
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Characterisation and modelUng of electro-pneumatic 
production systems

Paul Harris

University of Dublin,

Trinity College,

Department of Mechanical and Manufacturing Engineering

A thesis submitted in partial fulfilment for the degree of Doctor of Philosophy

May 2011

Dr. Garret O ’Donnell 

Project Supervisor



f ^ T R I N I T Y C O L L E G ^

2 2 u l /T 2 0 i 2

^  L I B R A R Y  D U B L I N  ^

11 f  !o(̂ b



Declaration

Research has been carried out in the Mechanical and Manufacturing Engineering 
Department of T rinity  College Dublin between October 2007 and April 2011. This thesis 
describes original work, which has not been submitted to any other University. The 
candidate agrees that the Library may lend or copy this thesis on request.

Paul G. Harris



Summary

Compressed air is a widely employed energy source in modern manufacturing, 

accounting for a large percentage of plant electrical energy usage. However, the energy 

efficiency of such systems can be particularly low. Accurate models are essential in 

optimising the energy efficiency of pneumatic systems through model based design and 

control techniques. This study therefore aims to  explore the dynamics, and in particular 

consumption characteristics, of pneumatic production processes w ith a focus on the 

development of scientific process models for industrial electro-pneumatic systems.

With a view to assessing compressed air usage and efficiency in automated 

production, an industrial case study was conducted on two assembly modules. An analysis 

of air flow to the module, under a variety of production rates and machine conditions, 

allowed for a characterisation of consumption and losses. The investigations showed that 

non-functional usage can account for approximately 34% of total machine air 

consumption. This figure represents a significant requirement on generation capacity. 

Such air losses can be reduced substantially w ith effective maintenance programs and 

control of open blow type devices. Both solutions are high return on investment projects 

and as such should be a priority target for industrial users. Additionally it has been 

highlighted that mathematical models are necessary to further quantify inefficiency in 

pneumatic systems due to design and exergy type losses such as pressure drop, friction and 

back-pressure.

A theoretical model was developed to predict the dynamics of an individual 

pneumatic drive system. The mathematical model considers non-linear flow through 

extended pneumatic circuits, direction dependent friction, dead volume in cylinder 

chambers, fittings and tubing, leakage between actuator chambers, time delays due to valve 

switching and long lengths of tubing, polytropic temperature model w ith optimisation of 

index and heat transfer. The simulation results were compared w ith the experimental 

results under different loading conditions using flow, pressure, position and acceleration 

sensors. The validation results indicate the model is accurate in tracking flow, pressure, 

pneumatic force and position trajectories. The mean absolute error in position prediction 

was less than 1 mm, and for pneumatic force was estimated to be 9.6N. These results are



good considering the maximum stroke length and theoretical force of the cylinder are 

50mm and 245N respectively.

A scalable consumption model was developed for pneumatic production systems. 

The model was developed w ith a view to implementation in an industrial environment 

and can account for most types of active and all passive consumers. The Simulink model 

was interfaced with a programmable logic controller using an O PC  server to allow for 

dynamic m onitoring of control actions and air usage. The modelled and measured 

consumption of both active and passive consumers were compared, separately and as a 

system. The average error in consumption for three drives was estimated to be 13%. The 

error in passive consumer models depends on pressure, due to the assumption of sonic 

flow. The accuracy in modelling a combination of air knives and leakage was 5% at an 

upstream pressure greater than 3.5 bar. For pressures below 2.5 bar, the error increases 

from 15%. The accuracy of the simulation model in tracking the consumption of a 

prototype automation system under two different sequences was estimated to be between 

7% and 13%. The results of the consumption model validation indicate that the proposed 

approach can be used w ith an acceptable level of accuracy for engineering applications.

It has been shown that the dynamics of an open-loop pneumatic drive system, 

common in industry, can be modelled with good accuracy, though the required 

identification effort is significant. The simplified consumption models reduce both 

modelling and identification effort and complexity. It has been demonstrated on a 

prototype machine that the predictive consumption approach can be used w ith reasonable 

accuracy. It is envisaged that the developed models will form part of a platform for 

improved measurement and control of industrial gas usage in manufacturing.
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Nomenclature

a Cracking pressure ratio

A Cross-sectional area, m ’

A System activation matrix

Ae Effective Area, m '

Aq Area of heat exchange surface, m ’

b Critical pressure ratio

c Speed of sound, m /s

C Sonic conductance, mVs.Pa

Cd Discharge coefficient

Cp Specific heat capacity at constant pressure, J/kg.K

Cv Specific heat capacity at constant volume, J/kg.K

d Diameter (internal), m

E Energy, kWh

f Actuation frequency, cycles/min

F Force, N

g Gravitational acceleration, m /s ’

H  Total enthalpy, J

Hsp Specific enthalpy, J /k g

h Annual operating hours, h

I Current, A

k Heat conductance, W /K

L Length, m

m Gas mass, kg

ifi Mass flow rate, kg/s

M Payload mass, kg

ms Subsonic index

n Polytropic index

P Pressure, absolute pressure Pa or bar, gauge pressure bar(g)

Pr Pressure ratio

Pw Power, W

Q Heat, J
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q Consumption,

qii Enthalpy flow rate, W

qv Volumetric flow rate, mVs or L /m in

R Gas constant, J/kg.K

Re Reynolds num ber

S stroke, m

s Coefficient of compressibility

t Time, s

T Temperature, °C or K

u Input signal, V

U  Internal energy, J

V Volume, m^

W Total work, J

y Position, m

Z System transition matrix

Greek letters

P Viscous friction coefficient

V Ratio of specific heat capacities

A Increment

n Efficiency

|J Dynamic viscosity, kg/m .s

V Kinematic viscosity, mVs

p Density, kg/m^

cp Flow function

A Heat transfer coefficient, W /m 'K

Subscripts

Amb Am bient conditions 

c Choked

d Downstream

df Dynamic friction

f Coulom b friction

u Upstream



r Rod

rf Resistance force

t Tubing

tr Transmission

e Equilibrium conditions

ex Expansion

sw Switching

sf Static friction

1 Cham ber 1, blind eye of cylinder

2 Chamber 2, rod end of cylinder

0 Reference conditions

Abbreviations

AQT: Automated Quality Test

CA: Compressed Air

CF: Conversion Factor

DCS: Distributed C ontrol Systems

FRL: Filter Regulator Lubricator

HML Hum an Machine Interface

LCC: Life Cycle Costs

MAE: Mean absolute error

ME: Mean error

MXR: Maximum residual value

NEST: Natural Environmental Societal Technological

OEM: Original Equipment Manufacturer

OPC: Object Linking and Embedding (OLE) for Process Control

PID: ProportionalTntegral-Derivative

PLC: Programmable Logic Controller

RMSE: Root mean square error

SCADA: Supervisory C ontrol and Data Acquisition

SEC: Specific Energy Consumption, kW /lps

TCO: Total Cost of Ownership

TU: Transfer Unit
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1. Introduction

1.1 Sustainable production and energy efficiency

The manufacturing industry is responsible for the generation of wealth, 

employment, quality of life and the prom otion and sustaining of services, education, 

research and development [1]. The process, however, entails considerable environmental 

impact through pollution and particularly natural resource depletion: material and energy 

consumption [2]. Environmental benign or sustainable manufacturing incorporates the 

general concept that any business plan must address its relationship to the environment 

and suggests that business opportunity and social responsibility are ultimately intertwined 

[3,4]. Sustainability is emerging as a significant competitive dimension between large 

international companies for reasons such as risk mitigation, market advantage through 

‘green’ product differentiation, regulatory flexibility and corporate image [4].

Energy is a key enabler in facilitating manufacturing operations and is provided for 

all aspects of a firm ’s value chain. Nevertheless, it is capital, labour and raw materials that 

are traditionally viewed as the prom inent production factors in manufacturing 

organisations. There is an emerging paradigm that defines manufacturing, in a post­

modern sense, as a process whereby “information is transformed into products by the 

controlled flow of energy” [5]. In this context, information and energy efficiency are the 

key critical success factors for future manufacturing operations. Energy efficiency is the 

ratio of energy consumed as useful w ork or output to the overall energy consumed [6], and 

is a key element in the development of sustainable production systems. In the national 

context, energy efficiency in manufacturing is a key factor in both retaining 

competitiveness in Irish industry and meeting strategic Irish government objectives [7,8]. 

However, it is im portant to acknowledge that energy efficiency is just one component of 

the sustainable production paradigm. In particular in the manufacturing context, there is a 

need for the integration of all sustainable production methods and tools including end of 

pipe approaches and prevention methods [9], A longer term vision for sustainable 

production may encompass concepts such as industrial ecosystems [9] and closed loop 

manufacturing systems [10].



1.2 Pneum atics in au tom ated  m anufacturing

In terms of automation and material handling, fluid power devices are used to move, 

position and clamp components, assemblies or other mechanisms on production machines 

[11]. Pneumatic systems refer to systems where the transmission of power is achieved 

through the use of a compressed gas. Since compressed air is the most commonly used gas, 

it has become synonymous w ith the term pneumatics [12,13]. In modern manufacturing 

pneumatic devices are widely used in conjunction with digital controllers, electrically 

operated valves and sensors, to automate production processes, but also significantly, for 

process control operations such cleaning, cooling and drying. Additionally the availability 

of force and m otion controllable servo-pneumatic systems, with performance similar to 

that associated with electric servo-systems, has extended the functionality and capability of 

pneumatic systems further [14]. Recent research has investigated the potential for 

pneumatics in advanced robotics w ith particular focus on robot teleoperation and haptic 

interface based applications, such as Exoskeletons and serpentine mobile robots [15-17]. 

The general application range for pneumatic actuators in terms of force and m otion 

requirements is shown in figure 1.1 and indicates a wide range of applicability.

O
8 - .
o

oo _ o

1 1000 10000

A c tu a tin g  ra te  in  m m /s

PI Pneum atic  s H| Hydraulics S| S tep p e r  m o to r  
M | Spindle m o to r  com bination

F igure 1.1: Application range for pneumatic drives [18]
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The choice of actuation type for any machine (electrical, pneumatic or hydraulic) is 

driven by a combination of factors including speed, stroke length, load rating, duty cycle, 

accuracy, operating life, the requirement for multi-positional movement and cost [11]. 

There are a large number of advantages that ensure the use of pneumatics in most 

industrial facilities. These include low acquisition cost, long life time and rapid point to 

point positioning, which enables production machines to achieve high cycle rates. 

Pneumatic actuators have excellent power to weight ratios and since they do not overheat 

o r generate sparks are very suitable for hazardous environments. Compressed air is safe, 

clean, poses no health hazard, and is a well established medium for converting pressure to 

force and translational displacement [13]. Pneumatic energy is easily stored and there is no 

requirement for the return lines associated with hydraulic systems. Unlike electromagnetic 

actuators, the pneumatic type can be directly coupled to a payload without the need for 

transmission, and is naturally compliant due to the compressibility of air. This compliance 

is beneficial when personnel must be inside the w ork envelope of the machine [19] or for 

mobile robots, where propulsion depends on optimal traction between propulsion 

elements and arbitrarily shaped environments [17]. Additionally the compliance is 

adjustable via pressure regulation. Finally pneumatic actuators can stall in extended 

positions indefinitely w ith no adverse effects and no additional energy consumption 

[14,20].

1.3 Challenges in pneumatics

O ne drawback of pneumatics is its low conversion efficiency, especially in 

comparison to equivalent electric drives. Conversion efficiency in this case refers to the 

ability to convert energy from a power source into mechanical work. Compressed air 

energy is expensive because compressing the air requires large amounts of electrical energy 

[21]. From  an industrial perspective, compressed air is considered the fourth utility after 

electricity, gas and water. However, it can in fact be more expensive than any other 

industrial utility [22]. The overall energy efficiency of compressed air systems has been 

estimated to be between 5% and 15% (figure 1.2) [23,24]. However, since large energy 

savings are now achievable through heat recovery it is difficult to make general statements
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about the true energy efficiency of such systems [13]. A common breakdown of energy 

usage and losses across the three main compressed air subsystems, generation, distribution 

and end-use, is shown in figure 1.2.

Total energy losses: 
80-90%

Waste heat & Pressure
other losses drop Leakage

O

0 2  (b  '< (£■ 5 a
c ^  =» 0 )

100%

Conversion & 
other losses

Toolings
actuation

Process
control

Material 
handling ‘

Total functonal 
usage 10-20%

Compressed air generation Distribution End-use

Figure 1.2: Sankey diagram of typical manufacturing CA system energy usage and losses, 

adapted from Eret et al [25].

The poor energy efficiency of pneumatic systems is im portant from a policy 

perspective since the production of compressed air accounts for 10% of the E U ’s industrial 

electricity usage, equivalent to around 80 TW h annually [26]. This figure can be 

significantly higher for many manufacturing facilities where compressed air can account 

for, in somie cases, 60% to 70% of total plant electrical energy consumption [27]. In 

general, energy costs can account for up to 75% of total ownership costs for pneumatic 

equipment [28,29]. W ith the adoption of life cycle cost metrics by OEMs, and the 

introduction of competitively priced electrically driven linear drive, energy efficiency is 

now also a strategic imperative for pneumatic suppliers to maintain competitiveness 

[11,20].
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1.4 Research focus

Research in pneumatics employs a macroscopic view for the design and control of 

circuits and systems. Unlike in traditional fluid mechanics, phenomenon such as boundary 

layers, shock waves and velocity profiles are only considered quahtatively [30]. Most 

analysis of pneumatic devices utilises a lumped parameter approach so that one­

dimensional flow and total differential equation formulae can be used for modelling and 

simulation purposes [13,30]. The air consumers of a pneumatic system are classified into 

two categories: active and passive [31]. Passive consumers refer to pneumatic devices such 

as blowers, air knives, nozzles and open pipes that consume air on a continuous basis. 

Active consumers include linear and rotary cylinders that draw pressurised air on a 

periodical basis and typically for a short duration.

The traditional focus for energy saving tends to be on generation of compressed air, 

since the direct consumer of electricity is the compressor and suppon equipment. In 

general in many production facilities compressed air is considered solely the responsibility 

of the technical building services depanm ent [26]. The energy efficiency of end consumers, 

the pneumatic systems embedded in production machines, has not been examined as 

extensively as other elements of compressed air systems. A reduction in end use, however, 

has the potential for a cascading energy saving effect, since losses are also reduced in 

generation and distribution.

The optimisation of energy usage must typically be balanced with sometimes 

competing objectives such as cycle time and capital costs. Therefore any air consumption 

minimisation strategy must consider the overall objective of the individual pneumatic 

drive or system, e.g. to move a specific mass along a specific stroke w ithin a specified time 

[32,33]. Since constraints such as stroke time and final holding force must be considered, a 

full understanding of the system dynamics is necessary [33]. It is envisaged that scientific 

process models of pneumatic systems will form the basis for future energy optimisation 

through model based design and control. The modelling approach taken in this thesis 

considers both individual pneumatic components and systems of devices. In particular, 

passive consumers are considered in addition to active, since in many cases air knifes and
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nozzles on a machine can account for the majority of air energy usage, as shown in figure 

1 .2 .

1.5 Scope & aim of research

The goal of the present research is to explore the dynamics, and in particular the 

consumption characteristics of pneumatic production systems. The objectives of the 

project may be stated as:

• To characterise compressed air usage and efficiency of an industrial production

system and to investigate the state of art in energy optimisation methods and technology.

•  To develop, and experimentally verify, dynamic models for both individual

pneumatic drives and systems containing a multitude of pneumatic devices.

•  To identify the flow characteristics of typical pneumatic circuits and assess viability

of current identification techniques for industrial systems.

The investigation of machine level compressed air consumption focused on two 

operational production modules, and involved quantifying non-productive usage and 

identifying the underlying causes for such usage.

Two types of models were developed, the first a dynamics model of pneumatic drive, 

the second a consumption model for pneumatic system. All models were developed in the 

Matlab-Simulink software environment. Both are hybrid due to the discrete and 

continuous elements of any electro-pneumatic system. The first model takes a traditional 

approach to modelling the dynamics of an individual pneumatic drive system, consisting of 

cylinder-valve combinations, from first principles. The second consumption model 

employs simplified consumption equations and is interfaced w ith a programmable logic 

controller (PLC) to  provide a dynamic consumption model suitable for industrial type 

pneumatic systems. The practicality of these models for use on full size production 

machines is discussed.

In order to validate the developed models an experimental rig was constructed and 

tested. The rig was designed to represent a typical electro-pneumatic system on an 

automated production machine, and consisted of a range of pneumatic consumers

6



including linear cylinders and air knives. Current parameter identification methods were 

assessed in terms of their practicality for use in industrial environments. The current 

identification techniques, described in IS06358 standard for individual pneumatic 

components, were assessed w ith a view to their use on extended pneumatic circuits, with 

multiple devices in various configurations.
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2. Literature Review

2.1 Manufacturing Systems and Pneumatic Technology

2.1.1 Production paradigms

The evolution of manufacturing paradigms has been driven by market conditions 

and society needs (i.e. NEST context changes) and realised through the development of 

enabling technology and processes [1,34]. At present the dominant production paradigm is 

one of mass customisation and personalisation, and is driven by consumer requirements 

for lower prices, customisation and innovation [34], The paradigm is enabled by 

integration of state of art information technology and re-configurable manufacturing 

system (RMS) processes. RMS processes are developed such that production capacity is 

adaptable in order to respond rapidly to market demand.

It is widely theorised that environmental, economic and societal concerns will lead to 

the development of a sustainable production paradigm [1,3,4,35-37]. Sustainable 

production means that products are designed, produced, distributed, used and disposed 

with minimal environmental and occupational health damage, and with minimal use of 

resources; materials and energy [35]. The term  is often used interchangeably with 

Environmentally Benign Manufacturing [4] and Environmentally Conscious 

Manufacturing [3]. The concept of Low Carbon Manufacturing is more specific and 

focuses on the carbon dioxide emissions resulting from energy usage [37]. The use of a 

Carbon Emissions Signature (CES) is a specific example of a structured LCM methodology 

that can account for C O : emissions in any system that uses an electric power grid [38].

A future vision for manufacturing, presented by W estkamper consists of processes 

characterised by distributed simultaneous development, virtual engineering, networked 

production and intelligent production systems [39], This process will be enabled by three 

specific elements: 1/ Technical Intelligence 2 / Digital and virtual engineering tools 3 / 

Communication technology [39].

Technical intelligence refers to the ability of technological products to adapt 

themselves autonomously and in a situation dependant manner to ambient environmental
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conditions. This is possible through mechatronic product developments. That is, products 

containing mechanical, electronic and software-based components as well as sensors and 

actuators that provides a machine with limited ability to adapt automatically to 

environmental conditions [39]. Specifically, this means that machines will be able 

effectively compensate for all system-based influences autonomously and adapt 

automatically to take account of prevailing conditions [39]. This concept is illustrated in 

figure 2.1.

Scientific 
Based 

Process 
m odels

Modelling
Sinnulation

IP I>  T-- - - - - -  IPOJ Cognitive
system  

Processes
Input

Input data 

Output data Sensor signals

Process 
parameters

Time
Q uality

Practical
experiences

Output

Figure 2.1: Technical intelligence [40]

Autodidactic software will play a key role in allowing machines to learn their own 

response characteristics and using this information to plan future process steps (e.g. 

correlations between parameter settings and quality). Sensors and integrated measuring 

technology will also play an important role in providing real-time process control 

capability. Due to the large num ber of features to be recorded simultaneously, solutions 

will most likely be based on multiple sensors [39]. Virtual engineering involves the design, 

development, modelling and analysis of prototypes on a computer, eliminating the need 

for physical prototypes [39]. This process will be enabled by the use of information 

technology methods such as process modelling and simulation to depict the physical 

properties of machines and processes and analyse the effects of varying parameters [39]. 

Finally the use of communication technology will be essential in the integration of
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applications including the deployment of remote monitoring and control capability for 

machines in multiple locations.

Productivity, customisation and agility improvements are the key drivers in the 

transformation of production processes and paradigms [34], In industrial engineering 

productivity is generally defined as the relation of output to input in the manufacturing 

transformation process [41]. In contrast, efficiency is strongly connected to the utilisation 

of resources and mainly affects the inputs of the productivity ratio [41] i.e. efficiency is 

only one aspect of productivity.

Production drivers Enabler

Productivity Fixed automation 

Programmable automation

Customisation Flexible automation 

Lean production 

Com puter Integrated Manufacturing

Agility Virtual enterprise 

Holonic manufacturing 

Reconfigurable manufacturing 

Service manufacturing

Table 2.1: Production paradigm drivers and corresponding enabler technology, adapted 

from Jovane et al [34]

2.1.2 M anufacturing au tom ation

It is clear from table 2.1 that automation is one of the key technological enablers in 

the development of production technology. Automation refers to the machine driven 

execution or implementation of a process. Fixed automation is defined as a system in 

which the sequence of processing or assembly operations is fixed by the equipment 

configuration. Examples include machine transfer lines and automated assembly systems 

that are used in high volume production. Programmable automation involves equipping 

production systems with the capability to change the sequence of operations to
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accommodate different product configurations. The operation sequence is controlled by a 

program (coded instructions or algorithm) that can be changed for each new product. 

Typically, the scale of production volume with programmable systems is comparatively 

less than the equivalent for fixed automation. Flexible automation is an extension of 

programmable automation. Flexible automated systems possess the capability to produce a 

variety of parts w ith virtually no time lost for product changeovers. This is possible as the 

differences in the parts processed by the system are not significant [42]. Each type of 

automated system with its corresponding output volume and product variety is illustrated 

in figure 2.2.
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a u t om a t i on
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a u t o m a t i o n

Manual  \ 
p roduc t ion  'H  ̂ h

Fixed
a u t o m a t i o n

1 lOO 10,000 1,000,000

Product ion quan t i ty

Figure 2.2: Types of automation relative to production quantity and product variety [42]

Reconfigurable Manufacturing Systems are a relatively new class of system that are 

designed to  combine the high throughput of dedicated manufacturing lines w ith the 

flexibility of flexible manufacturing systems, but also able to react to changes quickly and 

efficiently [43]. This concept is enabled through the development of reconfigurable 

machine tools whereby new machine components, such as spindle or axis, can be added to 

the machine depending on new product requirements [44]. Com puter Integrated 

Manufacturing (CIM) is a broad paradigm involving the extensive use of computer systems 

within manufacturing firms [45]. Automation solutions that can integrate all factory
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levels, from machine controls to shop-floor supervision and production planning, will be 

essential in the future development of automated manufacturing systems [46].

Pneumatic applications

Pneumatics plays a major role in mechanisation and automation of production, and 

material handling [18]. For example, m any of the material handling functions shown in 

figure 2.3 are performed by pneumatic or electro-pneumatic systems. Pneumatics has 

universal applications in automation; handling of w ork pieces, packaging and assembly but 

also for process control, conveying, metal forming and stamping operations [47]. Some 

specific applications for pneumatics in the production context are shown in table 2.2. The 

development of servo-pneumatic drives has expanded the application potential of 

pneumatics further to flexible and reconfigurable type automated machines.
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Figure 2.3: Structure and subdivision of the material handling function [48]
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Application Enabling pneumatic devices

Machine tooling Linear cylinders

Instrument control Semi-rotary actuators

Process air (cooling, drying et cetera) Air motors

Cleaning & purging Grippers

Paint spraying Positioning valves

Air gauging Screwdrivers 

N utrunners 

Grinders 

Air bearings

Vacuum generators (venturi) 

A ir nozzles/knifes/ guns 

O pen pipes 

A O D D  pumps

Table 2.2; Application examples for pneumatics in production

Most modern automation systems are electro-pneumatic such that the power section 

is pneumatic but the signal control section consists of electrical components. The 

directional control valves form the interface between the signal control and power sections 

and control the m otion of the actuator. Signal control is implemented w ith Programmable 

Logic Controllers (PLC) in most industrial facilities, and the position of the piston is 

reported by proxim ity switches on the actuator [12]. The control function of most 

pneumatic systems is open loop so that the control valve is simplified to binary mode (on- 

off) operation and mechanical stops provide the required positive positioning action. The 

simplest form of positioning control uses a mid-position cylinder switch [12]. W hen the 

PLC receives the input, it signals the control valve to block the air flow to the cylinder. 

This system combined with a brake can be used to stop a horizontally mounted piston at 

medium speed to within ± l-2m m  [12]. However if any changes occur in the load, friction, 

pressure or leakage, then repeatability will be lost.
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closed loop servo-pneumatic systems continuously m onitor feedback from sensors 

to control the position or force output of an actuator. Their development has been driven 

to an extent by their potential for certain robotic applications. For example, applications 

such as teleoperation master arms with gravitational compensation, require long duration 

static high force output [15]. Pneumatic actuation is considered a better alternative for such 

applications, since direct drive electrical actuators necessitate special cooling systems to 

dissipate the excessive heat [15]. The main elements of both electro-pneumatic and servo- 

pneumatic systems are illustrated in figure 2.4.

Motion
Controller

Rotary encoder (j^

Position
feedback

Actuator

W

X.

Control
signal

i X JL

W

A
Control Valve

PLC

J

U ser Interface

Proximity sw itches

Actuator

A

ZIE X Lx A/^
Control Valve

Servo-pneumatic Electro-pneumatic

Figure 2.4: Components of a electro-pneumatic and servo-pneumatic actuator systems 

adapted from [14]

Servo-pneumatic actuator technology is particularly suited for linear motion as no 

transmission mechanism is normally needed, and in the manufacturing context have found 

applications in automated assembly systems where their high speed and precision can be 

utilised effectively [14]. O ther production applications include force-controlled pressing of
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w ork pieces and automated handling tasks [49], The typical static position accuracy of 

purchasable servo-pneumatic drives is about 0.2mm [49],

Interoperability o f  manufacturing systems

In order to realise a totally integrated and automated factory there needs to be 

communication between all levels of plant information systems, from top level Enterprise 

Resource Planning (ERP) systems to lower automation levels [50]. While there has been 

extensive w ork on the development of individually optimised manufacturing systems, for 

example machine tool design, process planning optimisation, intelligent control, there is a 

need for increased interoperability and communication between the different system types

[51].

In general connectivity, the ability of multiple disparate devices to communicate, is a 

key driver of industrial automation allowing further integration of process, factory and 

business management levels (figure 2.5). The use of standardised interfaces for machine 

enhances integration and interoperability, thereby improving coordination and 

optimisation capabilities. The O PC data exchange protocol is discussed in appendix A.
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Figure 2.5: Process control information architecture [52]

2.1.3 M anufacturing  energy usage and efficiency

Energy is a key enabler in the manufacturing process. As modern manufacturing 

processes are usually highly automated, this entails that in addition to the energy 

requirements for the prim ary function of the process, machining, forming, assembly, there 

is also significant energy requirements for support operations such as w ork handling, 

lubrication, material removal and tool condition sensor systems [53]. In fact, as the 

prim ary process energy consumption is dependant or proportional to the quantity of 

material being processed, some equipment’s specific electrical energy requirements can be 

dominated by support features [53]. Evidence from Toyota M otor Corporation 

demonstrates that up to 85.2% of the energy consumed by a machining process can be used 

in non-machining operations which are not directly related to the production of parts 

(figure 2.6). The machining centre in question was part of an automated mass production 

line, inclusive of support equipment such as lubrication and chip recovery [4]. Further 

w ork by Dahmus and Gutowski characterising the breakdown of energy usage in
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machining [54,55] indicates that even for smaller, less automated, low throughput type 

systems (including manual machines) between 30% to 50% of energy is consumed by 

auxiliary equipment. Actual machining energy consumption is variable and dependant on 

w orking conditions while the energy usage of support equipment is typically constant. 

These results imply that while the specific energy consumption per product can be 

significantly lower for highly automated, mass production systems due to economies of 

scale, a major percentage of the energy consumed is required by non value add processes.
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Figure 2.6: Energy used as a function of production rate for an automobile production 

machining line [4]

This entails that machine state operating characteristics (shutdown and start up 

capabilities) should be targeted to ensure stable and efficient state changeovers during non- 

operational periods i.e. idling and other machine downtime. A substantial energy 

consumption is involved in the starting up and maintaining many equipment sets in a 

‘ready’ position [53]. Therefore two strategies are suggested for minimising energy usage in 

manufacturing processes; 1/ the redesign of support equipment and 2 / an increase in the 

processing rate of a machine’s prim ary function [53]. However, it is also noted that the 

integration of support equipment is usually done precisely to increase throughput rates. 

Therefore any decisions made with the objective of reducing energy usage must be based
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on careful analysis of the total specific energy cost per unit of product, inclusive of 

prim ary and support function energy requirements. The consumption of compressed air 

and associated energy costs has not been considered.

2.1.4 Pneum atic and compressed air systems

Compressed air is an essential energy source and is considered the fourth industrial 

utility, after electricity, natural gas, and water, in facilitating production activities [22]. 

Failure of the compressed air system in some industries can shut down the entire 

manufacturing process [28]. Typical pressure ranges for pneumatic systems are given in 

figure 2.7. For process control, drives and mobile applications (truck/train brakes) with 

operating pressures up to 20 bar, the ideal gas law is valid. In the pressure range of 0.1 

MPa to  lOMpa and temperature range of 200K to BOOK, the error between calculated 

density and relevant tabulated (measured) data is less than 5% [13]. However, for aerospace 

applications where very high pressure exhaust gas is utilised for hot gas servomotors, 

alternative laws are required [13,56].
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Figure 2.7: Pressure ranges of pneumatic systems [13]
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2.1.4.1 H istorical perspective
The term pneumatics comes from the Greek ‘to breath’. The concept of using a

compressed gas to transmit power is very old. H eron of Alexandria is reported to have 

developed automatic temple doors w ith the use of hot air [13]. During the industrial 

revolution, circa 1888, a large scale compressor plant was installed in Paris to supply the 

city with compressed air, which was used to power clocks, elevators and other industrial 

equipment [57]. However, the modern industrial application for pneumatics began around 

the 1950’s with the demand for automation of production processes and the availability of 

suitable elastomeric materials for valve and piston seals [13]. Shearer [58] is widely credited 

w ith the original development of an analytical model for pneumatic processes, that forms 

the basis for modern servo-pneumatic research and technology [13,56].

2.1.4.2 Compressed air system hardw are
An extensive infrastructure is required to supply the pneumatic systems with an

energy source. Compressed air systems consist of a supply side, transmission and demand 

side. The supply side refers to the generation, treatm ent and storage of compressed air, 

and consists of the compressor, air receiver, dryer, filters and drains [59-68]. Typically, in 

industrial facilities the compressed air production and treatm ent occurs at a centralised 

plant. The transmission usually consists of a ring main w ith multiple dropdown points 

serving various production areas. The demand side refers to the production equipment that 

consume pressurised air in operation (i.e. actuators in machines), and also includes air 

preparation and control. The layout for a compressed air system, excluding the demand 

side, is illustrated in figure 2.8.
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Figure 2.8: Compressed air system layout [24]

2.1.4.3 Pneumatic system hardware
Modern electro-pneumatic systems consist of actuators and valves which provide

power and control capability to machines. Valves fulfil a number of functions such as 

signalling, to trigger another event, pow er/direction control and flow and pressure control 

[12]. Pneumatic valves can be divided into three main categories: directional control, flow 

control and pressure control and further divided into valves that control airflow for power 

or control functions.

Fluid control valves and air preparation

Fixed restrictions which have a constant area are usually called orifices and variable 

restrictions are called valves. A capillary is a long thin tube and it is distinguished from 

orifices by the fact that the main resistance to flow is wall friction rather than gas 

momentum [30]. N ote the rounding of the entrance turns the orifice into a nozzle [30].

Regulating valves are employed in compressed air systems in order to ensure that the 

pressure in the system is not exceeded. This is im portant from both a safety and 

functionality point of view. Most pneumatic components have a maximum operating 

pressure, which if exceeded can cause damage, in the form of stressed parts. Secondly it
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allows parts of the system to operate at a lower pressure than the main supply. As air is 

generated at higher pressures (usually 7 to 8 bar in a typical plant), regulators can be used 

to step down the pressure locally to provide the requirements of lower pressure 

applications. Unregulated or improper pressure settings can increase compressed air 

demand, resulting in higher energy consumption [67].

There are various types of regulating valves, the most common types being pressure 

reducing valves, pressure relief valves and safety valves. Pressure relief valves limit 

maximum system pressure by exhausting fluid when the system exceeds a preset value. 

