

impact on dividing and combining accuracy [1]. 

 

A typical position of a flow divider in a closed loop hydraulic circuit is depicted on Figure 28. 

Inlet flow from a pump is distributed equally to the left and right hydraulic motors and assures 

parallel operation of wheels of the same axle and/or between different axles. If there is no flow 

divider integrated into hydraulic circuit and there is a loss of adherence on one wheel, a vehicle 

will not move ahead anymore since all the flow passes through this motor ( oil under pressure 

will take the easy way out). 



INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

A. Čelnik & L. Peternel: Development of the heavy-duty flow divider (FD-H2) for 

mobile applications 

221 

 

 
Figure 28: Position of a flow divider in a closed loop hydraulic circuit [5] 

 

Figure 29 depicts position of a flow divider in an open loop hydraulic circuit (depicted in a 

simplified representation). In this case, inlet flow from a pump is distributed equally to the both 

hydraulic cylinders and therefore assures parallel operation of both cylinders. If there is no flow 

divider integrated into hydraulic circuit and cylinders are not loaded equally, cylinders may not 

reach the end of stroke together (the low-loaded cylinder will make full stroke first). 

 

 
Figure 29: Position of a flow divider in an open loop hydraulic circuit [5] 

 

1.1 Basics of dividing/combining principle 

 

As the principle of dividing and combining mode is the same, the dividing mode will be presented 

hereafter only. For the explanation simplicity, it is assumed that dividing (or combining) ratio is 

50 % : 50 %. 

 

1.1.1 Hydraulic orifice 

 

The fundamental principle of a flow divider is the fluid flow repartition through (two) orifices in 

parallel connection. The prescribed repartition ratio depends solely on fixed orifices (Figure 30).  

 

 
Figure 30: Fixed orifice (constant cross section) 
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Fluid flow through the (fixed, variable) orifice is governed by the Bernoulli equation which relates 

the flow rate and pressure loss: 

 

𝑄 = 𝐴 ∙ 𝑣 = 𝐶𝑞 ∙ 𝐴 ∙ √
2∙∆𝑝

𝜌
 (1) 

 

where v, A, Cq, ∆p and ρ refer to fluid velocity, orifice cross section area, flow coefficient, pressure 

loss and fluid density, respectively. 

 

 Orifice cross section area, A, could be fixed (i.e. non-adjustable  A=const.) or variable (i.e. 

adjustable  A≠const.). In the first case, orifice is known as fixed orifice; in the second case, 

orifice is said to be variable orifice. Figure 31 depicts these two types of orifices on Poclain 

Hydraulic existing flow divider (DTP). 

 

 
Figure 31: Orifice examples: fixed orifice (left) and variable orifice (right) 

 

 Flow coefficient, Cq, represent the hydraulic efficiency of a component. Flow coefficient has 

mainly a constant value in turbulent area (i.e. at high flow number λ), but linearly increases at 

laminar flow (i.e. at low flow number λ). 

 

 
Figure 32: Characteristic of flow coefficient versus lambda [3] 

 

 Pressure loss, ∆p, refers to the pressure difference between upstream and downstream 

pressures. Therefore, if a flow direction on Figure 30 is A  B, then the pressure loss is ∆𝑝 =
𝑝𝐴 − 𝑝𝐵. For pressure loss calculation according equation (1), minimum cross section area 

should always be taken into account. 
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Based on the equation (1), two orifices with the same flow rate (Q) have the same pressure loss 

(∆p) if their cross section area (A) is the same. 

 

1.1.2 Dividing principle – centric spool position 

 

Combination of fixed and variable orifices is used on the existing Poclain Hydraulic flow divider. 

Variable hydraulic orifice is designed as “spool-in-spool” where cross section area varies and 

depends on relative positions of both spools. 

 

In this particular case, it is assumed that inlet flow rate (Q) divides into C and B hydraulic lines 

equally (i.e. pB = pC  QB = QC) and fixed orifices are of the same size. Therefore, oil passes 

through the control (fixed) orifices and spools remain in the central position, as shown on Figure 

33. Although it depends on a particular design, variable orifices on inner spools in centric position 

are normally fully uncovered by the outer spool. 

 

 
Figure 33: Cross section view of flow divider (DTP) in centric position 

 

Therefore, in this centric inner spool position, fixed orifices play the essential role for maintaining 

equal pressure loss and consequently, equal flow rate on both sides of the valve. 

 

1.1.3 Dividing principle – eccentric spool position 

 

If, due to a change in outlet pressures pB or pC, there is a tendency for more oil to pass through one 

side than the other (i.e. B or C), the pressure loss increases in that side causing inner spool to shift 

the other inner spool across eventually restricting the outlet of the higher flow side (thanks to 

variable orifice) while keeping the lower flow side open (Figure 34). As soon as the pressure loss 

through the fixed orifice in both inner spools is equal, the spools will maintain a metering position 

keeping the flow from both legs equal. Any change in the outlet pressures will cause the inner 

spool to move accommodating the change by metering the oil through the path of least resistance 

[8]. 
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Figure 34: Cross section view of flow divider (DTP) in eccentric position 

 

In this particular scenario, all orifices (i.e. fixed and variable) are essentially important in order to 

assure equal flow rates on both sides of the flow divider. Thus, variable orifices adjust their 

position in order to equalize pressures on both sides of a valve (i.e. B and C) and therefore equalize 

pressure loss between the inlet port and the outlet ports. 

 

2 The scope of investigation 

 

Since last few years, power transmission valves (i.e. VPT – a dedicated branch of valves in Poclain 

Hydraulic) experience an increase of market needs and demands. VPT hydraulic valves are mainly 

used on mobile applications. Due to space and weight limitations, such valves need to handle high 

power density at minimum overall dimensions. This could be mainly achieved by increasing a 

working pressure. Along with rigorous demands for valve operating conditions (e.g. high flow 

rates, high pressures), there is also an undesired consequence of higher energy loses. 

 

Poclain Hydraulics strives to offer a complete hydrostatic transmission solution for high pressure 

applications. In order to fulfil this aim, the new “HP” (i.e. high pressure) series of pumps, motors, 

valves and electronics are released for most demanding applications (Figure 35). The latter usually 

refers to pressures up to 500 bar. 

 

 
Figure 35: Poclain Hydraulics high performance portfolio 
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The new generation flow divider (FD-H2) has been developed in order to satisfy the needs for high 

performance product portfolio.  

 

2.1 Existing solutions 

 

Prior to a development of the new high pressure flow divider FD-H2, Poclain Hydraulics already 

offers solutions for synchronizing motor speed on mobile applications (Figure 36). There are the 

following products: 

 

 FD-MX flow dividers (FD-M2, FD-M3, FD-M4) for medium duty applications (i.e. for 

pressures up to 420 bar). It allows dividing/combining flow into 4 hydraulic lines. 

 FDB-2X flow dividers (FDB-20, FDB-25) for high pressure applications (i.e. for pressures up 

to 450 bar). It is designed and produced in subcontracting. 

 

 
Figure 36: Existing solutions for flow dividing/combining 

 

2.2 The needs for a new development 

 

Existing solutions for heavy duty application are out of the market needs and also out of Poclain 

Hydraulics needs. Based on Poclain Hydraulics past experiences and new market research, the 

following needs/goals have been defined regarding flow divider basic function: 

 

 performances of HP range (i.e. pressures up to 500 bar, flow rates up to 200 l/min in 

dividing/combining mode), 

 good dividing/combining accuracy over entirely flow range, 

 operational stability (no oscillations), 

 compact design, 

 modularity, 

 higher profitability, 

 faster delivery. 

 

Along with these goals, several other needs have been defined, such as: develop and produce 

components in-house in order fulfil customer needs faster, better control over the quality, achieve 

higher profitability and assure faster end-product delivery to customers. 

 

3 Benchmark analysis 

 

Four different flow dividers from competitors are analysed hereafter. All of them could be used 

for mobile applications. The following output variables are tracked: 
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 pressure loss (∆p), 

 accuracy in dividing and combining mode. 

 

Accuracy is measured over the entire flow range at five different Δp (i.e. at min pressure, ±200 

bar, ±350 bar) between input/output ports. Figures below show averaged values of accuracy 

calculated based on the equation (2): 

 

𝑇[%] =
∑

𝑄𝐴𝑖−𝑄𝐵𝑖
𝑄𝐴𝑖+𝑄𝐵𝑖

5
𝑖= 1

5
∙ 100% (2) 

 

3.1 Hydraulic measurements of the competitor valves 

 

3.1.1 Pressure losses 

 

This type of analysis indicates significant differences in pressure losses at nominal flow rates. 

Figure 37 depicts pressure losses in dividing mode according to the ratio between actual (QA) and 

nominal (QN) flow rates. Pressure losses at nominal flow rate in dividing mode differ from 12 bar 

to almost 48 bar. Therefore, at given pressure loss, a significant difference in flow rate among 

competitor “A” and competitor “C” could be obtained. 

 

 
Figure 37: Pressure loss in dividing mode 

 

Differences are also observed between pressure losses in dividing and combining modes. For 

example: valve from competitor »D« has 19 bar difference in pressure loss at nominal flow rate 

comparing dividing and combining mode (see Figure 38). 
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Figure 38: Pressure loss in combining mode 

 

3.1.2 Accuracy 

 

In dividing mode, all analysed valves operate stable (i.e. no oscillations observed). There are some 

differences with respect to accuracy, especially at lower flow rates (Figure 39). For mobile 

applications, it is desirable to have constant accuracy over entire flow range.  

 

 
Figure 39: Accuracy in dividing mode 

 

Figures for accuracy versus flow ratio (i.e. Figure 39 and Figure 40) depict averaged values for 

accuracy with additional (vertical) lines that represent the standard deviation. 

 

Differences between analysed valves become even more obvious in combining mode. In this 

particular mode, the worst accuracy is observed in general and three out of five valves start to 

oscillate (Figure 40). Valves with detected instabilities (i.e. oscillations) are shown as dotted lines. 
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Figure 40: Accuracy in combining mode 

 

3.2 Conclusions 

 

Benchmark analysis shows that the combining mode is the most critical mode with respect to 

accuracy and also with respect to operation stability. In the beginning of benchmark analyses, there 

were some uncertainties on the Poclain Hydraulic measurement protocol. This is because 

oscillations occur at several “brand name” competitor products. Among others, the appropriateness 

of the experimental approach has been approved thanks to feedback from the market – some valves 

experience instabilities also on the field. 

 

4 Development workflow 

 

Many different design concepts of a flow divider basic function exist on the market. However, a 

basic operating principle for many of those concepts is the same as described in beginning of this 

paper (see chapter 0). For the Poclain Hydraulics new development procedure, the spool-in-spool 

type flow divider is taken into account, patented by Japanese inventor Masao Yoshino (see Figure 

41). Patent protection already expired and, consequently, design is public available. 
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Figure 41: Extraction from the US patent [11] 

 

4.1 Conceptions 

 

Designs of flow dividers mostly use two spools in parallel, connected with a leg (named also tooth 

or rod, see Figure 33). Main benefit of spool-in-spool design is a single-piece outer spool and 

consequently no lateral forces due to spool connection. This has a beneficial consequence in a less 

friction force. 

 

In order to additionally improve the valve performances, a tangential connecting hole between 

main hole and ports is used. According to experiences, this should reduce deformations of 

connecting hole due to tightening torque on fittings (see Figure 43). 

 

Figure 42 depicts a cross section view of the first concept, made by the Poclain Hydraulics 

development team. 



230 INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

A. Čelik & L. Peternel: Development of the heavy-duty flow divider (FD-H2) for mobile 

applications 

 

 
Figure 42: Cross section view of the first concept 

 

The prototype has been made and tested. Although that all known past experiences on similar 

valves together with best practices and results of the benchmark analyses were taken into account, 

valve did not work as expected. In particular, accuracy in combining mode was out of expectation 

and acceptance criteria. In addition, oscillations in combining mode did not allow for valve to be 

functional. 

 

4.2 Improved functionality 

 

Additional design loops were necessary in order to improve most of weak points of the flow 

divider. Some of them are described and explained hereafter in order to emphasize the difficulty 

and expertise of the task.  

 

The result of intensive development is a bunch of acquired knowledge on hydraulic components 

design, their interactions as well as on validation procedure of the end product. 

 

4.2.1 Turbine effect 

 

The visual inspection of outer spool after the first characteristic test shows scratches in 

circumferential direction on the outer spool external surface. One of the main contributors for such 

phenomena is angular rotation of the outer spool (i.e. rotation around spool axis). Applied 

tangential connection between main hole and external ports decrease deformations of valve 

housing. In the same time, a so-called turbine effect is obtained. Consequently, radial (i.e. centric) 

connection between main hole and external ports has been used. This situation is depicted on 

Figure 43. 
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Figure 43: Different types of connections (radial and tangential) 

 

4.2.2 Flow split disc 

 

In combining mode, fluid flow from B and C side of the valve meet each other inside the outer 

spool (Figure 44). Collision of fluid flow from both sides influence the pressure upstream the fixed 

orifices and therefore directly impact the combining accuracy (oscillations appears). In order to 

avoid this phenomenon, a special flat barrier (called flow split disc) has been integrated in the 

middle of both inner spools. This solution partially solved the oscillations but makes valve noisier. 

