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ABSTRACT

In industrial manufacturing systems, one often encounters situations in which motion
in two, three or more hydraulic cylinders actuators need to be synchronized. The
need for the design of a reconfigurable bending press machine (RBPM) control
system prompted the research in the development of an automatic and synchronized
system, suitable for the press tool operations, versatile in raising and thrusting of
multiple- cylinders with odd numbers.

The concept is to design the control system that will allow controlling pressures/flow
and synchronous movements, accompanied by position readings measured by
position sensors. The system worked simultaneously; with the maximum assembled
units working together, typically in a number that fits the operation’s needs. The aim
of the controller is to develop a position control system that incorporates features of
a modular controller interfacing. The controller has position sensors for detecting the
position of the hydraulic cylinder rod through commercially-of-the-shelf (COTS)
components

The design was achieved through the use a multiple flow divider to allow the
addition and or subtraction of hydraulic cylinders, thus increasing or reducing the
power output during the bending process, the modelling and simulation of
electrohydraulic synchronisation of three hydraulic split rams cylinders that are
coupled through a linkage to an iterated load of between 0 to 4 tons was obtained.
The total load on the beam comprised of the uniform load from the three hydraulic
cylinders and self-loading from the self-weight of the beam.
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CHAPTER 1 (RESEARCH INTRODUCTION)
1.0

INTRODUCTION

This chapter presents a brief overview of the research carried out. It introduces the
study and the fundamental principles upon which the dissertation is based. It further
discusses the background information on the research topic, followed by an
introduction to the statement of the problem and the research objectives. Finally, the
benefits and delimitations of this study are reflected on briefly.

1.1

BACKGROUND OF THE PROJECT

At the beginning of the twentieth century, mass production contributed to the
emergence of the middle class by providing jobs and the means to manufacture the
goods that this new segment of society required to improve its quality of life. By the
middle of the century, the desires and tastes of customers became more
sophisticated, forcing production systems to adapt in order to meet these desires.
Manufacturing systems have been trying to catch up with the shifting demands of
markets ever since. During the second half of the twentieth century, manufacturing
systems struggled to increase their capacity and efficiency, while accommodating a
wider range of products at the same time. In response to the need to accommodate
changes in production capacity and product mix, ﬂexible manufacturing systems
(FMS) were introduced during the latter part of the century. The implementation of
FMS relied on the extensive use of costly automation at a time in which the ability to
provide intelligence to such systems was very limited. Under these conditions,
ﬂexibility could be achieved only by providing excess capacity. As a result,
equipment utilisation was low, and the cost and time required to adapt FMS to
variations in product mix and production volumes was too high (Koren et al., 1999).
1

Mass customisation, a product deployment concept that combines low price with
extensive variation and adaptation, has emerged because of its potential impact
upon the customer’s perceived value of a product (Svensson and Barfod, 2002).
Products have to be manufactured at costs that are comparable with those items
obtained by mass production techniques. At the same time, these products are
highly customised not only in variety, but also in quantity and attributes (Mehrabi,
2000). Mass customisation techniques focus on meeting these demands. As a
concept, mass customisation has driven the development and implementation of
new manufacturing technology for the last decade.
An historical review regarding the different research areas that are critical for
developing and integrating reconﬁgurable bending press tools and intelligent
machines can be related to the concept of reconfigurable machine tools (RMTs)
which appeared in the early 1990s as a particular trend that evolved directly from the
concept of FMS (Chick et al., 2000). Machine tools available in the market today
have been designed for ﬂexibility in terms of the types of processes and geometric
complexity of the products that can be manufactured. The hydraulic press is widely
used in machine manufacturing ﬁelds such as hydraulic punching, pressing and
bending machines as well as in moulding technology because of its high power or
mass ratio, fast response, high stiffness and high load capability. However, the
proposed reconfigurable bending press tool with intelligent control is intended for the
small-scale industry that can manage the drawbacks such as complex structures,
excessive energy consumption, intense heat generation, high noise levels, serious
vibrations, high precision requirements for oil ﬁltration and throttle losses at the
control valves.

2

1.2

PROBLEM STATEMENT

The new generation of advanced manufacturing systems is forcing a shift from mass
production to mass customisation and the ability to manufacture in small batches.
Mass customisation, a product deployment concept that combines low price with
extensive variation and adaptation, has emerged because of its potential impact
upon the customer’s perceived value of a product (Svensson and Barfod, 2002). To
achieve mass customisation of products, it is becoming increasingly important to
develop modiﬁable, extensible, reconﬁgurable, adaptable and fault tolerant
manufacturing systems. According to the characteristics of self-tuning proportional
integral derivative (PID) controller set ups, the parameters of a PID controller can be
set online by a simple principle, convenient operation, strong robustness, but it also
possesses better flexibility, adaptability and higher precision (Yuxiong et al., 2010).
Depending on the market needs, the functionality and sometimes the production
capacity, as well as the components of several stages in the system must be
reconfigured. The production capacity must be adjustable in small increments, while
the functionality must be rapidly adaptable and reconfigurable to the production of
new parts. The problem that this study investigates is the reconﬁgurable
manufacturing control systems configuration: A control system for electro-hydraulic
cylinder synchronisation is specifically designed in this study for multi-cylinders with
odd numbers, and fuzzy-PID controller design concepts are proposed as one of the
viable options to solve the configuration problem.

1.3

AIMS OF THE RESEARCH

The aim of this research is to design and develop a controller that will control all the
modules of a reconfigurable bending press machine for bending box-type sheet

3

metal components. To achieve the aim it is necessary to investigate the objectives
as follows:


Identify and list the features that the reconfigurable bending press machine
(RBPM) controller should possess for full reconfiguration.



Identify and design the use of sensor and actuator devices to reduce costs
without compromising capabilities for the open architecture controller of the
reconfigurable bending press machine (RBPM).



Simulate the control system; comprising modules such as a proportional integral
derivative (PID) application programmed interface (API) and graphical user
interface (GUI).



Implement the controller on the RBPM prototype to be built and also analyse its
performance to determine if it achieves the intended purpose.

If explicitly executed, the research has insurmountable benefits for the body of
knowledge in the development of optimised press brake tools. The industry at large
will benefits from the application of reconfigurable manufacturing systems (RMS)
principles, particularly regarding press brake bending control for variable product
demand markets were:


Short time to market response is needed. The current manufacturing environment
is characterised by stiff global competition alongside unpredictable, highfrequency market changes.



High productivity for varying demands. The reconfigurable press tool provides the
right balance between the production speed of DMLs and the general flexibility of
CNCs (Katz et al., 2004).



Smaller products for easier fitting and less bulky equipment.
4



Easy solutions for coordination problems.



Fewer component references.



Fast and easy wiring to cut down labour costs.



Automated functions at affordable prices.



Communication needs and field bus connections.



Safety. The use of extra low voltage with a maximum of 24 Volts is adopted as a
safety measure to reduce the risk of electrocution.



Environmental issues. The controller is assembled in a Polyvinyl Chloride (PVC)
casing and firmly secured to the surface on which it is mounted, so that the wall
or other obstructions do not prevent free circulation of cooling air.

The power or energy consumption is an important consideration in the selection of
the motor starters in order to avoid power surging or voltage dips from the power
source which could lead to adjacent equipment stoppages during operations.

The use of mineral oil on the hydraulic system is also a serious concern as the
spillage of oil during an operation of the press would exert a great impact on the
environment and could also lead to hazards such as skin irritations, irritation of the
lungs and possibly resulting in trips and falls, skin rashes or burns, coughing and
shortness of breath, or both. In order to take care of these effects, a material safety
data sheet (MSDS) specifying the physical and chemical composition of the oil and
its environmental implications should be conspicuously placed around the operating
area. Additionally, relief valves are incorporated in the flow lines to take care of the
over-pressurised fluid in the system.

5

1.4

IMPORTANCE OF THE RESEARCH


Tshwane University of Technology (TUT) was involved in the design of the
reconfigurable bending press machine (RBPM). As a result, a need exists for
the design of a control system in this regard. The RMS principles that have
not yet been applied in sheet metal despite having advanced bending
machines, such as CNC press brakes that offer off-line programming, robotic
attachments, back gauge’s and bend followers. Figure 1.0 was chosen to
address modern manufacturing challenges such as the above mentioned
bending

sheet

metal

machine

with

the

two

objectives:

geometric

transformation and productivity adjustment.

FIGURE 1.0: RBPM – length reconfiguration with four cylinder modular inserts
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Geometric transformation allows sheet metal benders to bend long sheets with
extra-long bent flanges. The ram and bed have modular inserts which are used
for length extensions. The numbers of modular inserts depend on the length
required for the ram and bed. Height adjustment is achieved through pre-cylinder
attachment points built on the side frames and at each successive height
adjustment; the cylinders are detached and mounted on the new attachment
interface [2].


Researchers and developers in research and tertiary institutions can use the
results and analysis obtained from this research. Industrial practitioners can also
use the same principles as they seek to meet the dynamic changes in the market
that initiate the change in the mechanical configuration of the bending machines.

1.5

HYPOTHESIS

Reconfigurable principle applications in press tools will increase the competitiveness
of this industry. Press tools are employed in sheet metal bending processes,
especially by using the press brake to bend box-type components or products.
However, the identification of the COTS components used in the design of the
controllers involves all the modules that the RBPM should possess and the
consequent control to be embedded in thorough research on the technological
trends and latest technology incorporated in press brakes for sheet metal bending
control problems. It also involves deriving solutions that addressed the problem of
interfaces and module autonomy which proved the reconfigurability of the RBPM
control system.

1.6

RESEARCH DELIMITATIONS

The delimitation of the research is stated as follows:
7

1. The research does not involve building a controller for which the costs of the
components outweigh the budgeted cost of the prototype.
2. The research only involves the design and implementation of a prototype,
while the commercialisation thereof remains subject to the availability of
funding.
Modelling and product simulation are conducted on computers using SIM-expert for
the prototype, while the commercialisation will involve the application of the latest
available software that is suitable for the fuzzy-PID implementation on the
programmable logic controller (PLC).

1.7

RESEARCH PUBLICATIONS

Besides the reports that the author has compiled for the RBPM control systems
project on behalf of TUT, the following articles have been prepared and the
manuscripts have been submitted as part of this study;
1. Adenuga, O.T., Mpofu K. Control system for electro-hydraulic synchronization
on RBPT: Variety Management in Manufacturing: Proceedings of the 47th
CIRP Conference on Manufacturing Systems, Paper presented at the CMS
conference, Ontario, Canada, April, 2014. Procedia CIRP; 17:835–840.
Available

online

:http://www.sciencedirect.com/science/article/pii/S2212827114004119

2. Adenuga, O.T., Mpofu K. Design of a Fuzzy-PID Controller for a
Reconfigurable Bending Press Machine: 24th International Conference on
Flexible Automation and Intelligent Manufacturing (FAIM 2014). Accepted for
publication.
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1.8

DISSERTATION OUTLINE

The chapters are described briefly in this section. An insight into the work is
succinctly expressed to furnish a general overview of what the reader can expect.

1.8.1 Chapter 2, Literature Survey
This chapter furnishes a review of the available literature relating to the fact that
modern control systems design deals with improving manufacturing processes.
Robust and reliable systems are created by allowing the controller to be customised
in terms of modularity and in line with operational requirements, while maintaining
the ability to reconfigure the controller when requirements change or new technology
becomes available.

A critical review is given of the present study in contrast with the past work that has
been done in control systems for electro hydraulic actuators by looking at work of
different researchers for more than 2 decades as summarised in table 2.2 and
extracted literature review in table 2.3, while the history of reconfigurable bending
press machines also leads the researcher to conclude that work has not been done
on control systems for RPBM and this necessitate the direction for establishing
suitable methods developed theoretically to solve this and almost similar problems.
The platform is set forth for investigating the commercial off the shelf machine
module configuration problems and the rest of this work swells in this direction.

1.8.2 Chapter 3, Theoretical Development
This chapter offered an examination of the theory whose constructs were examined
in order to formulate the theoretical development of this research and explored an
overview of hydraulic control systems for odd numbers of cylinders starting from 3
9

synchronised cylinder, and can be adopted to a limit of odd numbered configuration
as deemed fit by the control system designer of RBPM for reconfigurable features in
the innovation, the proposed structure of fuzzy-PID and the controller design theory
of a RBPM were also looked into.
The study further expanded on an intelligent fuzzy-PID controller for a reconfigurable
machine tool (RMT) with implementation on a programmable integrated circuit (PIC)
which has been an area of research interest at the department of Industrial
engineering, Tshwane University of Technology, while the adoption of the
implementation of a fuzzy-PID implementation on the programmable logic controller
(PLC) is being considered.

1.8.3 Chapter 4, Methodology
This chapter addressed the methodology for the conceptual designs of the RBPM. It
further specified the requirements for the concepts that the system must meet, that
is, performance, specification, system concept design and selection, component
sizing and selection, modelling and simulation, control algorithm design and control
design validation.

A comparable profile for the anticipated curve by the manufacturers of the
components was presented in order to provide the study with verifiable evidence of
the correct results from the simulation. Lists of FluidSIM components symbols used
in the schematic circuit design of the control system for RBPM electro hydraulic
systems were provided in table 4.1 and comprehensive discussion on the features of
the present work over the past research was also presented.
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1.8.4 Chapter 5, Simulation Results and Discussion
This chapter presents the simulation results and offers a discussion on the
conceptual designs of the RBPM. It further displays the curves and graphs of the
various components used to formulate the specifications for the concepts that the
system must meet, that is, performance, specification, system concept design and
selection, component sizing and selection, modeling and simulation, control
algorithm design and control design validation.

1.8.5 Chapter 6, Conclusion and Scope for future development
This concluding chapter presents the outcomes of the system analysis. In spite of an
abundance of articles on the successful application of control systems for cylinder
actuator synchronisation, information on control system applications to synchronise
multiple cylinders is sparse and can be found in only a few research papers. While
on the control of synchronisation for odd numbered cylinders, no research has yet
been conducted. There is also mention of the scope for future research and the
vision of fuzzy control.

11

CHAPTER 2 (LITERATURE SURVEY)

2.1

INTRODUCTION

Past research on electro-hydraulic synchronisation control has focused on a linear
instead of a nonlinear approach. In this day and age, heavy structural movements
are mostly made possible through the use of hydraulic systems with manually
operated hydraulic control systems. The need to design the proposed RBPM control
system further prompted research into the development of an automatic and
synchronised system, which would be suitable for press tool operations and versatile
in the raising and thrusting of multi-cylinders. The system would further allow
controlling pressures and synchronous movements, accompanied by position
readings measured by position sensors. In addition, it would function simultaneously;
with a maximum assembly of units functioning together, typically in a number of
modules that suits the needs of the operation. The proposed control system under
design would provide information and actions in real time in order to perform
predefined movements, using position measurements and compensating for flow
variations or pressures, or both.

The design of a new reconﬁgurable press tool would therefore depend on the use of
limit switches, hydraulic power units, flow diverters, starters and electric motors and
cylinder actuator devices to reduce cost without compromising capabilities. The new
generation of advanced manufacturing systems is forcing a shift from mass
production to mass customisation and the ability to manufacture in small batches.
The framework adopted for the design is hereby represented in Figure 2.0.
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FIGURE 2.0: Framework for the design of a reconfigurable bending press tool

The following research issues were addressed in the design and control of
reconﬁgurable machines:
1. Manufacturing machine concepts: design, manufacturing and integration of
reconﬁgurable machines, including machine prototype realisation. Topics
included mechanical design, selection of suitable starters, programming
systems, open architecture controllers, smart materials and tooling.
2. Theories and methodologies: application of concurrent engineering and life
cycle engineering theories, methodologies and tools for the development of
the next generation of machines.
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3. Supporting technologies: design and development of web-based information
systems for integrated machine development to support the collaboration
between design and manufacturing engineers (De Silva, 2000).

The literature survey will constitute an overview of past manufacturing system design
paradigms; an insight into the reconfigurable control system (RCS) design will also
be considered. An emphasis was made on the control system design for electro
hydraulic actuator paradigms relevant to the developed reconfigurable bending press
machine (RBPM) with modular inserts for reconfiguration through odd numbered
cylinders. Then the relevance of Intelligent Control and direction for developing the
proposed control system for the RBPM will be looked into. This research will go a
very long way in transformation of the South African nation for the development of
reconfigurable bending press machinery that will be used for sheet metal in the
machine parts development and help transform South Africa from a resource-based
economy to a knowledge-based economy as stated by the Department of Science
and Technology (DST) plan (DST, 2007).

2.2

MODERN CONCEPTIONS IN MANUFACTURING SYSTEMS DESIGN

Nowadays, most medium and high-volume manufacturing industries use a portfolio
of Dedicated Manufacturing Systems (DMSs) and Flexible Manufacturing Systems
(FMSs) to produce their products. Generally, DMSs, or transfer lines, are based on
fixed automation and produce the core products of the company at high volumes.
These lines are customised hardware lines that can control press tools in fixed
directions determined at the design stage. They are furthermore designed to produce
a single product and cannot be changed. Each dedicated press typically produces a
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single part and is not reconfigurable. Dedicated presses are economical when
varying lengths of sheet metal parts are to be produced for a period.

FMSs produce a variety of products on the same system. They typically consist of
computer numerically controlled (CNC) machines, and other programmable
automation machines. CNC machines often use large tool magazines and several
axes-of-motion to provide general flexibility which then has the potential to produce a
variety of parts of different types. However, in many cases, not all these axes-ofmotion are utilised in the production of each part, which means that the machine is
underutilised and its initial cost is partially wasted. Typically, the structure of each
FMS and the structure of its CNC machines cannot be changed. The production
capacity of FMSs is therefore fixed and is usually lower than that of dedicated lines,
because their initial cost is higher and lower volumes than DMS are produced.

However, medium and high-volume manufacturers are now facing new market
conditions characterised by: (a) pressure to quickly introduce new products at low
costs, and (b) large fluctuations in product demand. To cope with these needs and to
stay competitive, manufacturing companies require a new type of manufacturing
system that is suitable, taking into account flexibility, capacity and functionality.
To avoid the above mentioned difficulties, conceptions for Reconfigurable
Manufacturing Systems (RMS) and Focused Flexibility Manufacturing Systems
(FFMS) were invented. The Reconfigurable Manufacturing System (RMS) offers
these qualities through its characteristics of modularity, integrate-ability, scalability,
convertibility and diagnosability (Koren et. al 1999:530) at the functional level to
achieve the enterprise level agility needed for global competitiveness. Focus
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Flexibility Manufacturing Systems (FFMS) is the required level of system flexibility
impacts on the architecture of the system and the explicit design of flexibility can
lead to new hybrid systems, i.e. automated integrated systems where the products
can be processed both by general purpose machines and by dedicated machines. It
can result from the matching of flexibility and productivity that characterize Flexible
Manufacturing Systems (FMSs) and Dedicated Manufacturing Systems (DMSs),
respectively (Tullio, 2009)

2.2.1 Reconfigurable Manufacturing System (RMS)
The challenges of the DMS and the FMS have brought about the need for a new
paradigm in manufacturing, that is, machines that can evolve and keep up with
market changes. These types of machines have been defined (Koren et al. 1999)
and results from the matching of flexibility and productivity that characterize Flexible
Manufacturing Systems (FMSs) and Dedicated Manufacturing Systems (DMSs),
respectively. (Xiaobo et al. 2000).
“A Reconfigurable Manufacturing System (RMS) is designed at the outset for rapid
change in structure, as well as in hardware and software components, in order to
quickly adjust production capacity and functionality within a part family in response to
sudden changes in market and/or in regulatory authority requirements” (Koren et al.,
1999). A description of RMS is as a manufacturing system in which a variety of
customer products are classified into families, but it must also accord a positive
response to new products, which are grouped into product families (Xiaobo et al.
2000). These systems by definition have an intrinsic variety of products that they are
designed to produce, to meet the specific needs of the market they are serving. They

16

are also designed to meet the low production costs generally associated with
dedicated manufacturing.