Similarly safety valves protect the system from over pressurisation, in this case in the event 

of a component malfunction. The valve opens, to exhaust fluid, when the system pressure 

exceeds design pressure by a selected amount [69].

Pressure reducing valves, also known as pressure regulators, reduces a high variable 

primary pressure to a lower secondary pressure; it measures and corrects deviations in 

pressure [69]. The regulator works by maintaining a pressure balance across a piston or 

diaphragm (figure 2.9) [12]. A bleed valve is usually included, so that if secondary pressure 

exceeds the setting of the valve, excess pressure can be vented. Pressure droop refers to the 

drop in output pressure with increased flow through a regulator [13,67]. In addition to 

pressure droop, there can be considerable hysteresis i.e. a different pressure for the same 

flow rate depending on whether the flow rate has been increasing or decreasing [13].

21



A djusting  K nob

A djusting  S c rew

C ontro l Spring

D iap h rag m  A

N o zzle -F lap p erB leed

D iap h rag m  B 

N ozzle V ent

D iaphragm  C

Inlet P o rt O utlet Port

Figure 2.9: Cross-sectional view of precision pressure reducing valve [13]

Filters and regulators are widely available from manufacturers as compact modular 

or combination units [68]. The filter is installed upstream of the regulator to protect it 

from any dirt or water in the compressed air [67]. Lubrication of compressed air is 

required before some power applications, such as cylinders, air motors and other high 

speed applications, in order to reduce friction and allow pneumatic components to operate 

effectively [68]. Typically high grade oil is used for this purpose [12]. The oil is delivered, 

in the form of atomised droplets, into a high speed air flow that is created by passing the 

air across a nozzle. The air is accelerated through the nozzle and its pressure reduced, thus 

drawing up the oil (venturi effect). Typically filters, pressure regulators and lubricators are 

combined into a single bank, called a FRL (Filter, regulator, lubricator) bank, to prepare 

the compressed air before its final application. The lubricator is located downstream of the 

filter and regulator [68]. However, the trend in modern pneumatic systems is to use 

unlubricated air and components, cylinders and valves, that are lubricated for life [68].

Directional control valves are used to control the direction of flow between 

components in a pneumatic circuit. They are distinguished by the num ber of ports, 

num ber of switching positions, internal design and type of operation [13]. Some typical
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valves and their symbols are shown in figure 2.10. F o r cylinder drives 5/2 valves are often 

used. Due to their internal resistance, the control valves throttle airflow [13].

Sym bol N am e/D escription

[E
\~r T T S

CX T \ T
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'\A /' 2/2-w ay v alve  NC, d irect electrically o p era ted

A A A  3 /2  V alve NC, electrically o p e ra ted  with pilot
VV valve

w 3/2 V alve NO. electrically o p era ted

^ A / '  4 /2  V alve, m echanically  o p era ted

5/2 V alve, electrically opera ted , m onstab le

3 D

t \ / t
5/2 Valve, electrically opera ted , b istab le

W IZw 5/3 V alve, pneum atically  o p era ted

Figure 2.10: Typical configurations of directional control valves [13]

Flow control is achieved by a sliding spool that opens or blocks passages between 

ports. O ther designs use poppets or diaphragms, in particular for 2/2 and 3/2 valves. 

Failure of the valve is now defined as unacceptable leakage, as opposed to the previous 

definition as failure to function [13]. Lapped spool valves consist of steel spools in steel 

housings, and require no seals. This type of design offers low friction and thus longer 

comparative service life of more than 200 million switching cycles [13]. However, a 

drawback of the lapped spool type valve is that it is not completely leak free. The 

alternative valves w ith elastomeric seals have a life of approximately 50 million switching 

cycles but are completely leak free and have lower internal resistance [13].

Typically, directional control valves w ork in binary mode where the flow path is 

either completely open or closed. However, using a pulse-modulated voltage, direct acting 

valves can be used as nozzles w ith variable conductance [13]. The effective conductance of 

the valve is then given by the relative duty, the ratio between the time the voltage is on to 

off [13]. The solenoid is the device that converts an electric current (signal output from
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controller) to a force which opens or closes a flow path in a valve [13]. Proportional 

solenoids are used in proportional directional control valves to generate a force that is 

ideally proportional to the electric DC current and independent of the stroke ot the 

armature [13]. Proportional pressure control valves are also available and can be used for 

force and torque control applications [14].

Non-return or check valves allow almost unrestricted flow of air on one direction 

while blocking it in the opposite direction. Throttling valves are used to control flow rate 

and consist of an adjustable needle w ith tapered nose, that is used to throttle air flow by 

reducing the cross-sectional area of the flow path [13]. A one way flow control valve 

contains a throttle valve and non-return valve so that free flow is allowed in one direction 

and controlled flow in the other. These valves are often used for the speed control of 

pneumatic cylinders. N ote for both flow directions there is an influence of the setting of 

the needle [13].

Actuators

Actuators convert pneumatic energy to mechanical work [13]. They provide the 

motive force in pneumatic systems by moving, clamping or vibrating some sort of output 

device. Pneumatic cylinders are the most commonly found actuator [69], however there is 

wide range of different types including grippers, rotary actuators and vane actuators. A 

single acting cylinder (figure 2.8) uses compressed air in one direction of operation and an 

internally mounted mechanical spring in the other. Most single acting cylinders are in the 

small bore and light duty model ranges [13]. Typical examples are stopper cylinders used 

to stop a pallet on a conveyor. A double acting cylinder (figure 2.11) uses compressed air 

to extend and retract, making them suitable for w ork in both directions [12]. The force 

exerted by the cylinder is determined by the effective surface area and the pressure acting 

on the piston. The thrust for the return stroke is reduced due to cross sectional area of the 

piston rod which means the effective surface area is smaller. Frictional losses must also be 

accounted for [12]. The minim um  velocity where the piston moves w ithout sticking and 

slipping will depend on the load [13]. Double acting single rod cylinders, w ith bore range 

of 8 to 25mm, are standardised in IS06432 [70].
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Figure 2.11: Single and double acting cylinders with ISO symbols [71]

Pneumatic cylinders are well suited to rapidly accelerate a mass to a high speed, 

however at the end of the cylinder stroke, the mass must be decelerated gently to avoid 

damage and noise [13]. This is achieved through fixed cushioning with shock absorbing 

pads or for larger cylinders industrial shock absorbers are often used. Adjustable 

cushioning is suited for some applications [13].

2.2 M odelling and Analysis of pneum atic systems

2.2.1 Overview

Accurate models are of crucial importance in the design of pneumatic drive systems, 

and also for control and maintenance purposes. In industrial design practise, steady state 

assumptions are often used for component sizing problems e.g. drive needs to perform 

automation task w ith desired speed, force and accuracy [49]. However, this procedure fails 

if there is significant non-linearity in the system. Therefore there is a move towards more 

systematic design/sizing processes that are based on dynamic models of the pneumatic
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drive system [49]. W ith regard to control, there are two main tasks to solve when dealing 

with pneumatic servo systems: modelling of the system and synthesis of a suitable control 

law [72]. In developing a controller however, there exists an additional trade-off between 

accuracy of the model and its suitablity/complexity for online implementation [73]. 

Finally such models are now also being used in the condition monitoring of pneumatic 

production systems found in industry [74].

The development of a mathematical model for a pneumatic drive system (figure 2.12) 

involves three major considerations [56];

1. The determination of mass flow rate through a pneumatic circuit consisting of 

directional control valve, fittings and tubing.

2. The determination of pressure, volume and temperature of the air in the actuator 

chambers.

3. The determination of the dynamics of the load.
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Figure 2.12: Schematic representation of pneumatic actuator system [15]
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The combination of the three individual models describes the dynamics of pneumatic 

subsystems completely. The following sections describe the derivation of the three 

mathematical models respectively.

2.2.2 Force dynamics models

The load and the friction force can have considerable effect on the dynamic 

behaviour of a pneumatic actuator, and the accuracy of a system model depends heavily on 

a good description of those forces [13]. The piston-payload dynamics are modelled using 

N ew ton’s second law (eq. 2.1). The right hand side of the equation represents the active 

(applied) force, produced by different pressures acting on opposite sides of the piston [15]. 

The moving mass includes both the payload mass and the mass of the piston and rod 

assembly. The external load force F l is zero for horizontal orientation but for any other 

orientation the external force must be accounted for (e.g. for venical orientation, Fi = 

mg). Additionally for asymmetric cylinders, the load dynamics model can be improved 

further by considering the difference in active area of the piston due to the rod [15].

(M l +  Mp)y +  +  Ff =  P^Ai -  -  PaÂ  (2.1)

Friction is perhaps the most im portant nonlinearity that is found in any mechanical 

system w ith moving parts [75]. It occurs in pneumatic cylinders because a sliding piston 

seal has to push outwards against the sliding surface with enough force to prevent 

compressed air from escaping from the cylinder [13]. The total (internal) friction force is 

considered the sum of the friction forces at the seals of the piston and rod cover [76].

Friction forces in pneumatic cylinders depend on cylinder characteristics such as 

piston diameter and type of seals, and operating conditions such as the relative pressures 

acting on the seals, temperature and velocity [13,76]. Belforte et al have been shown 

experimentally that friction force varies according to piston position and among cylinders 

of the same specification [76]. This is attributed to tribological factors including the 

tolerance between cylinder barrel and seals, roughness of cylinder barrel and amount of
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lubricant. Additionally the piston rod seal act differently according to direction of m otion 

of the piston [76]. Friction is also a function of time, as it can change over the actuator’s 

life time [77]. Therefore if a good model of the friction is important, the actual values have 

to be experimentally identified at appropriate operation conditions.

An early friction model suitable for digital simulation is given by equation 2.2 and 

can be used for pneumatic drives if the influence of the chamber pressure is small (e.g. 

because the friction forces are dominated by the load) [13]. This model is sometimes 

termed a static stribeck curve model [49]. In equation 2.2, 6 is an aribitrary exponent.

Ff =  Fdf +  (F s f  ~  F d f)s^  +  P y  (2-2)

The static friction force is the break-away friction force that has to be overcome to 

begin a relative m otion of the piston [13]. Since seals inherently need to exert an outward 

radial force, the static friction will also depend on the dwell time of the piston i.e. time 

between movement of the piston [13]. Dynamic friction force occurs when the piston is 

moving arbitrarily [13]. Simplified rule of thum b equations 2.3 and 2.4 for estimating static 

and dynamic friction are given by Fleischer [32] (d is bore in mm).

F s t a t i c  = 0 . 6 7 ^ . d  (2.3)

^dynamic ~  i -̂ )̂
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Figure 2.13; Friction force characteristics combined in steady state [78]

Another widely used friction model in the pneumatic literature considers the 

dynamic friction a combination of coulomb and viscous friction (equation 2.5) [15,79,80]. 

However, if dealing with low velocity cylinder m otion, the Stribeck effect should be 

included in the friction model (figure 2.13) [81]. Friction in servo-actuators has also been 

represented by the LuGre model (eq 2.6), though Valdeiro et al have noted it can be 

difficult to identify the coefficients Gq and of the model [78].

Ff =  3y +  Fc (2.5)

Fsf ify  =  0
-FdfSign(y)  ify  ^  0Where F^ =

Ff =  aoz  +  ( J i ^ +  Py (2.6)

A list of proposed mathematical (friction) models and the coefficient of 

determination of the equations for measured data is presented in figure 2.14. W ith the 

exception of model A, they include the pressure difference between cylinder chambers 

[13]. The coefficient of determination is a measure of the closeness of agreement between 

measured data points and the corresponding predicted values of a model [82].
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Figure 2.14: Empirical friction models [13]

N ouri et al investigated friction forces in a servo-pneumatic actuator system [75]. 

Experimental results of friction as a function of velocity at different nominal chamber 

pressures, corresponding to supply pressures of 2 to 7 bar(g), are shown in figure 2.15. The 

hysteretic behaviour of friction is clearly present and means that the friction force is 

higher for increasing speed and lower for decreasing speed [75]. This is termed frictional 

lag. The Stribeck behaviour is well illustrated by the increasing velocity part of the loop 

and is best modelled by equation 2.2. For decreasing velocity, however, the behaviour 

seems to resemble best that of Coulomb plus viscous friction (eq 2.5) [75]. In order to 

model this gross sliding behaviour, a friction model can be fitted for each branch of the 

hysteresis loop [83]. In this case, a static Stribeck curve can be used for the increasing 

velocity part of the loop and Coulomb plus viscous friction model for decreasing speed. 

H ildebrandt et al have noted that the dry friction can be high for pneumatic actuators in 

comparison to their full theoretical force output [49].
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Figure 2.15: Measured velocity dependent friction force in the positive and negative 

directions, and for different supply pressures [75]

The most comprehensive friction models account for both the gross sliding and pre­

sliding or micro slip regimes. In the pre-sliding regime, adhesive forces are dom inant such 

that friction force appears to be a function of displacement rather than velocity [84]. This 

is because asperity junctions deform elasto-plastically leading to non-linear spring like 

behaviour [83]. In contrast to classical models where friction force experiences a step jump 

at the origin, the saturation of pre-sliding force (increase in displacement) leads to gross 

sliding, in which all asperite junctions have broken apart [83,84]. The Leuven model, 

developed by Swevers et al, improves the LuGre model further by accounting for nonlocal 

memory and accommodating arbitrary force-displacement transition curves in pre-sliding 

friction [84], Hysteresis behaviour w ith nonlocal memory is defined as an input-output 

relationship for which the output at any time instant depends not only on the output at 

some time instant in the past and the input since then, but also on past extremism values of 

the input and output as well [84]. Such dynamical models are recommended if highly 

accurate control via servo-pneumatic mechanisms is necessary [75] but requires additional 

programming, to implement memory stacks, and identification procedures and equipment, 

to determine friction forces during micro-sliding (0 to max 0.1/0.2mm).
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2.2.3 Thermodynamic actuator models

The mass conservation law and energy conservation law enable the complete 

description of the dynamic behaviour of the gas in the chamber [85]. The first law of 

thermodynamics, conservation of energy, can be applied to the control volume to 

determine pressure and temperature (eq 2.7) [58,86]. The full derivation of the 

thermodynamic model is presented by Beater [13]. The pressure and temperature dynamics 

of a single variable volume chamber are described by equations 2.8 and 2.9.

^  =  dW + dQ +  (dmouthout “  dmjnhin) (2.7)

Environment 
air proprieties

 ̂.ilniI

Inside air
P ,  T , m .  V

Piston motion  
state; .v, .v

mou,
air properties:
P  T'  s» '  tn

Figure 2.16: Pneumatic cylinder chamber [72]

dP PdV , R . _  R . _  , Y - l d QY^rHinTin -  y -m outT  +
V dt V dt

dT " d V . ,  .  . R T 2 ,  , • R T ,  , ( y - l ) T d Q
ra„„ , — ( Y - l ) +  n i , „ - ( Y T , „ - T )  +  - j ; ^ -

(;.8)

p.9)

Classical hypotheses used in modelling the heat exchange in pneumatic actuators, 

rely cn the assumption that the heat conductivity of air is much less than the conducti a ty  

of the actuator wall material [72,85]. This means the cylinders internal wall temperature is 

essentially equal to its average temperature [72]. Secondly it is assumed that the them al
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capacitance of the wall material is sufficiently large compared to capacitance of the air, so 

that average wall temperature is equal to ambient tem perature e.g. Tw = Tamb [72,85]. 

Neglecting radiation heat transfer, the heat exchange can be described by a convection heat 

transfer model (eq 2.10) expressed by N ew ton’s Law of cooling [13,72,85].

A A < ,(y )(T „ -T ) (2.10)

However, since the heat transfer coefficient is difficult to determine and it is known 

to vary with pressure, temperature and actuator velocity, the most typical solution is to

simplify the model by neglecting heat exchange dynamics, and to instead consider a

polytropic process with a tuneable index (eq 2.11), ranging from isothermal process (n = l) 

to adiabatic reversible process (n=1.4) [30,58,72,79,80]. Equation 2.11 is produced by 

directly differentiating the ideal gas law (PV = mRT).

dP P d V  ,
n - T ( m i n -  m „ u t )  (2.11)

In some cases the model is further simplified by neglecting temperature changes with 

respect to ambient temperature. N ote that even though the model (eq 2.12) was deduced 

assuming a polytropic law, the temperature is fixed at ambient temperature while the 

polytropic index of pressure dynamics is tuneable [80] .

T = To

dP P d V  ,
T i "  n - T ( m i „ -  mout) (2.12)

However experimental measurements by Otis et al of the temperature inside a 

pneumatic cylinder during the charging and discharging processes, indicate that the 

temperature change can be significant (figure 2.17) [87]. Otis et al found the charging 

process was better approximated using an adiabatic index while discharging was closer to 

isothermal, though neither predicted the temperature exactly [87]. According to Carneiro
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et D e Almeida the tem perature change is com paratively no t as pronounced in servo- 

pneum atic systems [80].

 Temperature (C)
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F ig u re  2.17: Cap-end tem perature h istory  during charging and discharging [87]

Based on this experim ental evidence, an alternative therm odynam ic model (eq 2.13), 

w ith  different polytropic indexes was developed by R icher et H urm uzlu  [15] . This model 

uses an adiabatic evolution for the charging process, isotherm al for discharging and 

interm ediate (n = 1.2) polytropic index for m ovem ent o f the piston [15,80].

T = To

dP „  P dV . R „  . R rp . /"I 1
— =  —1.2  h 1 .4 -T  m jn  T niout (2-13)
d t V d t V V '' ''

Despite being used successfully in the past [15] m ore recent research by  C arneiro et 

De Almeida has show n tha t this m odel is not suitable for a w ider variety of industrial 

cylinders [80]. As De Las H eras points ou t assuming a w rong value for the polytropic 

index represents an exponential e rro r estim ating gas pressure history [88].

Equation 2.14 was developed by C arneiro  et De Almeida based on a simplified heat 

transfer m odel and provided the best results in term s of balancing perform ance and
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complexity [80]. The simplified heat transfer model 2.17 was achieved by neglecting 

temperature and pressure changes w ith regard to their equilibrium values (eq 2.16) and 

considering an average heat transfer area (eq 2.15) [80].

T =  T . ( i ) "

d P  P d v  R rp ^ . . X , Y - 1  1 /T- T* A
^ V d t  ^ o u t)  y

A q (av) =  A q ( y e )  =  f  +  | T t d ( y e  + ^ ) |  ••• y e  =  0

k e  =  A e A q ( a v )

d t
=  k e ( T a m b  - T )

(2.14)

(2.15)

(2.16) 

(2.17)

Equilibrium conditions are defined for servo-valves, when the spool is at central position, 

temperature in cylinder is steady state and therefore same as ambient temperature, and the 

leakage mass flows are equal (figure 2.18).

pi  A im  —  —

•
0.52H3I\

# / ' .

/ 0.52S5l\^

Figure 2.18: Half-bridge model of servo-valve [72]

According to Carneiro and De Almeida model 2.14 only contained 10% of errors of 

standard polytropic models (eqs 2.12 and 2.13) in comparison to the datum model. 

Additionally results showed that taking into account temperature change significantly 

reduced pressure prediction error [80]. In order to determine the heat transfer 

conductance, required by the equations above, a heat transfer evaluation m ethod was
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presented by Carneiro et De Almeida based on thermal time constant [72]. The thermal 

time constant is the time it takes for the gas pressure (or temperature) to reach 63.2 percent 

of the difference caused by a step input [13]. In fact the thermal time constant is not really 

constant as the convection heat transfer coefficient and the effective wall (heat transfer) 

area both change with time [88]. However, it has been shown that a constant does fit 

experimental data quite well [88]. Additionally a comparison of the thermal time constant 

w ith the cycle time helps to understand the effects of heat transfer for a particular process 

e.g. if the thermal time constant is an order of magnitude smaller than the cycle time, an 

isothermal process can be assumed [13].

The thermal time constant is determined by fitting a first order equation to the 

pressure response in a closed chamber of the cylinder to a change in volume (eq 2.18). The 

cylinder piston-rod was moved to its extended position and the exhaust port (chamber 1) 

plugged (figure 2.19). The piston-rod was pushed by an external force to about its half- 

length position, where it remained until pressure reached a stationary value. Applying the 

ideal gas law, the temperature evolution inside the chamber can also be estimated based on 

the pressure measurements.

P i t )  =  P f +  VPe~r  (2.18)

The average thermal conductance and average heat transfer coefficient can then be 

determined using the thermal time constant and equations 2.19-2.21. Eichelberg’s 

simplified model (neglecting piston velocity) is then used to relate the reference coefficient 

of heat transfer to equilibrium or operating pressure and temperature conditions (eq 2.21).

Kav =  ^  (2.19)

Xa, = I "  (2.20)
Aq

(2 .21)
Vr av  * a v /
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Figure 2.19: Evaluation of heat transfer coefficient [72]

The dynamic response of the thermodynamic model can be improved further by 

accounting for dead/inactive volume in the pneumatic cyUnder, fittings and tubing (eq 

2.22). Richer et Hurmuzlu measured the inactive volume by positioning the piston at each 

end of the stroke and filling the port cavities with a liquid such as lubrication oil [15]. The 

volume of the used liquid can then be measured with a graduated cylinder. Alternatively 

Carneiro et De Almeida estimate the dead volume using a closed volume experiment 

(figure 2.19). Since the chamber a inlet is closed, mi = m f  = m, and the experiment started 

and finished with steady situation in chamber a, Ti = T f = Tamb. Equation 2.24 is applied 

to solve for the mass in the cylinder chamber and applying the ideal gas law the dead 

volume can then be estimated [72].

=  (2 .22)

m = (2.23)
RTamb Pf-Pi   ̂ ’

Cushioning sections of pneumatic cylinders must also be accounted for in the 

thermodynamic model, where applicable, since as Najafi et al point out these sections 

affect the positioning accuracy of the piston [89]. The leakage between chambers can be 

neglected for regular pneumatic cylinders with rubber type seals, but can be significant for 

low friction cylinders that have graphite or Teflon seals [15]. To test for leakage in the 

cylinder, pressure can be applied to one port while venting the other and vice versa [90].
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The tim e delay for the input pressure wave to propagate the entire length o f tubing is 

estimated by L t/c  [15].

2.2.4 Fluid mechanic fundamentals, flow models and identification

Theoretically, the m otion  o f a given fluid particle in chemical and physical equilibrium  

can be com pletely defined if the pressure, temperature and velocity  as a function of space 

and tim e are know n [13]. T o determine the state of a fluid particle, density and viscosity  

are required. Therefore, seven variables are required to describe fluid dynamics: three 

velocity  com ponents (of three co-ordinates), pressure, temperature, density and viscosity  

[13]. In order to  solve for the seven variables, seven equations are required which are given 

by the fo llow ing relationships [13]:

•  N e w to n ’s laws o f m otion , conservation of m om entum , must hold for every fluid 

particle at every instant (Navier Stokes equations)

•  The law of conservation of mass must apply (continuity equation)

• The conservation o f energy or first and second laws o f therm odynam ics must hold

•  The equation of state must apply i.e. ideal gas equation

• The empirical viscosity equation as a function o f pressure and temperature must hold

H ow ever, in order to sim plify this system  of equations, a num ber of assumptions and 

restrictions are made [13]:

•  The gas obeys the equation o f state for an ideal gas, specific heat capacities are constant 

and inertial effect are negligible

•  The viscosity is constant

•  The flow  is one-dim ensional

The one dim ensional gas flow  dynam ics can then be described by flow  velocity, 

pressure, temperature and density [13]. During steady flow  the mass flow  rate at any cross 

section of a duct w ill be the same [13], this relationship is described by the continuity  

equation 2.24.

rh =  Ai -Vi -pi  =  A 2 .V2 . p 2  =  A. V. p (2-24)
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In pneum atic systems there are m any restrictions that have to  be m odelled [13]. The 

flow  rate characteristic of pneum atic com ponents is an im portant index in their design and 

selection, and in evaluating and com paring perform ance [91]. In this section the traditional 

flow  equation for a restriction is derived from  first principles. C onsider a large reservoir 

discharging air th rough a nozzle to  the atm osphere (figure 2.20). D ue to  the size of the 

reservoir, upstream  pressure, tem perature and tem perature rem ain constant. The 

atm osphere pressure is low er than the upstream  tank  pressure.

p, = const.
= const. 

T, = const. m p = const.

F ig u re  2.20: Discharge from  a reservoir to atm osphere [13]

The velocity of the air can be found from  the general energy equation assuming no 

heat exchange (adiabatic, Q  = 0), and no w ork  done, W  = 0. A dditionally potential energy 

changes can be ignored (i.e. Z u =  z a ) and the velocity of the air in the reservoir is zero [13].

-  /  V dp = m.Vd 2 m.vS , ^ \
— --------- — +  m.g. (Zd -  z„) + W (2.25)

Vd= l - ( ^ )
Y - 1

Y (2.26)

The isentropic process relating Pi and P ’ determines the relationships between 

density and pressure [30]. Substituting the ideal gas law, in to  equation 2.27, results in the 

relation between static density to  pressure ratio and total pressure (eq 2.28).



(2.28)

Substituting 2.27 and 2.28 in to  the con tinu ity  equation 2.24 and com bining terms 

allows fo r the subsonic mass flo w  rate to  be calculated w ith  equation 2.29.

, 0.5

v'Tu R Y -1

2 y +1

. . . l f P r > b  (2.29)

Ae =  Cd.A (2.30)

The discharge coefficient Q  is introduced as a correction factor, m ainly to take in to  

account jet contraction [13]. Due to  abrupt area changes at the entrance section to the 

orifice, flow  separates from  the orifice w all form ing, in  a sense, its own nozzle [30]. This is 

illustrated in figure 2.21. The minimum-area cross section is called the vena contracta and 

is considered the effective area o f the orifice (eq 2.30).The effective area is essentially 

empirical, even fo r simple restrictions where the geometrical area is known, since the 

discharge coefficient s till must be found experimentally [92]. Figure 2.22 illustrates that O  

depends heavily on the geometry o f the orifice [13,32,92]. The discharge coefficient also 

accounts fo r reduction in  mass flow  due to  fric tion , heat losses and velocity profile  effects 

[13].

Vena contracta

F igure  2.21: Converging nozzle and flow  pattern at orifice inlet [30]
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Figure 2.22: Various orifices and respective discharge coefficients [32]

To obtain the pressure ratio corresponding to the maximum mass flow, equation 

2.29 is differentiated and the derivative set to equal zero [30]. This is called the critical 

pressure ratio b and at this point the velocity at the throat just attains the speed of sound 

[92]. The theoretical critical pressure ratio for air (y = 1.4) is 0.528.

Y

Substituting the equation for critical pressure ratio 2.31 into equation 2.29 allows 

calculation of the choked mass flow rate (eq 2.32). Choked flow occurs when the ratio of 

downstream pressure and upstream pressure (pressure ratio) is less than the critical 

pressure ratio of the component [13]. A further reduction in downstream pressure will not 

increase the mass flow.

. _  Cd.A.Pu j

/ J u  1

<P

Flow function

0 1
Pressure ratio

Figure 2.23: Flow function for air [30]
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Finally, divide equation 2.29 by 2.32 and let:

K = R Vy+iJ j (2.33)

Y+1
Y

Y +1 ^ 
("Y + I^ Y -1 [
V 2

0.5

<P (2.34)

Applying equations 2.30, 2.33 and 2.34 simplifies equations 2.29 and 2.32 to a single 

expression 2.35 which applies to all pressure ratios [92]. Unlike incompressible fluid flow, 

where flow is a function of pressure drop, compressible fluid flow through a restriction is a 

function of pressure ratio across the restriction [93].

K.Ae.Pum = mc.(p = —^ . c p  (2.35)

L im itations o f  orifice f lo w  equation

When the assumptions are met, the theoretical orifice flow equation can describe the 

mass flow rate through a simple restriction with an error of less than 1%, accurate enough 

for measurement purposes [13]. However, for predictions to be accurate there must be no 

significant friction loss, meaning the use of traditional orifice flow models is essentially 

limited to simple converging nozzles of short length [92]. Additionally, for compressible 

flow the discharge coefficient varies w ith pressure ratio, sometimes considerably, meaning 

equation 2.35 does not have universal application [13,92].

However, the main issue w ith the single orifice model is its inability to account for a 

reduction critical pressure ratio for typical pneumatic devices such as control valves [94]. 

Fluid pow er components and circuits are better represented by a cascade of orifices (figure 

2.24), nozzles or both [94]. While equation 2.35 can be applied to the individual 

restrictions w ithin a valve it cannot predict the combined effect of the multiple restrictions 

of the valve or other pneumatic component.
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Figure 2.24: Multi-nozzle representation of a spool valve [92]

The depression of the critical pressure ratio is caused by choking of one of the 

restrictions within a valve [92]. The valve exhibits a critical point which occurs at the 

theoretical pressure ratio of 0.528 at the choked restriction, but this causes a pressure drop 

across the other restrictions. Consequently the overall pressure ratio for the component is 

less than 0.528 [92]. For directional control valves, the typical critical pressure ratio is 

between 0.2 to 0.5 [13].

Experimental investigations by Shannak of straight bore and sharp-edged test orifices 

have also demonstrated that the critical pressure ratio for air flow through single orifices 

can also be considerably lower than that for an ideal nozzle [95]. In the case of a single 

orifice the depression of the critical pressure ratio is due to the following: W ith a 

decreasing pressure ratio, a minimum local velocity develops in the vena contracta as the 

flow velocity reaches its maximum there [95]. As the pressure downstream of the orifice 

decreases, the density of air decreases and the air volume expands. This results in the cross- 

sectional flow area (vena contracta) becoming larger and moving toward the orifice [95]. 

Even though the local velocity of the air flow is constant at sonic velocity, as the vena 

contracta increases, the mass flow will reach its maximum. W ith further decrease in 

pressure ratio below the critical point, the vena contracta remains invariable and mass flow 

through orifice becomes choked [95].

ISO model development

In order to allow for reduction in critical pressure ratio, an approximation was 

developed by Sanville based on two parameters: the effective area and critical pressure ratio 

which are the intrinsic characteristics of any pneumatic device [92-94]. The parameters
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must be determined empirically. Although, flow equations are expressed naturally in terms 

of mass flow rate, there is a widely shown preference for using volumetric flow rate [94].

m
Q v  ~  ~  

Po

The density p  of air is defined under standard reference conditions. Additionally 

because the gas is always air, the constants in equation 2.35 can be lumped to produce 

equation 2.37. Sonic conductance is lumped parameter (eq 2.36), that represents the ratio 

between the mass flow rate through the component and the product of upstream pressure 

and mass density at standard conditions when flow is choked [13]. If the actual 

temperature is significantly different to reference temperature, a temperature correction 

factor is included.

C = —i^ .A e  (2.36)
Po/f^  ̂ ^

q

Sanville [92,94] discovered that flow function (eq 2.38) of most pneumatic directional 

control valves could be approximated using quarter curve of an ellipse (figure 2.25). This 

approach allows for a reduced critical pressure ratio, b.

k

Choked
•

Subsonic *.
flow flow *.

•
•

9

----------------------- ^
0 b 1 Pr

Figure 2.25: General presentation of flow rate against pressure ratio with fixed upstream 
pressure [96]
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' - ( S ) 1  (2.38)
1 ...ifPr < b

The equations 2.37 and 2.28 form the basis for the ISO 6358 standard [96]. The 

values of the critical pressure ratio and sonic conductance depend on the particular design 

of a component [13]. It is important to note that the performance of any pneumatic 

component is modified by the addition of fittings and to a lesser extent tubing [94]. If the 

purpose of a test is to examine the flow characteristics of a single component (i.e. valve), 

then it is recommended that fittings and tubing are oversized such that they have 

negligible effect on the component performance [94,96]. However, since an assembly of 

components behaves as a single component to the extent that an effective area and critical 

pressure ratio can be identified, a pneumatic circuit can be tested as one unit [94], 

Although in this case, the elliptical flow function may not be followed as closely and 

calculated values of b may vary with pressure ratio [94].

The standard also provides an alternative set of characteristics, effective area Ae and 

coefficient of compressibility 5. The coefficient of compressibility (eq 2.39) takes into 

account gas compressibility when flow is subsonic [96]. This is set of characteristics of 

recommended when the flow characteristics of several components connected in series is 

to be estimated [96].

s = (2.39)

Ae = C. Pq. ^ s. R. To (2-40)

The International Standard 6358 specifies a method for testing the flow 

characteristics of pneumatic fluid power components which use compressible fluids [96]. It 

specifies requirements for the test installation, procedure and presentation of results [96]. 