 

 
Figure 44: Installation of FSD between inner spools 

 

In order to decrease the noise, a flat shape has been replaced by the special cone shape (proposed 

by LFT), which makes valve less noise. 

 

4.2.3 Number of fixed orifices 

 

In the first design concept, inner spool includes only a single (fixed) orifice with the appropriate 

diameter. Numerical simulations show that this design scenario locally produces higher 

(stagnation) pressure that directly affects required pressure to shift the outer spool. This 

phenomenon was also proved by the experimental investigation. 
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Then, the improved design scenario of inner spool includes multiple (fixed) orifices that give 

similar pressure loss as that from a single orifice configuration. This situation is depicted on Figure 

45. 

 

 
Figure 45: Effect of different number of orifices on pressure/velocity field 

 

4.2.4 Milled grooves on outer spool 

 

As explained previously, combining mode is the critical one with respect to accuracy and 

instabilities (i.e. oscillations). Deeper numerical investigation explains the source of instabilities. 

Flow force (also called jet force), which is a consequence of unequal static pressure distribution, 

causes outer spool to become unstable. These instabilities could be decreased if flow force is 

increased. The latter could be achieved if the flow angle is decreased (Figure 46).  

The flow force on a valve is found by evaluating the momentum changes. This force tends to close 

the valve. For a steady state flow of a liquid, the flow force Fjet is evaluated according to the 

equation (3): 

 

𝐹𝑗𝑒𝑡 = 2 ∙ 𝐶𝑞 ∙ 𝐴 ∙ ∆𝑝 ∙ cos 𝛼 (3) 

 

where Cq, A, ∆p and α refer to flow coefficient, orifice cross section area, pressure difference and 

flow angle, respectively. 

 

According to the equation (3), the smaller the flow angle α the bigger the value of cosine and 

bigger the flow force. 
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Figure 46: Variable orifice design scenarios 

 

4.3 Conclusion 

 

After several design iterations, numerical simulations (1D and 3D) and experimental investigations 

contribute to acceptable valve functionality. Valve instabilities are eliminated and a good accuracy 

in dividing and combining mode is achieved over a wide flow range. This has been approved also 

by the full characteristic test. In the very last step, valve durability has been checked by the 

endurance test. 

 

4.3.1 Characteristic tests 

 

 Pressure losses 

 

A fundamental characteristic of any flow divider is the amount of pressure loss at given flow rate. 

Such a curve of FD-H2 main function is depicted on Figure 47. It can be clearly seen that pressure 

loss in dividing mode is much lower compare to pressure loss in combining mode. Therefore, flow 

direction has direct impact on energy losses of the component. 

 

 
Figure 47: Pressure loss of the FD-H2 (dividing/combining) 
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 Accuracy 

 

Average values of dividing accuracy are depicted on Figure 48. For the smaller flow rates, dividing 

accuracy |T| is high and it is not recommended to operate in this area. However, for higher flow 

rates, dividing accuracy |T| significantly decrease and gets stabilized at approx. 2 %. Dotted lines 

on figure below represent the standard deviation (s) of dividing accuracy. Note that average value 

refers to measurement of accuracy at several pressure differences. 

 

 
Figure 48: Average of absolute dividing accuracy 

 

Figure 49 depicts average values of combining accuracy. At higher flow rates, combining accuracy 

|T| gets stabilized at approx. 3 %. 

 

 
Figure 49: Average of absolute combining accuracy 

 

All characteristic curves in this chapter are obtained on the product B25301A, FD-H2-2A20-E300-

42B-313-000. 
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4.3.2 Intellectual property 

 

It needs to be noted that complete design (including several design improvements) is already 

patented (Figure 50). The patent application is published under the publication number FR3032244 

in France; EP3051147 in Europe and CN105840880 and US20160223091 in the USA. 

 

 
Figure 50: Extraction from the US patent [12] 

 

4.3.3 Simulation models 

 

The new heavy-duty flow divider has been extensively evaluated also via numerical approach. 

This refers to the usage of several different numerical models, such as:  

 

 fundamental linear finite element (FEM) model which allows for static characterization of 

mechanical response of numerous valve components, 

 steady-state computational fluid dynamic (CFD) model that enables to evaluate pressure field 

at various boundary conditions and design scenarios, 

 advanced 1D dynamic model (built in AMESim) for prediction of valve fundamental 

characteristics (e.g. Δp-Q), evaluation of valve temporal characteristics (e.g. transient and 

stabilization zones) and for evaluation of component interactions. 
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The important output of numerical investigations is 1D dynamic model for valve design 

exploration (Figure 51). It allows for quick and accurate evaluation of different design scenarios 

(i.e. variation of input parameters). In addition, functional model of a flow divider is also used on 

a system level in order to assure more predictable and accurate functionality of a complete virtual 

machine. 

 

 
Figure 51: 1D numerical model for design exploration and validation 

 

5 Multi-purpose functionality of the new flow divider 

 

The basic functionality of a flow divider is presented on Figure 28 and Figure 29 above. In such 

cases, entire inlet flow needs to pass the valve even that flow divider basic function (i.e. flow 

repartition) is currently not required (e.g. all wheels have the same traction, loads on hydraulic 

cylinders are of the same magnitude etc.). Consequently, additional pressure loss appears as it 

would be in the case, if flow could pass a flow divider. Thus, additional energy is needed which 

make the system less efficient. 

 

For that sake, flow divider main function has been upgraded in order to minimize the energy losses 

and extend valve functionality. It is a compact integrated „all in one” design. The important 

improvement refers to the integrated by-pass valve (pos. 4 on Figure 53) which allows for flow to 

pass the flow divider when its main function is not required. This function is activated by the 

driver, manually. In addition, several auxiliary functions are also available, if needed (pos. 5 on 

Figure 53).  

 

 
Figure 52: Flow divider FD-H2: no auxiliaries (left) and with auxiliaries (right) [9] 
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Hydraulic schema of the new FD-H2 without auxiliaries is depicted on Figure 53. It can be seen 

that there are several other components beside the core one – flow divider on pos. 3.  

 

 
Figure 53: Hydraulic schema of the new FD-H2 (no auxiliaries) [9] 

 

Check valves (pos. 1) are needed in order to feed the lines A and B with charge pressure (usually 

to avoid cavitation on motor side). Pressure relief valves (pos. 2) are used to protect high pressure 

lines (A and B) against overpressure. Then, flow divider (pos. 3) assures prescribed flow 

repartition on A and B lines, respectively. By-pass valve (pos. 4) allows for flow to pass the flow 

divider. A single or several auxiliaries (pos. 5) could be added in order to extend the valve 

functionality (e.g. feeding other lines, such as motors 1C/2C spool, motor brake deactivation, etc.). 

Fixed orifice (pos. 6) is needed in order to compensate flow rates during steering manoeuvre. 

 

5.1 Catalogue product 

 

Basically, there are two types of the new flow divider: medium duty (FD-MX) and heavy duty 

(FD-HX) valve where X refers to the number of outlet ports. Medium duty is designed for maximal 

pressure of 420 bar and flow rates up to 150 l/min. Heavy duty refers to maximal pressure up to 

500 bar and flow rates up to 300 l/min. Modularity of each type of flow divider allows for wide 

range of product portfolio. In that manner, there are several different possibilities. 

 

5.1.1 Electric by-pass 

 

Different possibilities with electric by-pass are depicted on Figure 54: with and without auxiliaries, 

with and without pressure relief valves. 
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Figure 54: Different possibilities with electric by-pass [1] 

 

5.1.2 Hydraulic by-pass 

 

Figure 55 shows different possibilities with hydraulic by-pass. The main difference here compare 

to electric by-pass is that by-pass valve is activated hydraulically  pilot port (Pil) is not plugged 

but rather connect to external supply. 

 

 
Figure 55: Different possibilities with hydraulic by-pass [1] 
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5.2 Mobile applications 

 

The target markets for multifunction flow divider depend on their requirements. However, flow 

divider is mainly used for mobile applications. Medium duty flow divider is used for tool carriers, 

combi rollers/harvesters (e.g. fruits, apples , blueberry), rice field sprayer, small loaders, boat 

carrier, compactors, airport equipment, lift platforms, rock slingers, cold milling machines, 

forestry trailers (Figure 56).  

 

Heavy duty flow divider could be used on the same fields, but is essentially recommended on 

every mobile application where pressure exceeds 420 bar and flow rates exceed 150 l/min. This 

situation is typically for agriculture (Figure 57) and road machinery platforms (Figure 58). 

 

 
Figure 56: Platform market for FD-H2: forestry trailer [5] 

 

 
Figure 57: Platform market for FD-H2: agriculture [5] 
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Figure 58: Platform market for FD-H2: road machinery [5] 
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Abstract In a time in which efficiency enhancement has become such a 

major issue in the development of internal combustion engines, it is critical 

to be able to rely on precise consumption measurement. To do so, it is 

essential to be capable of both identifying and assigning systematic errors 

occurring in a consumption measurement chain. 

 

This paper specifically analyses the change in the volume delivered by a 

dynamically operated displacement meter due to position-change 

processes in the gear wheels. These dislocation processes are examined 

using an eddy current sensor based on the dislocation of the ring gear, 

which, at the same time, assumes the function of a hydrodynamic bearing. 

 

The objective is to map how the current gear-wheel position is linked to 

the delivered volume and, ultimately, to develop a model that, based on 

the characteristic parameters, confirms the measured results. 
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1 Introduction 

 

1.1 Problem Statement 

 

Hydrodynamic bearings have been used successfully for a very long time in a broad variety of 

fields. One specific area of application results from their use in a volumetric flow meter based on 

a displacement meter. Due to the extensive measurement range, its operation covers a high speed 

range. Since the lower speed range is not traversed quickly as with normal applications but 

represents an operating mode instead, the design poses additional challenges. 

 

1.2 Aim of the Paper 

 

The aim of this paper is to develop a method for describing positional changes which occur in the 

real-life operation of hydrodynamic bearings. It additionally seeks to describe and assign 

characteristic influencing factors. It should be possible to present a detailed description of the state 

of the hydrodynamic bearing across all areas of tribology. Finally, the paper seeks to make some 

statements about stability in the individual operating points. Furthermore, conclusions are to be 

drawn on the link between changes in speed and the gear pump’s delivery characteristics.  

 

1.3 State of the Art 

 

Hydrodynamic bearings (fluid dynamic bearings) in all their forms as parts of machinery, as well 

as related disciplines such as tribology, have already been the subject of extensive investigation. 

Prominent research in this field was conducted by Arnold Sommerfeld and Ludwig Gümbel. 

Hydrodynamic fluid bearings and their shifting processes were already the focus of publications 

by Adolf Fränkel based on work by Gümbel et al [1]. To date, the author has no knowledge of 

papers dealing with the correlation between the delivery characteristics of a flow meter and 

positional displacement.  

 

2 Basic Principles 

 

2.1 Volumetric Flow Meters 

 

Displacement meters are based on the principle of volumetric displacement by means of rotating 

wheels or spindles. The wheel geometry determines the individual volumes and the way in which 

the individual volumes are sealed from each other. Total displacement per revolution, V, results 

from the summation of the individual volumes ΔV. 

 

𝑉 =∑𝑉𝑖

𝑁

𝑖=1

 

 

(1) 

 

Displacement meters are operated either actively or passively. 

 

PLU flow sensors are volumetric flow meters for liquid media that operate on a servo-controlled 

gear counter basis. Due to the fast response time and the low system interference, this type of 

displacement meter is preferably used for dynamic consumption measurement. The flow meter 

device AVL PLUtron – based on an actively driven displacement meter designed as an internal 

gear pump – is used for the following examinations, see Figure 1. 
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Figure 1: AVL PLUtron Classic Flow Meter 

 

The PLU principle, named after Pierburg und Luftfahrtgeräteunion (PLU), combines a servo-

controlled gear counter with a dynamic piston sensor. A gear counter driven by a servo motor with 

encoder defines a geometric volume to pulse frequency ratio at an adjusted speed. A bypass 

ensures zero pressure difference (Δp = 0) between inlet and outlet, preventing leakage flow. Any 

flow changes immediately displace a zero-friction piston in either direction. 

 

A piston position sensor and a servo controller provide a fast control loop, keeping the piston 

centred. 

 

 
Figure 59: PLU principle servo-controlled displacement meter 

 

3 Preparations 

 

This paper is based on the characterization of gap geometries in a flow sensor, which was already 

the subject of an analysis as part of a bachelor project. By means of a differential flow 

measurement, a leakage flow was applied to the gap of a gear pump operated at steady state and 

from the produced leakage it is possible to draw conclusions about the gap geometries. Changes 

made to the parameters allow you to separate and allocate leakages proportionately. Alterations 

made to the tooth flank leakage in particular allow making statements about how the two gear-

wheels' position to each other changes. As these investigations are restricted to a low speed range, 

the intention is to map a position characterization across the entire speed range. 
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4 Measuring Methods 

 

4.1 Position Sensors 

 

Position measurements are based on the principle of eddy current formation. Eddy current sensors 

belong to a sub-category of inductive displacement transducers. Any changes in the distance 

between an eddy current sensor and the device under test, which requires electrical conductivity, 

manifest themselves in changes in the level of impedance. Alternating current flowing through a 

coil produces a primary alternating magnetic field, which, following the law of induction generates 

eddy currents in the device under test. 