Reconfigurable Manufacturing Systems (RMSs) are a compromise between the high
flexibility of FMSs and the dedicated manufacturing lines (DMLs) that are designed
for mass production. The development of suitable RMS for the South African
manufacturing industry will result in a value-added competitive advantage for this
industry. RMS can obtain an economical mix of flexible and dedicated equipment, as
well as in process reconfigurable inspection machines and reconfigurable production
machines whose functionality and productivity can be readily changed when needed.
Some of the characteristics of RMS are: modularity, customised flexibility, scalability,
the ability to diagnose and the ability to integrate (Xiaobo et al., 2000).

In general, reconfigurable manufacturing systems are designed at the outset for
rapid changes in structure, hardware and software components, in order to rapidly
adjust their production capacity and functionality within a part family in response to
sudden changes in market or regulatory requirements. DMS is typically designed for
the production of a specific part, and it can produce one specific part type costeffectively at high production rates. The RMS emerged a few years ago in an attempt
to achieve changeable functionality and scalable capacity. Compared to FMS which
offers general flexibility to increase the variety of parts produced, RMS provides
customised flexibility to produce a part family (Hu et al. 2006). RMS is designed to
cope with situations where both productivity and the ability to react to changes are of
vital importance, so an ideal RMS comprehends the advances of DMS and FMS
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(Wiendahlet al. 2007). Figure 2.1 represents the classification of manufacturing
systems (Abele, 2006).

FIGURE 2.1: Classification of manufacturing systems
The reconﬁgurable manufacturing control systems are a solution for these market
requirements and the designed control systems include:



Modular design: Modular design or "modularity in design" is an approach that
subdivides a system into smaller parts (modules) that can be independently
created and then used in different systems to drive multiple functionalities
(Epureanu et al. 2008). A modular system can be characterised by the following
according to (Baldwin et al. 2007):
o Functional partitioning into discrete scalable, reusable modules consisting
of isolated, self-contained functional elements;
o

Rigorous use of well-defined modular interfaces, including object-oriented
descriptions of module functionality; and
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o Ease of change to achieve technology transparency and, to the extent
possible, make use of industry standards for key interfaces.
Such a design approach offers certain benefits such as a reduction in cost (due to
less customisation, and therefore less learning time) and flexibility in design,
augmentation (adding new solutions by merely plugging in a new module), and
exclusion.
Incorporation of RMS principles: A system built with a changeable structure provides
scalability and customised flexibility and focuses on a part family, thus generating a
responsive reconfigurable system (Jaspreet et al. 2007). The flexibility of RMS,
however, relies only on ‘‘customized flexibility’’ that provides all the flexibility required
to process that entire part family. RMS combines the advantages of DMS and FMS,
thus providing a suitable solution (Baldwin et al. 2007). The reconfigurable machine
is conceived with standard and inter-operable components, including actuator
modules, fixtures and tools to be assembled into the machine with arbitrary
architecture and degrees of freedom.

2.2.2 Reconfigurable Control System
The reconfiguration of a machine control system can be abstractly viewed as
changes to application processes or physical configuration (determines the control
algorithms, operations, and their sequences required to manufacture a product), or
both. The design of the hardware is not straightforward, since there are so many
requirements other than the basic ones (Murata et al. 1994).
In a PLC based system, the controller may be an intelligent I/O interface or software
routine instructions that use standard I/O analogue modules (defines the machine
tool and computation), devices and their functionalities. Thus, we divide the software
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for machine control systems into two parts: controller software and application
specifications. Both the hardware and software of RMTs should be modular and
involve various levels of line, machine and parts of the machines. Both the military
and civilian sectors of the economy are demanding new and highly sophisticated
capabilities from these systems which traditional control technology are not offering.
Reconfigurable manufacturing system as designed by Koren et al (1999) is referred
to as a manufacturing system designed from the outset for rapid change in structure,
including software and hardware components, in order to adjust production capacity
and functionality quickly, in response to uncertainty in customer requirements. In
addition, reconfigurability concepts have been described by different researchers.
Wiendahl et al. (2007) defined reconfigurability as phenomenon which exhibits a
switch or change in manufacturing systems or configurations with minimal effort and
delay for achieving the desired adaptability to the set of subcomponents. Lee, (2007)
also augmented Wiendahl et al. (2007), by emphasizing that RMS is completely
achieved on a manufacturing system, when it is been produced at cheap costs for its
different configurations. In view of this, Setchi and Lagos, (1997) reported that the
aim of reconfigurability is to achieve responsiveness in manufacturing systems with
respect to changing market conditions. Furthermore, Galan et al. (2007) highlighted
that market or customer does not necessarily impact the need for reconfigurability,
but its sometimes based on companies own preference or relevance. In view of this,
the RMS characteristics that are achieved from the design and development of
reconfigurable systems are presented in Table 2.0.
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Table 2.0: RMS characteristics and principles of reconfiguration
Characteristics

Principles of Reconfiguration

Customisation (flexibility limited Control system flexibility is limited to an
to reconfiguration)

improvement and upgrading, thereby obtaining
customised flexibility.

Convertibility

(design

functionality changes)

for The ability to easily transform the functionality of
existing systems and the press tool controller to
suit new production requirements.

Scalability (design for capacity The ability to easily modify production capacity
changes)

by adding or removing commercial off-the-shelf
control components (e.g., fuzzy-PID controls,
intelligent controls) or changing components of
the system, or both.

Modularity
modular)

(components

are The

compartmentalisation

of

operational

functions into units through the introduction of a
programmable logic controller (PLC) that can be
manipulated

amongst

schemes

render

to

alternate
optimal

production

arrangements.

Embedding of the controller on each mechanical
module is another option.
Integration (interfaces for rapid The ability to integrate modules rapidly and
integration)

precisely by a set of electrical, software, and
control interfaces that facilitate integration and
communication.

Diagnostics (design for easy The ability to automatically read the current
diagnosis)

state of a system to detect and diagnose the
root causes of output product defects, and
quickly correct operational defects and suggest
such corrections through a computer interface.

Among these capabilities are the following:
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Adaptability/dynamic reconfigurability: Large-scale engineered systems must
have the ability to quickly and gracefully react to a changing environment or to
changes in their own configuration without compromising their operational
integrity. Extreme performance dynamic systems must be able to support
online switching of algorithmic components and rapid redirection of the
interconnections among them, as well as changing the priorities at which
information is flowing. This ability is particularly useful for hybrid control
systems.



Plug-and-play extensibility: New advances are continually being made in
control algorithm designs, communications and sensor technology, and highperformance hardware platforms. To take full advantage of these innovations
as they become available, we must be able to insert new technology into the
system architecture without redesigning the components already in the
system.



Interoperability: Control systems today operate in distributed, heterogeneous
environments; that is, the software components may be running on different
processors, using different programming languages, hardware platforms, and
network protocols, often over wireless links. Real-time communication must
be provided among these distributed components while satisfying stringent
constraints on bandwidth, response time and reliability.



Openness: Reconfigurability and component interchangeability require
software architectures that are flexible and support tools and algorithms from
a variety of sources and domains. This requires a shift away from traditional
control system implementation, which tends to be practiced with a particular
application in mind and which makes rigid, limiting assumptions about the
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types of technology that will be used. The development of control systems
across applications involves much duplication of effort; there are tremendous
opportunities for reuse that are currently not being exploited. A shift to open
architectures is essential in addressing this problem.

Meeting these challenges will require a fundamental change in the way control
systems are composed, integrated, changed and reused. Recent advances in
software technology have the potential to revolutionise control system design. In
particular,

new

component-based

architectures

software

Szyperski,

encourages flexible “plug-and-play” extensibility and evolution of

(1998)
systems.

Distributed object computing allows heterogeneous components to interoperate
across diverse platforms and network protocols (Schmidt, 1998; Schmidt and Kuhns,
2000). Advances are also being made to enable the dynamic reconfiguration and
evolution of systems while they are still running (Oreizy et al., 1999). In addition, new
communication technologies are being developed to allow networked, embedded
devices to connect to each other and to self-organise (Waldo, 1999). This research
describes new control systems that exploit these new and emerging software
technologies. More specifically, it presents an open control platform (OCP) for
complex systems that coordinates distributed interaction among diverse components
and supports dynamic reconfiguration and customisation of the components in real
time. Its primary goals are to accommodate rapidly changing application
requirements, easily incorporate new technology (such as new hardware platforms
or sensor technology), interoperate in heterogeneous environments, and maintain
viability in unpredictable and changing environments. Control systems for highly
complex systems (such as processing plants, manufacturing processes, aerospace
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vehicles and power plants) are themselves very complex. Notions of “control” are
expanding from the traditional loop-control concept to include other functionalities
such as supervision, coordination and planning, situation awareness, diagnostics
and optimisation (Vachtsevanos et al., 1997). Adopting the software architecture
from Wang and Shin, (2002) shown in Figure 2.2, reconfiguration of a machine
control system can be abstractly viewed as changes to application process and/or
physical configuration. The former determines the control algorithms, operations, and
their sequences required to manufacture a product, while the latter defines the
(machine tool and computation) devices and their functionalities. Thus, we divide the
software for machine control systems into two parts: controller software and
application specifications, as shown below:
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FIGURE 2.2: Reconfiguration of a machine control system

2.2.3 Research Development: Integrating Reconfigurable,
Intelligent Machines and Electro hydraulic actuator control system
Hydraulic actuators are used for delivering high actuation forces and high power
density. Due to their simple construction and low cost, hydraulic actuators, that have
highly nonlinear model characteristics, are widely used. From a control engineering
point of view, synchronised or symmetric actuators are preferred because there is no
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piston area difference and this fact reduces nonlinearities, but on the other hand, the
construction of these types of actuators is difficult and expensive.

The following discussion then gives a brief summary of relevant literature to
contextualise this work in the light of recent advances in the last 20 years around the
design of control system for electro-hydraulic actuator for different applications.



In 1994, Hogan and Burrow looked at the issue of synchronizing unevenly
loaded hydraulic cylinders, however, with the added flexibility of individually
controlled cylinders, Hogan and Burrow did not elaborate on the design of a
control algorithm that will explicitly improve the synchronization performance.



In 1995, the work of Vossoughi and Donath on dynamic feedback linearization
for electro-hydraulically actuated control systems. Li and Salcudean, (1997)
showed modelling, simulation and control of a hydraulic Stewart platform.
While the continuous-time indirect adaptive to control electro-hydraulics servo
systems was by (Yu & Kuo 1997). The use of sliding mode control using a
gain scheduling type observer controller was presented by (Yanada and
Shimara, 1995).

Sun and Chiu, (1999) proposed both linear and nonlinear approaches to achieve
synchronization on electro-hydraulic lift. Alleyne and Liu, (1999) presented the nonlinear force/pressure tracking for electro-hydraulic actuator. Berg and Ivantysynova,
(1999) worked on a robust linear controller for secondary controlled of the hydraulic
drive.
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Alleyne and Liu, (2000) presented systematic control of a class of non-linear systems
with application to electro-hydraulic cylinder pressure control and in another article a
simplified approach to force control for electro-hydraulic systems. The non-linear
characteristics was differently looked into by Kim and Lee, (2000) through robust
speed control of a variable displacement hydraulic motor considering saturation nonlinearity, Bu and Yao, (2000) worked on observer based coordinated adaptive robust
control of robot manipulators driven by single-rod hydraulic actuators. Sirouspour
and Salcudean (2000) also looked at the non-linear control of hydraulic servo
systems. Adaptive robust motion control of single-rod hydraulic actuators was looked
into by (Yao et al., 2000).
According to the literature, the problem of cross-coupling in such systems is solved
by implementing an additional controller whose aim is to minimise the difference
between the displacements of the cylinders by generating additional ingredient
signals to steer individual cylinders (Chen et al., 2009) or by the modification of
command values in digital control systems to synchronise hydraulic servo cylinders
(Vasliu and Calinoiu, 2004). Intelligent controls for electro-hydraulic actuators such
as the ANN based PID controller were developed to reach high precision tracking
control on the electro-hydraulic actuator (Lizarde et al. 2005) and sliding mode
control (SMC), by using recurrent high order sliding mode neural networks (Jianjun
et al. 2008). While developing a reconfigurable and intelligent machine as shown in
Figure 2.3 was from the work of (De Silva, 2000).
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FIGURE 2.3: Developing a reconfigurable and intelligent machine

More recent works include Shen gang et al., (2013) presented a high fidelity
acceleration time wave form replication (TWR) on an electro-hydraulic shaking table
(EHST) using the hybrid control combined with an offline feed-forward compensator
and an on line adaptive inverse control (AIC). Titiana et al., (2013) presented an
analysis of the modelling and testing of an electro-hydraulic lifting and lowering
system and a forklift with two lifting zones. Opdenbosch and Sadegh, (2013)
presented an intelligent controller that combines an auto-calibration state-trajectorybased control method with a simple algorithm that enables fault detection, while
Walker and Zhang, (2013) describe transient response of a dual clutch transmission
(DCT) power train to synchroniser mechanism engagements is investigated using a
lumped inertia model of the power train.

Zhao et al., (2013) presented a force loading system; a servo valve and a
proportional pressure valve used to control the composite hydraulic cylinder to
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generate alternating force and fixed force respectively. Shen et al., (2013) combined
control strategy using internal model control and adaptive inverse control for electrohydraulic shaking table.

Rong et al., (2012) identified the use of electro-hydraulic proportional control
technology in speed control by a lead cathode walking-beam conveyor in order to
ensure the accuracy of conveyor speed control. Triet and Kyoung, (2012) presented
a closed-loop hydraulic energy-regenerative system. An output feedback nonlinear
control for position tracking of electro-hydraulic systems (EHSs) was looked into by
(Wonhee et al., 2012). Although previous nonlinear control methods improved the
position tracking performance of EHS, all of the methods require full state feedback.
However, due to cost and space limitations, it is not always possible to measure the
full state of the EHS (Shen et al. 2012). Feed-forward inverse control for transient
wave form replication was used on electro-hydraulic shaking table, while Ho and
Ahn, (2012) designed control for a closed-loop hydraulic energy regenerative
system.

During the last century, many different control system designs have been proposed
to overcome the limitations of PID controllers. Due to their simplicity and usefulness
they constitute an impressive solution to the control configuration of a large number
of industrial processes. The present-day structure of PID controllers is quite different
from that of the original analogue PID controllers. Nowadays, the implementation of
the PID is based on digital design. These digital PID controllers include many
algorithms to improve their performances such as anti-windup control, auto-tuning,
and adaptive and fuzzy ﬁne-tuning. However, the basic actions remain the same.
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The PID controller, acknowledged as a 3-term controller, is the most common form
of feedback. It was an essential component for early governors and it became the
standard tool when process control emerged in the 1940s (Malhotra, 2011). The
author added that in process control, more than 95 % of the control loops were of a
PID nature, and most loops were actually PI control loops. PID controllers today are
established in all areas of control. Controllers come in various systems and are
identified as stand-alone systems in boxes of one or a few loops that are
manufactured in hundreds of thousands yearly (Malhotra, 2011). A PID controller is a
significant component of a distributed control system (DCS). Controllers are also
embedded in many special purpose control systems. PID controllers, for example,
are often combined with logic, sequential functions, selectors and simple function
blocks to build complicated automation systems for energy production, transportation
and manufacturing.

PID controllers are widely used in industrial production for simple calculations. But
the control parameter of a PID controller is determined by iterations. According to
experiences in engineering and the specific circumstances of the problem to adjust
the parameters, it does take much effort to do so. It is also difficult to select the
parameters. To improve the speed and accuracy raises a theory of determination on
the PID controller based on fuzzy control theory, according to the control system
response curve of the speed and accuracy of using the fuzzy control theory to adjust
the PID parameters which renders effective PID parameters (Mingbo, 2011).
Moreover, controllers are designed to eliminate the need for continuous operator
attention. Cruise control in a car and a house thermostat are common examples of
how controllers are used to automatically adjust some variable to hold the
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measurement (or process variable) at a set point. The latter being the point where
one would like the measurement to be. Error is defined as the difference between
the set point and the measurement (where, Error = reference – measurement). The
variable being adjusted is called the manipulated variable which is usually equal to
the output of the controller. In the case of PID controllers, the output will change in
response to a change in the measurement or set point.

Recently, fuzzy logic control, as exhibited in the fuzzy-PID controller, has been
actively researched and utilised by combining the merits of fuzzy and conventional
self-tuning fuzzy linear control to improve the robustness and hybrid control of fuzzy
and proportional integral derivatives (Shao et al., 2005). Fuzzy-PD control with a
stability equation makes systems stable and robust (Huang et al. 2007). Fuzzy logic
controller rules examines the system error and the rate of error change to select a
servo motor voltage for controlling final control element (servo motor), with the set of
memberships defined with straight lines, but have a minimal effect on the controller
performance (Lee and Lau, 1998). The strength of the fuzzy approach lies in dealing
with complex nonlinear systems with perhaps unknown or poorly known
mathematical models (e.g., complex, nonlinear, or time-varying), or unknown or
poorly known infinite dimensional systems. While not amenable to analytical
methods, these systems can sometimes be handled using fuzzy methods because
they enable a kind of control called parallel distributed control that facilitates fuzzy
identification of dynamic systems and adaptive fuzzy control. Furthermore, they
enable stability proofs for certain closed-loop systems involving fuzzy controllers.
Therefore, simpler and cheaper methods such as PID control cannot accomplish the
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control task due to the complex nonlinear characteristics of the synchronised
cylinders
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2.2.4 Related Work
Engineering is concerned with understanding and harnessing the forces of nature for
the benefit of mankind while maintaining an ecological balance and a safe world in
which to live. Control engineering deals with understanding the equipment under
operation and obtaining a desired output response in the presence of system
constraints. Academic efforts in this domain have produced journals, articles,
conference papers and symposia on reconfigurable machine tools. According to the
literature, reliable formal knowledge regarding the successful outcome of this
research can be traced to RMTs which have been around since the beginning of
1999. The changing manufacturing environment, characterised by aggressive
competition on a global scale and rapid changes in process technology requires
creating production systems that are easily upgradable and that allow new
technologies and functions to be readily integrated (Osornios-Rios et al. 2008;
Galantis et al. 2006; Mehrabi, 2000),.

The development of modern industry has encouraged a wide use of lifting platforms
in various fields; therefore, the demand for synchronisation accuracy in lifting
platforms has increased. At present, hydraulic lifting systems are applied to many
large-scale lifting platforms and high-precision hydraulic synchronisation control
technology has become the main way to improve the accuracy of lifting
synchronisation. Due to the fact that hydraulic systems exhibit a nonlinear extensive
time delay and high inertia characteristic, it is difficult for a traditional PID to achieve
a satisfactory control effect. Electro-hydraulic actuators are widely used in modern
industrial applications, mainly because they have a high power or mass ratio, fast
response, high stiffness (Li and Khajepour, 2005), anti-lock braking system (Wu
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&Shih, 2003), and a hydraulic excavator (Lee & Chang, 2002). The investigation of
the control of position or pressure of hydraulic actuators is of great interest to both
academic and industrial fields. In particular, force and pressure tracking are
important for some applications, such as vibration isolation and automotive active
suspension, where an almost ideal force actuator is assumed in current research
and applications. Fundamental limits exist on simple controllers for force or
pressures tracking with hydraulic systems, therefore, advanced controllers area
necessity (Alleyne and Liu, 2000).