The test circuits are illustrated in figure 2.26 with key to circuit components in table 2.3 

[97].
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Figure 2.26: IS06358 test circuit for components with inlet and outlet ports (top) and 

exhausting directly to atmosphere (bottom)

Reference letter Description

A Compressed gas source and filter

B Adjustable pressure regulator

C Shut-off valve

D Temperature measuring tube

E Temperature measuring instrument

F Upstream pressure measuring tube

G Com ponent under test

H Downstream pressure measuring tube

I Upstream pressure gauge or transducer

J Differential pressure gauge or transducer

K Flow-control valve

L /L ’ Flow rate measuring device

Table 2.3: Key to ISO test circuit components
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Test procedures

ISO test method 1 determines the flow rate characteristics, C, b, for pneumatic 

components with inlet and outlet ports i.e. valves. First, the upstream pressure is set at a 

certain value and the flow control valve fully opened so that the maximum flow can be 

measured [98]. By adjusting (partly closing) the flow control valve, the flow rate is 

successively reduced to 80%, 60%, 40% and 20% of the maximum flow rate [96]. At each 

step, the flow rate, temperature and pressure differential are measured. The resulting curve 

resembles figure 2.25. The sonic conductance C and critical pressure ratio b are then 

determined from the following equations [96,98]:

C = (2.41)
^uc yj *0

Pu-Pd

b =  1 -------- , , (2.42)
'-Ms

The critical pressure ratio is the mean of b for each value of q% [96]. If the lowest 

pressure ratio achieved in the experiment is higher than the estimated critical pressure 

ratio, the test must be repeated with higher upstream pressure or lower downstream 

pressure such that choked flow is achieved [96].

ISO test method 2, for components exhausting to atmosphere specifies that the 

upstream pressure is increased successively from atmospheric pressure to 1.1, 1.5, 3 and 5 

bar (absolute)[96,98]. The sonic conductance is calculated by eq 2.41 using the mean of 

values in straight line region (figure 2.27). The test point which is on a straight line 

through the origin of coordinates is considered the choke point, and the critical pressure 

ratio can be obtained from the pressure of this point [98].
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Figure 2.27: Example flow-rate versus pressure characteristic [96]

The permissible systematic errors of measurement instruments, determined during 

calibration, for the standard are documented in table 2.4.

Parameter of measuring 

instrument

Class A Class B

Flow rate, % ±2 ± 4

Pressure, % ±1 ±2

Temperature, K ±1 ±2

Table 2.4: Permissible errors of measurement instruments in IS06358 [96]

Critique o f  IS06358 and proposed improvements

There has been criticism about the way the coefficients b and C are determined 

according to the IS06358 standard [13]. It stipulates that only four points on the ellipse 

have to be measured and used for computation of the critical pressure ratio b. This small 

number of measurements can lead to  a poor fit of the model [13]. Additionally for the ISO 

test method 2, the inlet pressure at the choke point and thus the critical pressure ratio
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cannot be determined exactly [98]. In order to improve the accuracy of both ISO test 

methods, Kuroshita has recommended that the flow rate characteristics are obtained w ith 

smaller pressure intervals [98]. Additionally for second test method, it has been proposed 

by Kuroshita that the pressure ratio versus flow rate ratio characteristics are determined 

using the pressure versus flow rate characteristics (fig 2.27), so that the critical pressure 

ratio can be calculated using equation 2.42 specified in the ISO test method 1 [98]. The 

choked flow rate is the theoretical choked flow-rate calculated by equation 2.37 using each 

measured upstream pressure and temperature values. A comparison of the improved test 

method 2 with test method 1 for a number of valves and restrictions clarified the accuracy 

and consistency of this improved method [98].

The IS06358 standard has also been criticised by H ubert and Sesmat for 

incoherence with regard to the nature of measurements made for characterisation of a 

pneumatic component [99,100]. The parameters b and C are based on upstream and 

downstream static pressure measurements done on measuring tubes that match the port 

size of the component under test [100]. This means that the fluid velocity, and 

consequently the Mach number, at the upstream and downstream pressure sensor 

locations may not be negligible and the flow characteristics will depend on the diameter of 

the connecting tubes [99]. Additionally according to the test circuit used, the nature of the 

downstream pressure is not the same nature: static pressure for in-line test circuit, ISO 

method 1, and stagnation pressure for exhaust to atmosphere circuit, ISO method 2 [100]. 

The measured temperature in the ISO test circuits corresponds to a stagnation pressure 

which means the nature of the upstream temperature and pressure measurement is also not 

consistent [100]. In figure 2.28, Pi and T1 correspond to upstream pressure and 

temperature respectively, P2 the downstream pressure.
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Figure 2.28: Mach numbers at locations in ISO test circuit [100]

Based on the fluid mechanic theory and experimental investigations, Sesmat et al 

concluded the use of stagnation pressure instead of static pressures is preferable [100]. By 

definition, the stagnation pressure is the pressure the flow would reach if brought 

isentropically to rest [101]. The total pressure is the sum of the static and dynamic 

pressures [100] and it can be calculated from the static pressure P, with knowledge of the 

local geometrical section A (eq 2.43). Typically the flow is assumed adiabatic so that 

upstream temperature is used as stagnation temperature Tt [99]. This method allows the 

stagnation pressures to be derived from the static pressure measurements made on the 

IS06358 standard test benches.

V

However in some cases, in particular for the in-line ISO test method 1, it will not be 

possible using this m ethod to obtain the sonic part of the conductance curve leading to a 

poor estimate of the critical pressure ratio [100]. The underlying assumptions are not 

always true [100]. Therefore it is recommended to use an expanded section to directly 

measure the stagnation pressures [99,100].
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Extended ISO representation

A limitation to the ISO standard models is that they are limited in scope to certain 

pneumatic components such as directional control valves and nozzles, that exhibit a 

elliptical flow-rate characteristic [91,102]. However, not all flow characteristic curves are 

elliptical. This includes common pneumatic circuit components such as check valves, 

silencers and components in series [102]. An extended version of the IS06358 model (eqs 

2.44 and 2.45) has been proposed by Kagawa et al, based on the introduction of two 

additional flow characteristic parameters (figure 2.29), in order to improve the accuracy of 

the model for all pneumatic components [102]. The cracking pressure ratio a accounts for 

the fact that in one way flow control valves the flow-rate can be zero for a pressure ratio of 

less than one [102]. A one flow control consists of both  a speed control valve and a check 

valve, and the reduction in a is due to the cracking characteristic of the check valve [103]. 

The subsonic index ms allows for increased flexibility in the flow function as illustrated in 

figure 2.30.

ms

Choked Subsonic

b

Figure 2.29: Extended representation if IS06358 model

Qv = Qv ~  Va-b/

r
p „ . C . P „ . K , . [ l - ( ^ )  ] . . . i f P r > b

P o -  C. Py. K ( ... if Pr <  b

(2.44)

(2.45)
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Figure 2.30: Influence of index m on flow-rate characteristics [91]

Jungong et al use a minimal least squares method in Matlab in order to fit the 

extended equation to experimental data with best fit. Figure 2.31 shows the experimental 

data of a one way flow control valve in the free flow direction (i.e. through check valve) 

and its characteristics determination by several methods. It is clear the original IS06358 

equation cannot fit the measured results and that introduction of the additional 

parameters, to account for cracking pressure and flexible flow function, improves the 

approximation considerably [103].

0.8

0.6

ISO Method 
ft = -1.490.4

0.2

C =1.12dm '(s ■ bar)
0

0.4 0.60.2 0.80

Pressure ratio P:IPi

Figure 2.31: Flow-rate characteristics of one way flow valve [91]
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Figure 2.32 illustrates the distribution of b and m for a range of pneumatic 

components and is based on tests of over 179 components made by 7 manufacturers [103]. 

It can be seen from the figure that while the critical pressure ratio b can vary from 0.05 to 

0.53 for solenoid valves, the subsonic index ms is consistent around 0.5. This highlights 

the fact that the original IS06358 equation can correctly represent the flow characteristics 

of directional control valves and also the consistency of the new extended representation 

[103]. In contrast to solenoid valves, it can be seen from that the characteristics b and ms 

can vary significantly for components such as silencers and speed control valves. 

Theoretically, it is impossible for a fixed orifice to have a subsonic index greater than one 

[103]. However, some silencers have a special flexible area flow passage that allows flow 

area to expand with higher air pressure [103]. This can result in a subsonic index ms that 

exceeds one. With increased length, resin tube exhibits a decreased critical pressure ratio 

and increased subsonic index. Note for silencers, directional control valves and blow 

nozzles the cracking pressure a will be one.

3
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0.8

0.6
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Figure 2.32: (a) Distribution of b and m for various components [102] (b) Applicable range 

of ISO and improvement methods [104]
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Another objection to the IS06358 methods is the large amount of compressed air 

required, in particular to test high capacity valves, the long test times and high noise levels 

generated [13,105]. There have been a number of alternative test methods proposed to 

overcome these problems. These include simple discharge tests from a general air tank, 

Isothermal discharge tests and Vacuum charge test methods [91].

Isothermal discharge method (IDM)

This alternative method, originally developed by Kawashima et al, tests a component 

by discharging air to atmosphere from an isothermal tank, which is pre-charged with 

compressed air at a specified pressure [91]. The isothermal chamber can chamber can 

almost realise isothermal conditions due to the large heat transfer area and heat transfer 

coefficient [106]. This is achieved by stuffing the tank with steel wool [106]. The principle 

of the method involves directly differentiating the ideal gas equation. Since the volume of 

the tank is fixed, and the state of the air while discharging remains isothermal equation 

2.46 is reduced to equation 2.47.

V . ^ =  m.R.T + m.R.— (2.46)
dt  dt

V dP

Using this procedure allows the instantaneous flow rate and thus flow characteristics 

to be obtained by only measuring the pressure in the chamber [107]. According to 

Kawashima et al the instantaneous flow rate can be measured within a 1% error [106-108]. 

This m ethod is also applicable for measuring the dynamic performance of air :low meters 

[106]. The proposed test bench for the isothermal discharge method is illustrated in figure 

2.33.
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0 Test Component 

Isothermal tank

Figure 2.33: Experimental setup for the isothermal discharge test [91]

The IDM method determines the sonic conductance and the critical pressure ratio by 

fitting the experimental pressure response with the theoretical pressure response [108]. The 

Gauss-Newton method, a non-linear least squares method us used to fit the pressure 

response (figure 2.34) [108]. The isothermal discharge procedure resulted in a maximum 

sonic conductance uncertainty of 1.2% [108]. An isothermal chamber based method has 

also been proposed by Ji-Seong et al [109] to measure very small leakage flow rates in 

pneumatic drives.

5 6
5

C hoked  flow
4

3
Critical point

2

Subsonic flow

1050
/ I s ]

Figure 2.34: Pressure response during discharge from isothermal tank [108]

Simple discharge & hybrid method

Since it is expensive and practically difficult to construct a isothermal chamber or 

tank there is considerable interest in using the discharge of air from standard tanks to 

characterise pneumatic components [85,98,110-112]. The simple discharge m ethod allows
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the estimation of sonic conductance of a test component based on the principle that the 

amount of air discharged from the tank can be calculated from pressure changes in the 

tank and the discharge time [91],

P ressu re
sw itch

0
T
T est C om ponent

Pressure Digital recorder 
transducer and Timer

P.

(b)

Figure 2.35: (a) Simple discharge test circuit [91] and (b) pressure change in tank [98]

Figure 2.35 shows the test circuit for the discharge method. Valves and tubing are 

oversized as in the IS06358 standard. The experimental procedure is described by 

Kuroshita et al as follows [98]:

1. O pen shut-off valve and set pressure in tank to 7 bar absolute (Ps). Allow 

temperature and pressure to reach steady state conditions,

2. Close the shut-off valve and measure initial charge pressure and temperature in the 

tank.

3. O pen the solenoid valve to allow air to discharge through the component to the 

atmosphere until the pressure in the tank drops to 3.5 bar. Stop the discharge using 

a pressure switch and measure the discharge time (to).

4. Let the air in the tank reach steady state conditions and measure residual pressure 

(p,).
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The pressure change is shown in figure 2.35 and the sonic conductance can be 

calculated using equation 2.48 [98].

Y- l

C = — . — . '  - l ]
Y - l  Poto y j T s  [ V P f ;  J (2.48)

For a component under test w ith a critical pressure ratio less than 0.29 (1/3.5), the 

flow includes a subsonic component and thus an error is produced in the calculation of 

sonic conductance [98]. However the error in sonic conductance is estimated by the 

authors to be less than 4% [98].

Since the simple discharge method only provides a means for determining sonic 

conductance, a hybrid test method was proposed by Kuroshita et al to  obtain the other 

flow parameters [98]. This method obtains the sonic conductance by the simple discharge 

method and the critical pressure, subsonic index and cracking pressure ratio from the 

improved ISO method 2, exhaust to atmosphere, test [91]. This allows the flow rate at 

high pressures to be calculated using the sonic conductance obtained via the discharge 

method meaning a large pneumatic pressure source (tank or compressor) is not required 

[98].

The vacuum charge method tests a component by charging atmospheric air to a tank 

which has already been evacuated [91]. The method is reviewed fully by Zhang and 

Kuroshita [91,105]. The applicability of the different alternative test methods for different 

sized components, flow parameters and connection types is illustrated figure 2.36.
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Test components
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Part2: Isotttermal discharge 
test

Part3: Vacuum charge test

Par(4; Simple disctiarge test

Part4; Hytxid test

Figure 2.36: Applicable ranges of IS06358 and alternative test methods [91]

Temperature measurement

A limitation to the discharge methods in general is that is necessary to know both 

the instantaneous pressure and temperature [111]. While the instantaneous pressure of the 

gas in a tank can be measured readily, it is difficult to measure the instantaneous 

temperature due the time response of thermocouples [110]. In addition the temperature 

field in the tank is not uniform [111]. In the isothermal discharge method, the discharge 

from a tank is approximated as an isothermal process while the proposed vacuum charge 

and simple discharge methods assume polytropic charge or discharge processes 

[98,105,108,111]. All of the above methods correspond to an inverse approach to 

identifying the flow characteristics of a pneumatic component [110]. The sonic 

conductance and critical pressure ratio are obtained from the pressure response usmg an 

approximation of tank state equation [110].

Although these inverse methodologies allow flow rate characteristic testing time and 

air consumption to be reduced, the accuracy of the results are strongly related to the 

parameters of the experimental rig i.e. different shaped vessels can lead to difference in heat 

transfer [110,111]. De Giorgi et al and Yang et al have shown that the polytropic index 

also varies continuously during the charging or discharging of compressed air [110,111]. 

Figure 2.37 illustrates that a polytropic law cannot properly describe the heat transfer 

during a fixed volume discharging process.
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Figure 2.37: Polytropic index during discharging process [110]

One solution is to measure the average temperature during discharge indirectly using 

the ‘stop m ethod’ proposed by Kawashlma et al [106,110]. The procedure consists of 

several discharges always starting from the same initial conditions, which have the initial 

conditions of the complete discharge test [110]. W hen the pressure reaches a certain 

specified value or time, the discharge is interrupted by closing the solenoid valve, and the 

pressure P(t) is measured [106,110]. When the pressure becomes stable (Pf), the temperature 

in the chamber recovers to room temperature [106]. As the mass of the gas in the tank is 

constant, the temperature at time the discharge was stopped (t) can then be accurately 

calculated using [107,108]:

T (t)= ^ ^ .T ,„b

By changing the time to stop the discharge, the average temperature at any time can 

be measured [108]. The uncertainty of this method is reported to be w ithin 3% [106]. 

Figure 2.38 gives an example of measured temperature using the stop method and the 

polynomial approximation introduced to solve the inverse problem [110].
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Figure 2.38: Temperature measurements during discharge [110]

As an alternative, Q ian et Xiang have suggested using the stop method to obtain the 

instantaneous polytropic index using equation 2.49 [110,112]. Pi and Ti are the pressure 

and temperature before discharge respectively. It is important to note that the 

instantaneous polytropic index will vary for the same circuit if started from different 

initial pressures [85].

n(t) =  (2.49)

According to the inverse method proposed by De Giorgi et al, if the temperature and 

pressure are known, the heat transfer and mass flow rate can be calculated using inverse 

models (eqs 2.50 and 2.51) [110]. As pressure and temperature are obtained from 

measurements, a noise reduction procedure is typically required [110]. This is 

accomplished through median filtering and under sampling of pressure measurements 

prior to differentiation [85].

^  =  (2 50)
d t (y -1 )T  d t d t  ̂ ’
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According to De Giorgi et al, this approach allows the identification of the flow 

characteristics of a component using only pressure measurements during discharge from 

any type of tank, providing the heat transfer phenom enon is well known [110].

However the ‘Stop m ethod’ is a time costly since each measured temperature point 

requires stabilisation of pressure and temperature in the tank [110]. An alternative solution 

that avoids the measure of temperature relies on either knowledge of the heat exchanged 

for a given tank or the use of an accurate thermal exchange model [110]. A num ber of 

macroscopic models based on dimensional analysis theory have been developed that allow 

identification of the main heat transfer mechanisms according to flow conditions, pressure 

levels and tank shape [85,111,112].

Convection can be split into two categories according to the phenomenon 

influencing mass transfer [85]:

1. Natural convection occurs when the mass transfer is due to a temperature gradient

2. Force convection occurs when mass transfer is imposed by a difference in pressure

For convection three dimensionless groups are required, Nusselt, Prandtl and 

Grashof and are related by 2.52 [85].

Nu =  (2.52)

The Nusselt number corresponds to the ratio between heat power exchanged by 

convection and conduction (eq 2.53). The Grashof num ber is the ratio between product of 

Archimedes and inertial force, and viscous forces (eq 2.54). The Prandtl number 

characterises the velocity distribution versus temperature distribution (eq 2.55). The 

Rayleigh number is used for natural convection modelling in order to determine the 

transition between laminar and turbulent convection (eq 2.56).



Pr = ÊSk

Ra =  Gr. Pr

(2.55)

(2.56)

Therefore:

f  = - ^ . m „ „ , + ^ . i . C G r « ' . P r “ .A q . (T -T w )  (2.57)

S  [-RTrilou, + 5 -?■ Gr“ . Pr“ . Aq. (T -  Tw) (2.58)

A similar physical based approach is taken by Yang [111]. A drawback of these 

approaches is that they rely on natural convection heat transfer models [111]. However, if 

the conductance of a discharge circuit is large or volume of tank small the discharge time 

will be short and forced convection heat transfer more prevalent [112]. In this case an 

increased error will be observed in the test method.

Qian et Xiang have improved the simple discharge method further by considering a 

hybrid forced and natural heat transfer model [112]. This type of discharge method looks 

promising for future industrial applications but requires further model validation to verify 

shape factors in order to extend the approach to  tanks of all shapes [85].

D rive circuit flow  models

In modelling a pneumatic drive system, a pressure regulator, working within its 

capacity, is considered a low-impedance source of compressed air and is therefore the start 

of the total inlet flow path [93]. The highly non-linear characteristics of pneumatic 

systems due in part due to the compressibility of air, has in the past made pneumatic 

systems difficult to model. However, the traditional flow models, used widely in the 

literature [15,16,80,113-115], rely on standard orifice theory and are not suitable for 

components w ith complex flow paths or multiple devices in series [92]. The discrepancy 

between theoretical orifice and measured flow function for an actuator circuit is illustrated 

in figure 2.39. In particular, the flow function during discharge is considerably different to 

predicted.
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Figure 2.39: Comparison between theoretical and measured air flow factors for charging 

and discharging [75]

For this reason some data based flow models have also been investigated by N ouri et 

al [75] and Bobrow et McDonell [116]. However, since these approaches depend heavily on 

curve fitting using experimental values they are lim ited in application to even slightly 

different systems [15]. Recent research by Thomas et al has modelled the flow function 

with an ISA model [19] while Najafi et al and H ildebrandt et al [49] model the flow with 

the IS06358 equation [89].

In modelling a circuit, the control valve itself is usually only a minor part of the total 

flow impedance in a pneumatic circuit and the pipe work, fittings and other components 

must be accounted for [93]. Richer et H urm uzlu have shown that flow attenuation due to 

long signal lines can be significant. To account for this behaviour the authors added an 

attenuation component (eq. 2.59) to the flow model [15]. The tube resistance Rt  depends 

on w hether the flow through the tubing is laminar or turbulent.

(p = e (2.59)
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Hildebrandt et al have suggested that the pneumatic network for a servo-system is 

best represented using a Wheatstone bridge model (figure 2.40) since the leakage across the 

spool can be considerable for proportional valves. The mass flow model can then be 

expressed in the manner of equation 2.60, though the flow functions are not necessarily 

symmetric [49]. This is not an issue for standard binary mode switching valves with 

elastomeric seals, typical in industry, since leakage is negligible [13]. However for the low 

friction type directional control valves with lapped spool design, leakage in the valve is 

relevant and should be included in the flow model.

l>s

O

Dnve

Pi

Po

l>2

Figure 2.40: Pneumatic Wheatstone bridge for servo system, each C depends on u [49]

mi = riisi -  riiio = Csi(u)PuPocp -  Cio(u)Pipo(p (2.60)

Finally, the switching time of solenoid valves can be significant and should also be 

included in the flow model (figure 2.41).
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Figure 2.41: Change of cross-sectional area of the valve orifice [89]

Circuit analysis

If the flow characteristics of the individual components are known (from 

measurement or catalogue), the flow characteristics of a pneumatic system consisting of 

devices connected in series can be calculated using tw o methods presented by Eckersten. 

The first additivity method is a simple approach that allows the calculation of the flow 

characteristics of a system with an error of less than 10% [117]. Considering a system of n 

components connected in series, the total conductance of the system can be calculated 

using equation 2.61 and the critical pressure ratio using equation 2.62.

(2.61)

1 - b i

Cf
(2.62)

The second method of consecutive additions considers the order of components and 

provides the characteristics of a system more accurately, with an error below 5% [117]. 

The calculation is performed in n-1 steps and the first two components are considered in 

the first step. If a  is less than 1, the flow first becomes choked in component 1. Choked
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flow in component 2 occurs after further increase in pressure drop [117]. If a is greater 

than 1 then the flow only becomes choked in component 2 and if a is equal to 1 choked 

flow occurs in both components at the same time [117]. The conductance of the 

compounded component is calculated using equations 2.64 and 2.65.

Cl
C,.b2 - D i

(2.63)

I f a <  1

C l , 2 — C l

I f a >  1

(2.64)

C l 2 — C2 . OC.

a . b i + ( l - b i ) . | a 2 + [ i ^ ]  - i j

(2.65)

For all a 

^ 1,2 ~  1  — C j  2- (2.66)

The second step in the procedure is to add the third component of the system to the 

first two and continue until all components of the system have been included [117]. Using 

either of the above approaches, the flow through passive components can then be 

calculated using the standard Sanville/IS06358 equation [96,117]. N o derivations are 

provided for either method. Tables with typical values of b and C for standard fittings (seat 

valves, elbows, hose couplings, reducers) are given by Eckersten [117].

2.2.5 Compressed air system models

A mathematical model of an overall compressed air system requires models of the 

subsystems; Production, transmission and storage, and consumption [31,118]. Such an 

approach is useful in the optimal dimensioning of distribution pipes for example, in order 

to reduce energy consumption, and also general network analysis [119]. A lumped circuit 

parameter model is an analytical approach that has been explored by Hyvarinen et al 

[119,120]. The general structure of a pneumatic network is illustrated in figure 2.42 and
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consists of pressurised air centres, which are producers and consumers of compressed air, 

and a distribution loop where the air centres are attached through nodes [119].

Pressurised air 
Centre. 1=4

Pressurised air 
Centre, 1=3

Pressurised air 
Centre. 1=5

1=4

nodes

i=6=k i=2
Pressunsed air 

Centre. 1=2
Pressurised air 
Centre. t=6=k

Segment may be mtssing

Pressurisec air 
Centre 1=1

Storage tank

motor cxDmpressor

Figure 2.42: Pneumatic loop network [119]

Each air centre consists of zero to several compressor units, a storage tank, network 

and consumer valves, and a number of consumers (figure 2.43). If the num ber of 

compressors is zero, the centre is a pure consumer and storage may or may not be included 

in the centre [119]. The network valve separates the air centre from the distribution 

network and the consumer valve’s function is to provide adequate air supply to high 

priority consumers by blocking the air supply to low priority consumers in the case of 

pressure shortage [119].
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Figure 2.43: Structure of pressurised air centre [119]

An air centre with several compressors is modelled as a lumped air generator with 

stepwise constant air production capacity (eq 2.67). Air centres are indexed by i=l,...,k, 

compressors in the centre by j = l,...,ai and nodes 1 = l,...,k. (In this case u(t) is the unit 

step function, ti is activation and deactivation time).

(2.67)

Assuming an isothermal thermodynamic process, the storage of compressed air is 

modelled using equation 2.68 where the storage volume V is taken as the surr of the 

capacity of the storage tank and half the capacity of the pipe which connects the centre to 

the network [119]. (rhjis the production mass flow of centre, m / is the consumption mass 

flow of centre, rhj" is the mass flow of the centre to the network).

d[pi(t) ]  _  ( r i i i - n i , ' - r i i i 'O R T
d t

(2 .68)

The model of the node, which connects the air centre to the network, is the same as 

equation 2.68 except only the mass flow from the centre to the network is considered 

[119]. The capacity of the node is equal to half the sum of volumes of the connecti.ig pipes 

to neighbouring nodes and to the air centre involved e.g. capacity of the node is lumped
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network parameter. In this approach the connecting pipes in the model have the abihty to 

conduct the compressed air, but they do not have the capacity to store it [119]. The next 

step pressure for the discrete model can then be calculated as a function of present 

pressure, air production and consumption [119], See [119] and [120] for further details.

From the viewpoint of energy saving, to know the energy consumption of a system 

is very important and for pneumatic systems the energy consumption is dominated by air 

consumption [121]. The consumption of pneumatic drives can be difficult to measure due 

to dynamic and unsteady flow behaviour [121].

A general model for total factory consumption was presented by Parkkinen [31] 

based on application of the superposition principle to pneumatic systems. This means that 

the overall consumption is the sum of the individual consumptions. Passive consumption, 

such as leakage, is modelled by the Sanville equation assuming choked flow. Active 

consumers, such as cylinders and semi-rotary actuators, are modelled using simplified 

consumption equation 2.69.

The general consumption model considers a number of devices scattered across a 

factory, whose characteristics are known [31]. The consumption matrix is thus given by:

rqi(t)'
q(t)  =

qn(t)-
(2.70)

The activation and deactivation of individual devices during a subinterval are also 

known and given by the activation matrix A. There are N  columns in A each representing 

one subinterval of the time interval I. Each row represents the activation of an individual 

device [31].

A =
a11 a I N

(2 .71)
C L n i  ■■■ ^ n N .

_  r l if device activated during time interval
■ « = [ 0 otherwise
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By multiplying the activation matrix by the consumption matrix, the instantaneous 

total consumption during the sub-periods can be obtained [31]. Execution of the matrix 

multiplication yields eq 2.72.

T

qtotal(t)  =  A'Tq(t) =
»ii

>nl

^iN

3nN
q(t)

qtotai(t) = [Sr=iaiiqi SC=iai2qi --SiliaiNqi]^ (2.72)

The transitions from one value of the function to another takes place at the moment 

when individual loads are activated and deactivated (figure 2.44). The consumption 

function is defined for every subinterval, if the moments of switching of loads is known 

[31].

E

1 4LJ

1 2  3 4 5 6 7 8 9 10 11 12 11 14
i rme interval  T

Figure 2.44: Example consumption profile for system [31]

Since the consumption of pressurised air was assumed a random function of time, 

the developed deterministic approach was considered by Parkkinen et al as a first step 

towards a fully stochastic model [31]. The approach is useful for quantifying the 

consumption behaviour of pneumatic systems.
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2.3 Energy efficiency optimisation of pneumatic systems

A major criticism of pneumatic systems is its low energy efficiency [122]. 

Additionally in the industrial context compressed air usage is one of the most costly and 

least understood processes in a manufacturing facility [22,27].

2.3.1 Compressed air- energy consum ption relationship

In a pneumatic system the electrical energy consumed in producing a volume of 

compressed air, occurs at the supply side by the compressor and dryer [123]. The part load 

efficiency of a compressor is an im ponant aspect in calculating overall energy costs, as 

depending on the flow-rate required, the power consumed by the compressor m otor will 

vary [124] e.g. when unloaded the m otor can still consume considerable amounts of 

power. Therefore the specific energy cost (SEC) of compressed air needs to be calculated 

based on a period of compressor runtime data that is representative of typical working 

conditions. An average value for power consumed per volume of compressed air produced 

can then be determined using equation 2.73 [22,125]. The variables such as percentage of 

time the compressor is running fully loaded L% and unloaded u%, and electrical power 

consumption Pw during load and unload are determined from compressor runtime data.

E n e r e v  x h x  L%) + ( P W u n l o a d  x H x  u%)  1 QQQ /'2 yT,\
UO O O m ^y T) x q  '

Determining overall costs involves a consideration of electrical energy costs, capital 

costs, equipment footprint and related space costs, and other maintenance costs [124]. The 

capital costs include installation, inflation, depreciation, cost of water and water disposal 

costs. Due to the large amount of data required to estimate each individual plants specific 

compressed air energy consumption, there are a num ber of widely accepted SEC figures 

that are illustrated in table 2.6. The most commonly cited of these is the US Department 

of Energy, Office of Energy Efficiency and Renewable Energy [125].
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D O E  EERE 

P = 7 bar(g)

C arbon Trust 

P = 7 bar(g)

k w /  Ips 0.347 0.3

Table 2.6: C om parison of specific compressed air energy consum ptions

If the rate of air consum ption by a pneum atic actuator is know n, the actuators 

equivalent electrical energy usage can be calculated based on the com pressor’s efficiency or 

approxim ated using a standard specific compressed air energy consum ption figure (eq. 

2.74)

Energy ( )̂ =  (2 ,7 4 )

Exergy and life cycle costs

W hile pressure is an essential factor in calculating overall energy costs, m any studies 

tend to on ly  consider flow rate as representative of air consum ption and thus energy usage. 

U nlike hydraulics, this is not an appropriate m ethod for pneumatics due to  the 

com pressibility of air i.e. a com pressor will consum e m ore power, ou tputting same 

volum e flow rate of com pressed air at higher pressure. Therefore flow rate is not 

p roportional to  energy costs for compressed air [126].

A m ore fundam ental approach to analysing the efficiency of pneum atic systems is 

to  examine the w ork  producing potential or exergy of compressed air [126]. The exergy 

represents the am ount of useful energy, w hich can theoretically be converted to 

mechanical w ork  [25]. This concept is illustrated in figure 2.45. A ir pow er has been 

defined by  Cai et al as the “flux of the available energy that can be theoretically extracted 

from  air to  do mechanical w o rk ” and is represented mathem atically in equation 2.75 [126], 

w here Pw  represents air pow er.

P
Pw  = P qv In —  (2-75)

Pq
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eq u ipm ent
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Figure 2.45; Energy flow and air state change [126]

A ir power (eq. 2.76) consists of two parts: 1/ Transmission power (eq. 2.77) and 2 / 

Expansion power (eq. 2.78). Transmission power represents the pushing power from the 

upstream to downstream of flowing air. Expansion power is the w ork ability of air 

expansion. Increasing the delivery pressure, while keeping volume flow rate constant, thus 

has the effect of increasing air power. Temperature is also an im portant factor. However as 

compressed air usually flows in pipes at atmospheric temperature, this variable can be

eliminated [126].

Pw = Pwtr + Pwex (2-76)

Pwt r=  P o . q v ( l - ^ )  (2.77)

PWex= F o . q v ( l n ^  +  ^ - l )  (2.78)

N ot all energy is consumed in producing compressed air and to dry the air requires 

additional energy input. Similarly, transmission efficiency can be low due to pressure 

losses at filters, valves, piping distribution and air leaks throughout the system. The air 

power concept is based on ideal conditions and can be improved by incorporating an 

approximate transmission efficiency figure into the calculations [126]. Eret et al and 

Zhang et al have improved the exergy analysis further by incorporating the efficiency of 

the drier [25] and aftercooler [123].
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Zhang et al have appUed the air power concept to assess the overall energy efficiency 

of lubricant-injected rotary screw compressors [123]. The efficiency of compressor and 

aftercooler can be calculated using equation 2.79 where Eo is the air power of the output 

air flow after the compressor’s aftercooler, Ecompressor and Ecooier are the electricity supplied 

to the compressor and aftercooler respectively [123].