 

The principle works both with ferromagnetic and non-ferromagnetic devices under test. Compared 

to conventional inductive displacement transducers, eddy current sensors have a higher resolution 

coupled with high dynamics. Another reason for choosing this type of sensor was its dirt resistance 

and the low impact of external magnetic fields. [2] 

 

 
Figure 60: Eddy current principle 

 

Figure 61 shows a schematic diagram of the position measurement test setup. The three eddy 

current sensors are arranged at an angle of 120° to each other in order to describe the position of 

the ring gear on a plane. 

 
Figure 61: Schematic figure of measurement setup 
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4.2 Evaluation 

 

In order to generate meaningful data from the three eddy current sensors’ raw signals, angle-based 

data are created with the help of the data acquisition system AVL IndiModul and the post-

processing tool AVL Concerto by means of a mathematical model. These data are then filtered 

using a low pass filter and a cut-off frequency of 200 Hz. 

 

 

 

After that, the conversion to the center point of the ring gear was calculated, assuming an ideal 

geometrical model. In Figure 64 you can see the trajectory of the ring gear's center point during 

one gear revolution. Figure 65 shows the same ring gear center point trajectory in relation to the 

hydrodynamic bearing bushing center point. The circle represents the maximum deflection of the 

ring gear center point in relation to the bushing center point. 

 

  

Figure 64: Trajectory center point Figure 65: Trajectory in relation to bushing 
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Figure 62: Eddy current sensor signals, 

unfiltered 

Figure 63: Eddy current sensor signals, 

filtered at 200 Hz cut-off frequency 
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5 Current Results 

 

The following measurements conducted so far are limited to an examination of the speed impact. 

Figure 66 shows the ring gear center point’s trajectory in relation to the bushing during one 

revolution (360°) of the ring gear. In this measurement, a speed of 1000rpm was chosen and kept 

constant. Figure 67 shows the distribution of the mean trajectory center point over 200 revolutions. 

 

  
 

Figure 66: Dislocation of center point 

80 rpm 

Figure 67: Distribution of center point 

80 rpm 

 

If you compare Figure 66, conducted at 80 rpm, and Figure 68, conducted at 1000 rpm, it becomes 

evident that although the distance from the center of the bushing becomes wider with an increasing 

speed, the trajectory within one revolution decreases.  

 

  

Figure 68: Dislocation of center point 

 1000 rpm 

Figure 69: Distribution of center point 

1000 rpm 
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Figure 70 and Figure 71 show the trajectory difference when measured at 80rpm and at 1000 rpm. 

A direct comparison results in a similar trajectory. In subsequent measurements, it is necessary to 

ascertain whether differences in the tooth geometry and resulting tooth force fluctuations are 

decisive factors for this pronounced trajectory. 

 

  

Figure 70: Trajectory center point 80 rpm Figure 71: Trajectory center point 1000 rpm 

 

Passing through a speed range from standstill to a maximum speed of 2800rpm produces a 

displacement curve that clearly reveals two characteristic positional changes. Large positional 

changes are achieved in the lower speed range before the position starts to stabilize. Another 

transition point can be found in a higher speed range - see Figure 72. 
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Before any sound statements can be made on the behaviour of the hydrodynamic bearing in these 

ranges, further measurements will be necessary in the speed ranges where these pronounced 

positional changes are found. 

 

6 Outlook 

 

Further questions that arise concern the main factors for displacement characteristics as well as the 

correlation between the speed and the delivery characteristics.  

Another need is to establish clarity about whether the significant changes in position are 

attributable to transitional friction states (as described by Stribeck). 
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The main purpose of this aper was to analyse the influence of the size of 

the holes in the valve plate on the total efficiency of the gerotor. The total 
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The operation of gerotor is briefly described as well as some equations for 

the efficiency determination. Within the used methodology, a 

measurement procedure is presented in detail. A test rig with hydraulic 

components and sensors was introduced. A very high total efficiency was 

obtained with the hole size of Φ6,3 mm - the total efficiency was on 

average 5 % higher in comparison to the initial hole size of Φ5,5 mm. 
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1 Introduction 

 

In this paper, the results of the measurement of low speed high torque orbital hydraulic motor are 

presented. The rapid development of the hydraulic components in the last few years has 

contributed many novelties, innovations and improvements in hydraulics. One of the groups of 

hydraulic component is hydraulic motor group. Hydraulic motors convert hydraulic energy into 

the mechanical energy. The most crucial measure of performance of the hydraulic motor is the 

total efficiency. There are many factors which influence the hydraulic motor performance. They 

are related to hydraulic, tribological, material and other challenges. The performance of the 

hydraulic motor depends on the construction parameters as well. A gear pair has the largest 

influence on performance, whereas other parameters are also very important. We investigated the 

influence of the size of the holes in the valve plate. The holes are important for inlet and outlet 

flow of the fluid. Fluid takes care of the relative movement of the gear pair and lubrication of the 

main parts of the hydraulic motor. Within research we found out that the diameter of the holes in 

the valve plate influences hydraulic motor performance significantly. With the right choice of hole 

diameter, we can raise the total efficiency on average around 5 %. The paper is structured as 

follows. In the introduction is described an objective and the purpose of the research. Section 2 

presents the theoretical framework of the conducted research. Hydraulic gerotor motor was 

described as well as procedure for the determination of the volumetric, mechanical-hydraulic and 

total efficiency. Furthermore, the calculation of the gerotor’s derived displacement volume is 

proposed according to the international standard ISO 8426. Methodology is described in section 

3. A test rig of the experiment is shown in section 4. The Results are presented in section 5 and 

conclusions are summarized in section 6. In the last two sections, there is a list of references and 

a nomenclature explanation. 

 

1.1 Literature review 

 

There are many factors which influence the performance of the gerotor. The viscosity, viscosity 

index, high-shear viscosity, piezoviscosity and shear stability of prototype fluids have been 

characterized in the research of fluid properties influence on the total efficiency of low-speed high 

torque hydraulic motors [1]. In literature, there exists very little scientific papers which deal with 

hydraulic gerotor motor with the floating outer ring. Usually the classical orbital hydraulic motor 

with inner rotor and gerotor’s housing are analysed. In the past few decades, many designs have 

been disclosed in relative patents, but many of them were not feasible for actual motor production. 

A kind of deep analysis of multiple performance attributes and structural design of the gerotor 

motor has been extensively investigated through multi-objective optimization design of the gerotor 

motor [2]. Pressure distribution within gerotor and some other physical quantities were analysed 

through a CFD model for orbital gerotor motor [3]. 

 

A CFD analysis helps us to understand the physics of gerotor’s operation and enable us a rapid 

development of new hydraulic motors [4]. The total efficiency is very much related to losses. 

Experimental and torque losses in gerotor were investigated in case of hydrostatic machines which 

represent complex fluid dynamic systems due to intricate and partially unknown dynamics [5]. 

Some losses are related to tribological behaviour. The most important are friction [6] and wear [7], 

[8]. Regarding rotational speed, there are two types of hydraulic motors. A low speed hydraulic 

motor doesn’t exceed the rotational speed of 250 min-1. On the other hand, a high speed hydraulic 

motor reaches rotational speed higher than 250 min-1. A difference between the above mentioned 

group is shown in the Figure 73 [9]. The low speed hydraulic motors achieve a higher total 

efficiency when they rotate relatively slowly (Figure 73, line 1). The total efficiency of the high 

speed hydraulic motor increases in case of the rising rotational speed (Figure 73, line 2). 
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Figure 73: The total efficiency of low and high speed hydraulic motor 

 

Nowadays, there are many different types of hydraulic motors. Gear, vane, axial piston and radial 

piston hydraulic motor. Geroller and gerotor are two special types of gear hydraulic motors. Our 

scientific paper deals with the gerotor, which has two special characteristics. It is a low speed 

hydraulic motor with high torque capability. In literature, it is often abbreviated as LSHT (“low 

speed high torque”). Other precendences and limitations are listed in Table 1. 

 

Table 1: Precendence and limitations of the hydraulic gerotor motor 

Precendences Limitations 

relatively simple construction compared 

to other types of hydraulic motors 

friction 

high torque wear 

low speed low sealing ability of lobes between 

the inner rotor and outer ring 

self-braking ability low total efficiency 

relatively small and light  

relatively cheap  

 

2 Hydraulic gerotor motor with the floating outer ring 

 

The hydraulic gerotor motor with the floating outer ring, its design, and principle of operation are 

presented in this section. At the end of the section we will introduce the procedure of displacement 

volume and efficiency determination for such a type of hydraulic motor. 

 

2.1 Design and principle of operation of the gerotor 

 

Gerotor has a mass of around 20 kg. Its working pressure is up to 35 MPa. The hydraulic gerotor 

motor consists of thirty different parts. The maximum diameter is Φ174 mm, whereas the 

maximum dimension represents the length of the gerotor – it is 250 mm (Figure 74).  
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Figure 74: The hydraulic gerotor motor design (Φ174 mm × 250 mm) 

 

There are four very important parts according to the functionality of the gerotor. The most 

influential elements of the hydraulic motor regarding principle of operation are: 1-the inner rotor, 

2-the outer ring, 3-the gerotor housing and 4-the valve plate (Figure 75). 

 

 
Figure 75: Four basic parts of the hydraulic 

motor (Φ 174 mm) 

 
Figure 76: Lobes 

 

The outer ring has 10 teeth, whereas the inner rotor has 9 teeth and. They together constitute 10 

lobes, which are designated with the small letters on Figure 75 and Figure 76. On the figure 75 we 

can recognize twenty holes, which are part of valve plate. The first hole has the mark L1, and the 

last one L20. Odd numbers represent holes which are connected with the high pressure zone, and 

even numbers represent holes which are linked to the low pressure zone. As operators, we can 

change low and high pressure zone with the control valve. A main function of the gerotor housing 

is the limitation of motion of the outer ring. 

 

2.2 Gerotor displacement volume (ISO 8426) 

 

In theory, there are two kinds of displacement volumes. The first one is the theoretical VG and the 

second one is the derived displacement volume VI. The difference between them is that the derived 

displacement volume considers the real production tolerances. The estimated deviation between 

VG and VI was 2 to 3 % [10]. Gerotor displacement volume is very important information that 
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helps us to determine the volumetric and hydraulic-mechanical efficiency of the hydraulic motor. 

There exist three methods of determination of derived displacement volume [9]: a) Measurement 

of displacement volume with the two reservoirs; b) Toet-method; c) Method regarding ISO 8426. 

Due to international accepted standard, we decided to use the third method. The above mentioned 

standard ISO 8426 [11] proposes the measurement of volume flow rate with different pressure 

differences, whereas the speed of shaft of the hydraulic motor is the constant value. We have to 

determine the volume flow rate for Δp = 0. We can do this graphically either with the help of the 

method of least squares as it is shown in equation 1. 

 

𝑉𝑖 = {(
1

𝑘
∑𝑄𝑖

𝑘

𝑖=1

) − [

1
𝑘
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1
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 (1) 

 

2.3 Gerotor efficiency 

 

In reality, there are many kind of losses. Volumetric losses include external volumetric losses, 

internal volumetric losses, losses due to compressibility, losses due to incomplete filing. 

Hydraulic-mechanical losses represent viscosity friction, friction losses due to turbulent flows, due 

to pressure differences. The most important fact related to energy consumption of the hydraulic 

component is efficiency. It represents the ratio between the useful output to the total input, in 

energy terms. According to hydraulic gerotor motor there are three different types of efficiency: 

 

 total efficiency, 

 volumetric efficiency, 

 hydraulic-mechanical efficiency. 

 

It’s not possible that any of these efficiencies would be greater than 100 % in real applications.  

 

A conversion of hydraulic energy into mechanical energy is the main purpose of the hydraulic 

motor. Hydraulic energy (equation 2) is a function of volume flow rate and pressure difference, 

whereas mechanical energy (equation 3) depends on rotational speed and torque. 

 

𝐸ℎ = 𝑄1 ∙ (𝑝1 − 𝑝2) (2) 

  

𝐸𝑚 = 2 ∙ 𝜋 ∙ 𝑛 ∙ 𝑀 (3) 

 

The total efficiency of the hydraulic motor is ratio between input hydraulic energy and output 

mechanical energy as it is shown in equation 4. 

 

𝜂𝑡 =
2 ∙ 𝜋 ∙ 𝑛 ∙ 𝑀

𝑄1 ∙ (𝑝1 − 𝑝2)
 (4) 

 

If we would like to determine volumetric and hydraulic-mechanical efficiency, we have to have 

information about the derivate displacement volume of hydraulic motor. Volumetric efficiency of 

the hydraulic motor is a function of rotational speed, derivate displacement volume, and 

volumetric input flow rate into the hydraulic motor. 

 

𝜂𝑣 =
𝑛 ∙ 𝑉𝑖
𝑄1

 (5) 
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Hydraulic-mechanical efficiency of the hydraulic motor depends on effective torque, pressure 

difference and derivate displacement volume of the hydraulic motor. 