The control of the electro-hydraulic directional proportional valve has always been
challenging because electro-hydraulic systems use compressible oil to move the
actuator. This fluid compressibility characteristic proves the nonlinear dynamic
nature of electro hydraulic motion system. A hydraulic system can be regarded as a
mass between two springs where the piston and the load represent the mass, and
the oil on both sides of the piston represents the two springs. The nonlinear
behaviour arising from load friction as well as the valve flow-pressure drop
relationship, however the dynamic behaviour of these systems is highly nonlinear
due to phenomena such as nonlinear servo valve flow-pressure characteristics,
variations in trapped fluid volumes and associated stiffness, and servo valve
characteristics near null control of such systems. Yan et al., (2013) looked into the
nonlinear state space modelling and system identification for electro hydraulic control
that involves subjecting a system to no smooth nonlinearities due to control input
saturation, friction, valve overlapping and directional changes of valve overlapping.
According to Newton’s for force-motion relationship of the cylinder and the load, in
the modelling of extension and retraction motion and the pressure transients in the
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control volumes on both sides of the cylinder in the electro hydraulic systems
(Cetinkunt, 2007). Wang et al., (2007) analysed such as nonlinear dynamic
characteristics of hydraulic cylinder such as nonlinear gain, nonlinear spring, and
nonlinear friction force. Jelali and Schwarz, (1995) also identified the nonlinear
models in observer canonical form of hydraulic servo-drives

Table 2.1, provides a chronological order of previous research on electro hydraulic
actuator control systems from 1992 to 2013 that the categorisation of the literature
was based on.
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Table 2.1: A chronological order of previous research on electro hydraulic actuator control systems from 1992 to 2013
AUTHOR
Shen

YEAR

Gang 2013

et. Al.

TITLE

METHODOLOGY

PUBLISHER

Adaptive feed-forward compensation A high fidelity acceleration time waveform replication (TWR) Elsevier
for hybrid control with acceleration on an electro-hydraulic shaking table (EHST) using hybrid
time waveform replication on an control combined with an offline feed-forward compensator
electro-hydraulic shaking table

Opdenbosch

2013

& Sadegh

Intelligent

controls

for

and an online adaptive inverse control (AIC).

electro- An intelligent controller that combines an auto-calibration Elsevier

hydraulic poppet valves

state-trajectory-based

control

method

with

a

simple

algorithm that enables fault detection.
Minav et. al.

2013

Analysis of electro-hydraulic lifting The modelling and testing of an electro-hydraulic lifting and Elsevier
system's energy efficiency with direct lowering system and a forklift
electric drive pump control

Rong et. al.

2012

Analysis

of

Electro-hydraulic

Proportional Speed Control System
on Conveyer

Elsevier
Electro-hydraulic proportional control technology is used in
speed control by a lead cathode walking-beam conveyer in
order to ensure the accuracy of conveyor speed control.

Ho & Ahn

2012

Design and control of a closed-loop The system was based on a closed-loop hydrostatic Elsevier
hydraulic energy-regenerative system

transmission and used a hydraulic accumulator as the
energy storage system fabricated in a novel configuration to
recover the kinetic energy without any reversion of the fluid
flow.
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AUTHOR
Wonhee

YEAR
et. 2012

al.

TITLE

METHODOLOGY

PUBLISHER

Output feedback nonlinear control for The high gain observer is designed to estimate the full state, Elsevier
electro-hydraulic systems

and the passivity-based control is implemented for position
tracking.

Shen

Gang 2012

et. al.

Feed-forward

inverse

control

transient waveform replication on proposed for transient waveform replication (TWR) on an
electro-hydraulic shaking table

Angue-

for An improved feed-forward inverse control scheme is SAGE

2010

Mintsa et.al.

Adaptive

Position

Control

electro-hydraulic shaking table (EHST).
of

an Fuzzy and/or sliding mode versions of feedback linearising Elsevier

Electro hydraulic Servo System With controllers have been used to compensate for the external
Load

Disturbance

Rejection

and loads disturbances in the control of EHSS.

Friction Compensation
Choa

2010

Position control of high performance The whole control system is composed of a pair of Elsevier
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Paper Series

Thus, for fast response and high accuracy, an automatic position control module
employing an electro-hydraulic subsystem that depends on hydraulic valve
technology linked to the embedded controller is one of the best solutions. The basic
part of this technology is the proportional directional control valves, with their
solenoids that provide the ideal interface for electronic controls (Mannesmann and
Rexroth, 1986). The proportional valve controls the direction of movement and the
speed of the hydraulic cylinders. The output hydraulic flow from the valve is
proportional to the electrical input signal to the valve solenoid (Mannesmann
and Rexroth, 1981).

An individual control of each cylinder is required to achieve synchronisation of the
unevenly loaded cylinders, with the added flexibility of individually controlled
cylinders; yet the ability to control or synchronise motion is difficult. However, you
can use multiple discrete valves for a rough control of speed. For years, systems
have used high-and low-flow valves mounted in parallel. Decreasing the flow rate of
oil to decrease the speed of an actuator required shutting off the high-flow valve as
the actuator approached the set point. It’s left the low-flow valve on, causing the
actuator to creep close to the set point when it was shut off. Hogan and Burrows,
(1994) investigated the issue of synchronising unevenly loaded hydraulic cylinders,
but did not elaborate on the design of a control algorithm that would explicitly
improve the synchronisation performance. Xiong et al., (1992) proposed a modelreference adaptive control algorithm together with a cross-coupled controller, while
Koren, (1980) attempted to improve synchronisation performance and to handle the
parameter variation associated with hydraulic systems. Chiu, (1994) formulated the
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synchronisation of multiple motion axes in a geometrical framework and proposed
three different approaches to explicitly address motion synchronisation.
Reconfigurable machine systems have been defined as systems which can be
created by incorporating basic process modules, both hardware and software, that
can be rearranged or replaced quickly and reliably. Reconfiguration allows for
adding, removing or modifying specific process capabilities, controls, software, or
machine structures to adjust production capacity in response to changing market
demands or technologies. This type of system will provide customised flexibility for a
particular part family, and will be open-ended, so that it can be improved, upgraded,
and reconfigured rather than replaced (Mehrabi, 2000).

Configuring sensors, actuators and controllers together in a reconfigurable machine
tool is important in investigating the impact of the functionality and limitation of these
devices on the capability of a network system (Leitao and Restivo, 2008; Katz, 2004;
Markovskiy et al., 2002). Software for the machine control systems of today must
support agile system reconfigurations with different combinations of hardware and
software (Bi et al. 2008; Katz, 2004; Wang and Shin, 2002). The software for
machine control systems is usually designed and implemented with a set of
components, such as device drivers, control functions, and algorithms, all running on
a designated platform. In addition, the execution platform may also need to be
upgraded, often with new computing and communication hardware and software.
This trend calls for reconfigurable software that reuses existing software components
to generate the control software for new hardware and applications very rapidly.
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Additionally, as the production requirements for a press tool system changes, so too
will the operation requirements (i.e., features of the machines and cycle time) for an
individual station. Major components that make the press tool reconfigurable is the
concept of changes relating to the part family that include but are not limited to the
cylinder, ram, punches, dies, tool holder, hydraulic power units, roller rail, screw or
lead screw, electric motors, and starters or amplifiers. The notion of reconfiguration,
however, extends beyond a customised assembly of modular elements to include
the construction of suitable controller modules that can be reconfigured by swapping,
repositioning or re-orienting without changing the topographical characteristics of the
machine.

Accuracy and throughput can be improved by replacing high-and low-speed discrete
valves with a proportional valve. Even simple systems can run in an open-loop until a
ramping zone is reached. The systems accuracy occurs when the actuator nears a
target set point, so that output tapers down as a function of the distance remaining. It
is not strictly closed-loop control because the error (the distance between actual and
target positions) is not being used as feedback. However, it can be an effective
means of control if loads are relatively constant.

Proportional or servo valves can be used in either open-or closed-loop mode. Openloop control sometimes is all that is required for example, if a process is repeatable
enough, one can be fairly sure a given output will result in a desired speed. The
implementation is easy because a simpler controller or PLC with an analogue output
can be used, but not when the irregular motor might need to apply certain torque.
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An analogue output from the PLC or the computer, ranging from 10 to +10 V, can
cause a valve spool to shift continuously as the voltage to the valve's solenoid
changes. This allows rough control of the flow and, therefore the speed, as long as
variables such as the pressure across the valve and the load remain constant.
A slightly more sophisticated variation is to use swely feedback, which is a means of
closing the loop, but not to change the output as a function of distance. Ramping the
control output as a function of distance is usually accomplished by using a PLC or a
basic motion controller. This form of control works well in applications where
accuracy is not as important as simply ramping down the output to accomplish
smooth speed reductions. Generally, no precise tuning of the motion is required in
these systems. The main reasons for using closed-loop control are flexibility,
accuracy, speed, and the ability to maintain precision with changing conditions
(loads). As productivity demands increase, more and more applications and
processes require more sophisticated closed-loop controllers.

Choosing between closed-loop and open-loop control ultimately depends on the
requirements of the specific application. In some cases, using continuous feedback
and proportional valves with open-loop control may be the reasonable answer.
Irrespective of the route chosen, one should settle for an appropriate motion
controller that can be optimised for hydraulic motion control (Nachtwey, 2006).

2.3

HISTORY OF RECONFIGURABLE BENDING PRESS MACHINE

An historical review regarding the different research areas that are critical for
developing and integrating reconﬁgurable bending press machines and intelligent
machines can be related to the concept of RMTs which appeared in the early 1990s
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as a particular trend that evolved directly from the concept of FMS (Chick et al.,
2000). Machine tools available in the markets today have been designed for ﬂexibility
in terms of the types of processes and geometric complexity of the products that can
be manufactured. The hydraulic press is widely used in machine manufacturing
ﬁelds such as hydraulic punching, pressing and bending machines as well as in
molding technology because of its high power or mass ratio, fast response, high
stiffness and high load capability. However, the proposed reconfigurable bending
press tool with automatic control is intended for the small-scale industry that can,
manage drawbacks such as complex structures, excessive energy consumption,
intense heat generation, high noise levels, serious vibrations, high precision
requirements for oil ﬁltration and throttle losses at the control valves.

The modern manufacturing enterprise faces new and unique innovation challenges
which have surfaced as a result of economic competition on a global scale. The
increased level of awareness of modern day consumers has resulted in the
emergence of the concept of product design by customers which in turn has led to a
large increase in the demand for product variety. The main challenges facing modern
manufacturers are the development of manufacturing methods which enable
manufacturers to quickly satisfy the demand for product variety and to cope with
unpredictable fluctuations in required production output volumes in a cost-effective
and efficient manner. Any manufacturer already in possession of these capabilities to
a fair degree holds an invaluable advantage over competitors in terms of exploiting
as many market niches as possible and hence gaining significantly more market
share.
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The development of an RBPM system or methodology, which would enable
manufacturers to cope with the abovementioned challenges, has been the focus of
the designer research endeavours, some of which focused on the development of an
open architecture control system while others focused on the development of a
modular mechanical structure on which the control system could be utilised. Figure
2.4 shows the length configuration of the RBPM three cylinder modular inserts.

Figure 2.4: RBPM – length reconfiguration with three cylinder modular inserts.

The reasons relating to why this particular mechanical structure was chosen to
address modern manufacturing challenges are presented below in the two
objectives: geometric transformation and productivity adjustment.
1. Geometric transformation can be further categorised into length and height
adjustments.

46

2. Productivity adjustment increases the production rate of the machine by
adding or removing machine devices.
Geometric transformation allows sheet metal benders to bend long sheets with extralong bent flanges. The ram and bed have modular inserts which are used for length
extensions. The numbers of modular inserts depend on the length required for the
ram and bed. Height adjustment is achieved through pre-set cylinder attachment
points built on the side frames and at each successive height adjustment; the
cylinders are detached and mounted on the new attachment interface.

2.3.1 Relevance of Intelligent Control in the RBPM Paradigm
Studies have shown that manufacturing processes are relevant considerations for
changes in customer demand. Nowadays, markets are increasingly demanding more
customised products with shorter life cycles. In response, a manufacturing system
based on mass production techniques has evolved, through the development of
flexible automation, and to mass customisation to produce one of a kind production
at mass production costs. Therefore, manufacturing systems for the next generation
will have to incorporate greater flexibility and intelligence, evolving towards
reconfigurable manufacturing systems. In particular, the concept of intelligence
becomes more relevant because of the need to maintain effective and efficient
manufacturing operations under conditions of uncertainty and with minimum
downtime. A new competitive environment for industrial products and services is
emerging and is forcing a change in the manner in which manufacturing enterprises
are designed and managed. Therefore, it is likely that manufacturing enterprises that
are capable of responding rapidly to the demand for customised high-quality
products will render competitive advantages in the new global economy. As product
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variety and complexity increase, product life cycles shrink and profit margins
decrease the operation of manufacturing firms (Molina et al., 1998). Furthermore,
capital costs associated with introducing conventional manufacturing technologies to
new environments are extremely high. Therefore, the manufacturing systems of the
next generation must provide increased levels of ﬂexibility (Iacocca, 1991),
reconﬁgurability and intelligence to allow them to respond to highly dynamic market
demands.

2.3.2 Direction for Developing the Proposed RBPM
Harmonising control has always been a vital area of the hydraulic industry,
particularly regarding the movement of huge hydraulic presses. Recently, the moving
beam position holding system (synchronisation balancing system) of the hydraulic
press with PID control has been widely adopted. Such controllers have a simple
algorithm, high accuracy and high reliability as well as a better control effect for
Time-Invariant Systems (Yuxiong et al. 2010).

In recent years, the use of fuzzy logic in industrial applications has increased.
Sugeno, (1995) maintains that the Japanese industry has launched an aggressive
marketing campaign for fuzzy ideas in the form of the first commercial outputs in the
field of automation technology, with intelligent fuzzy controllers (Fuzzy Logic Control;
(FLC)) to meet major areas of application. The FLCs are designed to regulate the
temperature of oil in hydraulic reservoirs as temperature control is the most
demanding process control loop for fluid systems.
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Dedicated Manufacturing Systems (DMS) and Flexible Manufacturing Systems
(FMS) are examples of systems that have been put into use over the years. The
reconfigurable manufacturing system (RMS) paradigm is currently initiated as an
alternative that proffers a cost-effective response to changes in this area by
combining the benefits of DMS and FMS (which are flexible functionality and
scalable capacity) and delivering them exactly when required. Mpofu, (2012) defines
this system as a machine system which can be created by incorporating basic
process modules, both hardware and software, that can be arranged or replaced
rapidly and reliably.

2.4

GROWTH TRENDS FOR CLOSED-LOOP HYDRAULIC PRESS CONTROL

Computer controlled systems for hydraulic applications of this type are an emergent
and effective technology. Until recently, most of the operations were completed
manually with hand operated hydraulic circuits. However, in some cases a higher
precision is required than for those resulting from the simple control of a worker. A
normal manual operated system should be monitored to control the displacements in
every stimulating point, but its accuracy is not always sufficient for some applications
where internal stresses can result from the nonlinear functions of cylinder
synchronisation operations. It is therefore feasible to assume that, theoretically, in
order to obtain the first, second and fourth characteristics simply requires an equal
flow distribution in each cylinder, a pressure valve and a pressure gauge. In practice,
however, the simplest and most logical manner in which to attain synchronisation
without control is not sufficiently precise and poses some issues which form the
basis of this research. As summarised by Price, (1997), this research aims to
address the following circumstances:
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All cylinders in a system operating at the same speed: synchronous operation;



Capability to preset and adjust the pumping pressure;



Capability to open or close the flow to any of the cylinders in the RBPM system;



Monitoring of the actual pumping pressure: pressure gauging;



Simple operating controls: These are implemented through open-loop control in
the actualisation of the prototype design of the control system by selecting
suitable commercial off-the-shelf components;



PID close-loop control and the possible use of fuzzy-PID control systems which
will achieve the artificial intelligence required to coordinate the movement of the
cylinder despite model uncertainty. Furthermore, it is to show how fuzzy logic can
control the nonlinear hydraulic functions in the proposed RBPM by studying the
performance of the controller in a simulation model; and



Application of the fastest response to disturbances and errors so as to produce
the finest design for a hydraulic system. However, to achieve this goal, one must
either increase the damping factor or increase the natural frequency of the
system. Adding resistance will increase the damping factor. Another way to
provide damping is to add a small orifice between the A and B ports of the
directional control valve. Unfortunately, both of these methods waste energy.

Increasing the diameter of the cylinder can increase its natural frequency, but such
increases are costly because a cylinder, valve and accumulator will be required. It is
therefore less expensive and more efficient to use electronics to circumvent the
limitations. To achieve this, an off-the-shelf electronic motion controller that could
add a jerk feed-forward to the control loop was considered for the RBPM design.
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If the model for the actuator is well-known and no disturbances occur, then,
theoretically, one could control a directional hydraulic actuator perfectly without using
closed-loop control. The valve should be opened up proportionately to the target
velocity, and a velocity feed-forward can achieve the targets, so, there may be no
need to wait for the PID to respond to an error.

The acceleration and jerk feed-forwards function on the same principle, but taking
into account how the oil compresses as it applies to the load. In practice, the model
for the actuator is not well-known, nor is it perfectly linear, so closed-loop control is
still required. When set correctly, the feed-forwards can estimate the control output,
usually to within 5% of the required control signal. The PID needs to provide only a
small correction to the control signal due to nonlinearity and changes in
load. Hydraulic motion control is the harmonised control of the acceleration, velocity
and position as well as the force or pressure of a machine axis or actuator such as a
cylinder.

Earlier generation machines typically used open-loop control, sending a simple
signal to a directional or proportional valve to control only one of these factors, thus
limiting the precision and sophistication of motion control. In addition, open-loop
control often required manual fine-tuning, thereby adding time and costs to machine
commissioning or updating.

Closed-loop hydraulic control adds feedback to the hydraulic circuit through the
addition of position and pressure sensors to the system and providing real-time data
on system states such as its position, derivatives and forces. It enables rapid,
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precise, repeatable, and most importantly, automated position and force control of
hydraulic actuators.

2.5

THE NEED FOR CLOSED-LOOP CONTROL TUNING

Advancements in closed-loop control systems are enabling motion controllers to
deliver certain benefits associated with hydraulic power while also meeting the more
precise motion requirements of the machine control applications of today. Control
loops incorporating proportional, integral and differential (P, I and D) gain parameters
have become standard functions of motion controllers. Control algorithms have also
evolved to include additional parameters such as feed-forward gains to enable
increased dynamic system responsiveness while decreasing positioning and velocity
errors, thereby resulting in higher performance in machine control and longer
machine life due to smoother motion.

Motion controllers use combinations of the P, I and D gain parameters to generate
control outputs in order to reduce the error between the target and the reference
position. The proportional gain parameter is simply multiplied by the instantaneous
error between the target and the reference position to generate the proportional
contribution to the output during the next time period. Therefore, the larger the error,
the greater the output.
On the other hand, the integral gain parameter is multiplied by the sum of the
position errors and the resulting output will eventually increase at any given instant.
The sum of errors and the resulting output will eventually increase to the point where
the error is reduced. The differential gain parameter is then multiplied by the error
between the target and the reference positions.
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Thereafter, the differential gain parameter is multiplied by the error between the
target and the reference value. The contribution of the differential gain parameter to
the output is proportional to the rate of convergence or divergence between the
target and the reference positions. For the sake of simplicity, the main notion is to
ignore the differential gain parameter by assuming that a system naturally has
sufficient damping factor.

A limitation of the PID control using gain parameters alone is that the proportional
term requires an error to generate an output while the integrator term requires an
error over time. The control output to the valve is always responding to the error
between the target position and the reference position.