Tltotal =  ; ---------^^77------ xlOOo/o (2.79)
*^compressor'^ *^cooler

Pneumatic actuation systems are typically considered less energy efficient than their 

equivalent electric counterparts. However, this is not always the case, as actual conversion 

efficiency is a function of actuation conditions [127]. A comparative study of both systems 

by Cai et al, utilising the air power method, indicated that the energy consumption of an 

actuation system was dependant on its duty cycle, that is the ratio of moving time to the 

total time for one actuation cycle [127]. At a duty ratio of 1 (e.g. the actuator does not 

stop), the electric actuators were more efficient. However, for functions that require 

infrequent actuation, or maintaining loads over a periods of time, less energy is consumed 

comparatively by the pneumatic cylinders [128].

While in practise many actuators will often have a higher duty cycle, for clamping 

and gripping operations pneumatics is particularly efficient, since an air buffer provides 

continuous force w ithout the need for continuous feeding of energy [20,25]. Therefore it is 

not always clear, in particular for a workshop consisting of thousands of actuators, with 

large ranges of duty cycle ratios across applications, which technology is optimal from an 

energy efficiency perspective [127].

Additionally many comparisons of pneumatic and electric systems are based on 

different technologies such as open loop versus closed loop control systems with 

considerably different capital costs [33]. In order to assess the full costs when comparing 

pneumatic and electro-driven systems, life cycle costing approaches particularly from a 

product user perspective, are useful [128]. Life cycle costing allows for the identification of 

main cost drivers by considering all economically relevant monetary flows over the whole 

life cycle [129]. Alternative life cycle cost concepts are available and differ w ith respect to 

their scope e.g. life cycle phase, manufacturer or operator costs [129]. A total cost of
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ownership approach specifically considers all operator related costs. Such an approach, 

LCC based on users, has been developed by Zhang et al for pneumatic and electric 

actuators, and is composed of three parts; acquisition cost, energy consumption and 

maintenance cost [128].

The acquisition cost of pneumatic actuators must include the cost of compressor, 

receivers, dryer, pipe, valves and other components that are required to operate the 

actuator while the acquisition cost of the electric system consists of the electric actuator 

itself and its controller [128]. Depreciation costs over appropriate periods must also be 

included. The results for the total acquisition costs o f equivalent pneumatic and electric 

actuators and their support equipment are shown in figure 2.46.

pneumatic actuator 

electric actuator
180000,00

150000,00 - -

120000,00 - -

90000,00 - -

,'H  60000,00 - -
Dcr
CO 30000,00 - -

0,00
2 3 5 6 8 9 101 4 7

Year

Figure 2.46: Comparison of two actuators total acquisition cost [128]

In terms of energy consumption for electric systems, power is consumed by the 

actuator and the controller while for pneumatic systems it is based on volume of air 

consumed and compressor efficiency [128]. Maintenance charges for both systems are 

assumed the same [128]. As with the exergy based approach, analysis from a LCC-operator 

perspective indicates the dependence of energy consum ption on actuation frequency 

(figure 2.47). A more comprehensive approach involving dynamic life cycle costing based 

on lifetime prediction has been proposed by Herm ann et al [129].
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Figure 2.47: Energy consumption for electric and pneumatic actuators [128]

2.3.2 Energy saving in pneum atic systems

Pneumatic drives

The reference hterature describes two variants for improving the energy efficiency of 

pneumatic drives: energy recuperation and the reduction of energy consumption where 

the latter can be broken into the use of different pressures and the utilisation of expar^ion 

energy [122,130]. The design of pneumatic circuits is critical in determining the system’s 

overall compressed air consumption. The best component for any circuit will depend on 

accompanying objective such as minimisation of energy consumption or capital costs, or 

maximisation of productivity [131]. A trade off analysis is required for such competing 

objectives. The use of total cost of ownership models allows for efficient prioritisaticn of 

objectives for the designer [132,133].

Actuators form a critical element in any pneumatic circuit but consume signifcant 

amounts of compressed air and are often improperly sized [131]. In many cases this i< due 

to the lack of reliable formulas for actuator selection, leading engineers to  integrate
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excessive safety factors in the selection calculations [22]. Cylinders are also over 

dimensioned due to the fact that rather than exactly meet force requirements, the next 

largest cylinder in the range of sizes defined in D IN  ISO 6431/2 is selected [130]. This 

combined with a common supply pressure for all cylinders ensures that excessive energy is 

consumed [130].

Simulation based design allows for optimal component selection in pneumatic 

systems [134], and is available from O EM ’s such as Festo and SMC. The energy 

consumption can also be reduced by adapting the pressure to each cylinder or group of 

cylinders. For specific applications that require higher pressure than necessary elsewhere in 

a plant, pressure boosters are useful and avoid over pressurisation of the entire compressed 

air system (figure 2.48) [135]. An exergy based approach to  pressure booster design has also 

been proposed by Yan et Cai [136].

Solenoid valve
Air-source in factory Pressure control

Regulaioi Actuators

ipe line I
Booster j Load

Driving section
for each system

Figure 2.48: Local pressure boosters for high pressure consumers [135]

The design concept of dual pressure pressurisation has been developed extensively 

by Fleischer and has proven effective in reducing energy usage [32]. Actuator m otion 

involves either extension or retraction of a load, however the loads on both strokes are 

rarely equal [131]. Building on this fact, dual pressure pressurisation involves the use of 

two different pressures to move each load [131]. Furtherm ore a reduction in pressure in 

one end of the actuator usually permits a pressure decrease in the other end, since there is a
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smaller exhaust-pressure load to overcome [32]. Single and dual pressure circuit designs are 

illustrated in figure 2.49.

EXTEND STROKE RETURN STROKE

0.4 sec

75 psigSupply

Exhaust

Load 
66 lb 
0.45 sec

EXTEND STROKE

I
t \ \ . m  i

i ___
1

y49j)sig
1
i

[~~|suppty 

1  Exhaust®21 psig \ 
f t  1

0.4 sec
0.45 sec

RETURN STROKE

Figure 2.49: Single (top) and dual-pressure (bottom) design with highlighted circuit 

alterations, from Fleischer [131]

In the single pressure design example, the system uses 75 psig to move variable loads 

in both directions, and flow controls throttle exhaust airflow w ithout altering regulated 

pressure levels to achieve required performance times [32]. In the dual pressure system, 

adjustable regulators are used to move loads at required speed and two pressures were 

utilised for extend and retract strokes respectively. In this case (figure 2.49), lower dual 

pressures moved the same loads as single pressure system in the same time whilst
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simultaneously consuming less air. Fleischer reported that for one industry case study, 

energy cost were reduced by 51.6% [32]. In many cases, it was noted that productivity was 

also improved through shorter cycle times. Average energy savings of 25% using dual 

pressures are reported by Beater [13].

An alternative pneumatic circuit design for dual pressure circuit is shown in figure 

2.50. This design is useful for manifold mounted valves, since a lower pressure retract may 

not be desirable in all situations. This circuit is effectively a combination of meter in, for 

the retract stroke, and meter out control, for the extend stroke [13].

w w

<HD-

(b)

Load
Supply
Exhaust valvea

_ 1

vV

Tank

Pressure regulator for 
low-pressure setting

Figure 2.50: (a) Alternative dual pressure pneumatic circuit design [13] and (b) energy 

saving lifter [135]

A similar method has been proposed by Senoo et al [135] for application to  lifting 

drives (figure 2.50). The compressed air in the under chamber will be balanced w ith the 

heavy load and is not exhausted but flows to and from the tank. By reducing the pressure 

to the upper chamber (return stroke), air consumption was reduced by 75% because 

exhaust occurs only once a cycle [135].
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Cylinders are usually driven during their entire stroke, and at the end of the stroke 

the entire cylinder is filled w ith air at high pressure. When the cylinder motion is reversed, 

the compressed air is vented with a destruction of the potential to do work by the 

expansion of the air [137]. However, if the air supply valve is closed after the piston has 

advanced some fraction of the stroke; the air will expand during the remainder of the 

stroke. The drawback of this approach is that the cylinder force begins to drop as the gas 

expands, and this decrease may not be compatible with the force required to accomplish 

the task [137]. To overcome this problem, the use of a linkage mechanism to match the 

cylinder force to the load was proposed and investigated by Otis et al [137].

In figure 2.51 the cylinder is trunion mounted at fixed pivot B and connected to a 

single link at pinned joint C with the other end of the link connected to fixed pivot A. 

When air is supplied to the cylinder, the rod extends but the cylinder is constrained to 

rotate about pivot B, shifting the load from the cylinder to the link [137]. When the air 

supply is cut-off, the piston will continue to extend while expanding the air in the cylinder 

[137].

MASS

LINK CYL

VALVE

Ps
Pa

Figure 2.51: Pneumatic lifter w ith inverted slider-crank mechanism [137]

Otis et al estimated that consumption savings of up 50% were theoretically possible 

using this approach but no experimental results were provided and the effect on savings of 

pressure drops and friction in real pneumatic systems remains to be quantified [137].
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If the input air to a cylinder is throttled (i.e. m eter in), the air consumption can also 

be reduced through the use of expansion energy [130]. The pressure in the driving chamber 

will build up a slower rate while the second chamber is evacuated completely. If the 

pressure supply is cut-off once the cylinder reaches its final position, the pressure in the 

first chamber will be well below the supply pressure in final state [130]. However a 

drawback of throttling the input air is stick-slip behaviour at the stan of m otion and the 

stroke time dependence on load [130].

Another circuit modification introduced by Li et al uses an accumulator and pressure 

boost valve in the exhaust line of a cylinder (figure 2.52). Using this approach exhaust air 

can be recycled for another actuator circuit. Alternatively the recovered air could also be 

redirected back for use in the same circuit [138].

R odless cylinder

4/2 solenoid valve

w
^Pressure sensor 1

P ressure  reducing 
valve Recover

accumulator
Main

accumulator

Air charge 
accumulator

Pressu re  senso r 2 P ressure  senso r 3

Figure 2.52: Recovery of exhaust air to accumulator and boost valve [138]

Savings of 20% were estimated using this approach though the savings are limited by 

the capability of the boost valve [138]. Instead of using a boost valve, Li et al and M utoh et 

al suggest using the recovered exhaust air directly for lower pressure applications such as 

unloaded return strokes or air blowing [138,139], The concern w ith taking this approach
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is tha t the backpressure in  exhaust hne m igh t decrease the perform ance o f the actuator. 

E xperim enta l investigations by  M u to h  et al [139] on a m eter ou t pneumatic actuator 

system indicate tha t the response o f the cy linder is almost unaffected by higher exhaust 

line  pressure once there is choked flo w  on the exhaust side(figure 2.53). In  the case o f  

figure 2.53 choked flo w  occurs fo r  exhaust line  pressures between 0.1 to  0.3 MPa.
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F ig u re  2.53: C y lin d e r perform ance w ith  range o f backpressures [139]

A d d it io n a lly  the start-up delay is decreased due to h igher in it ia l pressure on the 

p rim a ry  side. H ow ever, th is  approach is load dependant since the movem ent o f the load 

depends on the pressure d iffe ren tia l and means that, even w ith  a short delay, a larger load 

w i l l  lead to  reduced ve lo c ity  and increased pos ition  tim e w ith  h igher exhaust line pressures
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[139], Typically in the industrial context, meter out stroke time control is employed and 

the retract stroke is unloaded, so this approach could still be useful.

A ir  Blowers

Compressed air is widely used in industry for cleaning, cooling, drying parts and 

removing material: metal chips and other scrap. This is typically achieved through open 

blow operations using air nozzles, knifes or simple orifices/open pipes. Since in many 

cases over 50% of the total air consumption in a plant can be due to blow operations it is 

an im portant area for energy savings [135].

In m any situations simple open pipe blow-offs are employed to fulfil these functions. 

In contrast, engineered air nozzles and jets use the Coanda effect to amplifj^ air flow by 

capturing free surrounding ambient air. In the case of the nozzle in figure 2.54,

compressed air ejects out a thin ring on the outer perimeter and travels along the outer

wall of the nozzle. The high velocity air entrains surrounding air into the stream and a 

centre hole concentrates the air stream into a high volume, high velocity, blast of air

[140]. The impinging pressure, often the variable of interest for an air blow nozzle, is

determined by the nozzle diameter, nozzle inlet pressure and distance from nozzle to

work [135].

The dimensions of the nozzle are important in determining the efficiency of the 

blow process. For example, it has been shown that by decreasing the length to diameter 

ratio, the supply pressure can be reduced w ithout affecting the net blowing force [141]. 

The nozzle internal geometry has been investigated using a computational fluid dynamics 

approach by Lovrec et al [23]. The design object was to achieve minimal air flow to the 

nozzle w ith maximal output by optimising the suction effect. It has been shown that using 

energy saving nozzles can reduce compressed air consumption by up to  40% [23]. 

Additionally nozzles can be cycled on and off eliminating idle or non-functional usage 

[140].

Optim isation programs, based on the simulated pressure distribution of a jet for a 

single orifice, are available to designers. Based on desired flow force/impinging pressure, 

the simulation tools optimally determine nozzle size, supply pressure and blowing distance
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[141], A ir consumption reductions of up to 70% have been reported for air blow systems 

using such tools [135]. Lovrec et al [23] also used a CFD-based approach to design a more 

complicated cooling block for a blow moulding process with similar good results.

AIR NOZZLE

Airflow

E|e(led compressed air

Coacentrated o r  s trean

Entrained air

Figure 2.54: Coanda effect on air nozzle [140]

Generally, air flows to blowing systems through pressure regulators in most 

industrial facilities. Using the air power concept, Cai et Xu have shown that up 39% to 

47% of the energy potential of compressed air is lost in this process [141]. In order to avoid 

energy losses at the regulator, Cai et Xu have proposed a pulsed air blowing system as 

shown in figure 2.60. In the proposed system, the supply pressure to the nozzle rises, from 

the typical regulated pressure of 3 bar to the air system pressure of 6-8 bar, but the output 

flow is pulsed. This is achieved by outputting a pulsed signal from the PLC to drive the 

solenoid valve [141]. To reduce the overall pneumatic power consumed, the duty ratio 

must be small. An investigation of the pulse frequency and duty ratio indicated that w ith 

optimal parameter selection, energy savings of 70% were achievable in comparison to 

standard blow system.

Since the complexity associated with a PLC based pulsed blow system may not be 

robust enough for an industrial environment, Cai et Xu also proposed a self-oscillated 

system as shown in figure 2.55. In this system an air operated valve starts in the right 

position and air flow through two branches, to the nozzle and to the pilot port (G) of the 

valve through a throttle (1). The air in the right operating chamber of the valve flows 

through another throttle (3) to the atmosphere. When the pressure differential across the
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valve chambers is high enough, the valve switches position and air flow is directed to the 

right operating chamber (pilot port H), whilst the left is exhausted to atmosphere. Once 

the pressure differential is sufficient the valve switches back to its original position and 

self-oscillation is achieved by this process cycling.

Air supply

Solenoid valve

Jlfl

□
PLC

Energy sa\mg device

Nozzle

Nozzle

Throttle 1

Throttle 2

J
^^^hirottle

Air operated vahie

Air

Figure 2.55: (a) Concept of proposed pulsed blow system, and (b) schematic of self­

oscillated system [141]

The duty ratio and oscillation frequency of the blow system are determined by the 

conductance of the throttle valves, and volume of the flow paths [141]. To design the 

system w ith specified parameters, the authors built a simulation model of the self-oscillated 

pulsed blow system.

Control Methods

The development of open loop optimal energy control strategies has been 

investigated by Doll et al with a view to minimising a consumption cost function with 

constraints such as transition time, mean velocity, maximum velocity and force [33]. The 

setup consists of five 2/2 directional control valves connected as a bridge (figure 2.56). The
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valves VI and V2 supply the chambers with pressure, valves V3 and V4 exhaust air from 

the chambers and valve V5 is a by-pass valve that permits cross-flow [33].

V2

m,

P.
V5

V4V3

Figure 2.56: Five valve bridge connection for energy optimal open loop control [33]

The optimisation problem considered the movement of a specific mass along a stroke 

w ithin a specific time, w ith the objective of minimising air consumption [33]. The 

optimisation strategy involved using a genetic algorithm and strategy of evolution [33]. If 

only the minimisation of air consumption is considered, it was shown that up to 61% of 

air could be saved [33]. However, this was caused by the low pressures in final positions 

which implies the system would be sensitive to external forces. This approach is not 

comparable to standard pneumatic control which achieves the maximum possible final 

force [33]. Additionally, a large reduction could be achieved without the use of a bypass 

valve [33].

In order to investigate the savings due to  the bypass valve, Doll et al considered 

another scenario in which the cycle time, pressurisation in final position, mass and 

cylinder were all the same [33]. Results indicated that significant air savings of up to  30% 

could be made w ith the use of an optimised control sequence and a bypass valve active
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before and during m ovem ent of the piston [33]. A draw back of the bridge connection in 

com bination w ith  the optim ised open loop control approach, however, is tha t it is difficult 

to  find a general rule for param eterised control [33]. H ow ever, it does dem onstrate the 

potential for significant im provem ents in drive energy efficiency.

Condition m onitoring and diagnostics

C ondition  m onitoring  for pneum atic systems is an im portan t means of reducing 

costs, machine dow ntim e and im proving life expectancy of m achinery [74]. A ccording to  

Kambli [142] m any users tend to  run  pneum atic systems until they fail, typically because it 

is difficult to  isolate the process or com ponent contribu ting  to  higher consum ption.

In particular from  an energy efficiency perspective, leakage is an expensive waste of 

compressed air. F or example, a single V *" leak can incur an annual cost of $12,000, based 

on an energy cost of $0.07 /kW h [143]. In m any plants dem and due to  leakage, can account 

for 20% to 30% of total compressed air p roduction capacity [125]. C om m on problem  areas 

for leakage include couplings, hoses and tubes, fittings, pressure regulators and valves (i.e. 

m ainly at po in t of use) [125,143]. The standard approach to  leak detection and repair 

involves regular audits, several times a year, w ith  the use of ultrasonic detection equipm ent 

o r m anual inspection [143-145]. H ow ever, it is now  recom m ended tha t system air 

consum ption be m onitored on an on-going basis in order to p inpoint leaks and losses 

[142].
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Figure 2.57: Pneumatic subsystem with possible faults [74]

Faults manifest through symptoms such as increased or decreased pressure or 

position speed (figure 2.57) [74]. Positioning times and average speed can be assessed with 

the use of end-position switches, stroke counters and valve control signal [20,74]. 

However, a detailed diagnosis is only possible by using additional pressure and flow 

sensors though only if they are required [74]. A list of diagnostic approaches w ith different 

diagnosis depth is presented in figure 2.58.

Approach 2. Plausibility checks and fingerprint from measurements

Approach 3: Physical model with a sensor combination

Approach 5: Advanced model based

Approach V. Limit checking

Figure 2.58; Diagnostic approaches [74]
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Limit checking, the simplest approach, consists of producing symptoms with 

available signals (valve, proximity, pressure, flow etc) [74]. Examples include supervision of 

pressure or characteristic values (i.e. average speed of piston) within specific limits. The 

disadvantage of this approach is that the observation of symptoms alone is not enough for 

fault isolation[74].

Plausibility checks is a type of limit checking technique except w ith wider tolerances 

i.e. measurements are evaluated with regard to credible values [74]. An example is the 

detection of increased friction by increased or decreased pressure during the extend and 

retract strokes. This approach is also useful for detecting valve switching faults, leakage 

and higher loads [74]. The disadvantage of plausibility checks is that there is not a 100% 

guarantee that the faults are detected since many faults can have similar symptoms on the 

measured pressure [74]. However, plausibility checks can be combined w ith fingerprint 

tables for confirming diagnosis and as a first step in identifying faults before quantifying 

their value [74]. Fault detection will still depend on the available sensors.

Using a model based approach the position of the cylinder can be calculated, based 

on measured mass flow and standard polytropic chamber models, and used as a parameter 

for further diagnostics, for example to detect leakage (figure 2.59). Throttling of the flow 

by squeezed tube can also be determined by detecting changes in circuit conductance [74]. 

This is achieved by m onitoring the pressure (upstream and downstream) and flow.

E xternal L eakage  In ternal L eakage
300

Calculated

"e 225 £
o 150

Real

U)
o

Q. 75

0 2 3 4 51

300
Calculated

■g 225 £
o 150

Real

(A
o

CL

0 2 3 51 4

T im e[s]  T im e [s]

Figure 2.59: Behaviour of calculated position when leakages occur [74]
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If the all the diagnostic approaches are combined and w ork in sequence, then it is 

possible to detect all the faults shown in figure 2.57 [74]. The procedure then consists of 

isolating any faults through elimination. Commercial condition monitoring solutions are 

available from Festo AG. Their condition m onitoring system monitors flow and pressure, 

and air consumption by using regular flow and pressure sensors, a diagnostic controller 

and a graphical display [142].

2.3.3 Energy saving in  servo pneum atic systems

In order to improve the energy efficiency of a servo-drive system, Yang et al installed 

a bypass valve in the pneumatic circuit to allow for recycling of some exhaust air [122]. 

The typical speed response for a traditional type controlled servo-pneumatic drive is 

shown in figure 2.60.
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F igure 2.60: (a) Typical speed response of traditional control and (b) by-pass valve control 

of an asymmetric cylinder [122]
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From  the maximum speed point A, the controller will reduce the speed which means 

the pressure in the drive chamber (A) will be reduced and the exhaust pressure in chamber 

B will increase, until the minimum point C is reached [122]. If the bypass valve is open 

(figure 2.60) from point A to point C the exhaust pressure can be greater than the charge 

pressure and some of the exhaust air will be recycled into the drive chamber [122]. In order 

to guarantee the system working in case that pressure in chamber a is greater than chamber 

b, a check valve is fixed in the bypass path to allow flow in only one direction. This avoids 

the need for open and close control of the bypass valve according to piston position and 

chamber pressures which is complicated to control [122].

Results indicate that 12-28% air consumption savings can be made using the bypass 

valve method, depending on supply pressure and stroke length. Based on the additional 

costs (extra valves) for building the system, the payback for the method was approximately 

2.6 years [122]. Additionally system performance can be improved since pressure in both 

chambers can balance quicker leading to reduced overshoot [122].

A similar cross-flow valve configuration for recycling pressurised air (figure 2.61) was 

developed by Xiangrong et Michael [146]. However, a nonlinear control approach was 

utilised that constrains the valves only by tracking and energy saving objectives [146].
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Figure 2.61: (a) Pneumatic servo w ith inter-chamber flow path and (b) air consumption in 

comparison to standard controller [146]
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The proposed controller was developed by calculating the control effort (i.e. 

differential mass flow rate) required for tracking, and second by calculating the extent to 

which the cross flow can contribute to that differential mass flow rate [146]. Results 

demonstrated that energy consumption could be reduced by 25-52% depending on 

tracking frequency [146]. Additionally it is noted that symmetric (e.g. rodless or double 

rod) cylinders would provide greater opportunity for cross flow energy savings [146].

The energy efficiency of pneumatic systems and their control m ethod’s is of 

particular interest in the field of mobile robotics where local power source (air supply) is 

limited [147,148]. In traditional servo pneumatic systems the area that connects one 

cylinder chamber to supply pressure is constrained to be the same area that connects the 

other area to exhaust [149]. An energy saving method is presented by Al-Dakkan et al 

[147,150,149] that involves decoupling a standard 4 way valve into two 3 way servo valves 

(figure 2.62). This decoupled configuration enables independent control of charging and 

discharging valve areas and thus cylinder chamber pressures [149]. The resulting two 

control degrees of freedom can be used to satisfy a performance constraint and an energy 

saving constraint, which in this case minimises cylinder pressures i.e. the modified servo is 

a two input single output system [149]. The proposed control approach is based on a 

standard sliding mode control approach, in which the single control degree of freedom is 

utilised to satisfy a sliding condition, which in turn provides stable tracking w ith a desired 

dynamic error [147]. The proposed energy saving approach modifies the standard sliding 

mode controller to provide only the actuator output impedance necessary to achieve 

desired tracking performance [147].
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Figure 2.62: Modification of standard pneumatic servo actuator for accommodating 

dynamic constraint based control [149]

This control approach is essentially variable impedance controller which maintains 

an output impedance required to track a desired trajectory, and this minimises the required 

air mass flow rate [149], Experimental results indicated that energy savings of up to 45% 

were possible with essentially no sacrifice in tracking performance. The energy savings 

were dependant on the tracking frequency with less savings possible at higher frequencies 

[149]. This is due to great actuator demands and output impedance must be higher to 

provide the desired degree of tracking performance [149].

A similar methodology for energy saving using a decoupled valve configuration with 

separate adaptive robust controllers for m otion and pressure trajectories has been proposed 

by Xiaocong et al [151]. O ther research by Ke et al has shown that optimal control 

velocity profile is obtained by using a shape close to a sine function [152].

Two pulse width modulation (PWM) type control methods were investigated by 

Granosik et al in order to assess their air consumption efficiency. The first system 

consisted of two on-off (2/2) valves, and is the least expensive solution for implementing 

proportional control of a pneumatic cylinder since it requires only the tw o valves and 

position feedback [148]. The second system consists of four 3/2 control valves and is 

called proportional position and stiffness controller (figure 2.63).
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Figure 2.63: Pneumatic circuit for PPS controller [148]

The conventional control method results in continuous airflow even during steady 

states, causing excessive air consumption [148]. In comparison using four valves per 

cylinder and a PID controller that shut off air flow when position error reached a 

reasonable minimum, allowed the air consumption to be reduced from 3.37L to 0.4 L 

[148]. The PPS m ethod reduced the consumption even further to 0.11 L [148].

2.3.4 Com pressed A ir System O ptim isation

Best practise technical measures for energy efficient compressed air systems are 

widely reviewed in trade journals [28,29,47,61,123,153-156]. The focus for this discussion is 

on research based energy saving methods.

Two level system design

The power needed to drive a compressor is primarily dependant on the pressure 

ratio, but the energy available at point of use is dependent on the pressure difference 

between inlet and exhaust [69]. Therefore for energy savings there should be an objective 

to generate a high pressure differential with a low pressure ratio [157]. In two level systems
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there is a high pressure dehvery Hne and a lower pressure return hne to form a closed 

circuit (table 2.7) [157].

Pu Pd AP CR

Conventional 6 1 5 6

Two-level 11 6 5 1.83

Table 2.7: Typical values for standard and two-level CA systems [157]

Energy savings of up 50% have been estimated by implementing such closed loop 

compressed air systems [157]. However, they are a num ber of disadvantages that restrict 

two level system’s industrial implementation. The distribution netw ork design and 

installation complexity is increased as a double main is required to take exhaust air back to 

the compressor inlet and also provide lower pressure to blow devices. Tools that operate 

with back pressure at the exhaust port are not available and modifications would be 

necessary [69],

Optimal compressor control

The interaction of generation, transmission and consumption subsystems of a 

compressed air network strongly effects overall system energy requirements [118]. While 

the isothermal coefficient of efficiency is provided by compressor vendors, it is difficult 

due to the complexity of the overall pneumatic line to quantify the energy efficiency of the 

system [118]. Based on the overall models of compressed air systems developed in 

[31,119,120] a compressed air energy efficiency index has been proposed [118]. 

Minimisation of the index (CA-index) allows the optimal operation policy for compressor 

systems to be formulated [118]. The efficiency of the of the CA system (eq. 2.80) is 

determined from the relation of theoretical minimum power (i.e. isothermally) to the 

average power during duty cycle [118]. The real power is determined by computational 

means or measurements.

C A in a e x  = (2.80)
^real
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The energy efficiency of the compressor system depends on adjustable parameters; 

minimum compression pressure and pressure difference (between control points) [118]. 

The theoretical solution to the CA-index optimisation problem is to keep maximum 

pressure difference and minimum compression pressure as low as possible. However the 

maximum permitted switching frequency of electric motors forms a hard, system specific, 

constraint on the lower limit of the maximum pressure difference [118]. There is a trade­

off between using idle run, where a small pressure difference between cut-off is possible, or 

switching the m otor off completely and using a larger pressure difference [118]. If the 

maximum switching frequency and the parameters of the system are known, the minimum 

average power during duty cycle for switching or idle running can be compared. This 

approach (CA index) allows for the optimal two-point control strategy for a multi- 

compressor system to be determined, based on the energy efficiency during a given 

interval [118]. However, this approach does not account for changes in production 

conditions.

Localised A ir  Generation

Another aspect of compressed air usage that is widely believed to be inefficient, from 

an energy efficiency perspective, is the generation and distribution of air from a centralised 

plant [22]. A number of factors hinder the system efficiency including infrastructure 

complexity, energy storage and excess supply [22]. Plant air systems can be extremely 

complicated, especially in large scale plants. Extensive distribution pipe w ork can lead to 

high maintenance and operational costs through low efficiency [22]. Constant pressure is 

difficult to maintain due to inevitable leakage and limited storage capacity but is essential 

for the practical operation of production equipment [22]. This means that excess 

compressed air is generated in order to meet the maximum demand at any time. In 

addition, to increased energy consumption, this can lead to reduced equipment life though 

increased wear.

A quantitative analysis of three compressed air supply patterns for an automotive 

manufacturing plant was presented by Yuan et al [22]. Environmental value system tools
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were employed to analyse the economic and environmental impact of plant air, point of 

use and local generation type supply of compressed air. Plant air refers to the supply of 

compressed air from a centralised compressor plant and distribution through the factory 

via pipe work. Point of use involves each machine being exclusively supplied by an 

independent compressor. In local generation, a compressor supplies compressed air to a 

num ber of machines that are grouped together. Each supply pattern is illustrated in figure 

2.64.

Air compressor

Air
House

Air compressor

c t C

CL CL Q.
□_ CL CL
CL □_ CL
□_ [X Q_

Plant air Point-of-Usc Local generation

Figure 2.64: Air Configuration diagrams [22]

In considering the alternative options, a full cost of ownership study is necessary 

[22]. This includes setup costs, depreciable costs and annual costs for the operation of 

equipment and presents a complete picture of the costs involved with each option. The 

total cost of ownership (TCO) can be determined using equation 2.81, where M is the 

num ber of compressors needed to supply all machines, q is annual consumption of 

compressed air on all machines (mVyear) and N  is the total number of machines.

^  (C1 +  C 2 + C 3 )  xM  XlOOTCO (cents/1000 ft3 ) =  x 1000 (2.81)

The depreciable cost (Cl), setup cost (C2) and annual cost (C3) are calculated using 

equations 2.82 to 2.84. The variables for the environmental value system are shown in 

table 2.8.
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Variable Definition Unit

D Equipment cost $

Y Equipment life Years

I Installation fee $

T Transportation fee $

P N um ber of people to be trained -

F Training fee for each person $

S Footprint for the equipment ft-

Rs Footprint cost rate $ /ft V year

E Electricity consumed kW h/year

Re Electricity rate $/kW h

O Cost of various consumable $

H Downtime Hours

Rm Maintenance cost $ /hour

Table 2.8: Environmental value system definitions and units [22]

C l = -^  $/year (2.82)

C2 = I + T +  l ] P x F  Si n  first year (2.83)

C3 = S X Rs + E X Re + ^  O  + H  X Rii $/year (2-84)

The analysis indicated that P O U  generation is the most expensive in terms of the 

costs associated w ith generating 1000 cubic feet of air [22]. The costs for local generation 

are comparable to the operational cost for the plant air supply pattern. However, if the 

setup costs, which consist of many onetime costs, are taken from the equation, operational 

costs for some configurations of local generation are slightly lower than plant air over a 

five year period [22]. From  an energy conservation perspective, the study found local 

generation to be the best solution, as the energy required (kWh) to produce 1000 cubic feet
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of air was significantly less for local generation than plant air or point of use. As such the 

quantitative analysis favours local generation from both a cost and energy efficiency 

consideration [22].

However, the issue of noise levels in a working environment was not addressed. The 

addition of a compressor into a working production environment may mean the 

cumulative effect would bring the noise above acceptable regulated levels. This problem 

could likely be solved through strategic placement and installation of an acoustic enclosure 

for the compressor [61]. The study was also specific to an automotive production facility. 