 

𝜂ℎ𝑚 =
𝑀 ∙ 2𝜋

(𝑝1 − 𝑝2) ∙ 𝑉𝑖
 (6) 

 

3 Methodology 

 

According to the previous research activities, we decided to observe hydraulic motor operation in 

eighteenth different measured points which are stated in the Table 2. We chose two different 

rotational speeds: 15 min-1, 17 min-1 and nine different pressure differences: 16 MPa, 17 MPa, 

18 MPa, 19 MPa, 20 MPa, 21 MPa, 22 MPa, 23 MPa, 24 MPa. Within the wide set of the 

measurement activities we took into account recommendations and guidelines from different 

international standards, whereas we would like to emphasise the importance of the international 

standard ISO 8426 [11] as well as other standards which are related to different types of hydraulic 

motor efficiency. Our main purpose was to determine hydraulic motor displacement volume and 

total, volumetric, and hydraulic-mechanical efficiency of the investigated hydraulic motor 

. 

Table 2: List of eighteen selected measured points 

# 
Rotational speed 

n, 𝐦𝐢𝐧−𝟏 

Pressure 

difference 

Δp, MPa 

# 
Rotational 

speed n, 𝐦𝐢𝐧−𝟏 

Pressure 

difference 

Δp, MPa 

1 15 16 10 17 16 

2 15 17 11 17 17 

3 15 18 12 17 18 

4 15 19 13 17 19 

5 15 20 14 17 20 

6 15 21 15 17 21 

7 15 22 16 17 22 

8 15 23 17 17 23 

9 15 24 18 17 24 

 

The ambient temperature was 25 °C, whereas the fluid’s temperature was 60 °C. One set of the 

measurements represents 18 measurements points with the one specific hole diameter in valve 

plate – for example, Φ5,9 mm. For the testing of one set of the measurements we spent around 

four hours. Two hours for the preparation and measuring installation, and additional two hours for 

determination of physical quantities, which are represented in equations for hydraulic motor 

efficiency. All measurements were accomplished in the laboratory for fluid power and controls at 

the Faculty of Mechanical Engineering, University of Ljubljana. The uncertainty analysis was 

done according to the international standard JCGM 100:2008-BIMP [12]. International standard 

ISO 8426 addresses three classes of measurement accuracy: A, B and C. In the Table 3 are 

permissible systematic measuring instruments errors for each class. 
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Table 3: Permissible systematic measuring instrument errors [11] 

Parameter 

Permissible systematic measuring 

instrument errors for each class of 

measurement accuracy 

A B C 

Rotational frequency (%) ± 0,5 ± 1 ± 2 

Flow rate (%) ± 0,5 ± 1,5 ± 2,5 

Pressure, MPa gauge where p < 0,15 ± 0,001 ±0,003 ± 0,005 

Pressure, MPa gauge where p ≥ 0,15 ± 0,05 ± 0,15 ± 0,25 

Test fluid temperature (°C) ± 0,5 ± 1 ± 2 

 

Within measurement, we were able to ensure the following errors for desired physical quantities: 

Pressure difference: ± 0,05 MPa, Rotational speed: ± 0,1 min-1, Fluid Temperature: ± 1 °C. The 

original diameter of holes in the valve plate was Φ5,5 mm (Figure 77). It was the first set of the 

measurements. Every additional set had 0,4 mm incremental increase in hole diameter. The 

maximal hole diameter was Φ7,1 mm (Figure 78). 

 

 
 

Figure 77: The minimal hole size (Φ5,5 mm) 

in the valve plate (Φ174 mm × 15 mm) 

Figure 78: The desired maximal hole size 

(Φ7,1 mm) in the valve plate 

(Φ174 mm × 15 mm) 

 

To conclude, hole diameter in the valve plate was the only parameter which was being changed. 

As an objective function we selected the total efficiency of hydraulic gerotor motor. 

 

4 Test rig 

 

The test rig of the experiment consisted of sixteen different hydraulic components (Figure 79), 

whereas we would like to describe just the most important parts. The experiment was carried out 

by (1)-the electromotor and (2)-variable displacement pump. The tested hydraulic motor is denoted 

with the number (3). We used (7)-pressure reduction valve and (8)-pressure relief valve. Five 

different physical quantities have been measured. We applied (12)-volume flow rate meter, (13)-

torque sensor, (14)-rotational speed sensor, (15)-pressure sensor and (16)-temperature sensor. If 

we would like to determine different kind of efficiencies of the hydraulic motor, we have to 

measure the physical units properly in sense of location of sensors. We would like to emphasize 
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that on the inlet flow side we have to measure flow rate (Q1) and pressure (p1). On the other hand, 

outlet pressure (p2) is absolutely essential, because the pressure difference of the inlet and outlet 

flow of the hydraulic motor is very important. 

 

 
Figure 79: Test rig of the experiment 

 

5 Results and discussion 

 

The result of research is presented in two sections. In the first section is presented the influence of 

the size of the holes in the valve plate on efficiency. In the second half is introduced the uncertainty 

analysis. 

 

5.1 Influence of the size of the holes in the valve plate on efficiency 

 

The results of the research are presented in figure 80, which show a relationship between pressure 

difference, size of the holes in the valve plate and total efficiency. Different colours represent 

different holes’ size. There is pressure difference (range: from 160 bar to 240 bar) on the y-axis 

and total efficiency (range: 0 % – 45 %) on the x-axis. The length of a row represents a value of 

the total efficiency in a specific measured point. The longer the length of the row, the greater the 

total efficiency of the hydraulic gerotor motor. In the case of rotational speed 15 min-1, the initial 

total efficiency of gerotor with the valve plate with the diameter Φ5,5 mm was 30,7 %. The highest 

total efficiency was 36,2 %, returning an 18 % higher total efficiency compared to the initial state. 

The highest total efficiency was obtained with the hole diameter of Φ6,3 mm. The additional 

increase of the hole diameter had a negative influence on the gerotor characteristics - total 

efficiency dropped down dramatically. For example, the total efficiency of the gerotor with the 

Torque sensor 

 
Rotational speed sensor 

 
Pressure sensor

 
Temperature sensor 

 
Volume flow rate meter 
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valve plate with hole diameter Φ7,1 mm was just 11,4 %. There exists almost the same trend for 

every set of pressure differences. In general, we found out that the total efficiency increases with 

the increase of pressure differences if we observe the total efficiency of one specific hole diameter. 

For example, the total efficiency values for hole diameter of Φ6,7 mm were increasing in the 

following way: 20,5 %, 24,3 %, 26,5 %, 29,5 %, 32,0 %, 33,3 %, 35,1 %, 35,5 %, 36,2 %. When 

we accomplished the measurement of the gerotor with rotational speed 17 min-1 (Figure 80), we 

found out that there exist similarities with the results of gerotor with rotational speed 15 min-1. If 

we look at the results in the second case, we can find out that gerotor has a slightly lower total 

efficiency. There exists the increasing and the decreasing trend of total efficiency within every set 

of measurements. If we focus on the total efficiency in both cases (n = 15 min-1, n = 17 min-1), we 

can see that the total efficiency was higher in case of slightly larger holes. In the initial state, total 

efficiency was relatively low. When we enlarged hole diameter from Φ5,5 mm to Φ6,3 mm, the 

hydraulic motor reached the maximum total efficiency in a few sets of meausurements. Additional 

escalation of the hole diameter led to lower total efficiency. In some cases, the holes are so big 

that the hydraulic motor couldn't operate. 

 

 
Figure 80: Total efficiency of the gerotor (operating point: n = 17 min-1) 

 

To summarize, we found out that a hole diameter of Φ6,3 mm is the most appropriate size of holes 

in the valve plate regarding total efficiency of the hydraulic gerotor motor. In this case, the total 

efficiency is around 5 % higher on average. 

 

5.2 Uncertainty analysis 

 

The uncertainty analysis gave us information about the confidence in the results. Within the study, 

we measured five physical quantities: pressure, flow rate, torque, rotational speed, and 

temperature. Briefly, we would like to present the uncertainty analysis for the first four physical 

units. The expanded uncertainty analysis was done by assuming triangular and rectangular 

distribution and a coverage factor = 2 (Table 4). 

 

Table  4: Expanded uncertanty analysis 

 Rectangular distribution [%] Triangular distribution [%] 

Pressure 1,50 1,06 

Flow rate 1,73 1,22 

Torque 2,02 1,43 

Rotational speed 1,73 1,22 
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6 Conclusion 

 

A research of the hydraulic gerotor motor efficiency with the floating outer ring is presented in 

this paper. The findings of this study can be summarized as follows: The diameter of holes in the 

valve plate influences the total efficiency of the hydraulic gerotor motor. For each set of the 

measurements exists an optimal diameter of holes. Very high total efficiencies were reached with 

holes’ diameter being Φ6,3 mm in most cases. The highest total efficiency was on average 5 % 

higher than the total efficiency of the original hole size. It means that a hydraulic motor with the 

hole diameter Φ6,3 mm in the valve plate has on average 5 % better operation characteristic in 

every measured point than a hydraulic motor with the hole size Φ5,5 mm in the valve plate. We 

can conclude that we would be able to optimize the gerotor’s operation with some simple 

mechanical operation. With drilling we can make hole diameter larger to raise the total efficiency 

of the gerotor around 5 % on average. This happens if the diameter of holes in the valve plate is 

Φ6,3 mm. The results and research findings present a very important contribution to science. 

Hydraulic gerotor motors with the floating outer ring were very rarely discussed in scientific 

papers. There is a lack of such analysis in literature. An influence of hole diameter in the valve 

plate on the total efficiency of hydraulic gerotor motors represents novelty and original insight in 

the gerotor’s group of hydraulic motors. 
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Abstract Development of water hydraulic components are defaulting since 

differences between water and oil makes oil hydraulic components 

unsuitable for water applications. One of the fields in a need for 

development is controlling of hydraulic actuators where a new trend 

represents digital valves that can substitute sensitive and expensive servo 

and proportional valves. 

 

Main components of digital valves are seat type on-off valves with fast and 

stabile switching response which is hard to achieve. High friction 

coefficient with fast switching causes additional wear and possible failure. 

To reduce friction and wear the implementation of new materials make 

sense. 

 

Paper presents the results of preliminary tribological measurements of 

suggested composites based on contact tailored to meet the environmental 

conditions between poppet and sleeve in water hydraulic seat on-off 

valves. Friction coefficient and wear of softer polymeric composites will 

be presented with suggestions for further work. 
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1 Introduction 

 

Water hydraulic has a lot of advantages over traditional hydraulics based on mineral oil. It is fire 

resistant, environmentally friendly, clean and low cost working medium that is suitable for 

applications in under water tool system, etc. [1]. Reasons, why water hydraulic popularity does 

not reach oil hydraulic, lies in its properties. Water’s kinematic viscosity is around 100 times lower 

what makes it easier to flow through small gaps and to create turbulences. Vapour pressure is a lot 

higher thus ensuring steady pressure is important. It is also aggressive medium that causes 

corrosion and its working temperature is limited to 50 °C [2]. Listed above effects the construction 

process and costs of water hydraulic components. In terms of material selection, new solutions are 

researched in order to achieve lower friction, lower weight and, if possible, lower costs of 

production and costs of raw materials.  

 

In literature several material groups are presented as a solution for different water hydraulic 

components, stainless steels, as most common ones, engineering ceramics, ceramic coatings, 

carbon coatings like DLC (diamond like carbon), nitride coatings, polymers and polymer 

composites. 

 

Our application is water hydraulic is seat on-off valve where two types of contact occur, impact 

seat contact and sliding contact. First requires a material that is not fragile and has good impact 

strength and the second requires low friction coefficient. Ceramics and coatings have good wear 

resistance, high hardness, good chemical stability and low adhesion but, low impact strength in 

combination with water causes cracking and creating damaging debris [3] to [18]. Material groups 

that are not so friable are polymers and polymer composites. Literature suggests different polymers 

which shows low friction coefficient when sliding against harder material. Most common are 

PEEK, POM, PTFE, PPS, PI, PA, and their composites with graphite fibers, glass fibers, carbon 

fibers, graphite nanotubes, etc. [19] to [23]. Polymers have different mechanical properties since 

they are viscoelastic materials. Thus different problems as water absorption and creep arises that 

need to be tested and evaluated.  

 

In this paper preliminary results of PEEK, POM, PA6 and PA66 + 30% GF materials friction 

coefficient and wear rate will be presented based on water absorption. The paper structure will be 

as follows, in chapter 2 factors affecting friction and wear in a seat on-off valves will be presented, 

chapter 3 covers experimental work structure and specimen preparation, in chapter 4 results are 

discussed and in the last chapter, further work is introduces.  

 

2 Factors affecting friction and wear of polymers in a seat on-off valves 

 

2.1 Seat on off valves construction 

 

One stage seat on-off valve has a simple construction where moving part is a poppet (Figure 0.81). 

Electromagnetic actuator uses a coil to induce magnetic field which creates a magnetic force that 

pushes the armature and consequently the poppet. With the loss of a current, coil loses its force 

and poppet moves back with a help of a return spring. While the poppet is pressed on its seat, the 

valve is off and no fluid flow is present, when the poppet is pushed down with the help of a 

magnetic force and flow pressure, the valve opens and allows fluid to pass.  