In many cases, the error needs to be reasonably large to achieve the desired output,
especially if the proportional gain parameter was used alone. Adding an integrator
element can cause the control output to grow due to accumulated errors that maybe
positive and negative, which will diverge, but the winding up of the integrator
component of the control output takes time. Often, point to point moves need to
occur so quickly that the integrator is of little use, because it does not have sufficient
time to wind up. And even if the integrator does wind up, it may cause the system to
overshoot the target position as it winds down.

2.5.1 Proportional Integral Derivative (PID) Control
PID control logic is widely used in the process control industry. PID controllers have
traditionally been chosen by control system engineers due to their flexibility and
reliability. A PID controller has proportional, integral and derivative terms, thus by
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tuning these PID controller gains, the controller can provide control actions designed
for specific process requirements. Figure 2.5 expresses the traditional PID closed
loop that represent a three-mode control,

FIGURE 2.5: Traditional PID closed control loop known as three-mode control


The proportional term (P) drives a change to the output that is proportional to the
current error. This term is concerned with the current state of the process
variable.



The integral term (I) is proportional to both the magnitude of the error and the
duration of the error. When added to the proportional term, it accelerates the
movement of the process towards the set point and often eliminates the residual
steady-state error that may occur with a proportional only controller.



The rate of change of the process error is calculated by determining the
differential slope of the error over time (i.e., its first derivative with respect to
time). This rate of change in the error is multiplied by the derivative gain
(Dorf and Robert, 2001).

Due to the ample use of PID controllers in the process industry, there has always
been a significant endeavour to obtain effective PID controller design methods to
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meet certain design criteria and provide system robustness (Santos and Dexter,
2002). A controller design method for a RPT is a vital component of RMT, which is
being widely studied. Control system engineers are concerned with controlling a part
of an environment known as a plant or a system in order to produce the desired
products for society. Prior knowledge of such plant or system is often critical in
designing an effective control system. Control systems can be categorised as openloop control or closed-loop feedback control systems depending on the system
architecture and control method applied. Feedback control systems can be further
differentiated as single-input-single-output (SISO) or multiple-input-multiple-output
(MIMO), often called multivariable control systems (Doff and Robert, 2001).

2.5.2 Controller Design Concept
During the 1980s, the traditional feedback control methods were extended to a more
formal method based on shaping closed-loop transfer functions such as the weighted
sensitivity function. These developments led to a deeper understanding of robust
control concepts. Extensive research during this time paved the way for modern
robust control concepts and their application to real-world systems (Dorf and Robert,
2001).

In designing reconfigurable bending press machines one commences by designing
the control system based on the structure of a PID controller. The components
comprise hardware and software, and the controllers for RBPM must be based on
the concept of open-architecture control (OAC), which was defined by IEEE 1003.0
as an open system that provides capabilities that enable properly implemented
applications to run on a variety of platforms from multiple vendors, interoperate with
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other systems applications, and present a consistent style of interaction with the
user, while Koren, (1998) defined OAC as A controller that is designed and
constructed for integration of new measurement and control devices and software
modules by permitting access to a given set of internal controller variables. The main
purpose of a controller is to implement a set of instructions, which involve machine
tool with the movable table in a feedback control configuration as shown in figure 2.6
as presented by (Dorf and Bishop, 2008).

FIGURE 2.6: Machine press tool with PID amplifier in a feedback control loop
configuration

2.6

BENEFITS OF ARTIFICIAL INTELLIGENCE FOR RBPM

Fuzzy logic is a technique that attempts to systematically and mathematically
emulate human reasoning and decision making; it is one of the methods of
implementing artificial intelligence (AI). Fuzzy logic allows engineers to exploit their
empirical knowledge and heuristics represented in the “if and then” rules and transfer
it to a function block. Fuzzy logic thus provides engineers with a clear and intuitive
way to implement control systems, decision making and diagnostic systems in
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various branches of industry. Fuzzy logic algorithms can also be used in advanced
applications of industrial automation.
The benefit of fuzzy control has therefore been used in the following areas,
according to (Carr, 2007):


Intelligent control systems;



Process diagnostics and fault detection; and



Decision making and expert systems.

Fuzzy control solutions are particularly useful for complex systems where standard
means such as PID control fails. Fuzzy logic can be an advantage in cases where an
explicit analytical-process model is not available or is too complex. Another
advantage of fuzzy logic is that it can be easily combined with conventional
controllers and substantially enhance their functionality. For example, fuzzy rules
interpolate between a series of locally linear controllers and schedule gains of a PID
controller, based on changing operating conditions. So fuzzy rules do not have to
necessarily replace conventional control methods, but rather extend their
capabilities. If an analytical process model is not available or is too complex to be
run in real-time, empirical knowledge can be used to classify process conditions and
detect faults early. Fuzzy rules can emulate an experienced human operator in real
time, for example, by selecting appropriate ingredients, components or machines
according to specific situations in the manufacturing process (Zhang et al., 2009;
Ferdinando, 2007).

Fuzzy logic theory allows for partial membership or a degree of membership, which
might be any value along the continuum of 0 to 1. A linguistic term can be defined
quantitatively by a type of fuzzy set known as a membership function. The

57

membership function specifically defines degrees of membership based on a
property such as temperature, pressure or height. With membership functions
defined for controller or expert system inputs and outputs, a rule base of IF-ANDTHEN type conditional rules is formulated. Such a rule base and the corresponding
membership functions are then employed to analyse controller inputs and determine
controller outputs by the process of fuzzy logic inference. By initially defining such a
fuzzy controller, process control can be implemented rapidly and easily. Many such
systems are difficult or impossible to model mathematically, which is the process
required for the design of most traditional control algorithms. In addition, many
processes that might or might not be modelled mathematically are too complex or
nonlinear to be controlled with traditional strategies. However, if a control strategy
can be described qualitatively by an expert, fuzzy logic can be used to define a
controller that emulates the heuristic rule-of-thumb strategies of the expert.
Therefore, fuzzy logic can be used to control a process that a human can control
manually with expertise gained from experience. The linguistic control rules are what
a human expert can describe in an intuitive and general manner can be directly
translated to a rule base for a fuzzy logic controller.

2.7

FEATURES OF PRESENT WORK OVER PAST RESEARCHERS

A control system is designed to make a system do what we want it to do. Therefore
the control system designer needs to know the desired behaviour or performance
expected from the system. The performance specification of a control system must
cover certain fundamental characteristics such as stability, quality of response, and
robustness. Despite the great variety and richness of the control system reviewed
from the work of researchers, there exists some improvement in this study that is
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highlighted in Table 2.2 on the extracted review of previous research on
synchronisation of hydraulic cylinders.
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Table 2.2:
AUTHOR TITLE

Extracted review of previous research on synchronisation of hydraulic cylinders

METHOD

Vasliu & Digital

FEATURES OF PRESENT WORK OVER PAST RESEACHERS

control Modification of command values The control system is to synchronise a 3 to 5 cylinder reconfigurable

Calinou,

systems

for in digital control systems to bending press machine (RPBM) with the use of proportional

2004

synchronizing
hydraulic

synchronise

hydraulic

servo directional valves in tandem with adjustable flow divider to give way

servo cylinders

for additional modular inserts in order to achieve the reconfigurability

cylinders
Sun

features of the RBPM

& Motion

Stated the use of three methods It integrates the use of adjustable flow divider to achieve

Chiu,

Synchronization

2001

Multiple

of which are use of flow divider, synchronisation of odd cylinder numbers that started from 3

Hydraulic mechanically

Actuators

connecting

the cylinders for the reconfigurable bending press machine (RPBM) in

hydraulic actuators and electro order to accommodate additional modular inserts. The present work
hydraulic

system

for adopted the use of the flow divider method from the three postulated

synchronisation control strategy
Sun

& Motion

by Sun & Chiu that was adjudged as simplest and cheapest.

A nonlinear control algorithm to The control algorithm for RBPM is to take of nonlinear output from

Chiu,

synchronization

for address

the

motion the final element in order to address motion synchronisation problem

1999

multi-cylinder

synchronization problem for a for 3, 5, 7, 9 cylinders, and to a limit of odd numbered configuration

Electro-hydraulic

multi- cylinder electro-hydraulic as deemed fit by the designer of RBPM for reconfigurable features

system

(EH) system.

in the innovation. The work also adopted electro hydraulic principles
to achieve the control system of RPBM.
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AUTHOR TITLE

METHOD

FEATURES OF PRESENT WORK OVER PAST RESEACHERS

Hogan & Synchronizing

Synchronizing unevenly loaded This work involves synchronisation of odd numbered but evenly

Burrow,

Unevenly-Loaded

hydraulic

cylinders,

1994

Hydraulic Cylinders

with

added

the

however, loaded (load sharing) electro hydraulic cylinders with added flexibility

flexibility

of for additional modular inserts on the design algorithm that will

individually controlled cylinders, explicitly improve the synchronisation through the introduction of
Hogan

and

Burrow

did

not pressure relief valves and equalisation nozzle for equal pressure in

elaborate on the design of a the system that is a condition to achieve synchronisation analogous
control

algorithm

explicitly

that

will to electrical actuators.

improve

the

synchronization performance.
Xiong et Adaptive Control of An
al., 1992

a

implicit

Synchronizing placement

Servo System

recursive
self-tuning

pole The adaptive control introduced in this work is to position control of
control the synchronised cylinders to achieve feedback control for the

algorithm is used for the adaptive RPBM. The action is to enable a more adaptive system that will
control of an electro-hydraulic provide fundamental characteristics such as stability, quality of
synchronizing positioning servo- response, and robustness.
system.
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2.8

CHAPTER SUMMARY

This chapter furnishes are view of the available literature relating to the fact that
modern control systems design deals with improving manufacturing processes.
Robust and reliable systems are created by allowing the controller to be customised
in terms of modularity and in line with operational requirements, while maintaining
the ability to reconfigure the controller when requirements change or new technology
becomes available.

A critical review is given of the present study in contrast with the past work that has
been done in control systems for electro hydraulic actuators by looking at work of
different researchers for more than two decades as summarised in Table 2.2 and
extracted literature review in Table 2.2, while the history of reconfigurable bending
press machines also leads the researcher to conclude that work has not been done
on control systems for RPBM and this necessitate the direction for establishing
suitable methods developed theoretically to solve this and almost similar problems.
The platform is set forth for investigating the commercial off the shelf machine
module configuration problems and the rest of this works wells in this direction.
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CHAPTER 3 (THEORETICAL DEVELOPMENT)

3.1

INTRODUCTION

In heavy press tool applications, where irregular loadings and differences in
actuators may impact system performance adversely, it is a difficult and challenging
task to attain synchronisation of multiple cylinders that commences with controlling
three hydraulic cylinders in a prototype design for a reconfigurable bending press
machines (RBPM) using hydraulic actuators.

In an attempt to formulate approaches that can cope with real-world uncertainty,
researchers are frequently faced with the necessity of considering trade-offs
between developing complex cognitive systems that are difficult to control, or
adopting a host of assumptions that lead to simplified models which are not
sufficiently representative of the system or the real world. The latter option is a
popular one which often enables the formulation of viable control laws. However,
these control laws are typically valid only for systems that comply with the imposed
assumptions, and furthermore, only in neighbourhoods of some nominal states. The
option that involves complex systems has been less prevalent due to the lack of
analytical methods that can adequately handle uncertainty and concisely represent
knowledge in practical control systems.
The theoretical development takes cognisance of the performance desired from a
control system which can be described under three groups:
1. Response quality that involves (a) transient response and (b) steady-state
response
2. Stability
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3. Robustness of the system stability and response quality against various
uncertainties such as disturbances, process dynamic variations, and sensor
noise.
The choice of feedback control considered for the study over open loop is its ability
to reduce the effects of disturbances and process dynamic variations on the quality
of the system response that provides robustness against various uncertainties.

The RBPM design is focused on considering the vast availability of modules such as
proportional integral derivative (PID) motion controllers through commercial off the
shelf (COTS) that can constitute machines, the configuration problem is highlighted.
Some architectural models and some control systems models are reviewed as
spring-boards to the rest of the dissertation. The mathematical model used in the
dissertation is also introduced in this chapter.

3.2

RBPM HYDRAULIC CONTROL SYSTEMS

Hydraulic motion control is the harmonised control of the acceleration, velocity and
position as well as the force or pressure of an actuator such as a cylinder. The
control of the electro-hydraulic directional proportional valve has always been a
challenging task, because electro-hydraulic systems use compressible oil to move
the actuator. A hydraulic system can be regarded as a mass between two springs,
where the piston and the load represent the mass and the oil on both sides of the
piston represents the two springs.

Studies on computer controlled systems for hydraulic applications of this type have
resulted in an emergent and effective technology. Until recently most of the
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operations were concluded manually with hand operated hydraulic circuits. However,
in some cases a higher precision is required than for that resulting from the simple
control of a worker. A normal manually operated system should be monitored to
control the displacements at every stimulating point, but its accuracy is not always
sufficient for some applications where internal stresses can result from the nonlinear
functions of cylinder synchronisation operations. It is therefore feasible to assume
that, theoretically, in order to obtain synchronisation characteristics for the third, fifth
and any odd cylinder simply requires an equal flow distribution in each cylinder, a
pressure valve and a pressure equaliser.

In practice, however, the simplest and most logical manner in which to attain
synchronisation without control is not sufficiently precise and poses some issues
which form the basis of this research. When using spool-type flow dividers for equal
flow, the total number of dividers must be an odd number in order to achieve a
synchronised control system for a RBPM cylinder. If used in any even combination,
the flow from the outlets will not be the same unless the first divider commences with
an unequal flow from its outlets.

Thus Figure 3.0 shows the overview of the RBPM hydraulic control system that is
used to achieve three equal outputs with spool-type flow dividers, one divider with an
unequal output is used. For example, 33.3 % and 66.7 %. The flow is then directed
from the 33.3 % side to power the first actuator, and that from the 66.7 % side is
directed to an equal-flow divider. Flows from the equal flow divider outlets should
then be 33.3 % of the total pump flow, so all three outputs should be the same.
Notice that these circuits cannot handle reverse flow. Reverse flow through a spool-
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type flow divider will lock up one actuator when the return pressure differs at the
outlet ports. Therefore, relief valves and equalisation pressure lines should be
incorporated into the hydraulic circuit to overcome these challenges, while an off-theshelf PID controller should also be considered to add a jerk feed-forward or backward to the control loop of the RBPM design.

FIGURE 3.0: Overview of RBPM hydraulic control systems
If the model for the actuator is well-known and no disturbances occur, then,
theoretically, one could control a directional hydraulic actuator perfectly without using
closed-loop control. Jerk is the derivative (rate of change) of acceleration. Feedforwards are estimates of what the control outputs to the valve should be in order to
achieve a target velocity, position and jerk. It should be obvious that the valve should
be opened up proportionately to the target position, and a position feed-forward can
achieve that. There may be no need to wait for the PID to respond to an error.
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Closed-loop hydraulic control adds feedback to the hydraulic circuit by adding
position and pressure sensors to the system, thereby providing real-time data on
system states such as its position, derivatives and forces. This enables rapid,
precise, repeatable, and most importantly, automated position and force control of
hydraulic actuators. A number of simple applications can be configured by using
open-loop control, but quality requirements and high-throughput demands render
closed-loop motion control and electro-hydraulic controllers to be the preferred
approach.

3.3

POSITION CONTROL SYSTEM FOR RBPM

Position control systems may be subdivided into controller modules, electrohydraulic subsystems and position sensors as represented in Figure 3.1. Position
limit switches, which are fixed to the body platform, detect the inclination of the
hydraulic cylinder pistons and send voltage signals to the interfacing circuits. The
controller module of the position control system uses a closed-loop control of the
spool position of the proportional directional control valve based on the position
feedback of the hydraulic cylinder piston. The varying voltages, which are applied to
the solenoid of the proportional valve, change the flow of the hydraulic fluid that
passes to the hydraulic cylinder. These voltage causes a change in the rod stroke of
the hydraulic cylinder and consequently the position of the hydraulic cylinder shafts
are affected. Hence, the controller detects the error between the set point and the
measurement of the hydraulic shaft variable position. The synchronised cylinders
have their own individual linear reporting device that sends an analogueor digital
signal back to the controller, informing the controller exactly where the cylinder is
along its stroke. The proportional hydraulic directional control valve commands the
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cylinders through the flow divider to move to a certain position, thereby instructing
the cylinders to extend or retract.

PID

PROPORTIONAL
DIRECTIONAL
VALVE

FLOW
DIVIDER

SYNCHRONISED
CYLINDERS

REF
INPUT
CONTROLLER

POSITION
SENSOR

RELIEF VALVE

FIGURE 3.1: Position control system for the electro-hydraulic cylinder
synchronisation on RBPM

3.4

PROPOSED FUZZY-PID CONTROLLER FOR RBPM

The basic notion of control is to command a system to perform according to
requirements by monitoring its performance and adjusting its input in such a manner
so as to force the performance to be as desired. The output or states of the system
are measured and fed back to the controller. On the basis of this information, the
controller decides how to change the system input in order to improve the system
performance. Much of conventional control is “model based” which means the
controller design is based on a mathematical model of the system. Examples of
model-based controllers are linear state feedback controllers, optimal controllers,
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and proportional, integral or derivative (PID) controllers (although a skilled expert can
tune a PID controller to improve system performance even when there is no
mathematical model of the system). In some cases, however, these methods fail due
to a lack of sufficiently accurate mathematical models of the system. In such cases, if
sufficient knowledge about how to control the system is available from a human
“expert”, a fuzzy system can be designed to effectively control the system even if the
mathematical model is completely unknown. In fact, one of the main uses for fuzzy
systems is in closed-loop control of nonlinear systems whose mathematical models
are unknown or poorly known.

In the conventional PID controller, the controller and the process are in series where
feedback from the output is passed back to the input. These controllers are designed
to use the basic principle of fuzzy logic control to obtain a new controller that
possesses analytical formulas similar to those of digital PID controllers. Fuzzy-PID
controllers contain variable control gains in their linear structures. These variable
gains are a nonlinear function of the errors and changing rates of error signals that
assist in improving the overall performance due to their characteristic features such
as self-tuned mechanisms which can adapt to rapid error changes and error rate
changes that is caused by time delay effects, nonlinearities and uncertainties in the
process (Chen et al., 2009; Fade & Salahshoor, 2008). Fuzzy control solutions are
especially useful for complex systems where standard means such as PID control
fail. Fuzzy logic can be an advantage in cases where an explicit analytical-process
model is not available or is too complex. Arrrofig and Saad, (2010) emphasised that
another advantage of fuzzy logic is that it can easily be combined with conventional
controllers and substantially enhance their functionality. For example, fuzzy rules
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interpolate between a series of local linear controllers and the schedule gains of a
PID controller based on changing operating conditions. So fuzzy rules do not
necessarily have to replace conventional control methods, but rather extend their
capabilities.

Figure 3.2a: An intelligent fuzzy-PID controller for a reconfigurable machine tool
(RMT)

Figure 3.2b: Structure of the complete open architecture control system
implementation
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Figure 3.2a & 3.2b demonstrates the simplification and review of the implementation
of an Intelligent Fuzzy-PID Controller for a Reconfigurable Machine Tool (RMT),
which is an extract from the work of (Ndzabukelwayo et. al. 2012). This model is
improved upon by the adoption of PLC as a sub controller for RBPM in place of a
PIC controller for RMT.