Therefore in the wider context, the cost of ownership and energy consumption w'ill be 

dependent on individual plant configurations. The division of responsibilities between 

manufacturing and facilities in some organisations may also dictate the favouring of plant 

air configuration due to cost and ownership issues. This can be unfortunate from an 

energy efficiency perspective as ownership of energy usage is widely seen as a critical factor 

in reducing consumption levels [26].

O rgan isa tion a l & statistical approaches

There are a number of organisational barriers that need to be addressed in order to 

improve compressed air system energy efficiency. These include a lack of compressed air 

cost accounting, lack of awareness to potential savings and complex management structure 

[26]. Due to the nature of compressed air energy costs, responsibility for cost reduction 

measures is often divided between managers for maintenance, production, facilities, 

finance and purchasing [26]. In particular the use of local (machine or process) level 

compressed air cost metrics could be useful in ensuring responsibility for the efficiency of 

pneumatic production equipment.

Value stream mapping is a another tool for uncovering hidden sources of waste, such 

as unnecessary energy usage [158]. Incorporating energy usage into value stream mapping 

allows energy reduction opportunities to be considered in conjunction w ith other process 

improvement opportunities O ther methodologies have been developed for graphically 

and statistically analysing plant energy use in terms of the major end uses [159]. These
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approaches use energy-use breakdowns and statistical analysis to find energy saving 

opportunities and later track energy savings.

2.3.5 Energy efficiency case studies in  production

Jarvensivu et al [160] present an intelligent control system for the improved control 

of an existing industrial lime kiln process. The supervisory-level control system was 

designed to be modular and hierarchically structured system. The core system components 

consisted of neural network models used in conjunction with high level controllers, based 

on fuzzy logic principles. The control of the process was carried out by feed-forward 

controllers, stabilising controllers and constraints handling (figure 2.65).
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Figure 2.65: Schematic presentation of control structure for lime kiln process [160]

In order to  optimise the process, it was operated closer to constraints (e.g. narrowed 

safety margin) w ith additional supervision to enable adjustment of controlled variables in 

order to fulfil objectives, in this case improved lime quality, energy efficiency and 

emissions. The target values were the adjustments necessary to maintain the process close 

to the optimal state and were based on operating conditions. The necessary adjustments 

(target values) applied by the control module were based on neural netw ork models, 

developed on the basis of process data i.e. empirical models. The models took into account
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moving averages, for a range of times, for a number of measurable (controlled) variables. 

Those measureable variables, in this case excess oxygen content of flue gas and temperature 

of flue gas in hot and cold end of kiln, were selected for having a know n correlation w ith 

prim ary process outputs (quality, efficiency, emissions).

Results from the new system indicated that heat energy consumption was reduced by 

7% in comparison to manual operation. This reduction was attributed to a decrease in the 

energy required to heat up cold burning air, reduction in hot and cold end temperatures 

which subsequently implied a reduction in heat loss by radiation [160]. The reduction in 

energy consumption was greatest at low production rates. This case study provides a good 

demonstration of how experimental knowledge of process behaviour combined with 

intelligent techniques, can be used to improve process efficiency considerably [160].

Operational methods to minimise the energy consumption of manufacturing 

equipment have been developed by Mouzon et al [161]. The methods include both 

dispatching rules and multi objective optimisation techniques. Following on previous 

research that observed the considerable energy consumption by support functions of 

manufacturing equipment [53-55], the focus for the study was shutting down underutilised 

(non-bottleneck) equipment sets when idling.

The logic for the first dispatching rule follows that a machine should be shutdown 

based on the following conditions and assumes jobs should be processed as soon as a 

machine becomes available i.e. no scheduled idle time is allowed: 1/ There is no part 

waiting in the queue 2 / There is enough time for a turn off-turn on operation before the 

next job arrives 3 / the total idle energy consumption is greater than the energy to  shut 

down and restart the machine [161]. These rules were integrated into a controller that 

successfully reduced energy consumption in comparison to a no-controller case. 

Additionally a number of alternative algorithms were tested utilising various levels of 

information (release dates and arrival time distributions) with varied success. Typically 

lower energy consumption entailed greater total completion time.

Lean manufacturing principles dictate that a priority focus should be on reducing 

setups, turning on-off machines, and waste energy consumption. The use of batching was 

proposed to  achieve this aim. By queuing a num ber of jobs before they can be processed, 

both objectives can be achieved. The machine processes jobs until the queue is empty and
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if there is sufficient time until the arrival of the next batch will turn off to realise energy 

savings [161]. However, while this algorithm was successful in reducing total energy 

consumption, the total completion time was increased due the postponem ent of job 

processing. A variation of batch sizes caused the energy consumption to  change 

predictably, w ith higher batch size leading to lower energy consumption, but the effect of 

batch size on total completion time was not as predictable [161].

To summarise, the success, in terms of energy saved by the dispatching rules, was 

dependant on inter-arrival time, processing time of jobs and break-even time of machine. 

This outcome is intuitive since the lower the warm up time, stop time, on /off energy 

consumption and machine utilisation rate, the larger the potential savings in energy 

consumption [161].

Due to the importance of information (arrival time etc), an artificial neural network 

based forecasting model was developed in order to predict arrival times. Neural networks 

make predictions based on preceding arrivals and are particularly suited to short term 

predictions [161]. This method is therefore more suitable than probability distribution 

modelling when the rate of arrival depends on the time (e.g. rate of arrival is higher in 

morning and afternoon and less around lunch break). The artificial neural network model 

was integrated with the dispatching rules so that the controller would make the decision to 

shut down the machine or leave it running idle based on the model forecast. This 

combination was successful in reducing energy consumption by more than 10% in 

comparison to the no controller approach and may be appropriate for ‘unusual’ scheduling 

situations [161].

Multi-objective programming was investigated due to the requirement in 

manufacturing to optimise more than one objective. In this case the criteria selected to 

optimise were energy consumption and total completion time. A mathematical model was 

developed so that users can weight the importance of several factors and prioritise their 

own minimisation objective, in this case completion time or energy consumption. The 

developed models provided non-dominated solutions and assisted the controller in 

choosing the best schedule [161]. However, this model did not factor in issues associated 

with re-establishing the equipment within a stable process window following an on-off 

cycle, and this factor is known to be critical from an operational perspective. Shutdown
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and start up procedures have been known to cause significant disruption and production 

downtim e in many industrial facilities. In any case the applicability of such operational 

methods to pneumatic production systems is limited, since they are based on the electrical 

consumption of machines during non-productive periods. In fact pneumatic systems are 

more efficient in this situation, as an optimised system (e.g. w ithout leakage) will not 

consume energy during non-operational periods [20].

2.4 Summary

Automation is a key driver in the development of manufacturing systems. The 

importance of compressed air in facilitating automation has been discussed. However, it 

has noted that automation can lead to an increase in non-value add energy usage so 

improving energy efficiency is of critical importance. The interoperability enabled by 

standards such as O PC  can potentially provide the mechanism for process and system 

monitoring and optimisation w ith respect to energy and resources [51].

Modelling approaches for simulating the dynamics of individual pneumatic drives 

and the consumption of larger systems have been reviewed. The state of art in energy 

efficiency for pneumatic and compressed air systems has been discussed. A number of 

production related case studies were highlighted that are of relevance in particular for the 

control of compressors.

W ithin the scope of exploring the dynamics and consumption characteristics of 

electro-pneumatic systems, a number of challenges have been identified.

1. To investigate air usage characteristics of manufacturing systems. Previous work 

has focused on electrical energy consumption of manufacturing equipment [53], 

however the breakdown of compressed air usage and losses in manufacturing has 

not been assessed.

2. To investigate the suitability of process models for industrial pneumatic systems 

with dynamic conditions. W ithin this focus, a number of issues must be addressed:

The appropriateness of linear statistical methods

The application of servo based models to open loop pneumatic drives
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The accuracy of simphfied consumption models 

3. To investigate the Kagawa flow model [103] for industrial pneumatic drive circuits 

consisting of multiple devices such as flow controls, silencers and long lengths of 

tubing. Additionally an assessment the applicability of flow identification 

techniques to an industrial environment is required.
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3. Industrial Investigations: Compressed air usage in automated 
production

3.1 Overview

The objective of the industrial case study was to investigate compressed air 

consumption and losses on typical automated assembly type modules w ith a view to 

understanding the sources of inefficiency in pneumatic production machines. The 

investigations focused on one cell, an automated quality test (AQT) unit, of an overall 

flexible automation type production process. The manufacturing facility consisted of a 

num ber of different discrete manufacturing processes w ith mass production of individual 

parts/products at high volume with some level of product mix capability. Generation of 

compressed air was the largest electrical energy consumer on site, accounting for 23-24% of 

overall energy usage. Compressed air was used for a variety of applications on site, 

including actuation, process control and material handling purposes.

Two A Q T modules were investigated. The compressed air consumption of the 

quality testing units was analysed primarily in terms of quantifying non-productive usage 

and identifying the underlying causes for such usage.

3.1.1. Automated Assembly Production Module

The function of the Automated Q uality Test (AQT) unit on the production line is 

to m onitor product quality. The module receives partially completed product assemblies 

from an upstream module, prepares the product for testing, tests the product, after which 

it is cleaned and dried, then returns the product to a downstream module, via a conveyor, 

for further processing. An overview of the machine’s layout and pneumatic components is 

illustrated in figure 3.1. Compressed air is consumed prim arily by pneumatic drives and 

open blow type devices on the assembly station.
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Figure 3.1: Automated quality testing unit system layout and pneumatic components

The transfer unit (TU) in figure 3.1 retrieves the product from a pallet on the 

conveyor and transfers to a fixture on the indexer dial. The pre-wash station scrubs nozzles 

on the product w ith a wetted roller pad, after which the product is indexed to  the next 

station. Contact time during the pre-wash stage is approximately 0.25 to 0.5 seconds. The 

pre-test station is used to  warm  up the product head prior to testing by repeatedly firing 

the nozzles and a vacuum system is used to collect any waste material. The product is 

moved to the test station where its quality is evaluated by a vision inspect system. The 

following wash station’s function is to clean residual material from the product head after 

testing. Three different wash pads, saturated with de-ionized water, are run across the head
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of the product in three successive dial positions and a vacuum is then applied to drain used 

de-ionized water. Two air knives are used in the next clean and dry station to dry the head 

of the product. Finally after being rotated back to the starting point of the cycle, the 

product is retrieved by the TU  from the indexer dial, rotated about its X-axis, and placed 

back in a pallet on the conveyor belt for further processing. The total processing lime for 

each product is approximately 40 seconds. However, since the indexer dial contains 16 

nests, the module is capable of outputting a product every 2.5 seconds approximately at 

maximum cycle rate.

3.1.2 Compressed air system

There were seven compressors in total supplying pressurised air for the entire 

production facility. Two of the compressors were used for higher pressure applications 

operating at 13 bar(g), with the remaining five supporting general pneumatic operations in 

production, including the A Q T modules. All compressors were rotary screw type and 

details of the five low pressure units can be found in figure 3.2. Each compressor had a 

dedicated receiver for air storage. A schematic of the low pressure compressed air system is 

illustrated in figure 3.2. The A Q T module was located in B2 of the facility. The air was 

dried and filtered to an appropriate IS08573 quality class. Both refrigerant and desiccant 

type driers were employed for this purpose.
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Figure 3.2: Schematic of compressed air system and compressor specifications 

3.2 Investigations

3.2.1 M easurem ent equipm ent and setup

The main equipment used in the investigations were: the A Q T production module, a 

flow meter, PC Oscilloscope and a laptop computer. The flow meter was used to measure 

the volumetric flow rate of compressed air consumed by the A Q T unit. The flow meter 

employs thermal mass flow principles to measure the volumetric flow rate. This means 

that the measurements are pressure and temperature independent. All results are based on 

the ISO 2533 standard reference conditions (i.e. 15°C/ 1013hPA/ 0% RH). A dedicated 

dropdown pipe supplied air to the quality test module and was retro-fitted w ith additional 

valves and fittings to enable the air flow to be re-directed to the flow sensor before 

entering the air preparation (FRL) bank (figure 3.3). The PC oscilloscope, laptop and 

PicoLog software formed the data acquisition system, used to measure and log the output 

signals from the flow sensor.
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Figure 3.3: Local compressed air system layout with sensor augmentation

3.2.2 Investigation procedure

The methodology followed in the investigations was to m onitor and record the 

volume flow of air consumed by the A Q T unit w ith corresponding machine output. The 

PicoLog software allowed for the sensor signals to be recorded over typically sixty minute 

periods. The maximum possible sampling rate for the flow measurements over this period 

was 2 Hz. A sampling rate of lOOHz was also used, over shorter periods, to test the 

sensitivity of the D A Q  system to faster changes in flow.

The corresponding machine output figures were visually inspected and noted every 

minute from the A Q T module’s HMI. Additionally, the causes for machine downtime 

during each test were documented. The information flow underpinning the investigation 

procedure and measurement equipment details are outlined in figure 3.4. The air consumed 

by the machine in operation was calculated as the mean of the 120 flow measurements (i.e. 

based on 2Hz sampling) taken over a one minute period. This allowed the average 

consumption to be correlated with production output.
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Two assembly stations were investigated as part of the industrial investigation. For 

the first assembly machine, the investigation procedure was carried out twenty times at 

random intervals over approximately a one m onth period. In total approximately 20 hours 

of data was collected. For the second assembly module, ten tests of sixty minute duration 

were conducted also over a one m onth period.

Machine model

The control setup for the A Q T unit is typical of many automated production 

machines, w ith a combination of PLC controlled sequential operations and integrated 

analog control loops (i.e. PID modules) for m otion control. W hen the A Q T machine is 

processing product, it is considered by the PLC to be ‘In Cycle’, although under dry run 

conditions it can be operated w ith no product throughput. Any event that causes machine 

downtime is documented by the PLC and placed in one of seven categories for storage in a 

database. The main categories are; Machine Idle, Machine Blocked, Machine Stop, 

Operator Stop, Material Stop, Machine starved. System stop and Island stop.
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Each category contains multiple event types, such as ‘process power not on’, ‘velvet 

wash not clear from dial’ or ‘ethernet timeout erro r’, with different air consumption 

characteristics. For example, the operator stop category includes the “process power not 

on” and “cycle stop by operator” events. ‘Process power not on’ exhibits a volumetric flow 

of approximately 50% of the maximum flow rate whereas ‘cycle stop by operator’ exhibits 

minimum air consumption levels (e.g. leakage rate).

In order to analyse the compressed air consumption and losses of the A Q T unit, the 

machine was simplified to a single input single output (SISO) system and the num ber of 

finite machine states was reduced to three (figure 3.5). In this context, machine state 

indicates the operational status of the machine for any minute time period. In-cycle means 

the unit is processing product, usually at its maximum output rate. The not-in-cycle state 

includes all of the downtime categories such as idle and blocked, and entails that no 

product is outputted during that period. The combined-cycle state takes account of the fact 

that in any minute the machine may be both processing product and experiencing 

downtime for any range of reasons. Machine condition refers to the air consumption 

characteristics of the machine state. As each state consist of multiple events w ith different 

air flow characteristics, each state can have multiple machine conditions (e.g. MS = N iC  

with MC = cS & MS = N iC  with MC = pA).

Finally production output specifies the number of products fully processed in any 

minute. M inimum output is zero and maximum is limited by safety factors at tw enty four.
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Figure 3.5: Black box model of A Q T unit and simplified Finite State Machine

3.2.3 Accuracy of m easurem ent system

The total accuracy of the measurement equipment is a function of the accuracy of 

both the flow meter and the PC oscilloscope. The technical data [162] for the Testo 6442 

flowmeter indicates an accuracy of ± 3% of reading and ± 0.3% of final value. Likewise, 

the specifications for the PicoScope 2203 [163] provide an accuracy of 100 ppm  (0.01%). 

The flow-rate measurement is therefore subject to an approximate total error of + 3.02%. 

The main measurement error associated w ith production output is alignment of time and 

display but this is difficult to quantify.
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In an industrial investigation, ideal experimental conditions are difficult to achieve, 

and it must be acknowledged that a larger degree of uncertainty is present. Additional 

potential sources of error in the investigation are listed below.

• The PLC approximated the production output by using a counter to m onitor the 

num ber of times the rotary table indexes. The output figure is thus not based on the 

physical presence of products in the system.

• The PLC for the A Q T module updated the ‘output per m inute’ figure every full dial 

rotation (e.g. after 16 dial indexes). As the machine could process up to  24 products per 

minute, this meant that usually two output figures were displayed in any minute. O nly 

one of these values was typically recorded.

• When the A Q T  was not-in-cycle, the PLC did not update the output figure. Therefore 

at times, the output figure was not accurately represented, when the machine 

experienced multiple states (e.g. in cycle and not) in any minute period.

• Multiple events were difficult to track.

• The accuracy of the measurement system was limited significantly by the response time 

of the flow sensor and maximum possible sampling rate of the data acquisition 

equipment for long durations.

The response time of the flow sensor was by default 0.6s. However, this could be 

adjusted to a minimum of 0.1s, by reducing the amount of damping via an embedded 

digital filter. This response time is typical for industrial thermal-mass based flow sensors. 

The maximum allowable sampling rate on the PicoLog software, for a sixty minute test 

period, was 2Hz. The trade-off between dynamic response of the measurement system and 

the quantity of data generated is an im portant issue for fast acting pneumatic systems since 

many linear cylinders, particularly for unloaded short strokes, can actuate in less than 0.5s. 

O ther factors limiting the industrial adoption of flow sensors include high cost, 

installation complexity, limited range ability and diminished circuit performance.
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3.3 Results and Analysis

The analysis focuses on tw o aspects: the applicability of linear regression techniques 

for modelling machine air consumption and an assessment of compressed air losses. The 

statistical analysis was carried out in Minitab. An example of one of the test results is 

illustrated in figure 3.6. The figure shows the measured air consumption with 

corresponding machine output over a typical one hour period. Each major event causing a 

change in consumption or output has also been highlighted.

Unload r 25
servo
needs
homing pf.

Machine starved/ 
machine blocked.Process power 

not on

Velvet wash not 
clear from dial

No faults 
ready to cycle

Time (mins)

■ ■ M a c h i n e  output ♦ ' Air consum ption 

Figure 3.6: Example flow test, 60 minutes at sampling frequency 2Hz

3.3.1 Statistical analysis

The total compressed air consumption and product output for the entire test period 

is detailed in table 3.1. The specific air consumption metric refers to the amount of 

pressurised air consumed by the quality testing module in processing one product. This 

metric can be useful as a quality benchmark. An air consumption of 0.027 m^ per product 

is equivalent to 27 Litres per product. N ote this figure refers to the specific air
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consumption of one stage of process and represents only a fraction of the total compressed 

air consumed in the production of the overall product.

Total compressed air 

consumption

(m )̂

Total production 

output 

(products)

Specific CA 

usage metric 

(mV product)

363.11 13,599 0.027

Table 3.1: Totals for test period, assembly station 1

In an industrial environment many data distributions do not follow the Norm al 

distribution model that underlies many standard statistical tools [82]. Due to the 

constantly shifting nature of many industrial process conditions, long term process means 

for variables such as energy consumption can be difficult to predict w ith accuracy. It is 

therefore essential to test the ‘N orm ality’ assumption for each data set in order to validate 

the use of statistical tools such as process control charts, which could potentially be useful 

in m onitoring air usage.

Figure 3.7 contains the histogram, box-plot and summary statistics for the 

volumetric flow-rate of compressed air at maximum output rate. The sample statistics in 

this case are based on 521 observations at maximum production rate. Note the flow rate 

units in figures 3.7 and 3.10 are mVh.
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Figure 3.7 Summary statistics for air consumption at maximum machine output
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Figure 3.8: Probability plot of air consumption at maximum machine output

The normal probability plot (figure 3.8) indicates the data does not follow a normal 

distribution even after existing outlier points had been removed. As the p-value is less than 

0.05, the null hypothesis that the data comes from a N orm al distribution is rejected. 

Therefore it is not possible to use confidence intervals to predict future air consumption at 

maximum output.
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Similarly, the histogram, box-plot and summary statistics, w ith obvious outlier 

points removed, for flow at no production output are illustrated in figure 3.9. Additionally 

the machine condition was that of complete shutdown, so that any air consumption is due 

to  leakage. The statistics are based on 284 points (minutes) w orth of data. The normal 

probability plot indicated a p-value of less than 0.05 which means the data is not normal. It 

is again not possible to estimate the long term process mean for leakage flow rate based on 

the sample data. This is typical for an industrial process with frequently changing 

conditions. Planned maintenance periods and wear of components means that the process 

mean for leakage rate is likely to change depending on the frequency and type of 

maintenance (e.g. preventive or corrective) and the age of equipment i.e. there is a time 

based element to the leakage rate. Some of the variability in the flowrate can also be 

attributed to an unstable pressure supply, since if the leak occurs upstream of the pressure 

regulator it will be subject to pressure fluctuations in the compressed air network.
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Figure 3.9: Summary statistics for air flow rate at P 0  = 0, MS =N iC , MC = cS

The box-plot and regression analysis for compressed air consumption and machine 

output are shown in figure 3.10. It was assumed that production output would be the 

primary driver of compressed air consumption. However, it is clear from the box-plot that
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air consumption varies widely w ith production output, in particular at no output. The 

regression analysis indicates that there is a relationship between compressed air 

consumption and production output, as is expected intuitively, but that output alone 

cannot be used as an accurate predictor of consumption. It is clear from the box-plot that 

the data is not normally distributed along the linear regression curve, a key assumption 

underlying the regression analysis. Therefore, it is clear that air consumption is a function 

of multiple variables, such as output and machine state, even at machine level.

The scatter plot for the power consumption of all operational compressors against 

total production output of the factory, over a four year period are shown in figures 3.11. 

The coefficient of determination calculated by the regression analysis was 50%, 

significantly less than the equivalent value at machine level. This indicates a very poor 

prediction level and thus demonstrates the difficulty in accurately predicting compressor 

energy consumption with only production output as a predictor variable.
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The regression equation is 
C3 = 7.16 + 1.04 C4
1045 cases used, 8 cases contain missing values 
Predictor Coef SE Coef T P
Constant 7.1593 0.2338 30.62 0.000
C4 1.03737 0.01374 75.52 0.000
S = 4.87333 R-.Sq - 84.5% R-Sq(adj) - 84.5*

Figure 3.10: Box-plot of air consumption for a range of production rates and regression 

analysis (C3: Volumetric flow-rate, C4; production output)
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Figure 3.11: Scatter plot of total compressor system energy usage w ith production output 

at factory level

3.3.2 Compressed air losses on A Q T m odule

Non-functional usage is defined as compressed air consumed during periods of non- 

value-add activity. Examples of non-functional usage in this particular case include the air 

consumption of active components when machine is not processing product and air 

exhausted to the atmosphere by leakage. The compressed air losses were divided into three 

primary categories, leakage, control and design, that describe the underlying drivers of 

non-functional air usage.

Leakage refers to compressed air that escapes to the atmosphere if the system is not 

perfectly sealed. Leakage typically occurs across w orn seals in actuators and spool valves, 

and at threaded joint connections and push-in fittings [143]. The total leakage calculation 

is based on the sample mean flow rate of air at no output, machine state of not-in-cycle and 

machine condition of total shutdown.

The control losses category accounts for excess compressed air consumed, during 

non-productive periods, due to a lack of control capability or inadequate control settings. 

This category is based on the observation that the machine would still consume
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compressed air even when it was not producing any output and not-in-cycle. This occurred 

during particular machine events such as ‘system start-up’ and ‘process power not o r’. 

Additionally this category includes compressed air consumed when there is no machine 

output but the machine is still in cycle (e.g. MS = Ic, Mc = A, P 0  = 0). This happens when 

the machine is in dry cycle, usually for maintenance or product changeover purposes. 

The control losses categor)^  ̂ also includes compressed air consumed during idling before 

shutdown (e.g. P 0  = 0, MS = C, M C = pA). Usually, this can happen if the upstream 

module is blocked or idle causing a delay. The machine is usually left active for 30s to 6Ds 

in order to re-engage rapidly. Finally, it was observed during the investigations that tie  

air-knives on the clean and dry w ork station remain active during the transfer period when 

product is being moved between stations on indexing dial. During this time a quantity of 

compressed air is discharged to the atmosphere without providing either cleaning or 

drying function to the product. The transfer time between stations was timed with a 

stopwatch at approximately 0.4s. Estimated losses due to non-functional usage during 

transfer were also included in the control category.

Design losses refer to the higher than necessary air consumption, caused in the 

machine design stages, by utilisation of poor design methodologies w ith respect to energy 

efficiency. This includes design choices based on capital not life cycle costs, such as the use 

of open pipes for blowing purposes or bridge type circuits for pneumatic gauging 

[164,165]. Additionally this category could potentially include the use of excessive design 

safety factors and other issues such as component sizing and valve to actuator tubing 

lengths [164]. However, these losses are difficult to determine w ithout the use of a 

comparable system model and therefore remain outside the scope of the study. 

Nevertheless, the category is included to highlight the fact that further energy losses occur 

in pneumatic systems in addition to those documented in this study.

Total losses

The breakdown of air consumption and losses of the first assembly module during 

the investigation period are illustrated in figure 3.12. Total non-functional usage, not 

including potential design losses, accounts for 27% of total compressed air consumption. It 

can be seen from the figure 3.12 that a major cause of non-functional usage is leakage,
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consuming 13% of all air supplied during the investigation period. Total control losses 

account for 14% of compressed air consumed. The same methodology applied to the 

second assembly station investigated revealed similar results (figure 3.12). Total non­

functional usage increased to 41% of overall machine consumption due nearly wholly to 

increased leakage rates. Total control losses were consistently in the 12-14% range.
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Figure 3.12: Breakdown of air consumption and losses on automated assembly units

The results from both assembly units demonstrate the need for regular and 

preventative maintenance. Notably, the leakage rate in the second case is particularly 

striking, accounting for nearly a third of all machine consumption. It is also clear there is 

scope for improved control of air consumption during non-productive periods. This can 

be achieved with additional control valves and control settings (programming). Design
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losses are difficult to assess w ithout a suitable model and this reason constitutes part of the 

rationale for the w ork carried out in chapters 4 and 5. Figure 3.12 highlights the potential 

for immediate energy savings in industrial facilities. The literature review has shown the 

potential for considerably more energy savings with better design, monitoring and control 

of pneumatic systems.

To assess further the control losses categories, the breakdown of consumption 

between active and passive consumers in the assembly module, was also investigated (figure 

3.13). The passive consumers included the air knives, pencil blower and leakage. Active 

consumers included the linear and rotary actuators and grippers. Figure 3.13 demonstrates 

that passive consumers account for a large part of consumption during full production and 

also for a majority of losses during non-productive periods.

It is clear from the figure that tighter control of passive consumers during non­

productive periods is necessary to improve energy efficiency. An additional control valve 

for the air knives was installed and programmed to shut off the air supply when the 

machine was not-in-cycle. This resulted in air savings of approximately 8%. Leakage can be 

reduced with regular maintenance. According to best practise, the percentage of 

compressed air lost to leakage should be less than 10% in a well maintained system [125].

@ P O = m ax

30

0 )
O Jn
tt)
><

15

I

1 0 ------

5 ------

0

Dry r u n

@po=o

In-cycle

Air kn ives  + le a k a g e

@po=o

Leakage

- j
@po=o

N ot- in -cyc le

■ Active consumption 

□ Passive consumption

Figure 3.13: Breakdown of air flow for range of production conditions

122



3.4 Summary

1. Based on the investigations of the two assembly stations, losses were estimated to 

account for 34% of total machine air consumption. It is clear that a significant amount 

of such energy losses can be addressed w ith current technology, little investment and 

better maintenance. The losses estimate does not include further energy savings 

possible using more advanced methods in design. A system model would be useful in 

allowing such energy losses to be quantified.

2. The dynamic response and accuracy of the measurement chain is limited by the 

response time of air flow sensors. For fast acting pneumatic drives, the consumption 

may not be accurately captured using only a flow sensor.

3. Linear regression, a widely employed tool in industry, is of limited use in predicting 

machine air consumption w ith confidence. This is due to non-normal distribution of 

underlying data and dependence of air consumption on more than one predictor 

variable. Additionally the variability of leakage flowrate over time during machine 

shutdown periods has been highlighted.

4. Due to the demonstrated limitations of the standard statistical approach, a more 

transparent type of modelling approach is therefore taken in subsequent chapters. As 

a prerequisite to modelling large scale pneumatic production systems, a fundamental 

understanding of the most common pneumatic consumer devices is first required. The 

flow of compressible fluids (air) through orifices, nozzles and pipes is well documented 

in the literature. However, the consumption dynamics of pneumatic cylinders has 

received less attention. Since linear cylinders are one of the most common pneumatic 

devices found in industry and account for a significant portion of machine 

consumption, it is necessary to develop a detailed dynamic model of such air 

consumers. M oreover, since the measurement system resolution is limited by flow 

sensor response time, detailed dynamic models of pneumatic cylinders are also 

required to calculate the air consumption of fast acting drives w ith better accuracy.
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4. Modelling & identification of industrial pneumatic drive system

4.1 Model Development

The model development consists of the theoretical development of non-linear 

mathematical model for the system dynamics, and its implementation in Matlab-Simulink 

software. An advantage of using Simulink is that post-process simulation analysis and 

experimental validation can be carried out in Matlab. The model is developed specifically 

for a double acting asymmetric linear cylinder, one of the most commonly found 

pneumatic actuators in industry. The motivation for the development of a comprehensive 

actuator model was two fold:

1. To utilise the short response time of pressure sensors to accurately model the 

flow/consum ption of fast acting pneumatic drives

2. To understand the phenomena that contribute to the dynamic characteristics of the 

system, such as output force, cycle time and air consumption.

4.1.1 System Dynamics

The pneumatic drive system under consideration is shown schematically in figure 4.1 

with a flow chart of the model development stages. The full system model for the drive 

includes a flow model, thermodynamic model and force dynamics model. When the valve 

in figure 4.1 switches position one of the cylinder chambers is connected to an energy 

supply while the other is vented to atmosphere. This allows mass flow to and from the 

system. The mass flow drives the pressure response, and the subsequent pressure 

differential across the chambers drives the force and position output of the cylinder. The 

flow model considers the aggregate flow characteristic of a pneumatic circuit. The 

thermodynamic model predicts the pressure, temperature and heat transfer in both of the 

drive cylinder’s chambers. The force dynamics model considers inertial and frictional 

effects.
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Fig. 4.1 Pneumatic drive system schematic w ith  model development stages

Flow model

A  typical pneumatic c ircu it in  an industrial environm ent consists o f a directional 

contro l valve, one way flow  contro l valve, silencer, m u ltip le  fittings and in  some cases long 

lengths o f tubing. The extended IS06358 equation (eq 4.1) introduced by Kagawa [103] 

fo r component characterisation is proposed fo r m odelling industrial type pneumatic 

circuits. The f lo w  characteristics depend on the particular design o f components, and 

c ircu it configurations. The extended ISO/Sanville model allows fo r increased f le x ib ility  in 

accounting for the flow  behaviour o f circuits w ith  common components [103].

rfij =  Po.Cj.Pu. (4.1)
V  * U
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Where(pj = j[^ ( ^ )  ]

i =  1 +  ,1 — ,2 +  ,2 —

The sonic conductance C and critical pressure ratio b of the circuit can be 

significantly less than that of the directional control valve due to additional impedance of 

flow control valves, pipe work and fittings. The cracking pressure ratio accounts for the 

fact that in one way flow control valves, the flow rate can be zero for a pressure ratio of 

less than one due to cracking characteristic of the check valve [103]. This occurs when the 

spring force in the non-return valve is significant [13]. If there is no check valve in the 

circuit, the cracking pressure ratio a can be eliminated e.g. a = 1. The subsonic index allows 

for increased flexibility in the flow function and is essential to accurately model 

components such as silencers and one way flow controls [102]. Potentially the Kagawa 

model is ideal for circuits consisting of several devices in series.

The time delay due to switching of directional control valve can be considerable for 

solenoid actuated control valves, and is modelled as a unit step delay (figure 4.2). In 

equation 4.2 u represents the input signal u delayed by the time it takes for the valve to 

switch; including both delay and rise time. The threshold voltage is 24V for typical 

solenoid actuated valves. The total delay time tsw of solenoid control valves is typically 

available in OEM data sheets. However, it is best to identify the delay experimentally since 

pilot supply pressure effects switching time performance.