 

First problem arises between poppet and housing. In theory, the poppet floats in the housing, but 

with a high water pressure poppet is coincidentally pushed towards housing in all directions what 

causes friction and the loss of energy. Second, wear occurs on a valve poppet which hits the seat 
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every time valve is turned off. Impacts damage poppet’s conical surface that causes leakage and 

increases pressure loss. 

 

 
Figure 0.81: Scheme of a simple hydraulic seat on-off valve 

 

2.2 Friction and wear of polymers 

 

In order to introduce polymers to construction of a poppet some differences in behavior of 

materials needs to be considered. Polymers behave differently and the discrepancy between 

metallic and polymeric friction is due to the differences in the elastic-plastic behavior of metals 

and the viscoelastic behavior of polymers. Factors that affects friction and wear of polymers are 

sliding speed, temperature, counter face roughness, applied load and contact pressure, material 

properties, lubrication and fatigue of polymers [24]. 

 

Dependence of friction coefficient to the sliding speed its complex and hard to define. With speed, 

wear increases due to increase in the contact surface temperature. Thermoplastics have a critical 

sliding speed over which wear rate slightly reduces due to melting and thermal softening. This 

critical point is a consequence of adhesive friction at the instantaneous contact interface and thus 

cannot be measured. [24] 

 

Temperature, as explained, changes during sliding thus mechanical properties of polymers shows 

transition from glassy to rubbery state. Some analytical and experimental models were obtained 

by various researchers. Models take into account different correlations between temperature, 

friction coefficient, sliding speed, contact pressure, semi contact length and width, environmental 

and/or contact temperatures and normal load, from which some are difficult to define. [24] 
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Counterface roughness has a strong correlation with tribology of polymeric materials in case 

counterface is metal with higher hardness. During sliding, as the metal surface roughness 

decreases, friction coefficient decreases till minimum roughness value is reached, further, decrease 

in roughness causes high friction. Turning point arises when adhesion forces prevail abrasive wear. 

Some materials shows vice versa trends where with increasing of counterface roughness friction 

decreases, but wear increases. [24] 

 

With increasing contact pressure and load, it is well known that increase in contact temperature, 

softening and plastic deformation of polymers occur since plastic deformations change real area 

of contact thus friction and wear are increased. For many thermoplastics experiments have shown 

that for high loads 10-100 N, friction coefficient is constant. For lower loads from 0,2 to 1 N plastic 

deformation governs the sliding process with increase of friction coefficient. Thus transition from 

elastic to plastic contact plays a big role in friction and wear. Relation between friction force F 

and applied normal load L can be expressed with equation (1). 

  

𝐹 = 𝜇𝐿𝑛           (1) 

 

Where 𝜇 is friction coefficient and n is exponential constant that is different for different polymers 

[24]. 

 

As already understood material properties are crucial in material behavior. Why polymers are so 

difficult to track and model is due to constant mechanical and physical property change. 

Mechanical properties as yield strength, hardness, elastic modulus and impact strength have a big 

effect at glass transition properties. They decrease with increasing temperature thus wear increases. 

Physical properties of thermoplastics on the other hand, govern chemical composition and 

interfacial energy. Both determine the rate of adhesion. Polymers with lower surface energy tends 

to transfer to that of high surface energy. Transferred film thus depends also on physical properties 

[24]. 

 

Another problem to be considered when applying polymers in water hydraulics is humidity or 

water lubrication. The amount of atmospheric humidity has a pronounced effect on the wear and 

friction of polymers and on creating a film on the counterface. The wear rate under water 

lubrication was always higher [19] to [24]. This is due to a couple of reasons.  One is diffusion of 

water molecules into free volume of the amorphous phase of polymers what leads to plasticization, 

swelling and softening. It also reduces the attractive forces between polymer chains. Second is 

washing action of countersurface, thus transfer film fails to form. And the third, water is a corrosive 

medium which will modify the countersurface that can cause a debris within the contact [24]. 

No matter the conditions, wear of polymers is with time increasing due to fatigue of the material. 

During working cycles materials are affected by cycle frequency, loading wave form, stress ratio, 

molecular weight of polymer, etc. Rate of fatigue can be improved with higher rate of crystallinity 

but it can also be exacerbate under harsh operating conditions [24]. 

 

In seat on-off valve it is impossible to measure working parameters as contact surface temperature 

and normal load to the friction surface since small gap tolerances, analytical models are therefore 

difficult to apply [25]. 

 

In order to measure friction coefficient and wear rate of material pairs that interests us, we chose 

standard tribological test which parameters are closest to working parameters in seat on-off valves. 

The apparatus and working parameters are presented in following chapter. 
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3 Experimental work 

 

Tribological behavior of several unfilled and one filled polymer material sliding against 316 L 

stainless steel in water is studied. Coincidental touching is hard to measure and impossible to 

repeat therefore we chose standard tribological apparatus (TE 77) with a reciprocal movement to 

simulate the movement of a poppet in a housing. 

 

3.1 Materials 

 

Preliminary selected polymers are well known in engineering applications due to their regular 

usage in pumps, bearings, etc.  

 

POM is a semi-crystalline polymer with high crystallinity (70–100 %), good friction and wear 

properties, high strength, and good chemical stability. It is widely used to replace the traditional 

metals and ceramics in microelectronic packaging, aerospace, automotive, and biomedical 

applications. Its low water absorption makes it suitable also for water applications.  

 

PEEK as a typical high performance semi-crystalline thermoplastic polymer, has received 

significant attention. This is due to its high mechanical strength and elastic modulus, high melting 

temperature, chemical inertness, high toughness, easy processing and wear resistance. On the other 

hand, in tribological applications, because of the corrosive problems of the metals in water 

applications, polyetheretherketone (PEEK) and polyetheretherketone composites are preferred as 

rubbing materials. So, PEEK polymer material plays more important role as a bearing and slider 

material especially under water environment [22]. 

 

Polyamides (PA6 and PA66) are semi-crystalline polymers used for many engineering parts 

undergoing friction and wear (bearings and gears) [26]. These properties are attributed to the 

presence of hydrogen bonds in polyamide molecular chains [27]. Even though they absorb more 

water than other chosen polymers they are low cost and thus approachable.  

 

Last polymer composite in preliminary measurements is PA66 + 30 % glass fibers. PA66 is the 

hardest and toughest among Polyamides. It absorb slightly less water than PA6 and it has better 

wear resistance. With addition of glass fibers composite shows increased strength, rigidity and 

service temperature.  

 

The counter surface in all experiments was AISI 316L, also known as marine grade stainless steel. 

Table 0.3 presents characteristics of selected materials. 

 

Table 0.3: Characteristics of polymer materials from material technical data. 

Material 

Water 

absorption 

% 

ISO 62 

Friction 

coefficient 

/ 

DIN 53375 

Mean thermal 

expansion 

1/K 

ISO 11359-

1;2 

Impact 

strength 

kJ/m2 

ISO 179 

Modulus of 

elasticity 

MPa 

ISO 527 

POM 

(Polyoxymethylene) 
0,1 0,35 14·10-5 8 (notch) 2800 

PEEK 

(Polyetheretherketon) 
0,1 0,34 0,5·10-4 No break 3000 

PA6  

(Polyamide 6) 
9,5 - 1,1·10-4 7 (notch) 3330 
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PA66 + 30 GF 

(Polyamide 66 + 30 

% Glass fibers)  

5,5 0,5 50·10-6 50 10000 

 

Materials were bought in a company EX-MEGA d.o.o. already shaped in 1 m long bars of diameter 

10 mm. Material technical data holds no information about production process and storing 

conditions.  

 

3.2 Test machine and specimens 

 

Measuring apparatus is high frequency friction machine TE 77 (Figure 0.82, left). It has a water 

container inside which counterface stainless steel 316L specimen was mounted. Polymer specimen 

was mounter into a holder presented on a Figure 0.82 right.  

 

   
Figure 0.82: Measuring apparatus TE 77 (left) and clamping of specimen (right) 

 

Polymer specimens were 5 mm long cut-outs of a bar with diameter of 10 mm. Bars were first 

polished to a roughness Ra = 0,1 μm. 

 

Counterface stainless steel 316 L was a disc with diameter of 30 mm and 2 mm thickness. Surface 

of stainless steel was also polished to a roughness Ra = 0,1 μm. 

 

Polymer specimens were cleaned with acetone and ethanol before put in a bath. Specimens were 

immersed in water for different periods of time, from 7 to 28 days. Four different specimens of the 

same material were immersed in 4 different baths as seen on Figure 0.83: Specimens in water 

bathsFigure 0.83.  
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Figure 0.83: Specimens in water baths 

 

3.3 Experimental procedure 

 

As described, wear and friction coefficient of polymers is a function of variety of contact and 

environmental factors, parameters of our measurements are presented in a Table 0.4. Frequencies 

of water hydraulic seat on-off valves are currently up to 10 Hz what is low for digital hydraulics 

where frequencies evolve around 100 Hz and more. Measurements were carried out at a constant 

frequency of 40 Hz for a 36 000 cycles due to friction coefficient stabilization. Normal force is 

unmeasurable therefore we used similar pressures and suggested in a literature [19] to [23]. Via 

Hertzian contact pressure we applied around 15 MPa. Force of 5 N was applied via weighting lever 

and was kept constant. Polymer specimen holder was moving in a reciprocal direction with a 

maximum distance of 2,4 mm what is the shortest distance possible with chosen apparatus. Fluid 

for water bath and irrigation was demineralized water with room temperature to eliminate any 

effect on the measurements and to ensure repeatability. 

 

Table 0.4: Experimental conditions. 

Repetitions per material 3x 

Frequency  40 Hz 

Number of cycles 36 000 

Approximate time 15 min 

Normal force 5 N 

Max. displacement 2,4 mm 

Total distance 172800 mm 

Medium Demineralized water 

Water temperature 21 °C 

Irrigation 0, 7, 14, 24, 31 days 

 

Every sample, when taken out of a bath, was dried with paper and weighted right after removing 

it from water and before it was used in tribological tests. Three repetitions were done with every 

sample and between every repetition sample was again weighted due to wear. Friction force was 

measured by a piezoelectric force gauge mounted under the water container. 
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4 Results and discussion 

 

As a follow up, tracking of water absorption was observed due to easier understanding of polymers 

chemical composition. As expected, PA6 absorption percentage was the highest followed by 

PA66. For PEEK and POM the line almost become constant and from all, PEEK absorbed the 

smallest amount of water during our measurements nevertheless it has the same water absorption 

% as POM in technical data (Table 0.3). 

 

 
Figure 0.84: Percentage of acquired weight depending on an immersed time 

 

4.1 Friction 

 

Friction was measured after every irrigation time under the same conditions. Figure 0.85 and 

Figure 0.86 represents friction coefficient during measuring cycles for 14 and 31 days of water 

absorption.  

 

 
Figure 0.85: Friction coefficient measurements after 14 days of irrigation 
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Figure 0.86: Friction coefficient measurements after 31 days of irrigation 

 

Stabilization of friction coefficient was achieved for all polymers and composite except for PA6 

whose value was still dropping after 15 min. With higher water percentage this effect was even 

bigger and coefficient value was dropping even slower. This can be identification of continuous 

adhesion and abrasion.  

 

PEEK and POM have almost the same friction coefficient at lower water absorption percentage 

what can also be seen in material technical data but the values in reciprocal movement are almost 

double 0,66.  

 

PA 66 + 30 GF friction coefficient has more steady curve and reaches lower values  as a unfilled 

PA6 but it can be seen that PA 6 is approaching the same values with time, thus we can question 

of benefits of glass fibers when polymers are saturated.  

 

 
Figure 0.87: Friction coefficient in dependence of water absorption time 

 

Figure 0.87 represents average friction coefficient in dependence of water absorption time with 

standard deviation. The red line on a graph represents friction coefficient of a stainless steel 316 

L and serves as a guideline since this material is already used in water hydraulic seat on-off valves. 
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In general, all materials have higher friction coefficient then presented in technical data but POM 

and PEEK are still lower then stainless steel. 

 

With longer immersion POM exhibits growth of friction coefficient when PEEK’s after 14 days 

start to reduce and achieves lower values as at the beginning.  

 

4.2 Wear 

 

Wear was measured with weighting after every measurements. As presented by Figure 0.88, PA6 

has the highest wear what was expected due to high and constantly changing friction coefficient. 

This can be a consequence of constant presence of wear mechanisms till the end of measurement. 

The lowest wear was achieved by PA 66 + 30 GF therefore fibers do protect softer polymeric 

matrix but in this case do not contribute to lower friction. As for POM wear starts to increase with 

higher water absorption percentage, PEEK is showing a big decrease what makes PEEK the most 

appropriate material based on preliminary measurements.  

 

 
Figure 0.88: Average wear rate in dependence of water absorption time. 

 

5 Conclusion and further work 

 

In the present study, the tribological behaviour of polymers POM, PEEK, PA6 and a composite 

PA66 + 30 GF was investigated in water lubricated sliding contacts with pre-immersed specimens 

for different periods of time.  

