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International conference Fluid Power 2017
Dear participants of the international conference Fluid Power 2017!

DARKO LOVREC & VITO TIC

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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committee, Associate Professor, University of Maribor, Faculty of Mechanical Engineering, Smetanova
ulica 17, 2000 Maribor, Slovenia, e-mail: darko.lovrec@um.si. Vito Ti¢, Ph.D., Assistant Professor,
University of Maribor, Faculty of Mechanical Engineering, Smetanova ulica 17, 2000 Maribor, Slovenia,
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Digital pneumatics: App-driven pneumatics for Industry 4.0

MARKUS MIKLAS

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
ssoftware

CORRESPONDENCE ADDRESS: Markus Miklas, Festo Gesellschaft m.b.H, Linzer Stra3e 227, 1140 Wien,
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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.

LN UL A L 3
Url

-]
~

(1]

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.

(3]

| I Q’?);’)
o | ofa’%
| o
- [1]

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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Sensor

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.

25 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 1/0 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.

b 5 5 8 B & & 5"
Inioiohennom
L]

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,
e Speed up the engineering processes,
e Cut the time to market.
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Table 1: Motion apps available at market start

&5 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).

i

© 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.

[[1 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:

e Many functions in a single component — thanks to apps,
e Combines the advantages of electric and pneumatic technologies,
e 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.

References
[1] N.N.: FESTO - internal sources
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Fluid power drives in robotic systems

ZELIKO SITUM

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 ¢ actuatorse control
system ¢
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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. PAMSs 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 Famulus robot Robot M-2000iA/2300
(ASEA-ABB) (KUKA) (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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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 PAMSs 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.



INTERNATIONAL CONFERENCE FLUID POWER 2017 19
(SEPTEMBER 14™—15™, 2017, MARIBOR, SLOVENIA)
7. Situm: Fluid power drives in robotic systems

Objects

PAM driven

G . I
manipulator
Feeder

Po —Ap ‘ |2
_ [ Proportional ‘ s -—F,
valve
Control I
computer _| Proportional

El Pressurized air
\ — —» Electrical signal

_______ o \ I
----- »| A/D converter iz
(DAQ Card-6024E) | =

.....

D/A converter
(DAQ Card-6024E)

Legend:
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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 6. The
measured signals from the process are fed back to the control computer equipped with a data
acquisition card (N1 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 r

‘ Hexapo:d’roabot ' ctop 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.



INTERNATIONAL CONFERENCE FLUID POWER 2017 21
(SEPTEMBER 14™-15™ 2017, MARIBOR, SLOVENIA)

7. Situm: Fluid power drives in robotic systems

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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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 10T, 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 10T
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 l0T 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 10T, 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 10T today while maintaining future flexibility.

ENTERPRISE
loT CLOUD

[truck utilization,
location, speed,etc]

M

DISCRETE loT CLOUD

[compenent temperature,
pressure, vibration, alarm, etc)

Figure 1: Voice of the Machine solutions take 10T 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 10T 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 loT-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.

)
U /fQ
QN

Figure 2: Voice of the Machine uses data encryption and deV|ce 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 loT-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 10T 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 10T. 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 10T in the future.
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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

manufacturing industry.
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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 (I1oT).
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Figure 1: Industrie 4.0 concept: Smart Factory - Industrial Internet of Things (I10T)
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 | 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 1 4.0.

The 1 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.

Source: Plattform Industrie 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 | 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 | 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.

Periodic / offline Continuous / online
Implementation Service crew with portable equipment Integration of sensors
Features « O#f sampling, measurements using particie counters + Permanent sensor installation
« Monitoring the measurements over longer time periods  + Definition of limits/alarm threshoids
« Variations result in specific measures « Remote data transmission to monitoring centres

or control rooms

via Intranet/Internet/GSM/sateliite
« Variations result in immediate

specific service measures

Examples

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:
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- on acontinuous 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

System characteristic Fluid condition sensor

Wear 1. Solid particle sensor

Fluid cross-contamination after addition of incorrect fluid 2. Differential pressure sensor for filkers
or leakage

Water ingress through condensation or leakage 3. Sensor for free or dissolved water

Fluid ageing condition on basis of hydrolysis or oxidation 4. AN (acid number) sensor
5. Differential pressure sensor for fillers
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1. Optical particle counter 1. Inductive particle counter 2., 5. Ap sensor 3. Water sensors 4. Oil ageing sensors

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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Roll adjustment in steel works

Total 100%

[l Before (no FCM) costs 62%

M After (with FCM)

Planned 20%

FCM 0% maintenance 20%

2%

Production 50%

Unpl d °
stoppage 30% nplanned 30%

maintenance 10%

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
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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:

e The switching valves are considered as the system boundary and their effect is replaced by
an input flow Q.