In the intelligent fuzzy-PID controller, the same linear structure is found in the PID
parts, but it contains nonlinear constant gains. This controller makes the RMT
system stable due to its satisfactory set-point tracking performance. Since RMT is a
multiple input system, any one of the inputs could be linear at a particular point in
time; therefore, the controller also includes a conventional PID component. This
arrangement necessitates the inclusion of a switching mechanism in its design.
One of the most significant problems in fuzzy controller design is the number of fuzzy
subsets (membership functions) required for each fuzzy input or output variable.
These subsets and consequently the number of fuzzy rules should be large enough
to achieve an adequate approximation of the control surface and allow for smooth
and robust control. However, as the number of rules increases, the memory space,
program cycle time and total project cost will also increase dramatically. The final
control element of the RBPM is control through the use of PLC, which involves the
synchronised electro-hydraulic cylinders being driven by a hydraulic pump through
proportional directional valves and split proportionally by flow dividers (Saunders,
2012; Zeng and Yang, 2010; Jung et al. 2008).
The structure comprises of stored software and hardware modules which allow for
easy customisation through the use of memory from a host PC employed as a
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human machine interface which operators can use to communicate with the machine
through an application user interface.
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Name
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XXXXXXX
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FIGURE 3.3: Proposed structure of fuzzy-PID Controller for the reconfigurable bending press machine
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The prototype design in Figure 3.3 which relates to the control system design for
RBPM of the study as presented in this dissertation. The prototype design comprises
the use of a sensory system that senses the movement position of the press tool ram
with the help of limit switches or linear variable transformer transducers. The sensory
system then communicates the signal through a comparator to determine the desired
process signal position by comparing the signals from the position sensor with that of
the feedback loop in order to generate errors. The comparator in turn feeds the
controller through an amplifier with PID functions for amplification and correction or
through a motor starter overload relay with adjusted settings to protect the motor
from experiencing trips or being burnt. The output of the controller energises the
actuator to operate the press tool in order to determine the actual position of the
sheet metal while the latter is travelling and bending.

The add on design will be introduced only during the commercialisation stage and its
actions will realise the reconfigurability of the controller with modiﬁable, extensible,
reconﬁgurable and adaptable modules that will include, but not be limited to an
application programming interface and a graphical user interface.

3.5

CONTROLLER DESIGN THEORY

The design of a controller is a creative process involving a number of choices and
decisions. These choices depend on the properties of the system that is to be
controlled and on the requirements that are to be satisfied by the controlled systems.
In this section the choices and decisions for PID, fuzzy controller and fuzzy-PID is
introduced at the theory level whose constructs were examined in order to formulate
the theoretical development.
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3.5.1 Proportional, Integral and Derivative Controller (PID)
Manufacturers of PID controllers use different names to identify the three modes.
The

equations

below

show

the

different

relationships: The

mathematical

representation for notion PID is:
⁄
Where

(3.1)

is the proportional gain;

is the integral gain;

is a derivative gain;

is an error = SP-PV; t = time or instantaneous time (the present); and Ti as a variable
of integration takes on values from time 0 to the present t.
One drawback of this ideal ‘textbook’ design is that an unexpected change in the set
point (and hence e) will cause the derivative term to become extremely large and
thus provide a ‘derivative kick’ to the final control element (electro-hydraulic
cylinders) which is undesirable. An alternative realisation is:
[

]

(3.2)

The derivative mode acts on the measurement and not on the error. After a change
in the set point, the output will move slowly away from the ‘derivative kick’ after set
point changes. This is therefore a standard feature of most commercial controllers.
For the proposed equivalent PID adopted for the RBPM controller, the mathematical
description is:
(3.3)
The proportional gain only acts on the error, whereas in an ideal algorithm it acts on
the integral and derivative modes as well.
Depending on the manufacturer, the integral or reset action is set in either
time/repeat or repeat/time; one being reciprocal of the other. The author notes that
manufacturers are not consistent and often use the reset action in units of
time/repeat or the integral action in units of repeat/time, while derivative and rate are
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implies as the same. Choosing the proper values for P, I and D is known as PID
tuning. Almost all practical controllers exhibit the features of PID control. They have
control action components which deal with the present error (proportional-P control),
past error using the integral of error (integral-I control), and the future error using the
anticipatory nature of derivative (D-control).

3.5.2 Fuzzy Controller Action
Fuzzy logic controllers (FLCs) have the advantage that they do not require a precise
mathematical representation of the process. Input variables pass through the
fuzzification interface and are converted to linguistic variables. A database and rule
base holding the decision-making logic are used to infer the fuzzy output. Finally, a
defuzzification method converts the fuzzy output into a signal to be sent out for
transmission. An intended fuzzy logic controller for controlling RBPM final control
element (synchronised hydraulic cylinders) is depicted in Figure 3.5, based on the
work of (Li and Lau, 1998). The rules of this controller examine system errors and
the rate of error changes in order to select a voltage that corresponds to the distance
travelled by the synchronised cylinders. In this example, the set of memberships are
defined by straight lines, but this will have a minimal effect on the controller
performance.
A closer look at the diagram in Figure 3.4 reveals that its nonlinear characteristics
indicate that the design of a nonlinear controller must be oriented specifically
towards two major aspects:
1. The controller should force the process output X (k) to match the predefined set
point Xs (k) as soon as possible by adjusting the process input U (k) to the value
required in steady state to maintain the set point.
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2. The controller should guarantee the process output X (k) to follow the set point
Xs (k) as closely as possible by varying the process input U (k) in such a manner
as to effectively minimise its offset between X (t) and Xs (k), in particular by
damping the naturally un-damped oscillations of the RBPM cylinder movements.
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FIGURE 3.4: Proposed fuzzy-PID Controller implementation for RBPM on PLC
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The feed-forward part explicitly uses the actual value Xs (k) of the set point to
estimate the nonlinear characteristic in the steady state of the fuzzy model. On the
other hand, the feedback makes use of a classical fuzzy controller with the timediscrete input signal of e(k) and de(k), where e(k) represents the offset value
between the time-discrete process output X (k) and the set point Xs (k), de(k)
denotes the variation of e(k) during the past sample time interval

.

An integrator winds down when the sign of the error between the target and the
actual position changes. It will only occur when the actual position overshoots the
target position by some amount, which is generally undesirable in a motion system.
By incorporating feed-forward components into the control loop, a motion controller
can reduce the need for the integrator to wind up during moves.

3.5.3 Fuzzy-PID Control Theory

The maximum input of two-inputs and three-outputs of the proposed fuzzy-PID
controller is the maximum overshoot Mp and the adjustment time is Ts, while the
output in the correction factor of the PID controller is

,

and

.The

corresponding relationship, according to (Mingbo, 2011), is thus:
(3.4)
(3.5)
(3.6)
Where

is the increment of

The setting of the physical domain Mp and Ts is when the parameter of the PID
control system is set

= 1,

=

= 0, the dynamic performance indexes are (-Mp,

+Mp), (0, Ts). There are five linguistic terms for the error in speed: large negative
(LN), small negative (SN), zero (ZE), and small positive (SP), and large positive (LP).
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Similarly, the fuzzy set of the error change of the speed (Δe) is presented as (LN,
SN, ZE, SP and LP) over the interval from -10 V to 10 V. Finally, the fuzzy set of the
output signal is presented as {Z, PS, PM, P, PB} over the interval from about 0 to 24
Volts. The knowledge base for a fuzzy controller consists of a rule base and
membership functions. It is reasonable to present these linguistic terms by triangularshaped membership functions.

Deriving an equation from mathematical control theory, extracted from (Lilly, 2010),
is a method of deriving a fuzzy model for a nonlinear system whose equations of
motion are known. This enables parallel distributed control of the nonlinear system
when derivation of the controller directly from the nonlinear equations of motion may
be impossible. Assume a scalar nonlinear function Z(x) is to be modeled in the
domain X let bm= min (z) and bM = max (z). Then create two fuzzy sets P1 and P2 on
Xx, characterised by triangular membership functions U1 (z) and U2 (z), with the use
of fuzzy language to represent the control rules:
(3.7)
(3.8)
Z can be exactly represented on X axis as
This technique can be used to precisely model a nonlinear dynamic system as a
weighted average of linear systems. Nonlinear systems have the mathematical
models:
̇

(3.9)

̇

(3.10)

It can be verified from the work of (Khalil, 1996 & Vidyasagar, 1993) on nonlinear
systems, that this system is open-loop unstable reference, defined as

The above equation 3.9 and equation 3.10 can be rewritten as:
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=

=

,

⌊
̇

̇

⌋

[

]⌊ ⌋

⌊

⌋

(3.11)

In deriving a T-S fuzzy system whose behaviour exactly duplicates the equation,
assume the bounded domain X is defined by
where

, that is, the T-S fuzzy system will duplicate the equation in this

domain. The min
min

and

=

=

=1, max

= -10, max
=

=

= 10, min

= 10, for

=

=0, max

=

= 20,

equation 1 yields
(3.12)
(3.13)
(3.14)
(3.15)
(3.16)
(3.17)

The memberships characterise fuzzy sets for the ,

universe. The rule

base for the fuzzy system of the equivalents is:
1. If

is NEG and

is SMALL and

is SMALL, then ̇ = [

]X+⌊ ⌋U

2. If

is NEG and

is SMALL and

is LARGE, then ̇ = [

]X+⌊

3. If

is NEG and

is LARGE and

is SMALL, then ̇ = [

]X+⌊ ⌋U

4. If

is NEG and

is LARGE and

is LARGE, then ̇ = [

]X+⌊

⌋U

5. If

is POS and

is LARGE and

is LARGE, then ̇ = [

]X+⌊

⌋U

6. If

is POS and

is SMALL and

is SMALL, then ̇ = [

]X+⌊ ⌋U

7. If

is POS and

is SMALL and

is LARGE, then ̇ = [

]X+⌊ ⌋U

8. If

is POS and

is LARGE and

is LARGE, then ̇ = [

]X+⌊

This T-S fuzzy model exactly duplicates equation 3 in
. Note that the

⌋U

⌋U

and

term does not have to be expressed as linear in
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X because it multiplies the input U and not a state.
First, the two input variables must be defined in terms of linguistics. The error (e) in
speed travelled by the RBPM synchronised cylinders is expressed by a number in
the interval from about -10V to 10V. A fuzzy control knowledge base must be
developed that uses the linguistic description of the input variable. In the
commercialisation phase of the research, commercially available fuzzy software or
the experience and knowledge of the researcher can be used to build a rule base.
The latter consists of a set of linguistic IF-THEN-ELSE rules of which the total
number is represented in matrix form, called a fuzzy rule matrix in the above
mentioned fuzzy-PID control theory.

The scope of the membership characteristics in fuzzy sets is to maintain the position
control system at a desired speed. The proposed designed may be subdivided into
controller module, electro-hydraulic subsystem and position sensors (LVDT). Linear
variable differential transformers are fixed on the platform of the RBPM to detect the
inclination of the hydraulic cylinder pistons and send a voltage signal to the
interfacing circuit. The control module of the position control system uses a closedloop control for the spool position of the proportional directional control valve, based
on the position feedback from the hydraulic cylinder piston. The rule base of a fuzzy
system ranging from -10 V to 10 V is the corresponding voltage from the LVDT
position sensor feedback to the signal processing (Figure 3.4), which is applied to
the solenoid of the proportional valve (24 Volts), thereby changing the flow of the
hydraulic fluid that passes to the hydraulic cylinder. These causes a change in the
rod stroke of the hydraulic cylinder and consequently the position of the hydraulic
cylinder shafts are affected. Hence, the controller detects the error between the set
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point and the measurement of the hydraulic shaft variable position. The
synchronised cylinders possess their own individual linear reporting device that
sends an analogue or digital signal back to the controller, informing the controller of
the exact position of the cylinder along its stroke path. The proportional hydraulic
directional control valve commands the cylinders through the flow divider to move to
a certain position, thereby ordering the cylinders to extend or retract.

3.6

CHAPTER SUMMARY

This chapter offered an examination of the theory whose constructs were examined
in order to formulate the theoretical development of this research and explored an
overview of hydraulic control systems for odd numbers of cylinders starting from 3
cylinders, and can be adopted to a limit of odd numbered configuration as deemed fit
by the control system designer of RBPM for reconfigurable features in the
innovation, the proposed structure of fuzzy-PID and the controller design theory of a
RBPM were also looked into.

The study further expanded on an intelligent fuzzy-PID controller for a reconfigurable
machine tool (RMT) with implementation on a programmable integrated circuit (PIC)
which has been an area of research interest at the department of Industrial
engineering, Tshwane University of Technology, while the adoption of the
implementation of a fuzzy-PID implementation on the programmable logic controller
(PLC) is being considered.
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CHAPTER 4 (METHODOLOGY)
4.1

INTRODUCTION

The hydraulic press is one of the oldest of the basic machine tools that is using a
hydraulic cylinder to generate a comprehensive force. In its modern form, it is
commonly adapted used for forging of metals parts, such as reconfigurable bending
press machine being design by the research group to bending sheet metal part.
Modern hydraulic presses are, in some cases, better suited to applications where the
mechanical press has been traditionally more popular (Lown, 1982).

Modern hydraulic presses offer good performance and reliability. Widespread
applications of other types of hydraulic power equipment in manufacturing require
design engineers who know how to service hydraulic components. New fast acting
valves, electrical components and more efficient hydraulic circuits have enhanced
the performance capability of hydraulic presses.

The design of new control systems for reconﬁgurable bending press machines
therefore depend on the automation of sensor and actuator devices so as to reduce
costs without compromising capabilities. The new generation of advanced
manufacturing systems is forcing a shift from mass production to mass customisation
and the ability to manufacture in small batches. To achieve mass customisation of
products, it is becoming increasingly important to adopt a methodology to develop
modiﬁable, extensible, reconﬁgurable, adaptable and fault tolerant manufacturing
systems through a process that is reconﬁgurable and to find a solution for market
requirements that can be used in automatic manufacturing systems.
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4.2

DESIGN PROCESS OF THE RBPM CONTROL SYSTEM

The issue of synchronising electro-hydraulic cylinders can be addressed in three
approaches. The simplest approach is to design a flow-divider circuit that will
maintain the same cylinder velocity by maintaining the same flow rate to the
cylinders. In this case, the performance of the synchronisation is dependent upon the
performance of the fluid and the consistency of the hydraulic components.
Another approach is to mechanically connect the hydraulic actuators through either
cabling or other linkage designs. The drawback to mechanical synchronisation is the
added system weight and complexity as well as the limitations to the operational
range of the equipment. When compared with pure hydraulic and mechanical
approaches, electro-hydraulic synchronisation provides a flexible alternative. With
electro-hydraulic systems, synchronisation control strategies can be designed to
handle uneven loading as well as uncertainties and external disturbances associated
with the hydraulic system (Sun and Chiu, 2001).

Synchronisation at the end of the cylinder stroke needs to be achieved; otherwise,
an additive accuracy error can be expected with each stroke. In applications where
the mechanisms between the three cylinders turn out to be too rigid, operating
inaccuracy will cause the eventual lock-up of the system, with potential damage to
the mechanical structure.

The use of flow dividers with only cartridges for three parallel hydraulic cylinders
being driven only in one direction with unequal speeds can be accomplished with
cylinders of equal displacements, using the 33:67 ratios. Cylinders with unequal
displacement ratios that match the 33:67 flow divider ratios can be operated at the
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same speed, within the accuracy limits of the flow divider and the volumetric
efficiency of the cylinders.
In this study, a hydraulic control system for the synchronisation of three hydraulic
split ram cylinders that are coupled through a linkage to an iterated load of between
0 to 4 tonnes is examined. The total load on the beam comprises the
combined load of the three hydraulic cylinders and self-loading from the self-weight
of the beam.

Figure 4.0 presents a schematic diagram of the upper beam, where C1- C3 stands
for hydraulic cylinder piston centres and can be reconfigured to any odd numbered
cylinder such as 5, 7, and so on.
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FIGURE 4.0: RBPM upper beam configuration
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A pictorial view of the proposed RBPM with three cylinders is shown in Figure 4.1.

FIGURE 4.1: Pictorial view of the proposed RBPM
The goal of control systems design is to develop a suitable controller for the RBPM.
The design process for the proposed RBPM consisted of five steps:
1. Specification: Before the design process could commence, the requirements
that the system must meet in terms of performance, operating model, fail safe
operations, and so on, were specified.
2. System concept design and selection: After establishing the specifications, an
appropriate system design concept was developed. It’s entailed the consideration
of whether the control system might involve either or both of the valves which are
the key control element used to modulate and throttle the fluid flow. The adopted
control element assisted in the need to measure the flow which can be regulated
in terms of rate, direction and pressure. The type of valve selection was
determined by the application considered for the reconfigurable bending press
tool and the control objective, while the logic was based on open-and closed-loop
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concepts due to the desired behaviour and performance expected from the
system. The performance was subjected to certain fundamental characteristics
such as stability, quality of response and robustness.
3. Component sizing and selection: The proper component types and size were
selected based on the design of a criterion that required power calculations to
ensure that the size of the components were properly matched and that they had
the capacity in terms of power, pressure and flow rate to meet the performance
requirements.
4. Modeling and simulation: The control algorithm was modeled and simulated offline on FluidSIM software and other related software in order to predict the
performance of the overall system.
5. Control algorithm design: The adopted control algorithm involved controller
hardware and real-time controller software. Since the model was constructed for
control purposes, its suitability for control design was tested. Therefore, a control
concept based on the model was subsequently designed.
6. Control design validation: This is an approach that will be used to validate the
prototype system that will be built and the operation of an electro-hydraulic
operated RBPM system under the control of the designed control algorithm and
hardware will be validated. The desired performance objective will be reiterated
for continuous refinements until the desired objectives are met.
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4.3

DESIGN PROCESS SPECIFICATION FOR RBPM

The design process specification for a hydraulic press depends on the application,
cost and, for most hydraulic press manufacturers, it is about how many control
options and accessories are offered, which may include:
1. A distance reversal limit switch which is pre-set to the depth of the ram stroke
to allow for an automatic return to the top of the stroke position.
2. A pressure reversal switch which is set to the highest force delivered before
the ram returns automatically to the top of the stroke position.
3. Automatic or continuous cycling controls which are used in conjunction with
the automatic feeding equipment.
4. Dwell timers which are adjustable and are set to open the press after a preset dwell period.
5. Ejection cylinders or knockouts which can be activated actuated at a pre-set
position, time or pressure.
6. Rotary index tables and other work positioning devices often powered by the
press hydraulic system.
7. Hydraulic die cushions which have the advantage of taking up less space than
air cushions while offering controllable programmable resistance throughout
their travel.
In the design specification for the proposed RBPM, considerations were afforded to
the aforementioned highlighted control options, since the development of the
modern-day hydraulic press play as significant role in industrial production. Hydraulic
components specified for such developments include proportional directional valves
with higher flow capacities, faster response times and precise flow control
capabilities. Actuation in this case occurs by using one or more microprocessor-
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based programmable controllers. The important features of such systems are easy
programming and multiple job memory capability. The hydraulic press intended for
commercialisation involves the use of modern control systems that permit the press
sequence to be programmed for each job. Based on job memory parameters, the
correct pressure, stroke length, speed and dwell time, and the retraction force can be
reconfigured. Consideration is also afforded to the comfort and safety of the
operator. Better illumination, quieter machinery, comfortable work positions, semi
unattended operations and provisions for simplified machine adjustments all add to
operator comfort and increased productivity.

Hydraulic presses are increasingly specified for production applications where
mechanical presses were once used almost exclusively. The proper selection and
use of the machine can be enhanced by a greater understanding of the
characteristics of a hydraulic press. In the study, the press is viewed as only one part
of a total system which includes tooling, part feeding, personal protection and part
unloading equipment. The diagram in the Figure 4.2, (Smith, 1990) expresses the
efforts noted at the Ohio State University, Engineering Research Center for Net
Shape Manufacturing on a blank holder force control system, employing hydraulic
overload cylinders, in conjunction with a programmable servo control system.
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FIGURE 4.2: Force control system for blank holder hydraulic overload cylinders.