 

The results of this study first of all shows that sliding direction have a big influence on friction 

coefficient and consequently on wear rate of polymers and composites therefore standard 

rotational pin-on-disc tribological measuring process cannot be a measure for tribological 

parameters in applications with reciprocal movement as present in our water hydraulic seat on-off 

valve.  

 

Second, as expected due to polymeric visco-elastic behavior and ability of water absorption, the 

time of immersion have significant influence on tribological properties thus full saturation has to 

be considered when choosing polymeric material for water applications. 
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Third, for lower water absorption and lower wear, glass fibers do have positive contribution since 

they protect polymer matrix from counterface but they are not optimal for reducing friction 

coefficient in water.  

 

Preliminary results give us guidelines for our work to follow. For further tribological 

measurements we will exclude all engineering polymers with high water absorption percentage 

even their low cost benefits. Tribological properties of unfilled polymers and some composites 

with carbon fibers will be measured at full saturations based on ISO 62. For carbon composites, 

debris due to wear can cause contamination therefore it will be monitored and evaluated after the 

measurements.  

 

Before approaching implementation in final application we will also test the most suitable 

polymers and composites to impact stresses that occurs in water hydraulic seat on-off valve.  
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Abstract For the control of a hydraulic system, it is necessary to be familiar 

with the dynamic characteristics of the hydraulic valves, which vary 

according to operating conditions. It is possible to evaluate the effect of 

operating conditions by an appropriate measuring track for dynamic 

characteristics, which should ensure the comparability of measurements 

among themselves and with measurements of other measuring tracks as 

well, taking into account the standard procedure. 

 

The paper describe design of a measurement track for testing the dynamic 

characteristics of hydraulic valves in accordance with ISO 10770-1: 1998. 

 

In introduction is presented the motivation for the work and the basics of 

dynamic characteristics in accordance to Standard. Further on, design of 

the measurement track`s hydraulic part, electrical part and program part 

are represented and at the end the testing procedure and the results of 

testing of two different continuously operating valves. 
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1. Introduction 

 

The search for better performance of a hydraulic system has also gone in the direction of improving 

one of the most crucial elements of the hydraulic system,which is hydraulic fluid. With 

measurements of their physical and tribological characteristics, we can predict some influences on 

a valve`s working characteristics and on the lifetime wear of hydraulic elements, but the most 

certain results can be produced with direct testing of the hydraulic element with a certain hydraulic 

fluid. 

 

Hydraulic control valves are hydraulic elements for controlling the direction and flow of hydraulic 

fluids in a hydraulic system. With their properties and characteristics, they influence heavily the 

behavior of the whole hydraulic system and its control. The working characteristics of valves are 

dependent mostly on their design, however, the influence of the properties of the used hydraulic 

fluid and lifetime wear are  not negligible. 

 

Evaluation of suitability for new hydraulic fluid should, therefore, test the influence of hydraulic 

fluid on valve characteristics and, consequently, on the whole hydraulic system. The proper 

measuring track is thus needed for measuring the direct influence of hydraulic fluid on valve 

characteristics and measuring their change through its lifetime. 

 

1.1 Dynamic characteristics 

 

Characteristics of valves can be separated into static characteristics, like signal-flow 

characteristics, and dynamical characteristics, such as step response and frequency characteristics. 

For continuous working valves, dynamical characteristics are essential, because they represent 

time dependent behaviour of hydraulic valves. There are two different typical representations of 

dynamical characteristics. The first representation is a step response graph, which represents the 

time response of an output signal when the input signal changes with a step function. In the case 

of hydraulic valves, the input signal is usually a control signal for the valve and the output signal 

hydraulic flow through it. Response time and settling time could be used for quantifying step 

response characteristics. 

 

The second important representation of dynamical behaviour is frequency characteristics, which 

is usually represented in frequency space with a Bode diagram. For the construction of frequency 

characteristics, the input of the system is excited with constant amplitude sinus signal, then the 

output signal amplitude gain and phase delay is measured in correspondence with the input signal 

frequency. Amplitude gain is the ratio between the reference amplitude of the output signal for the 

constant input signal, and amplitude measured in dependencies of different input signal 

frequencies. The phase delay is an angle of delay between sinus signals on input and on output. A 

Bode diagram is composed of two parts, amplitude characteristics, and phase characteristics. 

Amplitude characteristics represent in a logarithmic scale the amplitude gain for different 

frequencies, and phase characteristics represent the function of the delay angle in correspondence 

with the input signal frequency. For quantifying frequency characteristics critical frequency is 

defined, which refers to amplitude gain -3 dB in amplitude characteristics or phase delay -90° in 

phase characteristics. As for step response, an input signal for the hydraulic valve is usually a 

control signal and output hydraulic flow through the valve. 
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1.2 Standard 

 

For comparing characteristics of hydraulic elements from a different producer and evaluating the 

change of characteristic through the lifetime of an element, they should be obtained with the same 

standardized test. The standardized form should also apply for result representation. 

 

ISO 10770 [1] is a Standard that regulates all this for electric modulated hydraulic control valves. 

It is composed of three parts, for testing way valves with four ports, three ports and testing pressure 

control valves. The Standard divides the test into four sections, for electrical testing, characteristic 

testing with subdivision on static tests, dynamical tests, and impulse testing. For our work, the 

relevant part was about dynamical tests of four-way valves. The Standard specifies testing 

conditions for fluid type, fluid temperature, pressure fluctuation on the measuring cylinder and in 

the pressure supply. The measurements are divided into three classes corresponding with the 

precision of measurement. 

 

2 Measuring track 

 

2.1 Hydraulic part of measuring track 

 

The hydraulic part of a measuring track is made of five segments (Figure 1): Hydraulic power 

supply, hydraulic accumulator, hydraulic fluid, measuring cylinder and testing valve. 

 

The first segment is the hydraulic power supply, which is composed of a hydraulic supply unit. 

The measuring track is plugged into the network through a pressure control valve set on 100 bar. 

In the network, parallel from the measuring track, is another branch with a hydraulic resistor for 

pump cooling. 

 

The second segment are hydraulic accumulators, which minimalize pressure fluctuations and are 

set on the intake of the measuring cylinder. Hydraulic fluid in the hydraulic system is mineral 

based hydraulic oil, Hydrolubric VG 46 (producer OLMA), which is not of the viscosity grade 

recommended by the Standard, but is valid for use if its viscosity grade is listed with results. 

 

The measuring cylinder is used for measuring the hydraulic flow through piston displacement. For 

measuring hydraulic flow in dynamical characteristics, flow turbines and gear motors are not 

suitable. The first one is not very precise in the area of small flows, and the second one has a very 

high pressure drop in this area. The measuring cylinder is, as recommended, constructed with a 

very light piston, low inner friction, and high natural frequency, so that the influence of cylinder 

dynamics on measurement is minimized. When hydraulic fluid flows into the cylinder, it moves 

the piston. While the cylinder is the finite length, just a certain amount of fluid can flow into the 

cylinder before the piston hits the wall and makes measurement impossible, because of the 

periodical sinus control signal, where, in every period, fluid flows in and out of one and the other 

sides of the cylinder. If we want that the piston wouldn’t hit the wall, the volume of fluid flowing 

inside the cylinder in one period should be less than the cylinder volume. With mathematical 

derivate, then can we obtain an equation than connects the geometrical properties of the measuring 

cylinder with maximal peak fluid flow and testing frequency for undisturbed testing (Equation 1). 
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∆𝑥∙𝑑2∙𝜋2

4
∙ 𝑓 = 𝑉̇𝑚𝑎𝑥         (1) 

 

 ∆𝑥 ……. piston maximal displacement [m] 

 𝑑 …….. cylinder diameter [m] 

 𝑓 …….. frequency [1/s] 

 𝑉̇𝑚𝑎𝑥…. peak volume flow [m3/s] 

 

For testing of the measuring track, we used two different continuous-working directional valves; 

a classical proportional valve with a small positive overlap, and a control proportional valve type 

4WRPH6 from Bosch Rexroth. The classical proportional valve was driven directly with a PWM 

signal from a PLC PWM module. The control proportional valve has its own control card for valve 

position control, which takes as a reference the voltage signal from the PLC output. 

 

  
Figure 1: Physical construction of measuring track together with control device 

 

2.2 Sensors and PLC 

 

Test results are valid if the pressure fluctuation and fluid temperature are under certain limits, so 

we have used one temperature sensor and two pressure sensors for controlling the test conditions. 

The most important measurement for the test is measuring piston displacement, for which we have 

used an LVDT position sensor with a proper amplifier. 

 

For test valve driving and measuring sensor reading, we used a controller with proper input and 

output modules from the producer Beckhoff. We used the possibility provided by Beckhoff PLC 

to configure the personal computer to reserve and use some cores for PLC operations. 

Communication between input-output modules and personal computer in PLC mode of operation 

is then through EtherCAT. 

 

An EK1100 EtherCAT interface is used to access the input / output modules. The interface is 

connected to the PCBs of the PC via Ethernet 100BASE-TX communication, and transmits 

messages via the E-bus signal EtherCAT to the I / O terminal (Figure 1, right). Module EL3014 is 

an analogue four channel differential current input module. The data is in the range from 0 to 20 

mA and with digital resolution of 12 bit. It measures data from both pressure sensors and a possible 

temperature sensor on the measuring line. 

 

The EL3104 module is an analogue four-channel differential voltage input module. The measuring 

range is from -10 to 10 V, and the digital resolution is 16 bit. It covers the voltage signal transmitted 
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by the electronic position sensor. Module EL4008 is an eight-channel analogue voltage output. It 

operates in the range between 0 and 10 V with a digital resolution of 12 bits. The module is used 

in the case of testing the valve with its own amplification card, where the module sends the control 

voltage signal to the card.  

 

The KL2545 module is a two-channel current power output module with pulse width modulation. 

It works in the range of ±3.5 A with a digital resolution of 16 bit. When using a module, it is also 

necessary to access its control registers, as the power outputs are essentially disabled and must be 

programed before use. In the measurement, the module is used to power the coils that move the 

slider in the valve. Because the KL2545 module operates via standard K-bus communication, and 

other modules used via the E-bus signal EtherCAT, the BK1250 interface must be used, connecting 

the K-bus and the E-bus terminal to the KL2545 module. 

 

The control card of the tested hydraulic proportional valve receives an analogue bipolar signal 

between -10 V and 10 V. The EL4008 output card outputs an analogue voltage signal from 0 to 10 

V, and therefore the signal must be adjusted. To adjust the signal, the Wago Jumplex 857 bipolar 

isolation amplifier is used with the option of different configurations. 

 

2.3 Control and measuring part 

 

The program part of the measuring track is designed in two parts. A real-time program on a PLC 

takes care of all time critical tasks like measurements and control. The Windows application on 

the computer determines PLC state mode, and enables human interaction with the test through a 

graphical user interface. 

 

The real-time code on the PLC is using more different program tasks. The “Main task” takes care 

of initialization and starting-stopping other tasks. It’s made as a state machine, and it changes its 

states in accordance with the chosen module in the Windows application. The task “Measuring 

velocity” activates for dynamical testing. With differentiation, the block calculates velocity from 

piston displacement and, further, with known cylinder geometrical data, calculates flow. The 

differentiation operation amplifies noise, so the differentiation block has an additional damping 

coefficient (Eq. 2) for high-frequency signal damping. The bad side of using a damping coefficient 

is its influence on the transfer function of the differentiation block so that the block output no 

longer represents correct physical representation of piston velocity. The output signal is, because 

of the damping coefficient, phase shifted, and with weakened amplitude in comparison to the real 

signal. In the transfer function, the damping coefficient represents an approximate period of 

frequency by which an amplitude gain characteristic breaks in the Bode diagram. This means that 

when the damping coefficient is chosen and changed with linear term to the input frequency, the 

signal will always be phase shifted with the same angle and weak end with the same constant for 

all frequencies. That can be compensated independently from the input frequency with addition 

and multiplication with constant gain from comparing ideal and damped transfer functions of the 

differentiation block. The task “Measuring velocity” also takes care of calculating the average 

piston position used in the regulation of piston central position. 

 

𝐺(𝑠) =
𝑇𝑆∙𝑠

1+𝑇𝐷∙𝑠
          (2) 

 

𝐺(𝑠) =
1∙𝑠

1+
1885 [ms]

2∙𝜋∙𝑓
∙𝑠

         (3) 
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Valve control is done with the task “Valve control”, which generates sinus function with chosen 

amplitude and frequency, translates chosen values to output modules, and takes care of the central 

piston position control. Because of asymmetry in measuring a track hydraulic system and transition 

between different measuring frequencies, the volume of fluid flows on both sides of the measuring 

cylinder not perfectly equally, that consequently causes the piston to drift to one side. 

 

Although the drift can be compensated for in the measured results, the piston will eventually drift 

to the side of the cylinder and hit the wall, which will prevent further testing. That’s why there is 

a need for maintaining the center position of the piston in the cylinder with control. Direct control 

of piston position is impossible, because it’s the quantity that we wish to measure. Piston sinusoidal 

movement central position can be only maintained with indirectly controlling the average piston 

position through shifting the sinus input control signal. Average piston position is calculated from 

output data for at least ten periods of the input signal, and with a PID controller used for shifting 

the input signal. 