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

e Fluid friction in the pipeline is neglected.

e The cylinder capacity variation due to change of cylinder position is negligible within a
few switching pulses.

e Cylinder friction is neglected.

e 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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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 Z;; is its hydraulic impedance. c is the
wave propagation speed in the fluid, p and E — its density and bulk modulus. S, 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 ® = [S, py, P2, B3, Q1, @2, Q3] as a function
of a linear combination of components of the input vector @ = [QV, F]. At this point the part of
the solution dependent on F 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.

the research.

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

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

(1) the transfer function for S over the input valve flow @y, is obtained:

JApZy(—j + wCyR)

jmw — mw?CyR —
Jmw3ZECyCey + jwZFAZ
Jmw?(Cy + Cey1)Zy — Mw3ZyCyCeyiR
—jZyA% + wZyCyRA2

Q)l
< >

(

|

) sin(Q) +

\
o)

(2)



INTERNATIONAL CONFERENCE FLUID POWER 2017 45
(SEPTEMBER 14™-15™ 2017, MARIBOR, SLOVENIA)
E. Lukachev & R. Scheidl: Global Analysis of an RC-Filter for a Switched Hydraulic Drive

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.
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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).
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This expression still contains 3 drive (a, A, u) and 2 filter (z¢x, y) 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:

a y) AVm Sovm

d=—; A=— or da= l=—— (5)

Vi’ Vi ArJpAL LJpAL

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 (&, 1) 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 @? would mean the ratio of the cylinder mass and the
effective fluid mass, the latter is calculated on the basis of kinetic energies equality:
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Figure 4: Mechanical equivalent model

A-value represents the ratio of fluid volumes in the cylinder V, chamber and in the pipeline Vg
multiplied by a:

I
A=d— 7
7 (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(f; (X), (%), .., fu(X)); X €X (8)

X = (.xl,.xz, ...,xk)

where f; (%), f2(%), ..., fn (%) are the objective functions (n > 1), x4, x5, ..., X, — 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 x 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 (& and 1) are normally fixed in the process of the control scheme design. The filter
(described by 7. and y) 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 @-4 plane, which represents the variety of hydraulic
drives. Thus, Tz and y 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/Zy 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, y, is defined for a given drive by the filter capacity Cy. 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 y:

01-d/1 <y<20-d/i (9)
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If the @ term is large enough, the cylinder inertia would add some significant contribution to the
fluid inductance. To consider this effect, multiplier (@2 + 1) is introduced into (10):

0.1-a/A(@*+1)<y<20-d/A(@+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. Q
is defined as a linearly spaced vector. The correspondent value of amplitude is calculated according
to (4). Mathematical expressions for objective functions read:

Agct (Aia 1 Q7
I = Zmax(( “C> ( ))/Q-—Z— LA Q<080
! : Ag )" \Aaee) )" —~ (| max(() ? 1)
11
_ Aact
I, = max ,1)—1; Q> 0.8Q,
Aid i

where A,.; is the frequency response calculated according to (4), A;; — ideal response, Q, — the
cylinder resonance frequency, i — index of the frequency vector used in the calculation. The term
1/Q; in the I; 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: I}4, 14 = 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 (&;, 4;) is expected to be a Pareto front, although a collapse of this front into a single

point for some of the areas on d-4 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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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 @ and A 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 -2 plane is divided into 4 quadrants with different scales of axes and I,. The right and the
left halves have also different scale of I, objective. This scaling allows for easier visualization of
trends.

It is possible to achieve good values of I; 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 I,. This possibility depends strongly on the parameters of
the plant. I, is in direct relationship with the @ parameter and is inverse to /.

By the high values of a the cylinder caused pulsations can be effectively dampened by the filter.
Explanation lies in the physical meaning of @2 — the ratio of the cylinder mass to the effective
mass of the fluid (6). Small values of @ 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 1 is related to its proportional dependency on the initial cylinder position. Higher
values of 1 mean softer piston chamber fluid (due to larger values of cylinder position S,). 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 @ values. Second, regions exist where the
second criterion cannot be reasonably improved. The Pareto front in this case is the line, horizontal
to the I;-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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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 I; and 1,). 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 I; 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
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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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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 200 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
420 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 cm®/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:

mx =F,—bx—kex 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 p, 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=k,x 3)
From (3) the velocity and acceleration are given by:

x=F and x=T (@)
K K

e e

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:

Me_p_be g

k" k

. K b . k

F==Alp-p,)-—F-—=F ()
m m m

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:

7, B4 b =K, u) (6)

where T, is a time constant and Ky 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) = K, e(t) + K; [ e(t)dt + Kq é(t) (7)

where K,,, K;, K4 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) = F(t) - F(t) (8)

The mathematical model of the system can be written in the standard state-space form as x =
f(x(t), u(t)) where state variables x = [x; x, x3 x,]7 are chosenas: x, = p, x, = F, x; = F and
x, = [ 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:

. K, 1
X, = u(t)—_l_— X,

A

=T
X, = X
_ke

w

)
. bk,
X3 HA(Xl_pa)_E Xa_a X,

X, =e(t) =F () -F(t)

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 x,).