4.4

RECONFIGURABLE BENDING PRESS MACHINE (RBPM) FOR BENDING

SHEET METAL
As part of this study, a new press brake called a Reconfigurable Bending Press
machine (RBPM) has been invented. The RBPM addresses two mechanical design
objectives; geometric transformation and productivity adjustment. Geometric
transformation

can

be

further

categorised

into

horizontal

and

vertical

reconfigurability. Productivity adjustment increases the production rate of the
machine by adding or removing certain machine devices. Geometric transformation
allows sheet metal benders to adjust the height and length of the press brake, thus
improving the capability of the RBPM. The machine consists of an upper beam
(ram), side frames and bottom beam (bed). The ram of the RBPM comprises of
permanent sections, the left side and the right side for the initial length of the beam,
and modular inserts which are used for length extensions. The numbers of modular

91

inserts depend on the required lengths for the ram and the bed. The modular insert
is joined to the two sides of the upper beam through a tongue and groove
arrangement and bolts. The RBPM uses a hydraulic circuit with a one to many flowdivider units and a detachable hydraulic tank. Each module insert requires an
additional cylinder and a vertical holding pillar to support the cylinder. Height
adjustments are enabled by a side frame construction with pre-built multiple cylinder
attachment points on the upper part of the frame. During height adjustment, the
cylinder is detached and mounted onto an upper point in pre-set extension stages.
Two rail guide and runner block units mounted on each side frame prevent friction
during up-down strokes. The new design is cost effective since industrial
practitioners will no longer need to mount multiple press brakes side by side in order
to bend long sheets. With the new design only one machine needs to be
reconfigured to cater for the longer parts by inserting full functional modules which
are controlled from the central original machine controller and power unit. Not only
does the RBPM use modular design concepts, but it also reduces the number of
secondary operations thus cutting the production time due to its ability to bend box
parts with long flanges. This process is enabled by employing height adjustments.
Reconfiguration of the machine is accomplished by using an overhead crane to
either disperse the modules horizontally or vertically. The crane is usually a readily
available unit in every heavy equipment engineering workshop. Illustrations of the
design are presented in Figure 4.3a is the pictorial view of three cylinders
configuration and Figure 4.3b is the labelling for of the features with one additional
extended modular inserts.
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FIGURE 4.3a: The pictorial view of three cylinders configuration

FIGURE 4.3b: The labelling for of the features with one additional extended modular
inserts
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4.5

DESIGN CONCEPT FOR RBPM HYDRAULIC SYSTEM CIRCUIT

During the concept design phase of a product design evolution, alternative design
concepts are generated, evaluated and selected for further development. In this
phase no sizes, materials or configurations are determined; the concept is usually an
abstract embodiment. Concept design entails participation in a number of decision
making activities. Functional requirements are clarified, and alternative concepts are
generated and analysed to determine whether they are feasible or not.
Subsequently, any feasible concepts are evaluated and the most suitable one is
selected for further development (Eggert, 2005). Developing a concept requires that
the design solution consist of several different concepts before being narrowed down
to the final design. Therefore, in this dissertation the product function decomposition
method is used to aid in clarifying the functional requirements.

Constructing virtual prototypes prior to building a real system definitely engenders
other options and possibilities in terms of equipment conceptions. For hydraulic
models, interactive tools and specific software can save hours of reflecting on and
creating fluid flow paths and the need for expert consultation. This time can be better
utilised for more specific questions and practicalities. Even if a prototype is built,
prototype software allows for streamlining processes and for identifying correct and
incorrect options. These tests can, however, range from small essays on
functionality to much more precise levels of detail. For example, optimisation and
detail related to controls, losses, velocities, and so on, can be evaluated in an
interesting and inexpensive way. The simulation model is built by using the FluidSIM
Hydraulic V Demo Version from Festo Didactic.
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4.6

COMPONENT SIZING AND SELECTION

According to Cetinkunt, (2007), component sizing is a means to determine the
hydraulic motor or cylinder, valve and pump. Over sizing of components results in
lower accuracy, lower bandwidth and higher costs while under-sizing of components
results in a lower than required power capacity.
A servo or proportional directional valve should be selected so that the pressure drop
at the valve during maximum flow is about 1/3 of the supply pressure. Servo
applications provide such a balanced distribution of supply pressure between the
valve and the load. However, in proportional directional valve applications, especially
in large construction equipment, the pressure drop across the valve can be much
less than 1/3 of the supply pressure. In such applications, precision motion is not
critical. It is, however, desirable that more of the hydraulic power be delivered to the
load while less is lost in the metering process. If the valve is sized too large and the
pressure drop across it is not large enough, the flow will not be modulated well until
the valve almost closes. As a result, the resolution of the motion control will be low.
On the other hand, if the valve is too small, it will not be able to support the desired
flow rates of the pressure drop across it because the flow rate will be too large.
Valves are therefore the flow metering components; thus, it is desirable to have a
good resolution in flow metering. The higher the metering resolution required, the
higher the pressure drop that must exist across the valve. A higher pressure drop
leads to higher losses and lower efficiency. Therefore, metering resolution and
efficiency are two conflicting variables in a hydraulic control system. A good design
targets an acceptable metering resolution with a minimal pressure drop.
There are two variables which determine the component size requirements: required
force and speed, in other words, required pressure and flow rate. Based on these
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two requirements, the supply (pump) and actuators (cylinders) are sized. The valve,
which modulates and directs the flow, is sized to handle the flow rate and pressure
required. The control question in hydraulic systems therefore always involves the
control of flow rate and direction, or pressure, or both.
In general, load speed requirements dictate the flow rate whereas the load force or
torque requirement dictates the operating pressure. For instance, in order to provide
a certain force, many pressure and cylinder area combinations are possible,
(4.1)
Similarly, a given load speed requirement can be met with various combinations,
(4.2)
The trend in industry is to use higher operating pressures which result in smaller
components. However, high pressure circuits require more frequent maintenance
and have a lower life cycle.
The flow-current-pressure differential relation for a proportional or servo valve which
is positioned between the pump supply line and the load line is:

Where

√

(4.3)

√

(4.4)

is the load pressure (i.e., in the case of a linear cylinder, this is the

pressure difference between the two sides of the cylinder). In other words,

is the

pressure differential between the A and B ports of the valve,
(4.5)
Equation 4.4 is the pressure drop across the valve,
the pump, and
pressure,

is the supply pressure from

is the tank return line pressure. Quite often,

is the flow through the valve when it is fully open

pressure drop across the valve is

represents zero
) and the

. When there is no load, all of the supply
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pressure is dropped across the valve. In order to determine the flow rate (

) of a

valve at a particular pressure drop

in the

when it is fully open,

equation as:
√

(4.6)

√

(4.7)

In catalogues, a proportional valve is rated in terms of its flow capacity for a pressure
drop of

=150 psi across the valve while a servo is rated for

=1000 psi.

The three cylinders are powered by a 40 Litres hydraulic power unit of 3 KW, 8 MPA,
and 6.85 L/min flow rate for each cylinder. It is controlled by one proportional
directional control valve feeding into 3-way adjustable flow control valves by splitting
the flow into 33:67 ratios and subsequently supplying the one cylinder with 33 per
cent of flow, while 67 per cent is split into two remaining cylinders at 33 per cent flow
each, while the 1 per cent difference is assumed to be loss due to hydraulic
resistance. Pressure regulation is controlled by three pressure relief valves with an
appropriate check valve for non-return flow and nozzles for equalisation.

4.7

MODELLING AND SIMULATION

The section describes the modeling and simulation approach for the different
components adopted for the research:

4.7.1 Proportional Directional Valves Hydraulic System Modelling
For the purpose of dynamic analysis and control design, hydraulic systems are
modelled on the approximation that these systems can be represented as a
collection of lumped volumes separated by sharp edged orifices. Such low order
models are widely used in industrial practices (such as in the automotive industry)
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and, with sufficient detail, have been found to yield good correlation with
experimental data. However, model updating or validation, or both are needed in
instances where a highly accurate representation of the physical system is required.
Orifice flow is classified as either being laminar or turbulent, depending on the
Reynolds number. Each volume has to satisfy the continuity equations as laws
pertaining to the conservation of mass and energy hold true.

4.7.2 Orifice Flows
To define the dynamics of fluid flow through an orifice, it is important to note that
whenever the pressure differential is large for all operating points of interest, it can
be safely assumed that the flow always has a large enough Reynolds number so that
it can be calculated using the turbulent flow equation (Merritt, 1967).

4.7.3 Proportional Valve Modelling
A valve, as shown in Figure 4.4a, Figure 4.4b and Figure 4.4c (Courtesy: Bosch
Corporation), has two major components; the valve body housing and the actuation
unit. The valve body houses the valve seat, and the clearance between it and the
valve plug determine the amount of flow through the valve. Thus, the equations of
motion can be derived for the valve position and velocity by using force balance. The
various forces that act on the valve body are pressure, inertia, spring and flow
forces.
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FIGURE 4.4a: A proportional valve schematic diagram

FIGURE 4.4b: A proportional valve sectional diagram
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FIGURE 4.4c: A proportional valve curves
The mass term represents the mass of the valve spool and that of the fluid between
the valve lands in the pressure control chamber. The force owing to the pressure
differential consists of the pressure differential on the valve lands which includes the
effect of the variable area on both sides of the valve spool (which are exposed to the
line pressure) and because the sump pressure is assumed to be approximately
equal to zero. The magnitude of the variable spring force depends on the spring rate
and the valve spool position. There is also a constant preload spring force due to the
difference between the free length and the installed length of the spring. The spring
rate could be constant or a function of the valve spool displacement, which renders
the total spring force a nonlinear function. The flow forces flow is the force which acts
on the valve spool due to the fluid movement in the various chambers or lands and
through the ports. The forces are also called flow-induced forces or Bernoulli’s forces
(Merritt, 1967).
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4.7.4 Mathematical Modelling For Proportional Directional Valve
The electro-hydraulic proportional valve is in wide use because of its anti-pollution
ability, reliability and low cost as compared with the servo and normal valves. It can
also achieve continuous control and a fast response. The input signal varies in
proportion to the flow direction, pressure of the valve and actuator position, speed
and force (Li and Khajepour, 2005).

FIGURE 4.5: Sectional view of proportional directional valve

In the equation of Bernoulli it is evident that each control orifice is under the influence
of the pressure differences between two specific ports of the valve. Equation 4.8 and
Equation 4.9 are a representation of the pressure difference as provided by (Sun &
Chiu, 1999) in Figure 4.5.
√

√
√

(4.8)
√

Where:
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(4.9)

For a solenoid-driven proportional directional spool valve, the orifice areas are
determined by the displacement of the spool, which is controlled by the solenoid
actuating force against the centre springs if the friction and flow forces are neglected.
The solenoid actuating force is regulated by the control input voltage signal, u, to the
PWM driver of the solenoid valve.
(4.10)
Where,

is the gain coefficient of the solenoid drive, and

is the control input

voltage signal. Furthermore, the flow discharge coefficient Cd is also a function of
spool displacement x, which is a function of control signal . In introducing a flow
gain coefficient

to the orifice equation, the valve orifice equation can be

represented as follows:
√

(4.11)

√ ⁄

(4.12)

Where

4.7.5 Modelling of Flow Divider System
A flow divider is made up of two or more modular elements (sections) with gears
mechanically linked by an internal shaft that causes them to turn at the same speed.
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Unlike with multiple pumps, in which the input power is mechanical (a shaft
connected to a motor), the input power in a flow divider is of a fluid-mechanical
nature, that is, a flow of oil under pressure in parallel pipes supplies the modular
elements, which are in turn connected to the hydraulic circuits serving the users.
The portion of flow utilised by each element is solely determined by its nominal flow
rate. Therefore, unlike standard static dividers with variable ports, the flow dividers
do not cause dissipation and are also much more precise. The use of flow dividers in
a system reduces the number of pumps necessary as well as the associated
individual mechanical power take-offs and complex mechanical couplers (with
greater losses). Leaving aside losses for the time being in the case hydraulic
resistance according to (Cetinkunt, 2007), at any given moment the total input power
is equal to the sum of the powers supplied by all the elements comprising the flow
divider. Therefore, if in an interval of time the power required by a hydraulic circuit is
equal to zero (inactive drained circuit).The power supplied by the element feeding
that circuit becomes available to other elements for use in their own circuits, while
still operating at higher pressures than the intake pressure. In a hydraulic system, if
one user requires a much higher operating or peak pressure than other users, it is
more convenient to supply such a pressure by means of a flow divider than to
upgrade the whole system to function with a higher pressure.
With a two-element flow divider the flow may be discharged from the outlet of one
element so that the pressure in the other element becomes much higher than that of
the pump supplying the system. Figure 4.6a, Figure 4.6b and Figure 4.6c
(Courtesy: Bosch Corporation) is the flow divider schematic diagrams pictorial view,
maximum performance and pressure curves.
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FIGURE 4.6a: Pictorial view of a flow divider schematic diagram

FIGURE 4.6b: Maximum performance curve a flow divider schematic diagram

FIGURE 4.6c: Pressure drop curve of a flow divider schematic diagram
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4.7.6 Mathematical Modelling for Flow Divider Valve
According to the works of Jelali and Kroll, (2003 and
division in form of

Merritt, (1967), the flows

for an adjustable flow divider valve are shown in

Figure 4.7.

FIGURE 4.7: Sectional view of a flow divider valve

√

(4.13)

√

(4.14)
√

(4.15)

Where the A1 and A2 orifices are the valve orifice area, Cd is the orifice coefficient,
and r is the fluid mass density.
The representations of the Proportional Directional Valve and Flow Divider according
to flow division are shown in Figure 4.8a, Figure 4.8b, Figure 4.8c and Figure 4.8d.
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FIGURE 4.8a: Flow Divider Modelling results for 2 cylinders

FIGURE 4.8b: Flow Divider Modelling results for 3 cylinders
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FIGURE 4.8c: Flow Divider Modeling results for 4 cylinders

FIGURE 4.8d: Flow Divider Modelling results for 5 cylinders
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4.7.7 Proportional Directional Valve and Flow Divider Valve Relationship
If y= PDV and output is assumed to be a, b, c, . . . ., then y is assumed to be 100%
input flow assuming losses are negligible.
For 2 cylinder synchronisation,
(4.16)
Then, for even cylinder synchronisation configuration, that is, 2, 4, 6, 8, 10, and so
on.
(4.17)
Where n= No of synchronised cylinder
For 3 cylinder synchronisation,
(4.18)
(4.19)

Further divided to give an equal output, which yields
(4.20)
Where

is the difference in flow due to the nonlinearity due to fluid in odd cylinder

synchronisation.

Therefore, the relationship between the proportional directional valve and the flow
divider

connection

in

achieving

cylinder

synchronisation

for odd cylinder

synchronisation configuration can be written as:
(4.21)
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4.7.8 Model Concepts Selection Simulation Features
The use of FluidSIM Hydraulics, a teaching tool for simulating the basics of
hydraulics, which is run on Microsoft Windows, can either be used in combination
with the Festo Didactic training hardware or independently. A major feature of
FluidSIM is its close connection with CAD functionality and simulation. FluidSIM
allows DIN-compliant drawing of electro-hydraulic circuit diagrams and can perform
realistic simulations of these drawings based on the physical models of the
components. Simply stated, it eliminates the gap between the drawing of a circuit
within a circuit diagram and the simulation of the related hydraulic system. Another
feature of FluidSIM results from the didactic concept is that FluidSIM supports
learning, educating and visualising hydraulic knowledge. Hydraulic components are
explained with textual descriptions, figures and animations that illustrate underlying
working principles; exercises and educational films mediate knowledge about both
important circuits and the usage of hydraulic components.
The simulation model built for concept selection using the FluidSIM Hydraulic V
Demo Version of Festo Didactic. FluidSIM components symbols used in the
schematic circuit design of the control system for RBPM electro hydraulic systems
are presented in a Table in annexure G.

4.7.8.1

Concept 1: Extension mode

Concept 1 operation as shown in Figure 4.9a & Figure 4.9b (concept 1 extension)
and Figure 4.10a & Figure 4.10b (concept 1 retraction), involves the use of 4 flow
dividers and 1 pressure relief valves with no equalisation line during for the
synchronisation and there was good response for the extension mode but the
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retraction mode seen a lock up of one cylinder due to hydraulic fluid compressibility
imbalance in the circuit.
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FIGURE 4.9a: Hydraulic control circuit for RBPM using FluidSIM for simulated 3 synchronised
cylinders with a relief valve and no equalisation line during the extension mode
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FIGURE 4.9b: Hydraulic control circuit for RBPM of simulated 3 synchronised cylinders with a relief
valve and no equalisation line during the extension mode
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4.7.8.2

Concept 1: Retraction mode

FIGURE 4.10a: Hydraulic control circuit for RBPM using FluidSIM for simulated 3 synchronised
cylinders with a relief valve and no equalisation line during the retraction mode
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FIGURE 4.10b: Hydraulic control circuit for RBPM of simulated 3 synchronised cylinders with a relief
valve and no equalisation line during the retraction mode
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4.7.8.3

Concept 2: Extension mode

Concept 2 operation as shown in Figure 4.11a & Figure 4.11b (concept 2 extension)
and Figure 4.12a & Figure 4.12b (concept 2 retraction) involve the use of 2 flow dividers and 3
pressure relief valves with 2 equalisation nozzles during synchronisation and there was also a
good response for both the extension and retraction mode and a balance was noticed in the
circuit. The concept of a hydraulic system shown in the figures is a closed controlled cylinder,
and an application tool may be included as part of a closed-loop electro hydraulic control
system. Hydraulic systems deal with the supply and control of fluid pressure, flow rate, and
flow direction. The hydraulic pump and reservoir form the so-called hydraulic power supply
unit. The tank acts as the hydraulic fluid supply and reservoir for the return lines. The pump
converts the mechanical power received from the mechanical power source into the hydraulic
power in the form of pressurised fluid at its outlet port. The pump is the heart of a hydraulic
system. If the pump fails, no hydraulic power can be transmitted to the final actuators. In
RBPM applications, an electric motor is typically used to provide mechanical power to drive
the pump. The proportional directional valve is the key control element that is used to control
(also called modulate or throttle) the fluid flow. The flow divider divides the flow from P into 67:
33 per cent flows at A and B and the 67 per cent flows is later divided into 33% flow each, this
is achieved using two measuring orifices and two control resistors. The flow can be regulated
in terms of rate, direction and pressure. The pressure relief valves are safety net to protect the
lines against excessive pressures at both (1) pump and (2) synchronised cylinders line side.
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FIGURE 4.11a: Hydraulic control circuit for RBPM using FluidSIM for simulated 3 synchronised
cylinders with a relief valve and equalisation line during the extension mode
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FIGURE 4.11b: Hydraulic control circuit for RBPM for simulated 3 synchronised cylinders with a relief
valve and equalisation line during the extension mode
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4.7.8.4

Concept 2: Retraction mode

FIGURE 4.12a: Hydraulic control circuit for RBPM using FluidSIM for simulated 3 synchronised
cylinders with a relief valve and equalisation line during the retraction mode
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FIGURE 4.12b: Hydraulic control circuit for RBPM simulated 3 synchronised cylinders with a relief
valve and equalisation line during the retraction mode
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4.7.8.5

Concept for 5 synchronised cylinders

Figure 4.13a (concept 2 extension) & Figure 4.13b (concept 2 retraction) is concept
2 versions for 5 synchronised cylinders for additional modular insert to achieve the
reconfigurable of the bending press machine that is being designed.