=  p  (4.2)
( 0 ...ifu  <  Uth

126



Actual M odel

AeAe

u = 24Vu = 24V

Ae(Max)

t•rise
tdelay

■sw •sw

Figure 4.2: Valve switching delay and conceptual model delay

Thermodynamic model

Based on the recommendation of Carneiro et De Almeida [80], equation 4.4 is used 

as the thermodynamic model for the cylinder with temperature following a polytropic 

process (eq. 4.3). To account for asymmetric cylinder, equation 4.4 allows for a difference 

in a cylinder’s active and dead volume for both chambers. The heat transfer model was 

simplified by considering an average heat transfer surface area, equation 4.4. Additionally, 

the changes in the heat transfer coefficient, with pressure and temperature, are neglected 

i.e. a static equilibrium value is used.

T =  Te ( i ) “  (4.3)

f  ~  ^  ^eAq(av)(T -  Tan,b) (4-4)

Where Vj =  Vji +  Aj. y

 ̂ /S \
A ,( a v ) =  — + T T d ( - )
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The pressure P  is also delayed using a transport delay in Sim ulink to account for the 

time delay fo r the pressure wave to  propagate the length of tubing. For servo-va.ves 

equilibrium  conditions were defined as the point where the spool was at central, clcsed 

position, tem perature in the cylinder was steady am bient tem perature and leakage mass 

flows w ere equal [80]. This approach was adapted for dual position valves. A leakage term  

can be included, as in equation 4.5, o r excluded as in equation 4.6 based on identification 

results.

riii =  rhiin -  rhjout (4-5)

Force dynamics

The piston-payload dynam ics is m odelled using N ew to n ’s second law (eq. 4.7).The 

right hand side of the equation represents the applied pneum atic force, />, produced by 

different pressures acting on opposite sides of the piston [15]. The moving mass includes 

both the payload mass and the mass of the piston and rod assembly. The external load 

force, F l ,  is zero for horizontal orientation but for any o ther orientation the external force 

must be accounted for e.g. for vertical o rientation, F l = mg.

(M l +  Mp)y +  F l +  Ff =  PiA^ -  P2 A2  -  PaA, (4.7)

Fp =  PiAi -  P2 A2  -  PaAr (4.8)

The friction force is modelled using a com bination of tw o approaches; the first 

simple m odel assumes friction is the traditional com bination o f C oulom b and viscous 

com ponents (eq. 4.9), as used by  Richer et H urm uzlu  [15] and N ing  et Bone [79], w hile the 

second m odel uses static Stribeck curves (eq. 4.10) to  model the friction force [49,75]. 

Using b o th  models based on  the data allows part of the hysteretic behaviour in velocity 

(frictional lag) to  be captured for increasing/decreasing velocities, if necessary. In a stucy 

by N o u ri et al [75] for increasing velocity, friction was best represented using a Stribeck
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model and for decreasing velocity by Coulomb plus viscous model but this cannot be 

generalised. Equation 4.10 is only valid for frictional forces that are symmetric in both 

motion directions.

Ff =  (3y +  Fc (4.9)

Where Fc =
Fsf ify  =  0
FdfSign(y) i f y ^ O

/ - l y h
Ff =  s g n ( y ) F d f  + s g n ( y ) ( F s f  -  Fdf)ev J +  p y  (4.10)

4.1.2 Software implementation

The mathematical model of the actuator system was implemented in Matlab 

Simulink (figure 4.3) based on the equations described in section 4.1.1. The inputs to the 

model are the upstream pressure and the control signal to valve. Within the flow and 

pressure models there are further subsystems representing the individual chamber and 

circuit configurations. In figure 4.3, the pneumatic circuit model consists of four flow  

models and the cylinder-pressure models of two thermodynamic equations for both 

chambers.

A variable step ODE45 (Dormand Prince) solver with maximum step size of 0.001 

was used for the simulations. The flow, pressure and force subsystems within the overall 

model were masked to allow for easy changes to parameters. Call-back functions were used 

to initialise variables on loading of the model and to automate some post-process data 

analysis. The top level subsystem depth is five. Examples of lower level models in 

Simulink can be found in appendix B.

In contrast to servo systems, point to point pneumatic drive systems are hybrid in 

the sense that the control element is discrete (on /off valves) but the output in terms of 

position or force of the actuator or air flow through the circuit is continuous and typically 

non-linear. In order to create a fully dynamic model this means that an additional number 

of loops, switches and logic are necessary, and this can increase computational time.
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Figure 4.3: Top level drive system model in Matlab-Simulink

Boundary conditions

To account for the external force when the piston reaches the end caps cf the 

cylinder, the velocity is reset when position reaches the defined saturation limis of: 

retracted, 0 mm, and extended 50 mm. The lower saturation limits for pressurt and 

position are set to 101325 Pa and 0 mm respectively. Initial velocity is set to zero The 

initial position can be set externally before each test so that the simulation can be stared in
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the extended or retracted position. A dditionally the inertial force term  Ma is equal to  zero 

if the  resultant pneum atic force F p is less than  static friction force and the piston is in its 

extended o r retracted position. This is described m athem atically in equation 4.11. The 

po ly tropic  index n of the tem perature m odel is set for each test and is lim ited to  the range 

1 for an isotherm al process, to  1.4 for an adiabatic process.

r 0 . . . i f y  = 0 A N D F p < F s f  
Ma = \ o  ... i f  y  = O.OS AND Fp > -Fs  (4.11)

(  Fp — Ff ... else

4.2 Parameter identification

4.2.1 Equipment and experimental setup

A schematic of the pneum atic drive w ith  attached sensors is illustrated in figure 4.4. 

In addition to  pressure, linear displacement and acceleration sensors, upstream  flow, 

tem perature and the com m and signal from  the PLC  to  the directional control valve were 

also measured. Flow  was measured to  IS02533 reference conditions by the Testo sensor 

and converted to  the DIN1343 standard (figure 4.5). Details for the sensors used can be 

found in table 4.1. All sampling was conducted at 1000 H z.
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Figure 4.4: Experimental setup of drive w ith sensors, and details of experimental loads and 

D A Q  system specifications

The N I signal acquisition device allowed for simultaneous sampling and analog tc 

digital conversion, on 8 input channels w ith 24 bit resolution (figure 4.4). Additionally the 

input channels incorporated Integrated Electronic Piezoelectric (lEPE) signal conditioring 

for the accelerometer.
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Sensor M odel R ange

Flow Testo 6442 0-3.75 m V m in

P ressure SMC PSE530 0-1 M Pa

T em p era tu re Testo 6442 0-60 °C

Linear

disp lacem ent

MTS EP2 0-200 m m

A cceleration PCB 353B ± 5 0 0 g

Table 4.1: M easurem ent equipm ent

4.2.2 F low  iden tifica tion

In industrial pneum atic actuator systems, the circuit flow paths are rarely symmetric. 

The flow characteristics of the charge flow paths can be significantly different for each 

cham ber due to  the presence of flow controls valves and the difference in tubing lengths. 

A dditionally, the exhaust lines characteristics for bo th  cham bers will also be different as 

they typically contain com ponents such as th ro ttle  o r quick exhaust valves and silencers in 

the flow path. Individual fitting configurations also effects circuit perform ance. Since, the 

back-pressure is a critical aspect from  a m odelling accuracy perspective, it is crucial the 

exhaust line characteristics are know n. Therefore the drive circuit is well represented using 

the W heatstone bridge m odel in figure 4.5, to  emphasise the need to  identify the flow 

characteristics of four flow  paths of the pneum atic drive. Such models are used in a 

different context in servo-pneumatics to  describe the leakage across the spool in 

proportional valves [49] w hich is typically no t an issue for standard binary m ode control 

valves w ith  elastom eric seals.
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Figure 4.5: Pneumatic Wheatstone bridge model to indicate flow paths that require 

identification and volumetric flow reference conditions to D IN  standard

Since an assembly of components behaves as a single component to the extent that an 

effective area and critical pressure ratio can be identified, a pneumatic circuit can be tested 

as one unit [94]. In this manner attenuation of flow due to tubing and fittings can be 

accounted for w ithout the requirement for further terms in the model. A pressure 

regulator, working within its capacity, is a low-impedance source of compressed air and is 

therefore the start of the total inlet flow path.

The first test (steady flow) method, specified in IS06358, for characterisation of 

devices in series involves reducing the flow rate successively w ith the use of a throttle 

valve, downstream of the device, while keeping the upstream pressure fixed. However this 

method is not suitable for industrial circuits, where the tubing and fittings are not 

oversized, since attaining a sufficient pressure differential across the device, in order to 

achieve choked flow, may not be feasible. Instead an improved test m ethod [98] is used for
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identifying the characteristics of the charge and exhaust flow paths, whereby the 

conductance is determined from the pressure versus flow and the remaining parameters are 

determined based on the flow ratio versus pressure ratio characteristics. In this method, 

the upstream pressure was gradually increased in increments and the pressure and flow 

through the circuit to the atmosphere was recorded, details of measurement equipment can 

be found in table 4.1. The sonic conductance C can then be solved using the gradient of 

the mean straight line region through the origin (figure 4.6a) and the flow ratio Qr from 

the conductance and equation 4.2. The critical pressure ratio b, subsonic index ms and 

cracking pressure ratio a are then determined by fitting the extended flow function, 

equation 4.1, to experimental data, figure 4.6b, using least squares method in Matlab 

(Trust-region algorithm).

Examples of selected identification results are given in figures 4.6 and 4.7 and 

demonstrate the affect of a silencer on the circuits flow function. Based on the accuracy of 

the flow, pressure and temperature sensors, shown in table 4.2, the conductance is subject 

to an estimated measurement accuracy of 6.32%.

Parameter of 

measurement system

Sensor/system 

accuracy

Flow rate, % ±6 (3:4:4)

Pressure, % ±2

Temperature, K ±2

Conductance, % ±6.32

Table 4.2: Accuracy of sensors and measurement system for flow identification

Experimental ambient conditions

The upstream temperature sensor indicated an ambient tem perature of 

approximately 25 °C. Compressed air is produced by a compressor unit on the roof of the 

building and dried with a refrigerant drier, which means that the minimum dewpoint is 

limited to 0°C. The air was filtered locally to 5|Jm, which is equivalent to an ISO particle 

purity class of 3. In terms of oil content, the Dom inik H unter filters used in the
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compressor house have a range of 0.01-0.6 mg/m3 oil content, equivalent to ISO classes 1 

to 3. Based on the above deductions the air supplied to the experimental equipment is 

estimated to range between the IS08573 quality classes: 3:4: 1 to 4:4:3.

Lt = 380 mm,
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Figure 4.6: Flow characteristics of circuit flow path 1 + (a) Flow as function of upstream 

pressure (b) Flow ratio as function of pressure ratio
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Figure 4.7: Flow characteristics of flow path 2-

The characteristic identification procedure was automated using Matlab and the 

algorithm’s script can be found in appendix B. The mean results for the four flow paths are 

shown in table 4.3. Each parameter is an average of 5 test runs.

The conductance of the second chamber’s flow path is considerably less (50% 

difference) than the first chamber’s due to the presence of a one way flow control in the 

second chamber circuit. While the original ISO ellipse function is suitable for flow paths 

1 + , 1- and 2+ since m varies about 0.5, it is clear that the extended version is necessary for 

the exhaust path of chamber 2. A negative critical pressure ratio means that the flow never 

saturates(chokes)[75]. However, it is important to note that the critical pressure ratio for 

chamber 1 exhaust circuit is not based on physical behaviour but model best fit. This is
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caused by a change in conductance of a circuit due to the silencer. W hen the pressure 

reaches a certain level the effective flow area can expand for some silencers [103], though 

since the conductance of the second chamber is less, this only occurs for the exhaust path 

from chamber 1 of the pneumatic drive. The existing IS06358/Sanville equation is suitable 

for fixed area orifices only. N ouri et al [75] have also noted a discrepancy in flow function 

for charge and discharge circuits. The standard deviations indicate a reasonable level of 

precision in the identification results.

1 +

Mean Std dev.

1-

Mean Std dev.

2 +

Mean Std dev.

2-

Mean Std dev.

c 1.79E-08 2.76E-
10

2.3 lE- 

08

5.01E-10 8.69E-09 1.64E-10 9.45E-

09

3.95E-11

b 0.2293 0.0348
i  !  : !  I  .  ,

0.0223 0.2925 0.0200 0.24 0.0076

m 0.4973 0.0422 0.52 0.0289 0.5163 0.0556 0.69 0.1203

a 1.0000 0 1.0000 0 1.0000 0 1.0000 0

Table 4.3: Summary flow characteristics for circuit flow paths w ith highlighted cases ( + 

inflow, - outflow paths)

To validate the flow model further, the model was used with equation 2.4 to predict 

the pressure response in a constant volume tank. The piston-rod was moved to its 

extended position and its entry port vented to atmosphere. The valve was then switched so 

that air flows to  the cylinder chamber (1) and the pressure was recorded. The measured 

and predicted pressure trajectory is shown in figure 4.8. The maximum residual during 

transient pressure state was 12% of measured value and absolute steady state error was 

0.3%.

The switching time for the directional control valve is different for on/off 

movements and is available in the data sheets of most O EM ’s. However, for accuracy 

purposes it is best to measure experimentally since in practise a drop in supply pressure 

can increase the switching time. This was done by measuring the time lag for pressure 

response in fixed volume chamber to a step input (figure 4.8) and subtracting the time it
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takes for the pressure wave to propagate the tube/hose. The time delay for pressure wave 

to propagate the length of tubing is estimated by L t/c. Mean results for delay times are 

also shown in figure 4.8 and are based on five test runs.

X 1 0 '

0 015 soil
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T ubing delay tim es

>  *)

0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0 . 1;

Figure 4.8: Measured and predicted pressure trajectory during constant volume charging 

with switching and estimated tubing delay times

4.2.3 Leakage identification

To test for leakage in the cylinder, pressure was supplied at 150 kPa and 630kPa at 

the rear port while venting the opposite port to atmosphere. The same procedure was 

applied to the front port, and in both cases the drive was cycled several times before 

testing. N o leakage was detected above 0.1 L /m in  using a Festo SFE3 flow sensor.
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Similarly to test for leakage in the valve, the open working port was closed w ith a plug and 

pressure was applied at the supply port. The procedure was repeated for the alternative 

valve state (e.g. on/off). Again no leakage could be detected above 0.1 L/m in. Since the 

leakage is negligible equation 4.5 can be simplified to 4.6 for modelling purposes.

4.2.4 Dead volum e identification

The dead volume at stroke ends was originally measured using a cutting fluid liquid 

and graduated cylinder. However, since the dead volume includes any additional fittings at 

the chamber port, it was instead estimated by equation 4.12 using the closed chamber 

method described by Carneiro et De Almeida [72]. The tubing lengths can easily be 

measured.

^  ^  y,y,^-Vcy.f _PiPl  (4.12)
R T o  P f - P i  ’

4.2.5 H eat transfer identification

The thermal time constant is determined by fitting a first order equation to the 

pressure response in a closed chamber of the cylinder to a change in volume. The cylinder 

piston-rod was moved to its extended position and the exhaust port (chamber 1) plugged. 

The piston-rod was pushed by an external force to about its half-length position, where it 

remained until pressure reached a stationary value. The pressure in the closed chamber was 

recorded.

Applying the ideal gas law, the temperature evolution inside the chamber can also be 

estimated. The thermal time constant is estimated using the first order equation 1 in figure 

4.9. The average thermal conductance and average heat transfer coefficient was determined 

using the thermal time constant and equations 2-3 in figure 4.9. The mean results and 

standard deviation for five test runs can be seen in figure 4.9 and indicate a good level of 

precision.

Eichelberg’s [72] simplified model (neglecting piston velocity) is then used to relate 

the reference coefficient of heat transfer to equilibrium or operating pressure and
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temperature conditions (eq 4.13). While the Eichelberg model has been shown to be 

insufficiently accurate in identification of flow characteristics using fixed volume discharge 

methods, due to the fact that heat transfer coefficient changes w ith pressure and 

temperature [110], it does offer modest improvement for dynamic simulations [80] where 

temperature measurement is practically infeasible.

av  i a v ' '
(4.13)

i15 me,

Std. Dev.
0 049T heruultim e

constant (s)
0006Average thermal 

conductance (W K)

Average heat transfer 

coefficient K.m^)

14 998

E xtracted  test ru n  result M ean results

Figure 4.9: Pressure response (after m otion ends) w ith fitted first order equation and heat 

transfer characteristics
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4.2.6 Polytropic index estim ation

Simulink design optimisation was used to estimate the polytropic index for each 

simulation. The thermodynamic model for chamber one of the pneumatic actuator in 

Simulink is shown in figure 4.10. The estimation tool minimises the cost function, in this 

case difference between simulated and empirical pressure signals, using a nonlinear least 

squares method. Figure 4.11 shows the trajectory of the estimated polytropic index and 

cost function for the procedure. The example given in figure 4.11 shows the optimisation 

results for the fixed volume charging illustrated in figure 4.8.

1 Heat transfer

Q.dOl

Output
Tenperatuie

model

Enthalpy flow
288

iRTk
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n  dot
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Pdol.

Rate of 
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— > M a ----
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w lu n e  changeVolume
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Figure 4.10: Chamber 1 thermodynamic model for polytropic index estimation
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Figure 4.11: Trajectory of estimated polytropic index parameter and cost function

4.2.7 Friction identification

To identify the friction forces, the cylinder piston was cycled using the PLC and the 

acceleration, displacement, command signal, chamber and upstream pressures were 

measured using the setup shown in figure 4.4. For all tests the regulated pressure was held 

constant at approximately 5 bar. The friction force is estimated by subtracting the inertial 

force from the resultant pneumatic force (eq 4.14). The parameters static friction. 

Coulomb friction, viscous coefficient, Stribeck velocity and arbitrary exponent are then 

solved by non-linear least squares method in Matlab, using a Trust-region algorithm. The 

friction model identification procedure was automated in Matlab. An extracted test result 

from the procedure is shown in figure 4.12.

F f = F p - M a  (4.14)
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Based on the sensor specifications shown in table 4.4, the accuracy for the resultant 

pneumatic force is estimated to be 2.8%, and for friction force is approximately 5.7%.

Parameter o f measurement system Accuracy o f sensor/system

Pressure ± 2%

Acceleration ±5 %

Mass + 0.1%

Pneumatic force ±2.83%

Friction force ±5.75%

Table 4.4: Accuracy of sensors and measurement system for friction identification
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The choice of friction model is data dependant, in some cases the simple 

combination of coulomb and viscous components may suffice but in this case the Stribeck 

model best fit the data. This is shown clearly in figure 4.14. Hysteretic frictional lag 

behaviour can be captured by fitting separate models to both increasing and decreasing 

velocity frictional forces [22,27]. However in this case, since the piston is relatively short 

stroke, the piston tends to accelerate to impact or accelerate initially to a constant velocity, 

and an additional decreasing velocity friction model is not necessary.

The friction parameters were identified at required operating conditions (pressure, 

payload and cycle time identified to simulation), since pressure effects the contact force 

between the piston and rod seals and the chamber walls [27] and the dwell time effects 

breakaway friction [13]. If the nominal chamber pressure or cycle time for the cylinder is 

changed the friction model must therefore be re-identified. Additionally care must be 

taken with open loop controlled pneumatic positioning systems not to include the impact 

acceleration due to an external force, the piston reaching the end cap of cylinder, which 

can distort the friction calculations. The results were found quite repeatable for both 

extend and retract strokes. Figure 4.13 demonstrates the scatter of friction force with 

velocity for the extend stroke and is based on 5 test runs. There is some variation in the 

frictional forces due to inexact upstream pressure settings on an analog regulator.

In reality pre-sliding or micro-slip occurs where the friction is better represented as a 

function of displacement and the saturation of pre-sliding force is the breakaway friction 

which leads to gross sliding [27]. However, in practice pre-sliding models can be difficult to 

identify w ithout high resolution equipment and a special experimental setup.
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Figure 4.13: Overall results of friction w ith velocity for extend stroke and selected bar 

plots

In figure 4.14 the Stribeck effect, of negative viscous friction, is very much evident 

for the extend stroke. Similar to w ork of Hildebrandt et al [49], the dry friction is high in 

comparison to full theoretical force produced by the drive of 295N. O f note is the fact 

that friction force is not symmetric for extend and retract strokes. Belforte et al [76] have 

attributed this behaviour to two causes; 1/ Directionality of the seals. The piston and rod 

seals act differently according to the direction of motion. 2 / Tribological factors. The 

tolerance between cylinder barrel and seals, roughness of the cylinder barrel and amount 

of lubricant are different along the cylinder. However, in the study by Belforte the 

difference in friction forces for the extend and retract stroke is relatively small. In 

comparison, the difference in static friction for both strokes is approximately 47%. The 

average friction parameter results for the second payload, based on 5 test runs, are shown 

in table 4.5.
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F igure 4.14: Measured friction force w ith velocity and fitted model (extend and retract)

M2 Extend Retract

Mean Fs 43.029 81.871

Std dev 1.184 0.657
Mean Fc 7.137 69.217

Std dev. 3.609 3.113
Mean B 62.135 13.774

Std dev. 6.512 1.836
Mean vs 0.458 0.375

Std dev. 0.029 0.023
Mean d 1.756 2.815

Std dev. 0.184 0.545
Table 4.5: Selected friction parameter results for payload M2
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Friction model development

Based on the results in the parameter identification section, the friction model was 

further developed, using an additional if-case loop, to account for asymmetric frictional 

effects during extend and retract (eq 4.15).

Ff =
F d fi +  ( F s f i  -  Fdfi)e'^!=v J  + p^y ... i f  y  > 0 ^

^-lyl'^52
'^Fdf2 +  (F sf2  -  Fdf2)e'^sv2 J +  p 2y  ... i f  y  <  0

4,3 M odel validation

A double acting asymmetric cylinder was used to validate the modelling approach. 

Bang Bang control was implemented through a PLC (OM RON CQM), solenoid activated 

5/2 directional control valve and magnetic reed limit switches. A one way flow control 

(meter out type) was used for the extend stroke and both exhaust paths terminated with a 

silencer. The pneumatic cylinder’s properties are described in figure 4.15. The total weight 

of the cylinder was 0.293kg. The pneumatic circuit diagram for the experimental setup is 

illustrated in figure 4.16 and represents a typical industrial type pneumatic drive system. 

In order to  validate the modelling approach, three experiments were conducted w ith 

different payloads (figure 4.4) but constant supply pressure of approximately 5 bar 

absolute.

40BZOZBS 0
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3 C ylinder 
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steel

4 End cap Wrought 
alum inium alloy

- Seals Polyurethane, 
nitrile rubber

Figure 4.15: Actuator properties [166]
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Figure 4.16: Pneumatic circuit diagram for drive system and equipment details

Figures 4.17a and 4.17b illustrate the measured and predicted position trajectory of 

the first payload for extend and retract strokes. Figure 4.18 shows the position and 

velocity trajectories for the second payload during extend stroke. The displacement 

measurements are subject to an error of 0.03% using the MTS sensor. All figures show 

excellent agreement between modelled and experimental curves in terms of both time 

alignment and steady state accuracy. Summary results from the residual analysis of 

measured versus simulated position are shown in table 4.6. The analysis is based on the 

difference between experimental and modelled trajectories during the transient state. 

Steady state error is not appropriate in this case since the position is saturated at both ends. 

The root mean square error was between 0.57mm to 1.7mm for both payloads. The mean 

error shows that the model generally under-estimates the extend stroke and over-estimates
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the retract stroke. However, the mean absolute error is less than 1mm in both cases, 

indicating a good level of prediction accuracy. The results compare favourably to previous 

published w ork in the literature. Richer et Hurm uzlu state an average error of 2mm and 

max error of 3.42mm [15]. Najafi et al report a positioning error of less than 1.8mm [89]. 

Both used actuators of similar size.
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Figure 4,18: Model v measured position and velocity with payload2 (extend)
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The m odel was checked w ith  M odel advisor tool in Sim ulink to  check for inefficient 

system  sim ulation o r code generation and to  assess its com pliance w ith  IEC61508 

(IS026262) and DO-178B standards on software for safety critical applications. A n issue 

raised by the advisor too l was that in order to  generate code for real-time em bedded 

applications, using real tim e w orkshop for example, a fixed step solver is necessary. T o test 

the m odel in cycle, the sim ulation was run  w ith  a fixed step solver and autom atic step size. 

Figure 4.19 dem onstrates that the dynam ic behaviour of the system in cycle is sufficiently 

approxim ated.

0.06
O  E xperim enta l v a lu es  

■ '  "  M odel

0 .0!
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E
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Q_ 0.04
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F ig u re  4.19: In cycle modelled and measured position w ith  payload2

P osition M E (mm) M AE (mm) RMSE (mm) M X R (mm)

Extend M l + 0.28 0.54 0.57 1.1

Retract M l -0.02 0.79 0.91 1.64

Extend M2 + 0.92 0.93 1.7 5.24

Retract M2 -0.79 0.83 0.92 1.6

Table 4.6: Residua analysis for measured and simulated position (In cycle)
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Figure 4.20 and figure 4.21 illustrate the pressure prediction accuracy of the model 

for the extend stroke w ith third payload. Figure 4.23 and figure 4.24 show the measured 

and modelled pressure for the retract stroke in both chambers. It can be seen from table 

4.7 that the pressure is well approximated by the model w ith a root mean square error of 

0.14 to 0.34 bar. The pressure during discharge (chamber 2) is more difficult to predict 

with an increased mean absolute error of approximately 21.5kPa in comparison to 0.58 

kPa MAE for the pressure prediction in chamber 1. H ildebrandt et al have also noted 

model errors in pressure prediction [49]. This is likely due to the flow panm eters 

identified for the exhaust circuit line. The flow characteristics of the cylinder exhaust 

circuits are difficult to identify since they do not have access to an unlimited energy 

supply. In order to allow for the steady state based flow method of identification the 

pneumatic circuit must be modified and this implies that circuit used for identification is 

not identical to its final configuration. This highlights an im portant limitation of the 

current identification by steady flow method, in particular for industrial environments, 

where there may be limited flexibility to re-arrange components. Nonetheless the 

modelled resultant pneumatic force, for both extend and retract, (figures 4.22 and 4.25) 

provide a good match w ith experimental results. The root mean square error wa> 16.3N 

for the extend stroke. The average difference of 8.3N indicates that the model generally 

under predicts experimental values, due in this case to an over-estimation of exhaust 

pressure.

Cham ber 1

0.15 0,2 0.25 0.3 0.35
t(s)

Figure 4.20: Measured and simulated pressure during extend stroke with M3 paykad

152



X 10® C h a m b e r  2
5 .5 r ................... -I-----------

o Experim ental values 
—  Model

4 ,5

O »

Q_

2 .5

■O "

0 .2 5 0.350.2 0 .3

t(s)

F igure 4.21: Measured and simulated pressure during extend stroke w ith M3 payload
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Figure 4.22: Measured and simulated pneumatic force during extend stroke w ith M3 

payload
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Figure 4.23: Measured and simulated pressure during retract stroke with M3 payload
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Figure 4.24: Measured and simulated pressure during retract stroke with M3 payload
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Figure 4.25: Measured and simulated pneumatic force during retract stroke with M3 

payload

ME MAE RMSE

Pressure

(Chi)

-0.8 kPa 0.58 kPa 14.3 kPa

Pressure

(Ch2)

-19kPa 21.5 kPa 33.9 kPa

Pneumatic

force

+ 8.3 N 9.6 N 16.3 N

Table 4.7: Residual analysis for measured and simulated pressure and pneumatic force 

(Extend)
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4.4 Summary

• The contribution of this w ork has been to fully model the dynamics of an open loop 

controlled pneumatic drive system, common in industry.

• An extended flow function, proposed by Kagawa [103], has been used to accurately 

describe the non-linear flow behaviour of a typical pneumatic drive circuit, and both 

charge and exhaust flow paths have been carefully identified. Based on the latest 

research, heat transfer was explicitly included in the cylinder’s thermodynamic model 

and the friction model chosen based on experimental data w ith parameters identified 

at specific operating conditions.

• The improved ISO identification method, proposed by Kuroshita [98] for component 

characterisation, has been successfully applied to the identification of extended 

pneumatic circuits and as such is deemed suitable for industrial circuits.

• The model provided good results in terms of tracking position and pneumatic force 

trajectories and as such should be useful for future simulation, design and analysis of 

industrial type pneumatic actuator systems. The mean absolute error, in position 

prediction was less than 1mm, in pressure prediction was less than 22 kPa, and for 

pneumatic force was estimated to be 9.6N. The position error in terms of the stroke 

length of the cylinder is 2%. The pneumatic force error in terms of the maximum 

theoretical force produced at a pressure of 5 bar is 3.9%.

• This chapter has provided the theoretical foundation for understanding the 

consumption of compressed air by pneumatic drives. However, in order to practically 

model industrial type production systems (i.e. to scale), some simplifications and the 

consideration of other air consumer types is necessary.
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5. Predictive Consumption Models for Electro-Pneumatic Production 
Systems

5.1 Model development

W ith a view to improving the overall energy efficiency of pneumatic systems, it is 

proposed here that that the air consumption of production systems should be coupled 

w ith machine state and activity. The approach taken is based on the fact that theoretically 

(e.g. excluding leakage) the air consumption function transitions from one value to another 

at moments when individual loads are activated and deactivated [31]. The challenge is thus 

to efficiently model the systems response to changing activation profiles. In an industrial 

system, this profile is determined by a programmable controller and initiated by a 

products/w ork piece presence. Using this approach, the consumption characteristics can 

be related to physical phenomenon, and the required production of air can potentially be 

predicted.

The model development consists of the development of the mathematical models of 

individual consumers w ithin an electro-pneumatic system, the overall system itself, and 

model implementation in Matlab-Simulink. The main issues motivating the model 

development are:

• Scalability: To accurately model the consumption of large machine’s consisting of 

multiple pneumatic devices

• Identification: To reduce the time and air consumed by current parameter 

identification techniques

• Interoperability: To allow for integration into current production environments

• Dynamic: To allow for changing production conditions

• Universal: To account for all types of consumers, active and passive, within a 

typical factory environment

The proposed model architecture is shown in figure 5.1. Any pneumatic production 

machine consists of multiple types of actuators and blow device, controlled by a PLC via 

electro-pneumatic valves. The approach taken is to use simplified linear consumption
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models, developed in Matlab-Simulink, and an O PC  server to interface the simulation 

model and the PLC. A benefit of using OPC is that it is an open protocol and widely used 

in industry.

Existing industrial infrastructure 
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M achine

V

OPC Server

©n
Flow sensor

A
C om pressed  Air Supply

PC

Simulink

Figure 5.1: Modelling approach

5.1.1 C onsum ption  dynam ics of production systems

Typical air consumers in a pneumatic production system consist of cylinders, 

motors, tools, open blow/blasts. Consumption may be constant during certain time 

period, it may change periodically, stepwise, linearly or randomly depending on the 

characteristics of the consumer [119]. Previous research by Parkinnen [31] considered the 

consumption function as stochastic, in that consumers in pneumatic network are activated 

temporally at random instants of time. The objective of compressor control has thus been 

to respond to time dependant consumption. However, if the addition of random demand 

loads on the system are neglected (e.g. air gun use by operator), then the consumption
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function can be viewed as quasi-deterministic due to the fact that component activation is 

dependent on the controUing program in the PLC. An event based model is therefore a 

suitable simulation paradigm.

The most commonly utilised active consumer in an industrial system is the linear 

cylinder. Pressurised air is consumed in extending and retracting the cylinder. The 

consumption of a stroke is estimated using a simplified equation (eq 5.1), derived from the 

Boyles law assuming a closed system with constant temperature. The consumption 

equation consists of two parts: the active volume of the drive and dead volume in tubing 

between the directional control valve and actuator. This equation can be used for all types 

of linear drives, single or doubling acting, single rod, double rod or rodless, and cylinder 

based semi-rotary actuators. For rodless cylinders equation 5.1a can be used for extend and 

retract strokes. Equation 5.1b is suitable for both strokes on double rod cylinders. For 

single rod cylinders the difference in active volume on the retract stroke due to piston rod 

is also accounted for by using equation 5.1b. Single acting cylinders consume air on the 

extend stroke only.

I j  7J[If . _ P \  / r  i  \m = {s.— - + L —-)[— ].p (5.1a)
4 4 Pi

m =  {s.[— -------— ] + /.— - ) [ — ]./? (5.1b)
4 4 4 Pi

Beater reports that maximum consumption can always be found for meter out drive 

circuits, the minimum for meter in [13]. Cai et Kagawa have investigated the exergy 

distribution in actuation of cylinder [167]. H ildebrandt et al have shown that the air 

consumption index depends on the piston area in a monotonically non-decreasing way 

[49]. This is interesting since it implies that minimisation of acquisition cost also minimises 

air consumption [49].