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].

A
Al Q1
fﬁ:'] P1 /
p i ..-ll::]..a] p2 \AZ
Fh pa Q
L,
m - m
v X
KeX bx
. Ke
mx

Figure 16: Schematic model of the hydraulic press
The force balance equations for the mechanical part of the system can be written as follows:
mx =F, —bx—kex — Fg (%) (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, F, and F;. respectively, and is given by:

Ffriction(x) =F+ ch(x) =bx+ fc SgTL(X) (11)
The actuator force Fn allows interaction between the piston and its environment and is given by:

Fy = p141 — p24; (12)
where A; and A, are the cross sectional piston areas, p; is the inlet pressure and p, 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 k.:

F=k.x (13)

From (13) the velocity and acceleration are as follows:

X:E and X':E (14)
k k

e e
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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:

m . b . .
k—F:Fh—k—F—F—FfC(X)

e e

F= (pa-pa)-— F- F-S R (1) (15)

m

From [7] the expression for the piston and rod side actuator pressures may be written as follows:

5 =L Qv )= P

b= Qv =T @A) (16)
Bl v)e B (oA

P = Qe V)= Qe+ AK) 17

where V; and V, are total fluid volumes in the two cylinder chambers, V, is the half-volume, A,
and A, 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:

Qlw, ) =Ku (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 F, and substitute equations (16), (17) and (18) into equation (12)
then the acting force derivate is given by:

. o AB K _
Fo=bA-DA= V,+ AiX( - AX) v, - AZX( u+A,X)=
o 19
_| _BAK +ﬁA2<o u_( pN . BA jF- 9
Vo+A1kF Vo_Asz k.Vo+AF kV,-AF
If we choose PI controller, then the control signal will be equal:
u(t) = K, e(t) + K; [ e(t)dt (20)

where K, Kj, 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) = F(t) - F(t) (21)

Similar to the case of pneumatic press, the state-space model can be written as x = f(x(t), u(t))
where state variables x = [x; x, x3 x,]7 are chosenas: x; = F,x, = F,x3 = Fyand x, = [ 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:

X =X,

k b k k
X, == Xg—— X, ——= X, ——= F. (X
A « (X5)

2 2 (22)

. _ [ BA BA BA KK, BA KK,
X, = + X, + + u

keVo+A X kK Vo—Ax ke Vo + A X (kevo_Ale)(D

X, =e(t) = F (t) - F(t)

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 x,).

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. 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 K, 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 Ty 0.008 s
A 1.963-107° m? Ky 0.18 MPa/VV
Ke 80 N/mm Kp 0.5
b 80 N/(m/s) Ki 2
Pa 101 kPa Kad 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 P1 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
B 1.4-10" N/m? Vo 7.5398:10%4m?® ba 520 N s/m
A 50.26 10 m? m 50 kg fe 120 N
Az 28.27 -10*m? Ke 5.46:10° N/m Ko 6
P) 1.7778 K 8.33-10°m%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.

W {r]
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e .

PID(s) s It
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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.
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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 (Kj) 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 P1 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

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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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* m?, V;=131.85 10°® m® and m=200 kg the minimum natural
frequency is:

45 A2

m-V,

=310,o52{@} = 49,35[Hz] ()
S

a)H min

Natural frequency can be read out, from the manufacturers data sheet for SV MOOG 769 [13] we
can read out frs,=325Hz.

Because of very high natural frequency of servo valve with comparison to hydraulic cylinder (@Hsv
>> wHmin ), 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:

X, =k, U 2)

where k, [mV1] is combined SV and electronic amplifier gain. Therefore the simplified system
equations have the following form:

p p
A 1 |
Uy = P O Xy P san(k, )+ sgn (%, )P e -2t ©
—sgn(u
pL:ﬁ'Cd'kv\/ps 9 ( )pL .u_ﬁ.Ap.Xp_ﬁ.kL.pL
t P Vt Vt

where X, is actual piston position, v, piston velocity and p. 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™:

X =%
X, = 34X — 3,X, —8;5gNn(X,) — 3, 4)

Xy =g/ Ps —SON(U) XgU — 3GX, — 8, X,

where X1=Xp, X2=Vp and x3=pr, with:

A o, F F 45 43 43
—__P a :_Vf — _Co a = ext — .C. -k a=—"—"A a=-"1k
a m 2= a, m (i as v, '_,0 da K G v, S v,

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:

[fe-f W <Lix-y] ©)

To satisfy condition in Eq. (5) we estimated the “sgn” function with continuously differentiable
function “tanh = th” (hyperbolic tangent) except in last equation.

X =X, (6a)
X =8 X — X, _asth(ﬂxz) —a, (6b)
(6¢)

A — free coefficient (1=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].

Stepl

We want the x; — position variable to track a reference signal, say, r(t). So we have the first error
variable:

(7)
and its derivative:
(8)

where r(t) is the reference input.