FIGURE 4.13a: Hydraulic control circuit for RBPM using FluidSIM for simulated 5
synchronised cylinders with a relief valve and equalisation line during the retraction
mode
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FIGURE 4.13b: Hydraulic control circuit for RBPM simulated 5 synchronised
cylinders with a relief valve and equalisation line during the retraction mode
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The cylinder motion is powered by the pump, which is connected to a radial velocity
source. The proportional directional valve receives signals from a double-acting
solenoid which is input by the signals from the controller module through a PID
process after a feedback or a feed-forward signal from the sensors. The cylinder is
linked with sensors that measure the position or velocity of the movements and the
force. The cylinder edge is also linked to the loading value that represents the
cylinder acting on the ram weight of the RBPM.
The proportional pressure relief valve was simulated using a valve orifice controlled
by a proportional solenoid, which applies sufficient force to provide an exact opening
in order to maintain the desired pressure differential. The considered pressure value
can be introduced as a signal for more precise judgement.
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4.8

CONTROL COMPONENTS ALGORITHM DESIGN

The control algorithms designed are presented in this section.

4.8.1 Hydraulic Components Algorithm Design
STEP 1: Determine the performance specifications based on load requirements:
{

}

(4.22)

STEP 2: Select displacement per unit stroke either for the actuator (
supply pressure (

. Assuming the displacement (

) or for the

) is selected. This selection

then specifies the actuator size (hydraulic cylinder).
STEP 3: Select the differential pressure to be delivered to the actuator so as to drive
the load

calculate the hydraulic cylinder cross sectional area (

STEP 4: Calculate

from equation

and

).

at

from
(4.23)

√

(4.24)

STEP 5: Given the calculated value of
at its rated pressure
assumed

,

calculate the rated flow to the valve,

. Select the proper valve based on the calculated

and

:

√

(4.25)

In summary, the load conditions determine three specifications:


For linear actuator {



As design choices, select

}
hydraulic pump rated pressure output and

load

differential.


Then calculate the rest of the sizing parameters
size requirements for the pump, valve and cylinder.
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,

,

, which are the

4.9

PLC LADDER DIAGRAM ALGORITHM DESIGN

The widely used language in designing a programmable logic controller (PLC)
program is the simulated ladder diagram as shown in Figure 5.7 for the RBPM on the
LogixPro PLC simulator program. PLC is the de-facto standard computer platform
used in industrial control, factory automation, automated machine, and process
control applications. PLC is an electronic device, previously called “sequence
controller”. In 1978, the National Electrical Manufacture Association (NEMA) in the
United States officially named it as “programmable logic controller” and reads the
status of the external input devices, e.g. keypad, sensor, switch and pulses, and
execute by the microprocessor logic, sequential, timing, counting and arithmetic
operations according the status of the input signals as well as the pre-written
program stored in the PLC. The generated output signals are sent to output devices
as the switch of a relay, electromagnetic valve, motor drive, and control of a machine
or operation of a procedure for the purpose of machine automation or processing
procedure. The peripheral devices (e.g. personal computer/handheld programming
panel) can easily edit or modify the program and monitor the device and conduct onsite program maintenance and adjustment. Programmable logic controller programs
are typically written in a special application on a personal computer, and then
downloaded by a direct-connection cable or over a network to the PLC.
The Siemens program instruction list (algorithm design) for Figure 5.8 is the
simulated ladder diagram for RBPM prototype control system as stated:
A

I: 0/1

(First rung) Extension Mode: I: 0/1 is the start push button, O: 2/1 is

the output to forward solenoid
AN

O: 2/4

AN

I: 1/1
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AN

O: 2/5

AN

F8:0/1

=

O: 2/1

A

I: 0/2

(Second rung) Timer T1: Ti determines the bending time @30 sec for

extension operation, F8:0/1 is the internal relay, I: 0/2 is the input indicating a
bending press operation LKT
SR

T1

A

T1

=

F8:0/1

A

O: 2/0

F8:0/1

(Third rung) Retraction Mode: I: 1/1is the input indicating retraction

mode, O: 2/0 is the contact from forward solenoid to reverse solenoid
AN

I: 1/1

=

O: 2/3

A

F8:0/1

(Fourth rung) Flow Divider: F8:0/1 is the timer uptime for bending

press operation, O: 2/2 is the output to reverse the solenoid
AN

O: 2/6

AN

I: 1/1

AN

O: 2/7

=

O: 2/2

END

(End rung)

The program is stored in the PLC either in battery-backed-up RAM or some other
non-volatile flash memory. Often, a single PLC can be programmed to replace
thousands of relays (Bolton, 2009). While the fundamental concepts of PLC
programming are common to all manufacturers, differences in I/O addressing,
memory organization and instruction sets mean that PLC programs are never
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perfectly interchangeable between different makers. Even within the same product
line of a single manufacturer, different models may not be directly compatible. PLCs
are armoured for severe conditions (such as dust, moisture, heat, cold) and have the
facility for extensive input/outputs (I/O) arrangements. These connect the PLC to
sensors and actuator. PLCs read limit switches, analogue process variables (such as
temperature and pressure), and the positions of complex positioning systems. Some
use machine vision (Harms and Kinner, 1989), on the actuator side, PLCs operates
electric motors, pneumatic or hydraulic cylinders, magnetic relays, solenoids, or
analogue outputs. The input/output arrangements may be built into a simple PLC, or
the PLC may have external I/O modules attached to a computer network that plugs
into the PLC. PLCs have built in communications ports, usually 9 or 25-pin RS232,
but optionally RS485 or Ethernet.

4.10 CHAPTER 4 SUMMARY
This chapter addressed the methodology for the conceptual designs of the RBPM. It
further specified the requirements for the concepts that the system must meet, that
is, performance, specification, system concept design and selection, component
sizing and selection, modeling and simulation, control algorithm design and control
design validation.

A comparable profile for the anticipated curve by the manufacturers of the
components was presented in order to provide the study with verifiable evidence of
the correct results from the simulation lists of FluidSIM components symbols used in
the schematic circuit design of the control system for RBPM electro hydraulic
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systems were provided in annexure G and comprehensive discussion on the
features of the present work over the past research was also presented.
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CHAPTER 5 (SIMULATION RESULTS AND DISCUSSION)
5.1

INTRODUCTION

The simulation testing of the model followed rules in order to optimise the hydraulic
process. Hydraulic components should be well selected to detect whether the
system will function in real-time or not. A real-time capable system is one in which
the simulation runs prior to the simulated period measured in real time and aims to
validate the simulated results on the Festo Didactic test board by connecting all the
hydraulic components, consequently saving the cost of an actual implementation. Of
more importance to this study, however, is the indication accorded by the simulation
time. Even though the system was not intended to run an implementation such as
this in real-time, the simulation time realised during the running of the system is an
important factor in measuring the computational burden of the simulation system.

Real-time simulations of physical systems within various domains (mechanical,
electrical, hydraulic, etc.) require a combination of several factors such as model
complexity, choice of components and settings. What is being outlined here is the
arrangement of all these components as well as a comparison between the desktop
and the real-time simulations. The model setup was created in order to avoid
unnecessary connections, loops or other unnecessary items as the basis for
achieving success when running a model. There are many occurrences in a
simulation involving various components such as hydraulic power units, switches,
valves, input signals, physical sensors and other physical events that can create
challenging conditions during the simulation.
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Formulating models is demanding. Depending on the complexity of the circuit and
the computer power, a circuit simulation may take considerable time. Likewise, the
real-time completion of a dynamic simulation cannot always be guaranteed. The
percentage of real-time achieved is shown in the different curves.

The valve switching command comes from the electrical control board. Most
industrial solenoids are powered by 24 Volts DC and draw a small amount of
electrical current, so that they can be used directly by the actuators allowing the
control spool of the direction valve to shift either to the right or to the left depending
on which solenoid are energised to actuate the hydraulic cylinder. The electromechanical sensors are of the “ON–OFF” position limit switch type, which are fixed
on the end of the stroke of the hydraulic cylinder piston. These sensors detect the
position of the hydraulic cylinder rod and send a voltage signal to the electrical
control board as an indication that the rod has reached the desired point.

The purpose of this chapter is to discuss major findings of the research before
conclusions and recommendations are drawn. The discussion is structured to reflect
on the extracted literature review in Table 2.2, while the history of reconfigurable
bending press machines also leads the researcher to conclude that work has not
been done on control systems for RPBM and this necessitate the direction for
establishing suitable methods developed theoretically to solve this and almost similar
problems. The platform is set forth for investigating the commercial off the shelf
machine module configuration problems and the rest of this works wells in this
direction. It also discusses the methodology used in arriving at the results.
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5.2

Extension mode simulated result

The simulated movement for the synchronised cylinders in extension mode when
subjected to a step input of the control signal of 100 % full valve displacement. As
illustrated in the Figure 5.0, the replication of the synchronisation was successful.
The results also show an electrical control circuit diagram for manual operation
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FIGURE 5.0: Extension Mode Simulated result with electrical schematic diagram
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5.3

Retraction mode simulated result

The simulated movement for the synchronised cylinders in retraction mode when
subjected to a step input of the control signal on 100 % of the full valve
displacement. As illustrated in Figure 5.1, the replication of the synchronisation was
successful. The results also depict an electrical control circuit diagram for manual
operation.

FIGURE 5.1: Retraction Mode Simulated result with electrical schematic diagram
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5.3.1 Extension and Retraction simulation curves
Signals 1 and 2 are the power supply DC voltage of 24 volts and 0 volts respectively
in graph 1, while graph 2 indicates the transient response of input signals 1 and 2,
representing A for the cylinder at extension mode and B for that at the retraction
mode. Graph 3 presents a comparison graph of a similar experiment.

The simulated results in Figure 5.2 as presented by Badr, (2004), is for differential
input signals that are supplied to the solenoid of the proportional directional full valve
displacement. Figure 5.2a represents the response of the synchronised cylinders in
extension and retraction modes when subjected to the input control signal. Figure
5.2b represents the obtained curves when the signal 1 of 24Volts and signal 2 of 0
Volt was applied, while 5.2c represents the results obtained from similar results that
were employed in an electro-hydraulic system based on the use of a proportional
directional valve to control the cylinders.
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FIGURE 5.2a: Synchronised cylinders in extension and retraction modes when
subjected to the input control signal 1 and 2
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FIGURE 5.2b: represents the curves obtained when the signal 1 of 24Volts and
signal 2 of 0 Volt was applied
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FIGURE 5.2c: Represents a comparison graph for a similar experiment.
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5.4

FLOW DIVIDER SIMULATION CURVES

The curves in Figure 5.3 demonstrate similarities in characteristics, while the pressures are
equal, but a difference in quantity of flow is observed as 20 l/min due to variable adjustments
in the 33:67 % and as 6.85 l/min for the 33:33% flow divider respectively.

FIGURE 5.3: Simulated and measured chamber pressures for the flow divider, when conducting a
step in the control signal on 33:67% and 33:33% of the full valve displacement
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5.5

RELIEF VALVES SIMULATION CURVES

Figure 5.4 indicates the simulated and measured pressure dynamics for the relief valves
attached to each cylinder when subjected to a step input of the control signal process for 100
% of the full proportional directional valve displacement through the flow dividers. The Figure
shows the replication of the pressure response curves with similarities in pressure difference
of 50 bars in the hydraulic circuit but variable flow of 4.19 l/mins for relief valve1, 22.33 l/mins
for relief valve 2 and 22.21 l/mins for relief valve 2. The remarkable difference noticed between
relief valve 1 and relief valves 2 & 3 indicated the relief pressures of the overall systems being
mostly at relief valve 1 to prevent the locking up of the cylinder which was the disadvantage of
the concept 1 as in section 4.7.8 Model Concepts Selection Simulation Features.

FIGURE 5.4: Compared simulated and measured pressure dynamics for the relief valves attached to
cylinder 1 relief valves 1, 2 and 3 with simulated curves
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5.6

EQUALISED NOZZLE SIMULATION CURVES

Figure 5:5 indicates the simulated and measured pressure dynamics for the
equalised nozzle valves attached to the pop lines of each relief valve, when
subjected to a step input of the control signal for 100% of the full proportional
directional valve displacement through the flow dividers. The Figure shows the
replication of the pressure response curves with similarities in pressure difference of
50 bars in the hydraulic circuit but variable flow of 22.21 l/mins for Nozzle 1 and
22.09 l/mins for Nozzle 2. The difference is caused by the difference in the hydraulic
resistance of 0.01013 and 0.01024 for Nozzle 1 and 2 respectively.

FIGURE 5.5: Equalised Nozzle1 and Equalised Nozzle 2 curve displaying pressures
and flow responses to balance the equalised line
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5.7
SIMULATION RESULTS OF ELECTRO-HYDRAULIC CYLINDER
SYNCHRONIZATION ON RBPM

Formulating a model is demanding, depending on the complexity of the circuit and
the computer power, a circuit simulation may take considerable time. Likewise, the
real-time completion of a dynamic simulation cannot always be guaranteed. The
percentage of real-time achieved is shown in Figure 5.6a, to Figure 5.6c. It indicates
the simulated and measured waveforms of each cylinder when subjected to a unit
step input of the control signal process for proportional directional valve
displacement through the flow dividers. Figure 5.6a & Figure 5.6b show simulation
results of comparison of the step input response of the system’s responses with
values for the Position, Velocity, Acceleration and Force showing a synchronous
waveform for cylinders 1, 2 and 3, 100% this is depicted for both the Extension and
Retraction movements. Figure 5.6c shows simulation results of the comparison of
step input response of the systems responses with respect to the Position, Velocity,
Acceleration and Force showing a synchronous waveform for cylinders 1, 2 and 3,
50% Retraction.
The simulated relay ladders diagram for RBPM prototype control system Figure 5.6d
uses the LogixPro PLC simulator program.
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Synchronous
Waveforms for
Cylinder 1.2 and 3
position movement

FIGURE 5.6a: 100% Extension Simulation results of Comparison of step response of
system responses with Quantity value for Position, Velocity and Acceleration
showing synchronous waveform for cylinder 1, 2 and 3.
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FIGURE 5.6b: 100% Retraction Mode : Simulation results of Comparison of step
response of system responses with Quantity value for Position, Velocity and
Acceleration showing synchronous waveform for cylinder 1, 2 and 3.
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FIGURE 5.6c: 50% Retraction Mode: Simulation results of Comparison of step
response of system responses with Quantity value for Position, Velocity and
Acceleration showing synchronous waveform for cylinder 1, 2 and 3.
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FIGURE 5.6d: Relay ladder diagram for RBPM prototype control system simulated
on logixpro for implementation on the PLC
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5.8

TEST BOARD RESULTS

The test results demonstrated cylinders in motion, powered by a pump connected to
a proportional directional valve receiving signals from a double-acting solenoid which
was inputted by the signals from the controller module through the PID process after
a feedback or feed-forward signal from the sensors. The cylinder was linked to
sensors that measure the position and velocity of the movements, and the force. The
cylinder edge was also linked to the loading value that represents the cylinder acting
on the weight of the RBPM ram.
In this test, the proportional pressure relief valve was simulated using an orifice valve
controlled by a proportional solenoid, which applied sufficient force to provide the
exact opening in order to maintain the desired pressure differential. The considered
pressure value can be introduced as a signal for more precise judgement.

The simulation test results of the model shown in Figure 5.8a and Figure 5.8b follow
some rules in order to optimise the hydraulic control process.

145

FIGURE 5.7a: Extension Mode: 3 synchronised cylinder test pictorial views

FIGURE 5.7b: Retraction Mode: 3 synchronised cylinder test pictorial view
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5.9

PROTOTYPE COMPONENT ON TEST

In this research, manufacturing of fully functional prototypes is associated with high
costs, especially in African nations. Many components need to be imported, which
raises the prototyping costs. It also usually proves very difficult, if not impossible to
obtain any sponsorship from industry to manufacture functional prototypes because
the machinery manufacturing industry in Africa is currently non-existent. The actually
of implementation of the control system on the RBPM encountering major challenges
with regard to material sourcing and process expertise. Some critical components
specified in the original design could not be used in prototyping because of their
unavailability locally. These include the tie rod, pin type mounting hydraulic cylinder
and the motorized one to many flow dividers. A spool-type flow divider was used as
an alternative but this type was less than ideal for the functionality of the concept.
With a one to many flow dividers, the end user simply adds a hose to another port in
order to increase cylinders and also removes the hose in order to reduce the
cylinders. The pin-type mounting cylinder also improves rigidity in the performance.
Despite these being readily available in the foreign market, they could not be used,
because of the nature of the local procurement processes. Full performance
evaluation requires a lot of equipment, which is also not readily available currently;
the latter is not inclined towards machinery manufacturing. Machine design is also
very critical since it involves people who will use the machines during production.
The development of the prototype is an ongoing project due to manufacturability
constraints on some components of the physical structure. Figure 5.8a and Figure
5.8b below depicts the procured hydraulic power unit and its cylinder actuators. The
test was conducted at Pro Link Hydraulics Cc, Pretoria (Contractor for the fabrication
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of the prototype), while the steel structure is being sourced through the Institute for
Advanced Tooling.

FIGURE 5.8a: Prototype hydraulic power unit with three cylinders
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FIGURE 5.8b: Prototype hydraulic power unit with cylinder on test
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5.10

DISCUSSION

The research adopted an integrated use of adjustable flow dividers (one of the three
methods presented by Sun & Chiu, (2001) to achieve synchronisation of odd
numbered cylinders that started from 3 cylinders for the reconfigurable bending
press machine (RPBM) in order to accommodate additional modular inserts. The
present work adopted the use of the flow divider method from the three methods
postulated by Sun & Chiu that was ruled as both the simplest and cheapest. Vasliu
and Calinou, (2004) used modification of command values in digital control systems
to synchronise the hydraulic servo cylinders, while this study used control system of
electro hydraulic synchronisation to synchronise the cylinder actuators for the
reconfigurable bending press machine (RPBM) by making use of proportional
directional valves in tandem with adjustable flow dividers also in tandem with
equalisation nozzle less with 1 number of cylinders (n-1) for each pressure relief
valve that is associated to create an equal pressure flow in the hydraulic circuit to
give way for additional

modular inserts in order to achieve the reconfigurability

feature of the RBPM.
A nonlinear control algorithm to address the motion synchronization problem for a
multi- cylinder electro-hydraulic (EH) system was presented by Sun and Chiu (1999),
but the author used control for an algorithm of RBPM to take care of nonlinear
behaviour arising from load friction as well as the valve flow-pressure drop
relationship, however the dynamic behaviour of this systems is highly nonlinear due
to phenomena such as nonlinear proportional valve flow-pressure characteristics,
variations in trapped fluid volumes and associated stiffness, and proportional valve
characteristics near null control of such systems and from fluid compressibility. The
nonlinear behaviour can be as a result of reconfiguration of the final element in order
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to address the motion synchronisation problem for 3- cylinders and odd numbered
cylinders according to Yan et al. (2013) as deem fit by the designer of the RBPM for
attaining to the reconfigurable feature in the innovation. The work adopted electro
hydraulic principles to achieve the control system of RPBM.