Passive consumers, such as air knifes, nozzles and open blow devices are modelled 

with the Sanville/IS06358 flow model (eq 5.2), assuming a stable pressure supply and 

sonic conditions e.g. <Pi = l- This simplifies the model to a linear equation w ithout 

discontinuities e.g. no switching required. Since most passive consumers operate at 2 to 4 

bar (absolute) pressure range and the theoretical critical pressure ratio is 0.52, the choked
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flow assumption is reasonable. Additionally, in an advanced manufacturing facility, most 

consumers, active and passive, are regulated and have an adequately sized supply line to 

maintain pressure. The assumption of a pressure stable supply is therefore also reasonable.

The sonic conductance is empirical which implies that some system identification is 

still required. Alternatively if empirical measurements for C are not available or feasible,

the orifice flow equation (5.3) can be used, again assuming sonic conditions. The discharge

coefficient Q is  then selected based on nozzle geometry.

=  (5.2)

I y j^ x  0.5

i («)

In industrial practise it is common to refer to volumetric flow or consumption [94]. 

Thus the mass flow equations are converted using equation 5.4 with the density of air 

defined under standard DIN1343 reference conditions. In addition to the bore sizes, stroke 

lengths, tubing volume and sonic conductance parameters of a given electro-pneumatic 

system, if the compression ratios and upstream pressures are considered constants, the 

system’s air consumption is then a function of the activation of individual components.

The time interval under consideration is divided into N  subintervals. The number of 

consumers attached to the network is n and the activations of loads at subintervals can be 

described by the activation matrix A [31]. Each row then represents the activation of an 

individual actuator at subintervals. The subscripts i and j refers to individual consumers 

and subintervals respectively. For a system of multiple components, matrix multiplication 

can be used to solve the total consumption for sub-periods. Applying the superposition 

theorem means that the overall compressed air usage of the system is the sum of the 

mdividual component usage (eq. 5.5). Execution of the matrix multiplication leads to 

equation 5.6. Passive consumers, once activated, consume air on a continuous basis and 

the consumption over the interval is defined by equation 5.7. Note the term consumption 

throughout this paper refers to the total amount of air consumed in cycle or operation 

(e.g. integration of air flow rate). As pointed out by Xiaocong et al [151] it is common
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practise to treat consumption, and the required flow rate of a pneumatic drive in cycle, as 

equivalent terms.

qv =  f  (5.4)
Po

3 l l ■■ 3 i n ‘ T
q v i

< II 3 21 q v 2

_3nl ■■ 3n N. .q v n .

(5.5)

Where a — if device 1 activated during time interval j 
L 0 otherw ise

Qv =  [2 r= iaiiq i Sr=iai2qi  Sr=iaiNqi]'^ (5-6)

^ p a s s i v e  ~  /  Qv (5-^)

Parkkinen (R) used equations 5.5/5.6 to model the instantaneous flow of all types of 

consumers for a defined loading situation [31]. Hyvarinen used a similar analytical based 

approach but focused on developing a simulator tool to optimise the sizing of pneumatic 

networks [119,120]. Later w ork by Parkkinen (J) used the modelling approaches of 

Parkkmen (R) and Hyvarinen to develop a CA efficiency index in order to reduce energy 

consumption in compressed air systems [118]. The focus of this w ork is the development 

of a dynamic consumption model to account for changing production conditions.

However, while the above approach can be used for estimating total passive usage, 

active consum.ers such as cylinders do not consume air on a continuous basis but when 

they are switched. Parkinnen estimated the average flow of active consumers by including, 

the number of cycles per time unit a cylinder executes, in equation 5.1. However, this may 

not be practical since the actuation frequency, f ,  of the drive may not be know n and may 

change w ith production conditions. Additionally in order to interface w ith the PLC, the 

inputs to the model must be of an equivalent form to the binary PLC outputs. For 

example the approach here considers ‘a = V to mean the cylinder is extended (e.g. DCV 

‘on’) whereas Parkkinen used ‘a = V  to mean an actuator was in cycle for subinterval. In 

order to allow for such active consumers a transition matrix 2, shown in equation 5.8, was 

defined. An individual transition represents if an active consumer changes state and is 

based on the activation matrix. An activation is clarified as the state of the controlling 

valve i.e. on (1) or off (0). If the future control states (PLC outputs) are known, the air
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consum ption can be predicted over a finite horizon. A lternatively the subinterval 

consum ption of pneum atic system, qsub, is calculated using equation 5.9 and is useful for 

modelling the dynam ic consum ption. The subinterval depends on the sim ulation tim e 

step. The same equation (5.9) can be used for passive consum ers by replacing the transition 

index w ith  an activation index. The total active consum ption over full test interval, qwtai, is 

calculating using the cum ulative sum of the inputs over the test tim e period. The total 

system consum ption, qsys, is a function of both  active and passive consum ption (eq. 5.10).

Qactive

^11 1̂2 ■ ^ \ n '
T q r

^21 • • • • q2

. ^ n l ^ n N . Mn .

(5.8)

Where Zjj = 1 if |ajj — — 1
0 o therw ise

Qsub ~  2 j i= i Z i jq i  

Qsys ~  Qactive ^pass ive

(5.9)

(5.10)

5.1.2 Software implementation

Matlab Sim ulink and the O pen Process C on tro l (OPC) toolbox add-on were used for 

building the model. The top level Sim ulink diagram for a pneum atic system consisting of 

tw o  double acting linear drives and one air knife is illustrated in figure 5.2. The inputs to 

the m odel are the current values of the ou tpu t bit addresses on the PLC. The PLC 

therefore drives the m odel and form s the dynam ic aspect to  the sim ulation. The model 

em ploys a fixed step solver to  solve the sim ulation. The actuator subsystems w ere masked 

to  allow for easy changes to  param eters and to  highlight the model function w ith  an ISO 

standard sym bol i.e. consum ption of double/single acting cylinder o r blower. The model 

was also assessed w ith  Sim ulink model advisor. The top  level subsystem depth is 4. For 

large systems, the individual device models can be grouped by m achine sub-assembly or 

m odule, as show n in appendix B, to  simplify the top  level diagram, but still allow for 

com plete visibility of energy use to  device or m achine subsystem level.

A dditionally, tw o o ther input configurations were developed for offline testing and 

validation purposes (appendix B). The first allowed previously recorded control signals to
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be used as inputs to the model. The second used a signal builder block in Simulink to 

enable an investigation of predicted consumption w ith user defined activation profile.
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Figure 5.2: Top level diagram in Simulink and required model parameters for actuators

Subsystems

The interface subsystem configures and reads data items from the O PC  server. A 

M ATRIKON O PC  server was utilised to  interface the PLC with model. O PC 

architecture involves using a server to read data from a device such as a PLC and provide 

this data to a client, in this case the Simulink model. The benefit of using O PC  is that it 

eliminates the need for custom coding between the model and vendor specific 

communication protocols. Additionally the model can interface with any O PC  server, to 

Data Access specification 2.05, ensuring modularity. The frequency at which the model
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samples O PC  data items, and the O PC server samples the PLC bit addresses, can be based 

on cycle times of the system under study. In this case a 20-30 H z sampling rate was deemed 

sufficient.

To ensure scalability, the actuator models are piece part such that they can be added 

or removed depending on the pneumatic system configuration. The actuator subsystems 

(figure 2.2) consists of the relevant consumption equations described by equations 5.1 to 

5.3 and edge evaluation. Active and passive consumers require different edge evaluation 

strategies due to the fact that active components consume air during transition periods (e.g. 

0-1, 1-0), whilst passive type’s consume air for the duration of a positive bit input signal. 

The consumption of active consumers can be viewed as a pulsed response to a step input, 

while passive consumers exhibit a step response to the input. Additional differences arise 

between actuators. Single acting cylinders consume air on extend stroke only and thus 

require a rising edge detection capability. Double acting cylinders require both rising and 

falling edges to be detected. The initial activation states are all set to zero.

The output trajectories subsystem consists of display scopes for instantaneous and 

cumulative air consumption of individual actuators. The simulation results are also written 

to a workspace for further analysis and visualisation. The model flow for a single 

pneumatic drive example is shown in figure 5.3. Pseudo real-time simulation refers to the 

model execution time matching the system clock as closely as possible by slowing down 

the simulation appropriately. The client manager configures and associates the O PC  client 

w ith the Simulink model. Pseudo real-time latency refers to the time spent (in seconds) 

waiting for the system clock during each step. If model runs slower than real-time, pseudo 

real-time latency violation occurs e.g. the simulation step takes longer to compute than the 

time between steps. A negative value implies the simulation runs slower than real-time, 

while positive num ber means that the model is running faster than the system clock. If 

latency oscillates around zero, violations can be ignored. Violations can be minimised 

through; 1 / Asynchronous read operations 2 / Slower O PC  read rates 3 / Simulink 

accelerator 4 / Closing all scopes 5 / Increasing model sample times [168].
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Figure 5.3: Model flowchart for single pneumatic drive

5.2 Experim ental setup

In order to validate the proposed modelling approach, a prototype automation 

system was developed. Figure 5.4 shows the schematic illustration of the experimental 

setup that consists of the electro-pneumatic system to be modelled and the D A Q  system. 

The system was designed to replicate assembly type module typical in industry. The 

power, signal and control elements of the system are shown in table 5.1. The upstream air 

supply was typically regulated to 5 bar and the air filtered to a quality of 5 micron. A
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variety of speed control methods were implemented. O n the first drive meter out control 

was employed for the extend stroke, for the second drive no flow controls were used, and 

for the third drive meter out was used for both extend and retract strokes. Magnetic-reed 

limit switches were attached to the cylinder ends and used for proxim ity sensing. One PC 

was used for programming the PLC and hosting the O PC  server, the other for DAQ 

purposes. The electrical circuit diagram for the rig and PLC details can be found in 

appendix C.

The pneumatic circuit diagram for the fluid power part of the system is shown in 

figure 5.5. The consumption of three types of drives was investigated; standard; compact 

type with large bore and short stroke; and standard bore w ith longer stroke. The air 

knifes were similar to those used for cleaning and drying purposes in the industrial case 

study. All the directional control valves were the same type: Festo tiger 5/2 solenoid 

actuated, with spring return and manual over-ride.
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Figure 5.4: Schematic illustration of prototype automation system
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C om ponent Q TY O EM Model Details

Linear Cylinder 1 FESTO DSNU-25-50 Double acting, standard

Linear Cylinder 1 SMC NCDQ2-B63-10D Double acting, compact

Linear Cylinder 1 FESTO DSNU-16-125 Double acting

Directional 
Control Valve

4 FESTO MVH-5-1/8-S-B 5/2 solenoid actuated

Air Knife 1 Exair 2” Super air nozzle 16 orifices

Air Knife 1 Delevan AJ150 16 orifices

PLC 1 O M R O N CQM1-CPU21 Max I /O  points: 128

able 5.1: Rig equipment details

A range of flow sensors, for ultra low to industrial scale flow rates, were employed as 

part of the measurement system. The flow sensors were used for parameter identification 

and passive consumption measurement. Pressure sensors were used, in conjunction with a 

model, to estimate the consumption of the drive units. Additionally a magneto-restrictive 

type linear displacement sensor was utilised for measuring position of one of the drives. 

The position of the flow and pressure sensors is illustrated in figure 5.5 and details for the 

sensors can be found in table 5.2. The circuits refer to the tubing, fittings and valves 

supplying the individual drives and are labelled correspondingly i.e. C rl is the circuit 

supplying lA l.

The D A Q  system was the same as that described in Chapter 4 and allowed for 

simultaneous sampling w ith high bandwidth. Signal express software from National 

Instruments was used to record the data. A sampling rate of lOOOHz was used for sensor 

data acquisition in all the experiments w ith the exception of switching time measurement, 

which required a higher sample frequency.
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Figure 5.5: Pneumatic circuit diagram of automated system with position of sensors 

highlighted

Sensor type OEM Model Range Accuracy

Flow (xl) Testo 6442 0-3750 L / min ±6%

Flow (xl) FESTO SFAB 0.5 -  50 L / min ±3%

Flow (xl) FESTO SEE 0.1-1 L/m in ±5%

Pressure (x7) SMC PSE530 0-1 MPa ±2%

Temperature (xl) Testo 6442 0-60 °C ±2K

Table 5.2: Measurement sensor details
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5.2.1 Consumption measurement

It is not possible to measure the flow and consumption of fast acting cylinders due to 

the slow response time of commercially available sensors. The fastest sensor response 

available was 15ms, for the Festo SFAB sensor. However the upper range limit of 50 

L/m in was not sufficient to capture the instantaneous flow rates to any of the drives. The 

larger Testo flow meter had a response time of approximately 500ms, which was greater 

than the cycle time of the cylinders under study. Since, it has been shown in Chapter 4 

that it is possible to model the dynamics of a pneumatic drive with reasonable accuracy the 

approach taken was to use a comprehensive non-linear model as a datum model for 

comparison with the simplified consumption equations.

The mass flow can be modelled using a thermodynamic approach, equation 5.11, 

considering the cylinder chamber as an open and reversible thermodynamic system and 

assuming no leakage across the chambers. It can be seen from equation 5.11 that the mass 

flow is affected by three main processes; pressure change, volumetric work and heat 

transfer. However, even assuming negligible heat exchange influence on mass flow, the 

thermodynamic based modelling approach still requires measurement of downstream 

pressure for both chambers, the position of piston, model or measurement of the 

temperature and numerical differentiation (and consequently noise filtering) of 

experimental measurements for rate of volume and pressure change. The temperature is 

generally modelled as a polytropic process with implies identification of the tuneable index 

n is also necessary. In equation 5.9, the first and second terms account for the effect of 

piston motion and pressure differential respectively on air consumption.
p ^ +  y d P l   ̂ v - l d Q

rill =  (5.11)

Miyajima et al [121] developed a linearised consumption model, suitable for servo- 

pneumatic actuator system, based on the consumption required to expand volume and that 

required to accelerate the piston. However this approach still requires the measurement of 

piston velocity and jerk.

Alternatively a fluid dynamics approach can be taken where the flow through a 

pneumatic resistance is considered. Using the Kagawa equation (5.12), the flow can be 

modelled with just the use of upstream and downstream pressure sensors. The switching
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time of the valve must also be considered, since it can be significant for binary mode 

control valves. The control signal from PLC must also be measured but this does not 

require a sensor. The drawback of this approach is that the flow parameters must be 

identified for each circuit. Nevertheless, this approach is deemed most suitable for 

analysing multiple circuits since it reduces the amount of sensors required and associated 

costs.

riii =  P o - Ci. Pu- l |^ .(p i(P r,b ,a ,m s) (5.12)

Where (Pi =  1 /  ( ^ )  ]
1 ...ifPr <  b

(5.13) 
0 ... if u <  Uth

5.2.2 Flow model validation

In order to validate the non-linear flow/consum ption model (eq 5.13) a special 

experiment was designed. In order to make effective use of SFAB flow sensor, a charge 

circuit was throttled by using the smallest tubing available, 2mm internal diameter of long 

enough length, and a one way flow control. The inclusion of the additional resistance of 

the flow sensor inline decreased the overall conductance of the circuit further. Using this 

circuit allowed maximum flow rate to be restricted to below 50 L /m in  at a pressure of 1.5 

bar. Then by charging a fixed volume tank of sufficient capacity, 2.5L, w ith the lower flow 

rate allowed for a response time of the order of approximately 20 seconds. The combined 

low conductance circuit and large capacity receiver allowed the dynamic flow response to 

be captured by the sensor.

The flow parameters of the pneumatic circuit were identified by the improved ISO 

method discussed in Chapter 4 and had a similar (flow function curve) form to earlier 

circuits. Since the directional control valve was operated with a pilot supply pressure 

lower than recommended (i.e. less than 2 bar for Festo Tiger D C V ’s), the switching time 

for the valve was also re-identified and was approximately twice the time of that for 

normal operation. The measured and simulated flow, and consumption, for the fixed 

volume charging process are shown in figure 5.6. The residuals analysis included in the
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figure indicate a mean error, and absolute mean error, of 0.17 L /m in  and 0.537 L /m in 

respectively. Considering the average flow rate over the charging process was 

approximately 10.8 L /m in, this represents a good level of prediction. The largest residuals, 

between measured and simulated flow, occur at the start of the charging process and can be 

attributed to the fact that the valve switching is modelled as a simple step change. This 

aspect of the model could be improved by considering the linear model [89]; C = 

(C n w x  . t ) / tn s e / f a i i  for Opening and closing of the valve. Nevertheless the root mean square 

error of 0.8 L /m in  demonstrates a good overall level of accuracy, even w ith outliers due to 

the step switching model.
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Figure 5.6; Measured and simulated, flow and consumption during charging of fixed 
volume tank and residual analysis

The overall consumption of compressed air for the tank charging process is shown in 

table 5.3. It can be seen from the table that the difference between the measured 

consumption and consumption calculated from the non-linear flow model is 0.0064L. This
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is equivalent to a 0.16% error relative to measured consumption, indicating an excelent 

overall approximation. It is interesting to note that the simplified consumption equadon 

over-predicts the consumption of air in the pressurisation process by 2.4L. This is a 

significant difference, equivalent to a 60% error, considering the total measured 

consumption of 3.9L.

Consum ption (L)
Measured 3.891

Kagawa flow model 3.827

Difference, flow model -  measured -0.0064

Simplified consumption model 6.25

Difference, consumption model - measured 2.359

Table 5.3: Total consumption of fixed volume charging process

The extended IS06358 model is therefore used as the datum model for testing the 

linear cylinders. The reference model was developed in Simulink, and has four inputs: the 

DCV control signal from PLC, upstream pressure and chamber pressures. It can be seen 

from table 5.4, that the estimated overall accuracy of the datum model is approximately 

7% based on the accuracy of the pressure sensors and identified flow parameters. The flow 

rate of passive consumers (air knives and leakage) can be measured directly using the flow 

sensors, which means the error in predicting consumption is slightly improved (table 5.4). 

The volumetric consumption, in both cases, is the integral of the modelled or measured 

flow to the device over specified period (5.14). For drives, the integral only considers 

positive flow rates i.e. influx air to both chambers.

/ i? a r tq v ( > 0 )  d t (5.14)

Parameter of measurement system Sensor/system accuracy
Pressure, % (x2) ±2.83

Conductance, % ±6.32

Consum ption (drive),% ±6.92

Consum ption (nozzle), % ±6

Table 5.4: Accuracy of sensors and measurement system for consumption measurements
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5. 3 Parameter identification

The improved steady flow test method described in Chapter 4 was used to identify 

the flow characteristics of the pneumatic circuits. Ambient conditions were also the same 

as given in Chapter 4. Two flow sensors from employed to compensate for limited range 

of the flow meters, in order to identify the characteristics of lower conductance circuits. 

Due to the use of two sensors the estimated error in measuring flow is increased to 6.7%. 

A modified characteristic identification algorithm was developed in Matlab to allow for 

integration of both sensors. The sampling time was increased to 5 kH z for measuring the 

switching time.

5.3.1 Circuit identification

The mean circuit characteristics for the four circuits of the pneumatic system are 

shown in table 5.5 and are based on 5 test runs. O nly the input flow paths are necessary 

for consumption identification and all results are independent of leakage effects i.e. circuits 

isolated for identification. The cracking pressure was unity for all circuits. The pneumatic 

circuit for drive 2A1 was similar to circuit 1 in terms of flow capability, and due to a 

symmetric setup had very similar characteristics for both charge flow paths. The flow 

characteristics of third drive circuit are of note for the low conductance and high subsonic 

index values. This can be attributed to long small diameter tubing and flow controls in the 

circuit. The fourth circuit consisted of the two air knives with a common supply, and was 

identified w ithout leakage by isolating the pilot supply to  DCV4. As shown in figure 5.9, 

since the conductances of the two air knives are additive, the circuit was identified and 

modelled as one unit. The subsonic index of 0.55 indicates the flow function corresponds 

closely to the Sanville ellipse model. It is interesting to note the reduced critical pressure 

ratio of 0.22 for the air knives, caused by multiple restrictions in the circuit. The standard 

deviations indicate a reasonable level of precision similar to that of other published w ork 

by Kuroshita [98]. It is im portant to note that when an exhaust circuit is throttled with 

meter out flow control, the conductance of the influx flow is also affected considerably.
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Charge

paths

only

C rl

F p l Fp2

Cr2 

F pl Fp2

Cr3 

F p l Fp2

Cr4

FP

C , Mean 1.79E- 8.69E- 1.73E- 1.73E- 3.57E- 3.43E- 6.56E-

Std. Dev. 08 09 08 08 09 09 09

2.76E- 1.64E- 1.65E- 3.54E- 5.18E- 1.36E- 7.81E-

10 10 10 10 11 11 11

b, Mean 0.23 0.29 0.24 0.25 0.19 0.19 0.22

Std. Dev. 0.035 0.02 0.014 0.026 0.028 0.019 0.039

m , Mean 0.5 0.52 0.56 0.58 0.59 0.62 0.55

Std. Dev. 0.042 0.056 0.046 0.038 0.017 0.023 0.023

Table 5.5: Circuit characteristics for input flow circuits

} \
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o -

Figure 5.9: Cr4 identification circuit, air knife dimensions and simplified block model
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5.3.2 Leakage characteristics

A leak was present in pilot supply to DCV4 (4V1 in figure 5.5) on the pneumatic 

circuit. The leak was due to an elastomeric seal between pilot supply and solenoid (see 

figure 5.8) becoming loose. Since drive 3A1 shared a common supply w ith circuit 4, it was 

also affected by leakage. Leakage can be viewed as an additional load in parallel. The total 

conductance of the overall circuit (figure 5.7) is increased but not the mass flow through 

the drive circuit.

Lt = 375 mm

1>V
leaksys

C CrS

C leak

-Q — o

[_____

Leakage @DCV4

Figure 5.7: Pneumatic circuit for identification of Circuit 3 and conceptual model of

leakage load in parallel

There are two options for flow identification of a drive w ith leakage. The first 

approach is to isolate the leak, so that the drive circuit can be identified w ithout leakage 

and then the leak characteristics identified separately. This approach follows the logic of 

the model development whereby leakage is modelled as a standalone passive consumer if 

required. Modelling leakage may be useful in the case of low friction type directional 

control valves w ith lapped spools. From  a simulation development perspective, leakage is 

as modelled a standalone consumer since it can occur upstream of valve-actuator 

subsystems and is therefore independent of control actions in many cases. Additionally if 

the leak is located upstream of the filter regulator it may be at a higher network pressure.
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H ow ever since in an industrial environm ent it m ay not be possible to  reconfigure 

circuits easily, a second identification approach w ould be to  identify the com bined system 

flow characteristics, then identify the leakage characteristics separately and finally solve for 

the drive circuit flow using equation 5.15.

ihin =  CsysPoPu(p(Pr,b,m ,a) -  CLPoPu(p(Pr,b, m ,a ) (515)

The first approach was taken here. T o  test for leakage the w orking ports of DCV4 

were blocked and pressure increased successively as in the im proved ISO identifica:ion 

m ethod. A n example of the leakage flow function is show n in figure 5.8 w ith summary 

flow characteristics. The results are based on 5 test runs. The cracking pressure, a ,  was 

unity  for all tests. It can be seen from  the figure that the subsonic index is high wliich 

means the extended Kagawa equation is necessary for accurate characterisation. According 

to the identification results in figure 5.8, the critical pressure ratio is 0.12. How ever, from 

the figure it is clear that the critical pressure ratio m ay not have been reached. Since the 

com puted critical pressure ratio is close to  the m inim um  pressure ratio actually achieved 

during the identification process, the IS06358 standard, stipulates re-testing w ith  lower 

dow nstream  o r higher upstream  pressure in order to ensure choked flow has been 

achieved. H ow ever, from  practical po in t of view attaining such a low  pressure ratio is 

very difficult. In any case, the typical operating pressure of industrial drives is less than 8 

bar, so the m odel is sufficiently defined over its norm al operating conditions i.e. the 

pressure ratio  w ill never likely be less than 0.12. N evertheless, the low  pressure ratio is 

im portan t to note as it means the assum ption of sonic flow for leakage does not hold in all 

cases.

176



1—

0,8

3.6

0.4

0.2

Leak
lo ca t io n

0  Experimental values 
Model

■0.2
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pr

Std D e\Mean
6 33E-126 33E-10

0 022

0 043

Figure 5.8: Leakage location, flow function and summary flow characteristic results

5.3.3 C onsum ption  model estim ation

The benefit of using simplified consumption equations, in addition to reducing 

model complexity, is to reduce the amount of parameter identification required. The main 

parameters required for estimating the consumption of a pneumatic drive are shown in 

figure 5.2 and include the bore diameter and stroke of the cylinder, inner diameter of 

connecting tubing and length. The bore diameter, rod diameter and stroke are available 

from the component data sheets or international standards IS06432 [70] and IS015552 

[169]. The tubing lengths can be measured. For passive consumers, the conductance is the 

only required parameter and is identified experimentally (table 5.5), or taken from 

com ponent data sheets. If experimental identification is not possible, it is important to 

consider the aggregate conductance of the circuit. This can be done using the Eckersten 

equations [117] and a tubing attenuation factor [15] if necessary. The upstream temperature 

is taken as constant at 298K.
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At a regulated supply pressure of 5 bar, the estimated consumption for the three 

drives, w ith supply tubing, under study, for extend and retract strokes, is shown in table 

5.6. It was observed that the actual measured upstream pressure would vary about the 

regulated set point w ith approximately 5% difference. Using the modelled consumption 

values, the consumption can be predicted over an interval based on a user defined 

activation profile, as shown in figure 5.10.

Extend (L) Retract (L) Cycle (L)
Drive lA l 0.176 0.185 0.361
Drive 2A1 0.226 0.218 0.444
Drive 3A1 0.128 0.114 0.242

Table 5.6: Consumption model results for three drives

0C V 1

 DCV2.

D C V 3-,

J .

DCV4

Model

Active

0 10 20 30 40 50 60
T im e (s)

Figure 5.10: Predicted consumption for user defined activation profile
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5. 4 Results and model validation

To validate the accuracy of the simplified consumption models, the simulated and 

experimental results were compared at an individual device and system level. For the 

individual drives, the simplified consumption equation results were compared w ith the 

consum ption of the fully developed flow model. Passive consumption was measured 

directly w ith flow sensors. An example of the non-linear flow/consum ption model’s 

input and output variables is shown in figure 5.11. The control signal voltage was reduced 

from 0-24VDC to 0-7VDC with a voltage divider. The required compressor capacity and 

running cost calculation is based on average flow rate over specified time period. This is 

calculated by taking the product of consumption per cycle and actuation frequency as 

shown in equation 5.14. An allowance/safety factor is usually included to account for 

leakage losses in the air system, consumption by drain and pilot valves and temperature 

drops. However, it is important to note that pneumatic circuit must be sized to allow for 

the maximum instantaneous flow rate. In the case of figure 5.11 the cylinder consumes 

approximately 0.22L of air in 0.13s. This is equivalent to an average flow rate per stroke of 

101.5 L /m in, while maximum consumption is over 200L/min. If multiple actuators are 

on the same supply line, the circuit must be sized to allow for simultaneous actuation of all 

drives. It has also been documented in the OEM literature [170,171] that at high cycle 

rates, the pressurised chambers of cylinders are not fully exhausted, which means the air 

consumption can be significantly less than that estimated in equation 5.14.

q.(av) =  [ ( s . ^ + L . . I ^ ) +  (S.(ia_ia) + L , ^ ) ] { ^ } . f  (5.14)
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Figure 5.11: Simulated flow with measured pressure and control signal during extension 

of linear drive

5.4.1 Active consum ers

The modelled and measured cumulative consumption of drive 3A1 over a number of 

cycles is shown in figure 5.12. The consumiption function increases monotonically w ith 

time. The accuracy of the simulated results was quantified by comparing the simplified 

consumption model results w ith that of the non-linear flow model, figure 5.13.

The average difference is calculated by subtracting the simulated results from the 

average consumption, based on five tests, determined from the flow model. A positive 

result therefore indicates an over prediction, while a negative indicates an under 

prediction. A cycle consists of an extend and retract stroke. It can be seen from figure 5.13 

that the consumption of drives 2A1 and 3A1 is well approximated with an average 

difference under 0.02L in both cases. This is equivalent to under a 10% error considering 

the total air consumed by both drives. However, the consumption model consistently over 

predicts the consumption of drive lA l under all load conditions. The average difference of
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0.06L per cycle is significant considering the total consumption of drive lA l is only 0.29L. 

This results in a 20% prediction error approximately per cycle. This confirms the O EM ’s 

observation that the theoretical models over predict air consumption. It can also be seen 

from figure 5.13 that the payloads appear to have little influence on air consumption of 

drive lA l. A paired t-test was performed to determine if the payload had a statistical 

significant effect on air consumption. The air consumption for single cycle of drive 3A1 

w ith no load (MO) and a 2.37 kg payload (M3) were assessed (table 5.7). Since the T statistic 

is less than critical value and the p value is greater than the selected alpha level of 0.05, the 

null hypothesis is accepted, that the tested loads had no affect on air consumption. 

However, it is im portant to note that the maximum load investigated was approximately 

30% of the cylinder’s capacity.
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Figure 5,12: Cumulative consumption of drive 3A1 in cycle
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Figure 5.13: Difference between simplified consumption estimate and flow model for 

linear drives

MO M3

Mean (consumption/cycle), L 0.28928 0.28682

Variance 4.3107E-05 0.000030777

Observations 5 5

Hypothesized Mean Difference 0

df 8

t Stat 0.639948329

P (T <  =t) one-tail 0.27004827

t Critical one-tail 1.859548033

P (T <  =t) two-tail 0.54009654

t Critical two-tail 2.306004133

Table 5.7: Paired t-test results to determine payload effect on air consumption
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To calculate the consumption of multiple drives in parallel, the flow model was 

further developed to account for both drives. It can be seen from figure 5.13 that the 

consum ption of air by drive 2A1 appears to change w ith a different supply line 

configuration. A typical industrial circuit setup allows for multiple drives w ith a shared 

pressure source/regulator. W ith such a configuration, the difference between linear 

consumption equation and non-linear is 0.035L, an approximately 15% under-prediction. 

A paired t-test was conducted to determine the significance of circuit layout on air 

consumption. The results of the test show that the t statistic is greater than the critical 

value, and the probability is less than the selected alpha level of 0.05. The null hypothesis 

of no statistically significant difference is rejected. Therefore, the alternative hypothesis is 

accepted, the consumption of the drive is increased with shared supply. This is likely due 

to the extra volume to be pressurised in the circuit. Figure 5.14 expands the Pneumatic 

Wheatstone Bridge model for two cylinders with a common supply and demonstrates the 

pressure response in the circuit during charging of a single drive. When the control valve 

of actuator 2A1 is turned on, air flows from the supply to chamber 1 of the second drive. 

The rapid drop in supply pressure causes compressed air to flow from chamber 2 of the 

first drive, which is in a holding position, to the supply junction for both drives. The sum 

of the flows at the junction is equal to zero. This allows for quick recovery of the supply 

pressure and thus faster pressurisation of second cylinder’s charging end. However, an 

additional volume of air is consumed in then pressurising the additional fixed volume in 

the first drive. This process is shown schematically in figure 5.14. The same phenomenon 

occurs during staggered sequential actuation of cylinders with common supply. N ote if 

check valves are used in the circuit, the flow behaviour will be the same as a single drive 

circuit.
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Figure 5.14: Modified Pneumatic Wheatstone Bridge for network model and pressure 

response in multiple drive circuit

5.4.2 Passive consum ers

The measured and modelled flow rate of the two air knives in circuit 4 is shown on 

the left in figure 5.15. The measured and modelled flow values, for leakage at the pilot 

supply of DCV4, are shown on the right of figure 5.15. The residuals in both cases are 

highest in the subsonic regions as would be expected since the linear model assumes sonic 

conditions. The difference between the simulated flow and measured values as a percentage
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of measured flow for combined passive consumption is shown in table 5.8, for a range of 

selected pressures. It is clear from both figure 5.15 and table 5.8 that the linear flow model 

is capable of approximating the combined passive consumption with an accuracy of 

around 5% for pressures above 3.5 bar. The linear model is therefore suitable for blow 

devices operating at suitably higher pressures.