 

The graphical user interface is made from different program windows for different modules. The 

user must first set proper drive settings for the tested valve. Then, in another window, it can control 

valve opening manually. The main parts of the graphical user interface are windows for step 

response and frequency characteristic measurement. The step response module enables the user to 

set the percentage of step input signal and capture a real time graph of the step response. The 

frequency characteristic module (Figure 2) enables the user to test every chosen frequency 

manually, or automatically to the specified maximal frequency. The user can monitor in real-time 

the input signal, the output signal, and average piston position. Both amplitude gain and phase 

characteristics are plotted on a graph and can be exported later. 

 

 
Figure 2: Frequency characteristic module 
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3 Results 

 

3.1 Measuring procedure 

 

The designed measuring track allows testing of frequency characteristics and step response with 

the following procedure. The user must first install a valve on the testing track correctly. Then he 

must connect electrical coils or control card inputs to the output module of PLC properly. In the 

program, the user must then chose the voltage or current control and set proper limits. The 

hydraulic supply unit should be set on proper parameters, so that pressure on the pressure regulator 

doesn't fall below demand. In accordance with the Standard, before testing, the valve should be 

moved a couple of times with the program manual mode, to avoid the valve sticking at the 

beginning of the test. In the next step, the user chooses the step response test or frequency 

characteristics test, and measurement points according to the Standard and collect the required 

data. 

 

3.2 Hydraulic accumulator influence  

 

The Standard predicts use of a hydraulic accumulator for minimization of fluctuation in the 

hydraulic power supply, but it does not recommend directly the size of the accumulator. In the 

Standard is just the demand that, for valid measurement supply, pressure shouldn’t fluctuate more 

than ±2,5 %. For our measurement track, we tested the use of a hydraulic accumulator with volume 

0,75 L, 2 L and measuring without a hydraulic accumulator. 

 

The hydraulic accumulators were fitted with a recommendation for shock absorption on 80 % of 

supply pressure. Without a hydraulic accumulator, pressure can fluctuate out of the permissible 

limits. With both accumulators pressure fluctuation did not violate limits, but a bigger accumulator 

was, as expected, better, so it was chosen for our measuring track. The bigger accumulator will 

also allow testing of valves with greater flows. 

 

The difference between measured amplitude and phase characteristic with different sizes of 

accumulators is not noticeable, or is smaller than the precision of the measurement track. A small 

difference was only observed in characteristics` measurement without an accumulator in a low-

frequency area. 
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Figure 3: Hydraulic accumulator influence 

 

3.3 Frequency characteristics 

 

For testing of the measuring track, we have measured frequency characteristics for both 

proportional valves. For the control valve, we used all five measuring points control signal 

amplitudes defined by the Standard. Problems were in high frequency’s and low amplitude control 

signals amplitudes. Because of small amplitudes in the measured displacement of the piston, the 

measured characteristic has some fluctuation in that area. Otherwise, the measurement reputability 

is good, which we proved with more measurements. Fluctuation of phase characteristics disables 

the comparison between phase characteristics of the same valve for different input signal 

amplitudes, but the comparison between phase characteristics of different valves is still possible. 

 

When testing the proportional current driven valve some problems occurred due to its positive 

overlap and, consequently, nonlinear characteristics. Valves with positive overlap should be, in 

accordance with the Standard, tested with shifted control signal, which disables use of a 

measurement cylinder. For using this valve type for our measurement track testing, we lowered 

the influence of positive overlap with zero zone elimination, so that the control signal doesn’t 

change linearly through zero value, but in the zero zone area change in the step from the value that 
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has still open valve in one direction to the value that the already open valve has in the other 

direction. 

 

Despite zero zone elimination, due to valve nonlinearity, the output signal is still not perfectly 

sinusoidal, but its periodic and smooth zero crossing allows good measuring for amplitudes of 

input signal amplitudes higher than 10 %. For lower amplitudes` measurement, the zero zone 

elimination should be more precise for valid results. So, results for these values are not plotted in 

the graph. 

 

 
Figure 4: Amplitude characteristics 

 

  
Figure 5: Phase characteristics 

 

4 Step response 

 

With step response measurement,  a problem appears with choosing the right damping coefficient 

for the differentiation block. A damping coefficient in the amount of 100 ms ensures a flow 

function without noisy signal, but also results in a longer response time, which is the consequence 

of damping and not a valve response. A damping coefficient in the amount of 10 ms provides a 

very noisy signal, which makes reading from the plot difficult, but the response is faster – Figure 

6. So, it is very difficult to measure the exact response time of just the valve. But, with the use of 
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the same damping constant, we can still compare two different valves very well, or evaluate the 

impact of fluid parameters on step response. 

 

 
Figure 6: Step response with 100 ms damping coefficient and 10 ms damping coefficient 

4. Conclusion 

 

The constructed measuring track allows testing of all dynamical tests listed in the  Standard, of 

course with limitation in amplitude, frequency, and precision of measurement. Physical 

construction satisfies all the Standard`s demands, except the recommended viscosity grade for the 

used hydraulic fluid. But, the latter does not represent a major problem, since, in the forefront of 

the measurement, is the comparative measurement of the characteristics of different valves with 

the same medium. Measured data are still consistent with the Standard if the used fluid viscosity 

grade is listed by results. For testing valve characteristics with other types of hydraulic fluids, this 

Standard demand becomes irrelevant. 

 

The program part of measuring track work is good, only in the high-frequency range with some 

scatter in the phase characteristics. The future development of thr measuring track should go in the 

direction of test process simplification for the user, and explore the possibilities of providing the 

highest accuracy of measurements. The precision of measurement should also be evaluated so that 

results can be classified in one of the Standard measurement classes. 
 

 

References 

 

[1] ISO 10770-1, "Hydraulic fluid power-Electrically modulated hydraulic control valves- Part 1: test 

methods for four-port directional flow-control valves", ISO, 1998. 

[2] Jelali, M., Agazarian, Y. M., Kroll, A.: Hydraulic Servo-Systems: Modelling, Identification and 

Control, Springer, London, 2nd edition, 2002 

[3] Reichert, M.: Development of high-Responese Piezo-Servovalves for Improved Performance of 

Electrohydraulic cylinder Drive, Doctoral Thesis, RWTH Aache, Germay, 2010 

[4] Merkle, D., Schrader, B., Thomes, M.: Hydraulics Basic Level. Festo Didactic KG, 2003 

[5] Scholz, D.: Proportional hydraulics. Esslingen: Festo Didactic KG, 1996 

[6] Pahič, R.: Methods for determining the performance characteristics of hydraulic directional control 

valves, University of Maribor, Faculty of mechanical engineering, Master thesis, 2016 

 



INTERNATIONAL CONFERENCE FLUID POWER 2017 (SEPTEMBER 14TH – 15TH, 

2017, MARIBOR, SLOVENIA) (CONFERENCE PROCEEDINGS) 

D. Lovrec & V. Tič 
 

 

 

 

Problems of testing new hydraulic fluids 

 
MILAN KAMBIČ & DARKO LOVREC28 

 

Abstract One of the more important tasks to be performed by any hydraulic 

fluid is to prevent direct contact of two metal parts. Producers of hydraulic 

components take this task very seriously and pay significant attention to it. 

Therefore, a large number of standardized tests have been developed and 

used in order to establish the relation between the fluid condition and the 

lubricating properties, and its effect on the component wear. 

 

When it comes to a known type of hydraulic fluid, this does not represent 

a major problem. In the case of completely new types of fluid, it is a very 

different situation. So, we cannot rely directly on most of the known 

standards and known testing procedures. 

 

This paper discusses the usability of different tests for testing of hydraulic 

fluids, with respect to a variety of tested hydraulic components, test 

loading profile, energy consumption, and the cost-effectiveness of the test. 
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1 Introduction 

 

The tests concerned with lubricating properties and the service-lives of hydraulic components 

usually use techniques and procedures similar to those occurring during the actual component 

usages. Testing is performed in approximately identical environmental conditions as during actual 

use: The temperature conditions, presence of contamination, water, metals, alternating pressure … 

but, in most cases, the operating conditions are tightened up (higher lubricant temperature, higher 

circulation number …). 

 

Usually  the time necessary for testing a new hydraulic fluid under actual, real operating conditions 

is not available. Such testing would last too long (even several years). The results are wanted 

sooner than by testing in real and at normal component use conditions, so various different 

procedures of faster component degradation are used under harsher conditions of use. The results 

can be gained in a reasonable time by retaining all the characteristics of functioning conditions 

since matters are only accelerated. The solution to the problem is the use of various methods of 

accelerated testing on purpose-made test stands. 

 

For these purposes, we generally use two types of tests: Mechanical tests and thermal tests. When 

the wear of the hydraulic components is at the forefront, the mechanical tests are preferred. 

 

2 Mechanical testing of hydraulic fluid 

 

Hydraulic fluid specifications themselves are not enough to assure that the hydraulic fluid used at 

normal operating conditions will provide adequate protection over the desired timeframe. 

Specifications provide a basis for performance, but the reality in today’s environment is that 

equipment demands have increased, which has, in turn, increased the need for the fluid to perform 

properly in much harsher conditions. 

 

So how does the lubrication industry measure or evaluate a hydraulic fluid’s ability to perform 

under harsher conditions if the specifications haven’t changed? There are a number of industry 

tests to answer this question [1]. Some of them are standardized, the others  for targeted testing 

(tailored testing) or are adapted. 

 

In addition to pump testing, mechanical testing of hydraulic fluids using laboratory testing devices, 

such as four-ball, pin-on V-block, Timken anti wear test ... are run for determination of anti-wear 

properties. When a standard vane test is performed, the criterion of failure is the total weight loss 

on both the cam rings and vanes. When testing is conducted using a standard gear testing rig such 

as the FZG gear test, the testing criterion is the number of load increases to failure, or failure stage. 

In both cases, pump tests or bench tests, the performance is compared to the minimum standard 

specification. 

 

Simple pump tests are desired to determine particular properties of hydraulic fluids under 

increased load. Recently, it has been necessary to develop a pump testing protocol to evaluate the 

changing properties of rapidly biodegradable hydraulic fluids. The objective is to develop fluids 

with longer lifetime and to improve the performance of these, or to check the usability the new 

type of fluids (as in our case). Such type tests are presented briefly below. 
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2.1 Testing for durability of components – standard pump test 

 

The FZG – ASTM D5182 test (Figure 1) is commonly used for gearing power transmission, used 

on many automobile and industrial applications. The test is also reliable with respect to predicting 

steel-steel contact wear, when using hydraulic oils. 

 

 
Figure 1: Schematic illustration of the FZG gear test machine [1] 

 

The most direct way to assess durability is to extend the duration of the current standard pump 

tests and run the tests at higher temperatures. Standard industry pump tests, using Denison’s vane 

pump, the Eaton-Vickers vane pump, and the Sundstrand piston pump, provide the use of mineral 

based hydraulic oil. Features with test data are summarized hereinafter. 

 

To determine retention of performance, the test fluids were saved and re-evaluated in the standard 

ASTM bench tests typically used to evaluate hydraulic fluids. The Denison HF-O 

specification/test (Table 1) was chosen because of its comprehensive nature, in that it evaluates 

all aspects of a hydraulic fluid. The Sundstrand and Eaton/Vickers pump tests were designed to 

measure durability of the hydraulic fluid. 

 

Table 1: Denison Vane Pump Test – operational conditions [2] 

Fluid volume 189 L 

Test temperature 71 oC for 60 hours 

99 oC for 40 hours 

Test duration 100 hours (4 days) 

Pressure cca. 172 bar  

Pump speed cca. 2400 rev/min 

Flow rate 265 L/min 

Power 90 kW 

 

The layout of the test rig using the Denison HF-O is shown in Figure 2. 
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Figure 2: Schematic of the Denison P46 piston pump test according HF-O protocol [2] 

 

The Sundstrand piston pump test was run initially under standard conditions with hydraulic 

(mineral oil based) fluid formulated with anti-wear additives, and it passed all the criteria 

established for the test. A second Sundstrand pump test was run under the sameconditions, 

extended to 450 hours, or double the length of the standard test, and it also passed (Table 2). 

 

All components are assessed visually for signs of wear and discoloration at the end of test. 

 

Table 2: Sundstrand Piston Pump – Series 22 [2] 

Fluid volume 45 L 

Test temperature 

      standard 

      elevated 

 

82 oC  (1 % water content) 

Heat stressed 120 oC (no water) 

Test duration – standard 

Test duration – extended 

225 hours (9 days) 

450 hours (19 days) 

Pressure cca. 345 bar  

Pump speed cca. 3100 rev/min 

Flow rate 95 L/min 

Power 64 kW 

 

The Sundstrand pump test included 1 % water contamination to stress the fluid further. Even with 

the added water, there was no evidence of any hydrolytic reactions that could cause the formation 

of precipitates. Contamination from precipitates leads to blocked valves and filter-plugging 

problems [2]. 

 

Another round of Sundstrand pump tests was run at an elevated temperature of 120 °C. Due to the 

higher temperature, no water was added to this test, and all other conditions remained the same. 

This round of tests showed that the hydraulic fluid with the premium hydraulic additive package 

had the endurance to exceed the performance parameters of the Sundstrand piston pump without 

difficulty, despite the higher temperature and the extended length of the test. 