Hogan and

Burrow, (1994) worked on synchronizing unevenly loaded hydraulic

cylinders; however, with the added flexibility of individually controlled cylinders, the
work did not elaborate on the design of a control algorithm that will explicitly improve
the synchronization performance. This study involves synchronisation of odd
numbered cylinders with evenly loaded electro hydraulic cylinder with added
flexibility for additional modular inserts and elaborated on the design algorithm that
will explicitly improve the synchronisation through the introduction of pressure relief
valves and equalisation nozzles for equal pressure in the system which is a condition
to achieve synchronisation in analogue to electrical actuators that have voltage,
current, resistors, capacitors, inductors, and diodes. The hydraulic circuits have
pressure, flow, orifice restriction, accumulator, and check valves respectively as
presented by Cetinkunt (2007). However, it should be noted that there are
differences between hydraulic and electrical circuits,
1. Flow-pressure (P, Q) relationship is nonlinear, whereas current-voltage (I, V)
relationship is linear,
√

(4.23)

⁄
Where

(4.24)

is the displacement of the valve spool,

represents the effective

orifice area and discharge coefficient function as

is the pressure differential

across the valve, R is the electrical resistance, and V is the voltage potential.
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2. The medium (fluid or electrons) of power transmission is compressible in the
hydraulic systems, and its properties vary among different fluids.
3. Voltage is a relative quantity; there is no absolute zero voltage. However,
there is absolute zero pressure, which is the vacuum condition.
In essence, in order to achieve synchronisation in electrical actuators (power
generators), the voltage, frequency and phases of the different actuators must be
equal. Applying the same principle to hydraulic systems actuators (cylinder), the
pressure, rate of movement of force profile and parameters of the cylinders must be
equal.
The following design information was used for the study simulation with the aid of
FluidSIM hydraulic software to prove the authenticity of the principles. Some of the data
was provided by the designer of reconfigurable bending press machine (RBPM) and is
shown below; data was presented in Table 5.0.

TABLE 5.0: Design setting parameters for FluidSim – RPBM prototype model
Characteristics
Parameters of cylinders

External Load
Force Profile
Actuator label

Values
Maximum stroke
Piston Position
Piston Diameter
Piston rod Diameter
Mounting Angle
Internal Leakage
Piston Area
Ring Area
Material
Moving Mass
Constant Force
Cylinder
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200mm
200mm
16m
10mm
0 angle degree
0 litres/min
2.01 qcm
1.23 qcm
steel on steel
5kg each
134 N each
1, 2, 3

An implicit recursive pole placement self-tuning control algorithm is used for the
adaptive control of an electro-hydraulic synchronizing positioning servo-system
(Xiong et al., 1992), while the adaptive control introduced in this work is to position
control of the synchronised cylinders to achieve feedback control systems for the
RPBM. The action is to enable a more adaptive system that will provide fundamental
characteristics such as stability, quality of response, and robustness.

5.11

CHAPTER 5 SUMMARY

This chapter presented the simulation results as well as a discussion on the
conceptual designs of the RBPM control system. It further displayed the curves and
graphs for the various components used to specify the concepts that the system
must meet, that is, performance, specification, system concept design and selection,
component sizing and selection, modelling and simulation, control algorithm design
and

control

design
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validation.

CHAPTER 6 (CONCLUSIONS AND SCOPE FOR FUTURE
DEVELOPMENT)
6.1

INTRODUCTION

This work has been oriented towards the design of a control system for a
reconfigurable bending press machine (RBPM) using RMS principles from the
automatic control field perspective. After taking into account certain constraints of the
actuator hydraulic control and electrical and programming methods specifics to the
problem, the researcher considered three control techniques.
These three approaches were subsequently tested by simulating them on realistic
nonlinear model of the process and on a real test bench. The results are satisfactory
in contrast to the extracted review of previous research on synchronisation of
hydraulic cylinders in Table 2.2. The characteristics and performances of the
controllers can be summarised as follows:


The features that the reconfigurable bending press machine (RBPM)
controller should possess for full reconfiguration was identified and a design
of the hydraulic control system for 3 cylinder synchronisation, which is a novel
design approach and a contribution to knowledge in terms of research in
cylinder control synchronisation, with the use of any mathematical model,
(Cetinkunt, 2007) described the two different purposes

for modeling a

physical system as
(1) Development of a mathematical model in order to predict the dynamic
behaviour of the system as accurately as possible, using numerical solution
methods. Such a model serves as a tool for extensive evaluation of system
behaviour without actually using or building the actual system.
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(2) Development models to gain insight into the behaviour of dynamic system
qualitatively instead of exact response prediction, i.e., knowledge of stability
margins, controllability and observability of states, and sensitivity of response
to parameter changes. Such models need not contain all the detail of an
actual system, but only the most essential features so as to provide good
insight from an engineering standpoint.

But taking advantage of the physical characteristics of the system to be controlled, a
system controller composed of two sub controllers (one oriented towards a
hydraulically controlled circuit, the second oriented towards an electrically controlled
circuit) and coordinated by an amplifier module has been designed as part of this
study. In special cases, the controller could easily be tuned using optimisation
techniques. These methodological results have been validated on simulations as
well as on a test bench. The corresponding techniques appear to be valid and
efficient solutions for real problems.

In spite of many articles reporting on the successful application of control systems for
cylinder actuator synchronisation as in Tabled in 2.2, research on the application of
control systems to synchronise numbers of cylinders is sparse and can only be found
in a few research papers, while no research has been conducted on the
synchronisation control of odd numbered cylinders such as 3, and limit of odd
numbered cylinders, as applied in reconfigurable bending press machine (RBPM).



The use of sensor and actuator devices to reduce costs without compromising

capabilities for the open architecture controller of the reconfigurable bending press
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machine (RBPM) was designed as a position control system for the synchronised
cylinder.


A simulation of the control system was completed and different result curves

were obtained, comprising of modules such as 1 piece proportional directional
control valve, 2 flow dividers, 3 relief valves, 2 equalised nozzles and 3 hydraulic
cylinders obtained from Table 4.0 for FluidSIM components symbol used in
schematic circuit design of the electro hydraulic systems control system for RBPM.
Similar components for prototype development have been procured and listed in the
annexure to this dissertation. However, the building of the prototype has been
delayed due to unavailability of funds, but work has progressed with the approval of
the funds for the fabrication of the mechanical structure at Institute of Advanced
Tooling at Shoshaguve Campus on which the control components that has been
procured will be implemented. Further research work will accommodate the
execution of the control system design on the structure when the fabrication work is
completed due to lead delivery time of 6 months from the date of mobilisation in
March 2014.


Test board construction was completed and its testing was at the laboratory

test bench exercises made at mechatronics lab in the Department of Industrial
Engineering of Tshwane University of Technology, Pretoria. South Africa, to
investigate the performance of the hydraulic control system for the RBPT shows that
the control system for the synchronised cylinders was successfully executed. In
addition, an article titled “Control System For Electro hydraulic Synchronisation Of
Reconfigurable Bending Press Tool’’ was submitted and accepted as part of the
conference proceedings of the Elsevier CRIP conference at the University of
Windsor, Ontario, Canada, April 27-30, 2014. The unpublished paper on the “Design
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of Fuzzy-PID controller for Reconfigurable Bending Press Machine” was accepted
for FAIM conference in San Antonio, Texas. U.S.A.


Implementation of the RBPM prototype design is occurring at TUT and an

analysis of its performance to see whether it achieves the intended purpose is being
considered.


Successful implimentation of reconfigurability in small and medium RBPM will

result in improved productivity in sheet metal bending processing.


Current work on RBPM regarding further development of the proposed

concepts to prototyping stage, is being achieved by using the proposed framework.


Future research is focused on the ADD ON design for commercialisation

(fuzzy-PID integration on PLC with provision for machine intelligence).

6.2

SYSTEM ANALYSIS CONCLUSIONS

In hydraulic power transmissions, the requirement for synchronisation control is
common, but synchronisation comprising huge flow rates, high degrees of accuracy
and numerous actuators is always a difficult problem due to the characteristics of
hydraulic systems, such as liquid squeeze, leakiness, damp, and so on.
Furthermore, it is especially difficult to realise higher synchronisation control
accuracy for multiple cylinders with factors such as larger and changeable outer
capacities, lack of balance in equipment and larger travelling in equipment motion.
So the search for a design plan, control method, and synchronisation of a
synchronous system will influence the operating conditions of the hydraulic press.
This system requires not only synchronisation speed of odd numbered cylinders, but
also a larger change in its range of flow, so that the system is changed into a
synchronisation control system with changeable flows and higher accuracy.
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According to the principle of hydraulics, there are two kinds of electric control
systems: valve flow-divider control and pump control. The former exhibits a higher
accuracy and faster response speed, so this system adopts a valve control.
So, the basis of a hydraulic synchronisation control system is a single hydraulic
system, with a proportion of its position control revealing nonlinear and time-varying
volatility. Many parameters are nonlinear due to their working conditions such as
different working points, speed gain changes and damping ratios. In addition, mutual
influences on motion exist between odd numbered cylinders, so it is difficult to build
an accurate mathematical model consisting of synchronous processes. So in the
control system, the electro-hydraulic proportion position system is controlled by
means of a linearised model, which cannot achieve a satisfactory control effect.
Therefore, the system design adopts a combination of PID control and fuzzy control
which is also being considered for further research.
Two concepts utilised in the specification for the reconfigurable bending press
machine are analysed, and then an approach is proposed in the design,
configuration and reconfiguration of these industrial press machines. A range of
varying

configurations

are

achievable

with

these

commercial

off-the-shelf

components. These mechatronics modules can result in structures of press
machines that are reconfigurable and the characteristics of the RMS can also be
realised as depicted in Figure 3.0. From the result of the simulation and the
laboratory test bench exercises completed at the Mechatronics laboratory in the
Department of Industrial Engineering of Tshwane University of Technology, Pretoria,
South Africa, the performance of the hydraulic control system for the RBPM, it is
evident that the control systems of the synchronised cylinders were successful.
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This study contributes to the body of knowledge regarding reconfigurable
manufacturing systems, specifically in terms of the utilisation of commercial off-theshelf modules in the design of reconfigurable press machines.

6.3

SCOPE FOR FUTURE DEVELOPMENT

In order to achieve the future research focus of the proposed ADD-ON design for
commercialisation (fuzzy-PID integration on PLC with provision for machine
intelligence), it is necessary to actualise a control system that will comprise the use
of modules such as a PID controller, API and GUI. The implementation of a Fuzzy
logic controller (FLC) has the benefit that it does not require a precise mathematical
representation of the process. Input variables pass through the fuzzification interface
and are converted to linguistic variables. Then, a database and rule base holding the
decision-making logic are used to infer the fuzzy output. Finally, a defuzzification
method converts the fuzzy output into a signal to be transmitted. Examples of modelbased controllers are linear state feedback controllers, optimal controllers, and
proportional-integral-derivative (PID) controllers (although the skill of the researcher
can tune a PID controller to improve system performance even when there is no
mathematical model of the system).In certain cases, however, these methods fail
because a sufficiently accurate mathematical model of the system is not well-known.
In such cases, if sufficient knowledge about how to control the system is available
from a researcher skill, a fuzzy system can be designed to effectively control the
system even if the mathematical model is completely unknown. In fact, one of the
main uses for fuzzy systems is in closed-loop control of nonlinear systems whose
mathematical models are unknown or poorly known. This reason for the choice of
fuzzy logic has led to the discovery of possible platforms on which fuzzy inferences
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can be installed, while the realisation of modules such as the PID controller, API and
GUI is achieved through the use of a commercially off-the-shelf programmable logic
controller (PLC).
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Design of Fuzzy-PID Controller for Reconfigurable Bending Press Tool
Olukorede Adenuga*, and Khumbulani Mpofu
Department of Industrial Engineering
Tshwane University of Technology,Pretoria,0001,South Africa
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address:olukorede.adenuga@gmail.com
Abstract
This paper describes the concept for the design of Fuzzy-PID Controller for a prototype
Reconfigurable Bending Press Tool (RBPT).The proposed control systems is separated into two
parts, fuzzy controller, to be programmed and configured on Programmable Logic Controller (PLC)
and Electro-hydraulic amplifier with an input PID control for correction of non-linear performance.
Fuzzy controller is used to control systems when the output value of system is far away from the
target value, while servo amplifier is a self-tuning PID controller is applied when the output value is
near the desired value. In the terms of adjusting, the PID parameters will be tuned by using fuzzy
tuner as to obtain the optimum value. The aim of the proposed controller is to adopt a programmable
logic controller (PLC) as sub controller for RBPT on a plug and play through commercially-of-theshelf (COTS). The objectives of this paper is to look at the concepts that has been applied by other
scholars in the field of control and integrate the knowledge in the developing an open architecture
(OA) based intelligent control suitable for the RBPT.
1. INTRODUCTION
1.1

Historical Background of Reconfigurable Bending Press Tools
At the beginning of the twentieth century, mass production contributed to the emergence of the middle
class by providing jobs and the means to manufacture the goods that this new segment of society used to
improve its quality of life. By the middle of the century, customers’ desires and tastes became more
sophisticated, forcing the production systems to adapt to meet their desires. Manufacturing systems have been
trying to catch up with the shifting demands of the markets ever since. During the second half of the twentieth
century, manufacturing systems struggled to increase their capacity and efficiency, while accommodating the
wider range of products. In response to the need to accommodate changes in production capacity and product
mix, ﬂexible manufacturing systems (FMS) were introduced during the latter part of the century. The
implementation of FMS relied on the extensive use of costly automation at a time in which the ability to provide
intelligence to such systems was very limited. Under these conditions, ﬂexibility could only be achieved by
providing excess capacity. As a result, equipment utilization was low, and the cost and time required to adapt
FMS to variations in product mix and production volumes was too high [1]. Today, customer satisfaction is the
mission for most manufacturers. Mass customization, a product deployment concept that combines low price
with extensive variation and adaptation, has emerged because of its potential impact upon the customer’s
perceived value of a product [2]. Products have to be manufactured at costs comparable with those items
obtained by mass production techniques. At the same time, these products are highly customized not only in
variety but also in quantity and attributes [3]. Mass customization techniques focus on meeting these demands.
As a concept, mass customization has driven the development and implementation of new manufacturing
technology for the last decade.
The history of a review regarding the different research areas critical for developing and integrating
reconﬁgurable bending press tool and intelligent machines can be related to the concept of RMTs which
appeared in the early 1990s as a particular trend that evolved directly from the concept of FMS [4]. Machine
tools available in today’s markets have been designed for ﬂexibility in terms of the types of processes and
geometric complexity of the product that can be manufactured. Hydraulic press is widely used in machinery
manufacture ﬁelds such as hydraulic punching, pressing and bending machines, and molding technology
because of its high power/mass ratio, fast response, high stiffness and high load capability. However, the
proposed reconfigurable bending press tool with intelligent control is intended for the small scale industry that
will take care of drawbacks such as complex structure, much energy consumption, plentiful heat generation,
high noise, serious vibration, high precision requirement of oil ﬁltrating and throttle losses at the control valves.
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Summary
In industrial manufacturing system, one often encounters situations in
which motions in two, three or more hydraulic cylinders actuators
need to be synchronized. The need for the design of Reconfigurable
bending press machine (RBPM) control system prompted the
research in the development of an automatic and synchronized
system, suitable for the press tool operations, versatile in raising and
thrusting of multi- cylinders with odd numbers.
The concept is to design the control system that will allows
controlling
pressures/flow
and
synchronous
movements,
accompanied by position readings measured by position sensors. The
system will work simultaneously; with a maximum assembled of units
working together, typically in a number that fits the operation’s needs.
The aim of the controller is to develop a position control system that
incorporates features of a modular controller interfacing with
position sensors and detecting the position of the hydraulic cylinder
rod through commercially-of-the-shelf (COTS) components. The
design was achieved through the use a multiple flow divider to allow
the addition and or subtraction of hydraulic cylinders, thus increasing
or reducing the power output during the bending process.
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Annexures G

FluidSIM components symbols used in the schematic circuit design of the control system for RBPM electro hydraulic systems
COMPONENTS FLUIDSIM
NAME
COMPONENTS
SYMBOL

COMPONENTS PICTORIAL VIEW

Adjustable Parameters

CYLINDER

Max.stroke:
1 … 5000 mm
Piston position: 0 … Max. stroke
Piston diameter: 1 … 1000 mm
Piston rod diameter: 0 … 1000 mm
Mounting angle 0 … 360 Deg.
Internal leakage: 0 …. 100 l/(min*MPa)
Moving mass: 0 … 1000 Kg
Static Friction coeff.: 0 … 2
Force:
- 1000000 … 1000000N

DESCRIPTION AND FUNCTION OF THE FLUIDSIM
COMPONENTS
The configurable cylinder can be customised via its
properties dialog. Almost any combination of piston
type (single-acting, double-acting), the specification of
the piston rods. An end position cushioning (without,
with, adjustable) can also be defined. FluidSIM
automatically adjusts the symbol according to pre-set
configuration.

The pump unit supplies a constant volumetric flow.
The operating pressure is limited by the internal
pressure relief valve. The pump has two tank
connections.
PUMP UNIT
Adjustable Parameters
Max. pressure:
Flow:

0.01 … 40 MPa
0 …. 500l/min
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Internal leakage: 0 …. 100 l/(min*MPa)

COMPONENTS FLUIDSIM
NAME
COMPONENTS
SYMBOL

COMPONENTS PICTORIAL VIEW

DESCRIPTION AND FUNCTION OF THE FLUIDSIM
COMPONENTS
In normal position all connections are closed. When
actuated by the control solenoids, the valve is set to
crossover of parallel position. If no current is flowing
through the controls solenoids, the valve can be
manually actuated.

4/3- WAY
SOLENOID
VALVE WITH
SHUTOFF
POSITION
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In normal position the valve is closed. If the opening
pressure is reached at P, T opens. When the
pressure drops below the pre-set level, the valve
closes again. The floe direction is indicated by the
arrow.

PRESSURE
RELIEF VALVE

Adjustable Parameters
Normal pressure:
0 … 40 MPa
-7
2
Hydraulic resistance: 1e …100 MPa*min

COMPONENTS FLUIDSIM
NAME
COMPONENTS
SYMBOL

COMPONENTS PICTORIAL VIEW

DESCRIPTION AND FUNCTION OF THE FLUIDSIM
COMPONENTS
The flow divider valve divides the flow from P into
equal flows at A and B. This is achieved using two
measuring orifices and two control resistors. The
control resistors are unified in a pressure
compensator. The adjustable resistance and flow
relates to the resistance of the individual measuring
orifices and control resistors

FLOW DIVIDER

Adjustable Parameters

201

Hydraulic resistance: 1e-7 … 100 Pa*min2

The nozzle represents a hydraulic resistance.
NOZZLE

Adjustable Parameters
Hydraulic resistance: 1e-7 … 100 Pa*min2
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COMPONENTS FLUIDSIM
NAME
COMPONENTS
SYMBOL

COMPONENTS PICTORIAL VIEW

DESCRIPTION AND FUNCTION OF THE FLUIDSIM
COMPONENTS

If the inlet pressure at A is higher the outlet pressure
at B, then the check valve allows the flow to pass,
otherwise it blocks the flow.

CHECK VALVE

Adjustable Parameters
Hydraulic resistance: 1e-7 … 100 Pa*min2

ELECTRICAL
CONNECTION
0V

0V and 24V connection of the power supply
AND

and
24V
The valve solenoid switches the valve. By means of a
label the valve solenoid can be linked to a valve that
is solenoid operated

VALVE
SOLENOID
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COMPONENTS FLUIDSIM
NAME
COMPONENTS
SYMBOL

COMPONENTS PICTORIAL VIEW

Switch that closes when actuated and opens
immediately when release.
In FluidSIM switches can be actuated permanently
(locked0 when continuing to hold down the mouse
button and pushing the Shift key. This permanent
actuation is released by a simple click on the
component.

PUSHBUTTON
(make)

General make and break switch that is tailored
according to the component that actuates it. For
example. If the make switch is linked via a label to a
switch-on-delayed relay, the make switch changes to
a switch-on delayed make switch in the circuit
diagram.

MAKE
AND

DESCRIPTION AND FUNCTION OF THE FLUIDSIM
COMPONENTS

AND

BREAK
SWITCH
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