However, for passive systems operating at pressure below 3 bar it may be necessary 

to use the full non-linear Sanville/IS06356 flow model, since the error is increased to 

greater than 15% for pressures below 2.5 bar. For the individual passive consumers, while 

the absolute deviations for pressures above 2 bar are not considerably different to that in 

the sonic region, see residuals in figure 5.15, the relative percentage error is increased due 

to the lower overall flow rates. In particular for individual leaks, the high subsonic index 

may lead to large deviations between the linear flow model and measured values for 

pressure below 4 bar. Therefore, if the leakage load is significant with respect to overall 

passive consumption, and cannot be reduced or eliminated, the full Kagawa equation is 

necessary. The decision on flow model for passive consumers should therefore be made 

depending on plant conditions.
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Figure 5.15: Measured flow values and linear flow model over pressure range

2.5 bar 3.5 bar 5 bar

Model, L /m in 104 145 207

Measured, L /m in 91 138 198

Difference, L /m in 13 7 9

Difference, % 14.3 5 4.5

Table 5.8: Total consumption rate of passive consumers at selected pressures 

5.4.3 Full system

A sequential program was developed to study the air consumption of the full 

prototype system. The operation of the system is a replica of many industrial applications 

whereby a w ork piece or product is clamped m place, a machine tool or punch is brought
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into contact w ith the w ork piece for a set period of time, after which the tool is removed 

and the w ork piece cleaned and ejected. In terms of the sequence of events, cylinder lA l 

extends, followed by cylinder 2A1 shortly after, followed by an extension and retraction 

of cylinder 3A1 and activation of air knives by DCV4. The entire operation occurs in 

approximately 20 seconds. The function chart for the operation can be found in appendix 

C. The measured and modelled cumulative consumption over the test period is shown in 

figure 5.16. The measured flow for the same test is shown in figure 5.17. The continuous 

increase in measured consumption at the start of the operation is due entirely to leakage. 

The large final difference in air consumption of approximately 4.6L, a -25.9% discrepancy, 

between the theoretical model and measured results is due to leakage in the system.

If the system contains a known leakage due to the use of a panicular device it may be 

considered part of the consumption load and modelled accordingly. In this case, leakage at 

the valve is independent of the control state and therefore represents a constant load on 

the system. The consumption model including leakage is also shown in figure 5.16, and the 

difference between modelled and measured consumption is reduced to 1.54L, a +8.6% 

increase in comparison to total measured consumption. It can be seen from the figure that 

air knife consumption is over predicted due to the use of the linear (sonic) flow model.
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Figure 5.16: Cumulative consumption over sequence
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The hmitations of the flow sensor in measuring all aspects of consumption can be 

seen clearly in figure 5.17. The instantaneous flow rate requirements of the, fast acting, 

pneumatic drives are not captured accurately due to the response time of the flow sensor. 

The sensor can therefore be characterised as a type of low pass filter whereby the 

consumption of high frequency actuators is rejected. This limitation may be particularly 

relevant when measuring the consumption of machines w ith active air consumer 

dominated loads. It is interesting to note in the case of sequence 1 w ith a constant passive 

load, figure 5.16, that the sensor appears to overestimate the consumption during the first 

part of the cycle (up to 13s), since at 4 bar(g) the leakage flow rate is well approximated.
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Figure 5.17: Measured flow over sequence 2
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To assess the accuracy of the consumption model for the operation w ithout leakage, 

the consum ption model was compared w ith the non-linear flow model. Summary results 

for the total consumption by both models are shown in table 5.9. The total consumption 

over the test period was predicted with a difference of 0.84L. This is equivalent to an error 

of 6.8% in comparison to total consumption. However it must be pointed out that since 

the consumption function is dominated by the passive consumers in this case study, the 

accuracy of the result is mainly due to the accuracy of air knife consumption model. 

Therefore a second operation based sequence scenario w ith more balanced active-passive 

load was developed. In a one minute operation, drive lA l cycles 30 times, drive 2A1 

extends once and drive 3A1 cycles at an actuation frequency of 50 cycles per minute. The 

air knifes are active for a short 10s burst and operate at a lower pressure of 2 bar(g). This 

operation can also be considered a reasonable replica of industrial process conditions. The 

difference in modelled consumption of 4.76L equates to a 12.8% prediction error, an 

increase on the previous operation. Nevenheless, the overall accuracy of the proposed 

model in tracking the air consumption of the prototype pneumatic production system is 

encouraging. N ote in table 5.9, the time intervals are of different magnitude for both 

operations.

Seq 1 (20s) Seq 2 (60s)

Modelled consumption, L 13.13 41.98

Modelled (non-linear) 

consumption, L

12.29 37.22

Difference, L 0.84 (6.8%) 4.76 (12.8%)

Table 5.9: Summary results of predicted and measured consumption for two application

examples
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5.5 Summary

• A novel PLC driven consumption model of a pneumatic system has been presented in 

this work. The proposed systems type approach allows for the air consumption model 

to be scaled for use in production processes by minimising identification and 

modelling effort. The use of an O PC server allows for integration w ith most industrial 

control systems. All types of linear cylinders, semi-rotary actuators, air blow devices 

and leakage can be accounted for in the model.

• At a component level, results indicate that the consumption of a single drives can be 

modelled w ith reasonable accuracy using the simplified model approach. The average 

error in consumption for three drives was estimated was 13%. Com m on supply for 

multiple drives are factors not accounted for in simplified modelling approach. Passive 

consumers are well approximated at higher pressures. However, for lower pressure it 

is recommended to use the full Sanville/IS06358 model.

• The accuracy of the developed system model in predicting the consumption of the 

prototype system under tw o sequential operations ranged from approximately 7% to 

13%. The w ork has therefore demonstrated the PLC driven model will w ork in 

practise w ith sufficient level of accuracy for engineering applications.

• The model can be used to breakdown pneumatic energy drivers to any level. In its 

present form the model has potential application in leakage detection, in conjunction 

with a flow sensor, and local level metric deployment and cost allocation. The model 

also allows very easy changes to parameters and could be useful as a means of 

quantifying design/maintenance consumption savings arising from; changed pressure 

levels for individual device or system; replacement of open pipe with nozzle; the 

addition of control valve to blower circuits.

• The limitations of flow sensors in tracking consumption have been highlighted and it 

is suggested there use is based on the consumption characteristics of the machine 

under study.
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6. Conclusions and Recommendations for Future work

6.1 Conclusions

The energy efficiency of pneumatic systems is an area of significant importance 

w ithin manufacturing industry. Practically every production facility has a compressed air 

infrastructure and energy costs related to compressed air can be considerable. Accurate 

models are essential in optimising the energ}'' efficiency of pneumatic systems through 

model based design and control techniques. This study therefore aims to explore the 

dynamics, and in particular consumption characteristics, of pneumatic production 

processes w ith a focus on the development of scientific process models for industrial 

electro-pneumatic systems.

An industrial case study was undertaken to examine compressed air consumption 

and efficiency in automated production. The module investigated was a quality testing unit 

that formed part of a larger automated assembly line. A ir usage under a variety of 

production rates and machine conditions was recorded and analysed. This allowed a 

breakdown of consumption and characterisation of losses. Additionally the relationship 

between production output and air consumption was studied using regression analysis.

A theoretical model was developed to predict the dynamics of an individual 

pneumatic drive system. The process model was developed mathematically from first 

principles. The simulation results were compared with the experimental results under 

different loading conditions using flow, pressure, position and acceleration sensors. A 

scalable air consumption model for pneumatic systems was developed, using simplified 

linear equations, and interfaced with a programmable logic controller. The simulation and 

experimental results were compared for a number of different cylinders, air knives, 

pneumatic circuit configurations and loading conditions. The overall simulated and 

experimental consumption for a prototype automation system was also examined. All 

models were developed in Matlab-Simulink.
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6.1.1 Industrial investigations

The efficiency of compressed air consumption on an automated production module 

was investigated in the industrial case study. The analysis focused on two aspects in 

particular: An assessment of air usage and losses, and the development of a statistical model 

to predict machine air consumption.

Based on the investigations of two assembly stations, average losses were estimated to 

account for 34% of total machine air consumption. Leakage accounted for 21% of the 

losses and the remaining 13% was attributed to lack of control of passive consumers. It is 

noted that a significant amount of such energy losses can be addressed w ith current 

technology, little investment and better maintenance. The losses estimate does not include 

further energy savings possible using more advanced methods in design. It was observed 

that a system model would be useful in order to understand the dynamics of machine 

consumption, quantifying and classifying air usage, clarifying losses and highlighting 

savings due to improvements in design or control.

W ith regard to the statistical model development, it has been found that linear 

regression, a widely employed industry tool, is of limited use in predicting machine air 

consumption w ith confidence. This is due to the dependance of air consumption on 

multiple predictor variables. Additionally the variability of leakage flowrate during 

machine shutdown mode has been highlighted. This has been attributed to a number of 

factors including: functional degradation of the pneumatic component (seals etc) over time, 

type of maintenance strategy employed (i.e. breakdown, time or condition based) and 

network pressure fluctuations.

6.1.2 Pneumatic drive dynamics model

A dynamics model of an open loop controlled pneumatic drive system, common in 

industry, was developed, identified and validated. The mathematical model took  into 

consideration non-linear flow through extended pneumatic circuit, direction dependant 

friction, dead volume in cylinder chambers, fittings and tubing, leakage between actuator 

chambers, time delays due to valve switching and long lengths of tubing, and polytropic
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tem perature model w ith optimisation of index. Finally based on the latest research the 

heat transfer was explicitly included in the cylinder’s thermodynamic model.

In terms of identification, the improved ISO method, proposed by Kuroshita [98] for 

com ponent characterisation, has been successfully applied to the identification of extended 

pneumatic circuits and as such is deemed suitable for industrial circuits. It has been 

highlighted that application of the model to open loop controlled systems requires that the 

flow parameters of charge and exhaust lines in the drive circuit be identified. Additionally 

it has been observed that the friction parameters should be estimated for extend and retract 

strokes, and parameters identified at specific operating conditions.

The model provided good results in terms of tracking position and pneumatic force 

trajectories and should therefore be useful in the simulation, design and analysis of 

industrial type pneumatic actuator systems. The mean absolute error, in position 

prediction was less than 1 mm, and for pneumatic force was estimated to be 9.6N. These 

results are good considering the maximum stroke length and theoretical force of the 

cylinder (at 5 bar) are 50mm and 245N respectively. The results also compare favourably 

to the published data w ith mean errors in position of 1.7mm reported in the literature 

most recently [89].

6.1.3 Pneum atic system consum ption model

A dynamic consumption model for pneumatic production system was developed, 

identified and validated. The model was developed w ith a view to implementation in an 

industrial environment. The mathematical models account for most types of active and all 

passive consumers. A transition matrix was defined to allow easy interface w ith a logic 

controller. An O PC  server was used to  interface the model w ith a PLC. The consumption 

can also be predicted using a user defined activation profile.

The limitations of flow sensors in measuring drive consumption, due prim arily to 

slow a response time and range limited range ability, were highlighted. It is suggested there 

use, at present, is based on the consumption characteristics of the machine under study. 

However, it is likely that the development of flow sensor technology will lead to  sufficient 

performance, in terms of response time and range, to allow accurate characterisation of
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pneumatic systems in the future. In order to validate the consumption of a drive, the 

Kagawa flow model was used in conjunction w ith pressure sensors. A special experiment 

was designed to validate this approach usmg a low conductance circuit and larger capacity 

tank. It has been shown that the extended flow function can accurately describe the non­

linear flow behaviour of a typical pneumatic drive circuit. The mean absolute error during 

charging of a fixed volume tank was 0.537 L/m in. This is a good result considering the 

average flow over the process was 10.8 L/m in, equivalent to 5% error with respect to the 

average flow-rate.

At a component level, results indicate that the consumption of a single drive can be 

modelled with mixed accuracy using the developed Simulink model. Two linear cylinders 

were modelled w ith less than 10% error. However the difference in consumption between 

modelled and measured for a third cylinder was 20%. It has been pointed out that a 

common supply for multiple drives is a factor not accounted for in the simplified 

modelling approach. Passive consumers have been shown to be well approximated at 

higher pressures, with an accuracy of 5% with supply pressure greater than 3.5 bar. 

However, for lower pressure it is recommended to use the full Sanville/IS06358 model, 

since the accuracy decreases to less than 15%. At a system level, it has been observed that 

the discrepancy between simulated and measured consumption of an individual drive is 

less of an issue, in particular if air requirements are dominated by passive consumers. The 

accuracy of the model in predicting the consumption of a prototype automated production 

type machine under two sequential operations ranged from approximately 7% to 13%.

The w ork has demonstrated the PLC driven model will w ork in practice with 

sufficient level of accuracy for engineering applications. The model can be used to 

breakdown pneumatic energy drivers to any level. In its present form the model has 

potential application in leakage detection, in conjunction w ith a flow sensor, and local 

level metric deployment and cost allocation. The model allows for very easy changes to 

parameters and could be useful as a means of quantifying return on investment due to 

design or maintenance improvements. For example the resulting savings in compressed air 

arising from reduced pressure levels for individual device or system, replacement of an 

open pipe w ith a nozzle, or the addition of control valve to a blower circuit can be 

calculated.
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6.1.4 Concluding remarks

Reliable models are core component of simulation, estimation and control 

applications and thus essential to the development of technical intelligence and energy 

efficiency in pneumatic systems. System models are also useful in validating air loss 

estimates and developing accurate quality metrics, such as consumption efficiency.

It has been observed that a significant portion of the compressed air requirements, 

for an industrial production module, is driven by non-functional usage. The industrial case 

study has demonstrated non-functional usage can account for over a third of total 

consumption. A priority for industrial users should be reducing such air losses. Improved 

control of passive consumers, air knives and blowers, resulted in an approximately 8% 

reduction in air consumption. According to best practise, the percentage of compressed air 

lost to leakage should be less than 10% in a well maintained system [125]. Based on the 

above figures, it is recommended that the target for total non-functional usage should be a 

maximum of 15% of total usage. It is noted that inefficiencies in energy usage due to poor 

pneumatic design (e.g. over sizing or over pressurisation) and exergy type losses due to 

pressure drop, friction and backpressure are difficult to quantify using only a flow sensor.

The w ork has contributed to the development of a comprehensive system model and 

identification method for industrial type pneumatic drive systems. While previous research 

has developed various aspects of the flow model [103,19,75], thermodynamic model 

[89,80,15] and friction model [83,76], this w ork brings together all elements and applies to 

the development of an open loop pneumatic drive model. The accuracy of the model and 

identification method was experimentally validated. Since the results compare favourably 

to the literature, the model can be considered state of art. The model could be useful for 

simulation based design of pneumatic drive systems, though it requires reconfiguration to 

allow for typical design objectives i.e. move payload a certain distance w ith a pre-defined 

cycle time. The modelling approach is also useful in the model development stage of 

controller synthesis for servo-pneumatic drives [49]. In context of a control law, non-linear 

models have in the past been considered computationally expensive and complex [73]. This 

is the reason most control orientated research has neglected some dynamics, to utilise
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reduced order models. However w ith development of micro-processors and data 

acquisition equipment, processing speed is now less of an issue [73]. Finally, in terms of 

application, the model could be used for condition m onitoring since such models are now 

being used, in combination with flow sensors, for fault diagnostics in pneumatic systems 

[74].

A novel PLC driven consumption model of a pneumatic system has been presented 

in this work. The proposed systems type approach allows for the air consumption model 

to be scaled for use in production processes by minimising identification and modelling 

effort. The use of an O PC  server allows for integration w ith most industrial control 

systems. All types of cylinders, semi-rotary actuator types and blowers can be accounted 

for in the model. Consum ption due to leakage can also be included if the pneumatic 

system under study contains valves with static consumption. The results of the model 

validation on a prototype automation system indicate that the approach can be used with 

sufficient accuracy for engineering applications. It is observed that the model can be used 

in static form for many purposes discussed: cost allocation, energy breakdown and to 

calculate the return on investment due to design changes. Nonetheless, the focus for this 

w ork is the development of an online flow and consumption modelling tool for dynamic 

production environments. This may eventually allow for the model-based optimisation of 

control variables. Ultimately such a model could form the basis for a predictive 

compressor control strategy.

6.2 Recommendations for Future work

Two main areas of w ork have been identified: in the development of the models, 

both individual and system, and identification methods. It is envisaged that the 

development of the models and identification methods are key to any future energy saving 

applications.
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6.2.1 Drive model and identification method development

The identification of circuit flow characteristics is an essential aspect of both models 

implementation. The rationale for further development of the current identification 

m ethod is three fold. Firstly, the steady flow method is time consuming and heavy on air 

consum ption, so reducing both forms of consumption would be beneficial for efficiency. 

Secondly it is difficult to identify the characteristics of exhaust circuits since they are not 

directly connected to an air source/pressure regulator. In order to identify the circuits, 

reconfiguration is necessary which may lead to a loss of accuracy in identification results 

and may not be feasible in an industrial environment. Finally there is a time dependent 

aspect to flow parameters in the industrial context, due to constantly changing production 

conditions. For example the throttling or tuning of circuits by technicians will alter the 

flow characteristics. It would be useful to account for such realistic conditions. These 

reasons are mainly relevant to modelling the full dynamics of individual pneumatic drives. 

However, since passive consumers in the system consumption model also require 

identification, these issues are also of relevance albeit to a lesser extent.

There are two elements of the identification method that could be investigated with 

a view to improvement:

1. Inverse or thermal based methods for the characterisation of components have 

been proposed by De Giorgi et al [110,85] . It would be useful to examine and develop 

further such approaches in particular for industrial circuits. For example the actuators 

could be used in their extended positions as constant volume sources. The actuator could 

be charged to a sufficiently high pressure, then the air discharged through the circuit to 

atmosphere. Based on the pressure response in the cylinder, and the inverse 

thermodynamic model, the flow characteristics of the circuit could be determined. The 

temperature response can be calculated by the stop method proposed by Kawashima [106]. 

Particular focus should be on the applicability of such methods to high conductance 

circuits with small volume actuators, where short pressure response times may be an issue 

due to the limited response time of pilot assisted valves.

2. An online identification tool would be useful to account for the sensitivity of 

flow parameters to throttling by technicians or wear (e.g. pinched tube). The use of 

recursive estimation algorithms could be investigated. A black box approach was taken by
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Saleem et al [172] who employed an ARMA model for online system identification using a 

Mixed Reality Environment.

Also of interest from an identification perspective, is the estimation of the subsonic 

index, m, for components in series. Such calculations are possible for the critical pressure 

ratio, b, and Sonic Conductance, C, using Eckersten’s equations [117]. Additionally the 

experimental rig requires shock absorber for parameter identification during movement of 

heavy payloads (> 4  kg).

A potential interesting development of the dynamics model could be to interface the 

model with the PLC using the same OPC architecture proposed for the system 

consumption model. If the simulation model is simplified by assuming constant upstream 

pressure, then the only required input variable to the model is the PLC-to-valve control 

signal. This would simplify the setup of dynamics model further, since analog control 

signal would no longer required.

6.2.2 Consum ption model development

Further model development and validation work is required to ensure the system 

consumption model accounts for all pneumatic components on a production machine. 

Specifically in terms of consumers, models of air motors and servo-drive consumption 

could be developed and validated. An isothermal tank could be used as an alternative 

method for measuring the consumption of pneumatic drives. An edge detection 

configuration for bi-stable directional control valves should also be developed. Current 

edge detection is configured for spring return valves only, so there is a need to account for 

pneumatic return types. It would be useful to create a block library of consumption 

equations for all pneumatic consumers in the Simulink browser. The air consumption of 

drain and pilot assisted valves should also be investigated.

While it is envisaged that a predictive flow model will form the basis for compressor 

control strategy, there remain a number of model related issues to be addressed:

1. Average flow requirements.

At present only the consumption per stroke of actuators is considered. The average 

flow required depends on the stroke time of the actuator, and is important from a capacity
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planning point of view and thus a fundamental development issue. While the 

instantaneous flow required is much higher than the average rate, the receiver acts as a 

buffer between the supply and end use systems. One potential solution is to calculate the 

average stroke time of the actuator based on the time between limit switch input signals to 

the PLC. This would make effective use of the O PC interface infrastructure. 

Alternatively the activation frequency of the actuator’s controlling valve could be 

calculated based on the previous PLC (to DCV) output signals. Typically an 

allowance/safety factor is also incorporated into capacity planning calculations. It would 

be interesting to examine the use of a dynamic allowance factor based on estimated system 

leakage using the proposed model in conjunction with a flow sensor.

2. Predictive and CA system model development

The predictive element of the model could also be further developed. Since most 

pneumatic systems are controlled in a sequential or logical manner, it may be possible 

forecast the PLC states, and thus consumption, based on PLC program. It would be 

interesting to examine the use of ladder logic in Simulink (stateflow) for this purpose. 

The current modelling approach does not consider the addition of random loads to the 

system, for example, through the use of air guns by operators or leakage. The use of an 

artificial neural netw ork may aid in predicting short term demand fluctuations.

Since in many cases, consumers such as air guns and leaks are unregulated (i.e. 

pressure unstable), the netw ork pressure is then also an im portant consideration. 

Development of a full system model may be useful to allow for complete understanding of 

compressed air system dynamics and interaction between supply and demand. In particular 

losses due to pressure and temperature drops, leakage, and time delays in the netw ork need 

to be accounted for. Additionally in its present form, the consumption model allows for 

design changes to be assessed only. Exergy based analysis, proposed by Cai et Kagawa 

[127,173,167,126], allows for the work-producing potential of compressed air to be assessed 

and could be incorporated into future work.

3. Model development for real-time system use

For real time applications or hardware in the loop testing, C code generation will be 

necessary. C code is necessary to run both models on any microprocessor or real time
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operating system. Then performance in real time can be assessed and improved for 

example by loop reduction. This can be done for example in Matlab real time 

w orkshop/Sim ulink coder which generates and executes C or C + + code from Simulink 

diagrams. Prior to any C code generation, the models require development to ensure 

conformance with the relevant model based design standards i.e. IEC61508 and D 0178.

Finally, a vision for future energy efficient pneumatic systems may be characterised 

by continuous condition m onitoring for cost allocation and leak detection, control for 

automated pressurisation based on load, and recycling of exhaust air for passive consumers. 

This could potentially be combined w ith the localised generation of pressurised air to 

allow a tighter coupling of compressor output w ith machine demand using predictive flow 

models and operational energy minimisation strategies.
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A^ppendix A OPC data exchange protocol

OLE (object linking and embedding) for process control is a series of industry 

specifications, defined by the O PC  foundation, for allowing communiucation between 

niumerous data sources, including devices, controllers, databases and other applications, 

and is based on M icrosoft’s O L E /C O M  technology (OPC overview, 1998). O PC can be 

represented conceptually as an abstraction layer that allows a data sink and data source to 

exchange data w ithout knowing specific communication protocols and internal data 

organisation structures. This device abstraction layer is realised by using two components, 

an O PC  server and O PC  client (figure A .l)

OPC C lien t/Server  Archrtecturt

A pplication DvtiSnk

OPC Client

'1! ^

Abstraction

De/ice Dat>Seurc«

Figure A .l: O PC client server architecture (OPC overview, 1998)

An O PC server is a software application, w ritten to comply with one or more 

O PC  specifications, that acts as a translator between O PC and original device 

communication protocols. The server can read and write to the data source, but only if the 

O PC  client commands it to. O PC  clients are software modules that control 

communication w ith compliant O PC  connectors (servers), based on embedded application 

requests (figure A .2). Typically O PC  clients are embedded in applications such as Human 

Machine Interfaces (HMI’s) and other data trending packages. The client configures the
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rate at which the O PC  server provides data to the chent. The main O PC  specifications 

include O PC  Data Access, O PC  Alarm and Events and O PC Historical Data Access.

The O PC  data access server is comprised of several objects: the server, the group and 

the item. The server maintains information about itself and hosts the groups. The groups 

represent containers for one or more server items and provide a way for clients to organise 

data. W ithin the groups are items which represent connections to data sources within the 

server (OPC overview, 2008).

Protocol API

APIProtocol

Concsptui( OPC Q ltn t AnitomyConctptualOPC S t r w  Anatomy

Native Communications Module

OPC Communications Module

Translation/Mapping Module

Ttanslatlon/Mapping Module

OPC Communication Module

Application Communications Module

Figure A .2: Conceptual O PC  server and cHent anatomy
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Appendix B Matlab and Siniulink programs 

B 1 Pneumatic drive Simulink models
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Figure Bl: Level 3 flow model (Chamber 1 example)
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B2 Identification scripts

****** Circuit characteristics identification**********
l O O O O O O O O O O O O O O O O O O O '

%Improved ISO method 2
S-2-2-S-S-9-S-2-S-S-S-S-&-S-2-&-S-2-2-9-2-2-2-9-S-2-9-9-2-&-S-S-9-2-&-2-9-9-9-S-2.2.9-2-2-Q-9-2-9-2-&-2-2-9-Q-2-9-5-9-S-o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o

d i s p (textdata)

vl = d a t a (:,1); 
v2 = d a t a (: , 2) ;

dvl = decimate(vl,4) %reduce data by factor of n, employs
filter also
dv2 = decimate(v2,4);

sdvl = round2((smooth(dvl, 300)),0.01); %%use large span
to account for increased noise due to reduced damping on FS 
sdv2 = round2(smooth(dv2),0.01); %%unweighted 5pt
moving average with rounding to 2 decimal places

clear('v l ','v a r ', 'v 2 ', 'v a r ');

%% All flow rates to DIN standard reference conditions 

%Testo sensor
q_te = (((sdvl-1.57)/ O .1067)*1000/60)*0.9479; % L/min
q_te(q_te <0) = 0; % setting negative values
to zero
Q = (q_te/l000/60); % m3/s

%Festo SFAB sensor 
s = whos('data');
if s.size(2) == 3 %if third (sensor) data column exists.... 

v3 = data(;,3); 
dv3 = decimate(v3,4);

end

clear('s','v 3 ');

ar.s = exist ('d v 3 ') ; 
if ans == 1

q_fe = dv3./0.2; % L/min
Q_fe = (q_fe./lOOO)./60;

end

clear('a n s ','d v 3 ');

%% Pressure unit: bar(g)
Pu = ( (10-((5-sdv2)/O.3992))); % bar(g)
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Pu (Pu<0) = 0;
Pu = Pu + 1.01325; 
P = (Pu*100000);

% bar(a) 
%Pa

t = 0:0.001:(length(Pu)*0.001); %1000 Hz sampling
t (:,length(Pu))=[]; 
t = t ( : ) ;

clear('d v l ','v a r ','d v 2 ', 'v a r ','sdvl','sdv2');

Pr = 101325./P;

To = 273; % Air temperature at DIN reference conditions (K)
Tu = 298; %Upstream (measured) temperature of air (K)

%% plots

r = detrend(Q); %to allow for easier computation of local 
maxima

%peakdet function: http://billauer.co.il/peakdet.html 
[maxtab, mintab] = peakdet(r, 0.0001, t); %lst argument
is vector to examine, 2nd is peak threshold (to avoid many 
local maxima),
%3rd argument is vectors x-axis

%Note must use local minima if decreasing regulated pressure
during test
figure(1);
plot(t,r);
xlabel('time (s )');
ylabel('Residuals');
hold on
scatter(maxtab(:,1), maxtab(:,2), 'r*');

ti = maxtab(:,l); %must use time as pressure values non-
distinct

% if decreasing pressure during test....

%figure (1);
%plot(t ,r );
%xlabel('time (s)');
%ylabel('Residuals');
%hold on
%scatter(mintab(:,1), mintab(:,2), 'r*');
%ti = mintab(:,l);
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%lookup table
Pi = interpl(t, P, ti);
Qi = interpl(t, Q, ti);
Qi = Q i * (sqrt(Tu/To) ) ; %Flow corrected to ref. temperature

% Conductance (m3/s.Pa) to DIN reference conditions 
Ci = Qi./Pi;
C = max(Qi)/max(Pi);

er = 6; %combination of sensor inaccuracy 
n = 1:length(C i );
test = ((C - Ci(n))/C)*100; %%difference from original mean

C = [ ] ;
%if difference within error of sensors recalculate mean as 
average of values within error range 
for n = l:length(Ci) 
i f t e s t (n ) < er 

C = [C, Ci(n)] ; 
end 

end

C = m e a n (C )
Pri = 101325./Pi;

cle a r ('test', 'n ' , 'e r ');

figure(2);
x(l) = subplot(2, 1, 1) ; 
plot(Pi,Qi, 'o', 'MarkerSize' , 8) 
xlabel('Upstream pressure (Pa)'); 
ylabel('Flow (m3/s)'); 
hold on
X = [0, max (Pi) ] ; 
y = [0, max(Qi)]; 
plot(x,y,'--g','Linewidth',3); 
grid on
x(2) = subplot(2,1,2); 
scatter(Pri, Ci); 
xlabel('Pressure ratio'); 
ylabel('Conductance'); 
grid on

Qimax = C*Pi*(sqrt(To/Tu)); %temperature correction 
Qri = Qi./Qimax;

%Extended ISO representation (b,m) 
figure(3);
[cf_,gof] = ISOe_curve_fit(Pri, Qri)

%IS06358 fit (b)
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%[cf_, gof] = IS01_curve_fit(Pri,Qri)

%Full Kagawa model (b,m,a)
%showfit ISOee %Ezyfit toolbox

%% Determine number of points in subsonic region 

ans = find(Pri > 0.5);
d i s p ('Approximate number of data points in subsonic region') 
Data_points = length(ans) % number of data points in 
subsonic region

B3 Pneumatic system SimuHnk models
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Figure B4: Top level diagram AQT unit

220



Actuator 1 
(FESTO)

tetivations

1
Actuator 2 

(SMC)
DCV4

Signal Builder

Actuator 3 
(FESTO)

Air k n i^ 8  1 + 2

In1

Act1

In2

In3

Act2

lo4

IrtS

Act3

In6

In7

In8

Kn

Output trajectoree

Total system  
air consum pton (L)

>  sys.consumptDn

Figure B5: Top level diagram of prototype pneumatic system with user defined loading 
profile
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Appendix C Prototype system details

+ DC

PLC

1B1281
(0 .00)

1B22B2

3B1,

3B2,
24 VDC (0.06)Stop

Start

COM
COM-D C

VDC
+ DC

[10101VDC

VDC

VDC

VDC

24 VDC
VDC

VDC

COM
COM

•DC
Note: Commons Internally Connected

ASSIGNMENT SHEET
INPUTS
SYMBOL DATA ADDRESS COMMENT

RBI BOOL 0.08 N/0 Start button
PB2 BOOL 0.07 N/C Stop button
1B1 BOOL 0.00 Cylinder 1
1B2 BOOL 0.02 Cylinder 1
2B1 BOOL 0.01 Cylinder 2
2B2 BOOL 0.03 Cylinder 2
3B1 BOOL 0.04 Cylinder 3
3B2 BOOL 0.06 Cylinder 3
OUTPUTS
SYMBOL DATA ADDRESS COMMENT

1Y1 BOOL 101.01 Solenoid 1
2Y1 BOOL 101.05 Solenoid 2
3Y1 BOOL 101.06 Solenoid 3
4Y1 BOOL 101.03 Solenoid 4

Figure C l: Electrical circuit diagram for prototype system; inputs and outputs, and PLC 
assignment sheet
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Initial positon

Cylinders re tracted  (1B1, 2 8 1 ,3 8 1 ), DCV4 o ff ,s ta rt button ac tu a te d  (S I) , 
sto p  button u n ac tu a ted  (S2)

 Cylinder (1A1) e x ten d ed  (182)

Cylinder (1A1) to ad v a n ce

Cylinder (1A1) ex ten d ed  for 
15#

Tim er expired

Cylinder (2A1) ex ten d ed  (1B2)

Cylinder (1A 1) & Cylinder 
(2A1) ex tended  for 10 

se co n d s

Cylinder {2A1) to  ad v a n ce

Tim er expired

Cylinder (3A1) ex tended(3B 2)

C ylinder (3A1) re tracted  (3B2)

Cylinders (3A1) to ex tend

DCV4 o n ’

Cylinders (3A1) to  retract

4Y1 on

DCV4 on for 5 se c o n d s

Tim er expired

N DCV4 off. Cylinders (1A1
&2A1) to  retract

>

Tim er expired

Figure C2: Function chart for sequence 1 (prototype system)
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