 

The next phase of testing involved the Eaton-Vickers vane pump 35VQ-25 (Table 3), which ran 

for extended hours to determine the durability of the hydraulic fluid containing an anti-wear 

additive package. After 1,000 hours the pump was still below the weight loss limit for total ring 

and vane wear. [2] 
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Table 3: Eaton/Vickers 35VQ-25 – ASTM D6973 vane pump test 

Fluid volume 196 L 

Test temperature 93 oC 

Test duration – standard 

Test duration – extended 

50 hours (2 days) 

1,000 hours (42 days) with 

inspections at 300 hours) 

Pressure cca. 207 bar  

Pump speed cca. 2400 rev/min 

Flow rate 144 L/min 

Power 58 kW 

 

Figure 3 illustrates, as an example, how the hydraulic fluid was robust enough to exceed the 

parameters of the test by a large margin. Criterion for wear is the size of weight loss and known 

performance reserve – at known values for a known pump. [4] 

 

 
 

Figure 3: Loss of weight Eaton/Vickers 35VQ-25 – ASTM D6973; 

 standard vs. extended length test 

 

For the Eaton/Vickers 35VQ-25 – ASTM D6973 test a precisely determined type of Vickers vane 

pump is used built to a 196 L tank. A piston pump is used for the similar Komatsu 500 hour test. 

 

In distinction to other tests based on pump wear at constant loading and presence of increased 

temperature and pressure, the profile of applying pressure to the pump is constant, or is alternating 

within the test. After the test’s completion, the pump is disassembled and all internal parts are 

measured. Simultaneously, the oil analysis is executed for the presence and concentration of wear 

metals. 

 

2.2 Low volume mechanical tests 

 

The presented pump test procedures for determining the anti-wear properties of hydraulic fluids 

are expensive to undertake, have long test duration, require a large quantity of test fluid, and are 

costly in respect to the energy consumption. 

 

The alternative vane pump test is the Lapotko s.c. “MP-1 test” – schematic is shown in Figure 4. 

Although the MP-1 may be run at pressures up to 10 MPa the reported pressure is 7 MPa, with a 

total fluid volume of 0,7 L. In addition to lower volume, the MP-1 test is conducted for only 50 h 

(and in some cases only 10 hours). The wear rate is based on the weight loss of the vanes only 
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after the test is completed. In view of the relatively same size, this test comes  close to a “bench 

hydraulic pump test”. [2] 

 

 
Figure 6: Test circuits for the Vickers V-104 vane pump test 

 

Bosch (Racine fluid power) utilized a cycle pressure vane pump test. The pressure time sequence 

and the test circuits are illustrated in Figure 5. 

 

 
Figure 5: Test circuit for Racine cycled pressure, vane pump test utilizing 5.5 kW electric motor, 

SV-10 vane pump and a 70 L reservoir 

 

This is reported to be a more representative test as  it incorporates pressure spikes that will 

invariably occur in a hydraulic system during circuit activation and deactivation better. At the 

conclusion of the test, the weight losses of the ring, vanes, ports and cover plate and body and 

cover bearings were measured. The ring and bearing were inspected for unusual wear patterns and 

for evidence of corrosion, rusting and pitting. 
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The Vickers V-100 vane pump and the test circuit in Figure 6 continue to be the most commonly 

utilized hydraulic pump test. There are at least three national Standards based on the use of this 

pump: ASTM D-2882, DIN 51389, and BS 5096. The total loss of the vanes plus ring at the 

conclusion of the test is the quantitative value of wear. [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Test circuits for the 

Vickers V-104 vane pump test 

 

Additionally, such test is a 100–hour low volume hydraulic pump test that utilizes only 1,3 L of 

fluid (Glancey) This test utilizes a Vickers V10-1P3P1A20 vane pump with a 9,84 cm3/rev 

displacement. The hydraulic circuit is shown in Figure 9. [2] 

 
Figure 7: Low-volume hydraulic and temperature control schematic 

 

3 Test features review 

 

Conclusion regarding some presented tests: In the case of testing a completely new hydraulic 

liquid, we tend to prefer an alternative low-cost bench screening procedure, of short duration, 

requiring a small quantity of test liquid, using  real diverse hydraulic components, not only a pump. 
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The main characteristics of the presented and similar mechanical tests: 

 

a) Mainly with the use of different types of mineral based hydraulic oils. 

b) Wear/impact on the component – pump: Just observing the changes in wear or weighting the 

loss of mass, or any observation the effect on components – only the changes of physical-

chemical parameters of lubricant. 

c) Operating pressure while testing: Constant operating pressure during the test or, in some 

cases, alternating pressure. 

d) Fluid volume: Standard test (45 L to 200 L), small volume test up to 20 L. 

e) Circulation number QTank/QPump: 

Denison: 1: 1,4 

Sundstrand: 1:2,11 

Eaton/Vickers: 1:1,36 

f) Energy consumption during the test. Energy to power the system and the cooling energy 

Standard test: Up to 90 kW, small volume test: Up to 7 kW. 

g) There are no conclusions in regard to the other components e.g. valves, cylinders, filtering, 

seals... The suitability of the test for testing a completely new type of fluid is a great 

unknown. 

 

The results presented here show that there is little, if any, direct correlation between the wear 

obtained by the ASTM D-2882 using the Sperry Vickers V-104 vane pump and the other proposed 

testing procedures using e.g. a 20VQ5 pump. These differences are most likely due to the 

differences in the vane design of the two pumps, and to the expected differences in lubrication 

requirements resulting from differences in vane loading and pump speed. It is recommended that 

these problems be examined systematically in order to model better at least nearly equivalent 

tribological testing conditions with both pumps and, perhaps more importantly, to create realistic 

testing regimes that model better unavoidable fatigue failure of the pump components. This 

concern or deficit is minimized when using up-to-date pump design,. 

 

In addition, it is recommended that the pump testing protocol utilize currently available technology 

better to optimize the quality of data being obtained from the test. Some possibilities include: 

 

1. Measurement of pump leakage and torque over the duration of the test in order to obtain a 

better measure of the break-in properties of the fluid in the pump, and to determine it wear 

stabilization has been achieved at the conclusion of the test. 

2. Pump wear performance should be monitored continuously and a written record of any 

changes in the pump performance, and other events, such as unexpected shut-downs, should 

be reported at the conclusion of the test. 

3. Wear measurement should not, indeed must not, be limited to the vanes and the rig. 

Measurement, or at least visual analysis must be made of other components such as 

bushings and bearings, metal compatibility, and failure modes. These should be 

photographed and be required as part of the final report. 

If the pump is to be operated in excess of its design limits, some assurance must be made that the 

wear data obtained is actually due to the lubrication properties of the hydraulic components. That 

is, the data obtained should make tribological sense. 

 

4 Valve testing methods 

 

For all the methods mentioned above, the conclusions were related only to the pump. Other, also 

heavily loaded components of the hydraulic system, e.g. valves, were not even mentioned at all. 
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The test method suitable for valves should allow testing under variable conditions ranging from 

real to extreme. Therefore, an appropriate test rig should be used, to determine the correlations 

between operating conditions as input variables and valve performance criteria as output variables 

during a preliminary test series. 

 

4.1 Wear types inside hydraulic valves 

 

Tribological systems in general are subject to different types of wear. Three of these types of wear 

are dominant in hydraulic valves (see Figure 8): Erosion, three-body abrasion, and impact wear. 

The characteristics of these wear types and the factors governing wear behavior are discussed as 

follows. 

 

 
Figure 8: Valve wear mechanisms: a) Erosion, b) Three-body abrasion, c) Impact wear 

 

4.1.1 Erosion 

 

In spite of any filtering measures, fluid power circuits are invariably subject to contamination with 

solid particles. When passing component walls and edges with high velocity, suspended particles 

affect erosive wear on the component material by washing it off subtly. This type of wear affects 

both spool and poppet valves, particularly at small valve openings with narrow flow channels, and 

all kinds of valve components – spool, sleeve, housing, poppet, and seat –, when they are paired 

tribologically with solid contaminants. Depending on the valve type, erosive wear phenomena are 

perceptible in the rounding of metering geometry, such as spool edges, spool notches, and sleeve 

orifices, or sealing geometry, such as poppet or seat edges. 

 

4.1.2 Three-body abrasion 

 

When relative motion is imposed on the valve components in the presence of solid contaminants, 

abrasive wear occurs. This type of wear affects mainly spool valves during operation of the spool. 

The tribological pairing, in effect, consists of the spool, any solid particles, and the housing or 

sleeve. Component material is sheared off by the particles entering the valve gap when the 

components are moved. The results of three-body abrasion can be observed in gap widening and 

deformation of the housing. 

 

4.1.3 Impact wear 

 

In poppet valves, the poppet is frequently pressed into the seat with high velocity and energy when 

the valve is closed. Especially in pilot-operated valves, this implicates wear due to the impact of 

the components of the tribological pairing comprising poppet and valve seat. During continuous 

operation, material can be cracked out of the geometry under stress, resulting in fractures or pitting 

at the sealing edge or the seat. ([5] – [9]) 
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4.1.4 Wear parameters 

 

The tribological parameters governing the wear process inside hydraulic valves have been the 

subject of various investigations. Wear has been found to be aggravated mainly by the conditions 

(Figure 9), of which only those marked in italics are examined at the wear test rig. 

 

 
Figure 9: Wear influencing factors according IFAS test [8] 

 

4.2 IFAS-accelerated valve wear test 

 

An IFAS test rig is designed for the examination of three-body abrasion, erosion, and impact wear 

in hydraulic directional spool and seat valves. Certain influence parameters from the fields of fluid 

contamination, flow conditions, and duty cycle, are investigated experimentally. The focus is set 

on fluid contamination with ISO MTD (A3) test dust, as this is anticipated to accelerate the wear 

process significantly. The following Table summarizes the boundary conditions for the accelerated 

aging test – Figure 10. 

 

 
Figure 10: IFAS test parameters and test conditions [8] 

 

The cycle depending wear of the 4/3-way proportional valves has to be measured under different 

load conditions. Thus, a resistor is required to simulate different loads on the working ports of the 

valve. Conventional pressure relief valves and orifices underlie the same wear mechanisms as the 

tested valves and affect particle concentration, material and size distribution in the test fluid, 

leading to non-stationary testing conditions. 

 



INTERNATIONAL CONFERENCE FLUID POWER 2017 

(SEPTEMBER 14TH – 15TH, 2017, MARIBOR, SLOVENIA) 

M. Kambič & D. Lovrec: Test stand for determining the performance characteristics of hydraulic 

directional control valves 

291 

 

Replacing the resistor by a second valve of the same type as the test valve avoids further influences 

on the particles in the test fluid. Moreover, a gradient adaption algorithm affecting the load valve’s 

input signal is able to compensate wear effects on both valves, maintaining the required stationary 

testing conditions. 

 

This test has some limitations: 

 

- Using the test dust is not equal to the reality, 

- Two proportional valves are “spent”, 

- Information is obtained only for the valves, 

- No information regarding other components e.g., cylinder seals, and, in the case of other 

liquids, the compatibility with different materials used within hydraulic components. 

 

5 Proposal for a combined test facility  

 

On the basis of the presented important tests, which are limited to only one component in the 

hydraulic system, it is reasonable to design a different concept of testing for a comprehensive 

insight. The starting points for the new test rig design: 

 

- To determine the suitability of new fluid under real operating conditions, 

- Using the variety of hydraulic components, ofindustrial quality, commonly used within 

hydraulic systems, 

- Take into account the aspect of energy consumption, 

- Take into account the scale of the test rig, 

- Take into account the duration of the test, 

- Take into account the cost of testing, 

- The possibility of on-line monitoring of all important data, 

- At certain intervals, to check the changes in the characteristics of the tested components, 

- To use the standard test procedures, where possible, 

- The possibility of cost-optimal repetition of the test, 

- ... 

In accordance with the above mentioned requirements, a test rig for the integrated testing of the 

impact of a new hydraulic fluid on all components of the hydraulic system was designed – Figure 

11. 
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Figure 11: Layout of test rig for integrated testing; Fluid - components 

 

The test rig allows insight into the pump wear, investigation of wear on vital parts of different 

valve types (control spool valve, poppet valve), the impact of the new liquid on a variety of 

materials used within other hydraulic system components (filter material, paint coat …), as well 

as the on-line and off-line monitoring of the degradation process the components. 

 

6 Conclusion 

 

A number of methods are available to test the wear resistance of individual components, along 

with the known hydraulic fluid. Some have become standardized; others are dedicated and of 

internal nature, linked to a single manufacturer, either components or liquids. But, none of the 

represented methods allows a comprehensive insight into developments in all components of the 

hydraulic system when completely new hydraulic fluids are tested. 

 

In addition, an additional problem of testing, especially those with pumps, is usually the very high 

cost of energy consumption (90 kW, several weeks), and testing under unrealistic conditions. 

For the purpose of testing new hydraulic fluids, a new test device concept has been designed and 

constructed, appropriate for the combined testing of as many hydraulic components as possible, in 

market quality. The testing is carried out under demanding, but still normal operating conditions, 

and with low energy consumption. 
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