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Abstract  
 

 The thesis ’’Proportional electro pneumatic servomechanism, SEPP, used for the 

actuation of valves in the energy industry’’, is a research paper that, through numerical 

simulations and experimental tests, finds the dynamic performance of an electropneumatic 

linear positioning servomechanism used in controling of valves applied in various applications 

in the energy industry. 

 The originality  of the thesis is given by the use of proportional distributors as a control 

element of the linear pneumatic actuator. Pneumatic proportional distributors are equipment 

developed over the past 35 years that have begun to successfully replace the much more 

expensive pneumatic servo valves than proportional distributors.  

 The main objectives of the thesis are: 

1. In-depth bibliographic study to determine the development of the studied subject, from 

a theoretical and experimental point of view; 

2. Theoretical study regarding the mathematical modeling of the pneumatic actuation 

system with proportional distributor; 

3. Realization of a pneumatic actuation scheme of electropneumatic servomechanism type 

for linear positioning with proportional distributor; 

4. Determination of the dynamic performances of the SEPP through numerical 

simulations; 

5. Experimental determination of dynamic performance of SEPP, numerical model 

calibration and regulator connection.  

 Chapter 1 presents a brief introduction to the topic of the paper. The objectives and 

motivation of this paper are presented. Also here is a brief presentation of the thesis content. 

 In Chapter 2, a brief history about the development of the pneumatic drives fields and 

are highlighted the market trends in the field of pneumatic systems. Also it is presented  the 

current, theoretical and experimental status for various applications of the pneumatic actuation 

and servoactuation systems mentioned in the specialized literature. 

 Chapter 3 is dedicated to the description of pneumatic servomechanisms, describing 

eachc omponent of these systems. Also, in this chapter, the properties of air (the working fluid 

in pneumatic drives), pressure domains, flow rates and flow diameters, examples of closed and 

open lump pneumatic drive schemes, but also experimental research carried out by other authors 

are mentioned , in the subject of  this chapter. 

 The theoretical study of compressible fluid flow through orifices and nozzles, the flow-

pressure characteristic through the orifices of the pneumatic distributor, and the equations that 

define the mathematical model of an electropneumatic linear positioning servomechanism, are 

presented in Chapter 4. 

 The results of the numerical simulations that are the basis for the performance validation 

of the pneumatic system operated by a proportional distributor are described in the  Chapter 5. 

In this chapter, the types of software that can be used for the numerical simulation, the working 

methodology used for the numerical simulation, and the numerical results simulations for 

closed and open loop pneumatic drives are presented. Also, the results of the numerical 

simulations in the case of the electropneumatic positioning servomechanism used in the control 
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of the supply valve of the aerators are mentioned the biological stage of a sewage treatment 

plant are presented. 

 The experimental validation of the results obtained through the numerical simulations 

is presented in Chapter 6. The work methodology, the results of the experimental tests, the 

comparison of the numerical results with the experimental ones, and finally conclusions are 

presented. 

 Chapter 7 presents the synthesis of the main scientific and technical contributions 

according to the three directions of thesis development: theoretical research, numerical 

simulations, experimental tests. 

 At the end of the thesis you will find the bibliography and appendices. 

The results of the numerical simulations were obtained with the help of the AMESim software 

from SIEMENS, and the experimental research was carried out, for the most part, with the help 

of Festo Didactic Romania equipment. The experimental tests were carried out both in the 

Honeywell Laboratory of the Faculty of Automation and Computers of the Polytechnic 

University of Bucharest, and in the Automation Laboratory of Festo Didactic Romania. 

 

Keywords: pneumatic actuator, pneumatic proportional distributor, compressible fluid, energy 

industry, mathematical modeling, numerical simulations, experimental tests, valve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Proportional electro pneumatic servomechanism, SEPP, used for the actuation of valves in the energy 

industry 

  

 4 

Special thanks  
 

The writing and publication of this paper was possible thanks to the support of several 

people who supported and encouraged me. I would like to express my deep gratitude to: 

Professor Carmen-Anca SAFTA, the scientific supervisor, for the constant support from 

a scientific, technical and moral point of view during the entire period of preparation and 

development of the thesis. I thank her for his openness and patience. 

Prof. Dr. Eng Nicolae VASILIU for the constructive advice and encouragement he gave 

me during the conversations we had. 

 

To the members of the thesis guidance committee: 

 

 Mr. Conf. dr. ing Constantin CALINOIU, for his constant availability and the time 

given to carry out the experimental tests in the Honeywell laboratory of the Faculty of 

Automation and Computers from the Polytechnic University of Bucharest and my 

training in the use of software for the realization of numerical simulations. 

 Mr. prof. dr. ing Ciprian LUPU, for the constant availability and the time given in the 

various problems encountered in carrying out the experimental tests, but also for the 

fact that he made available to us the Honeywell laboratory within the Faculty of 

Automation and Computers of the Polytechnic University of Buchares.  

 Mr. prof. dr. ing. Alexandru MARIN for the useful suggestions and observations 

given during the realization of the work. 

 Mr. prof. dr. matem. Andrei HALANAY for the support given in the realization of the 

mathematical model. 

 Mr. conf. dr. ing. Andrei DRUMEA for the beneficial comments provided throughout 

the development of the paper. 

 

The long-term support offered by the Festo Didactic Romania team, which was essential in 

completing the test stand developed by the author. The technical competence of Mr. Adelin 

PLACINTARU was crucial for the creation of the experimental test stand. I also thank you 

Festo team for providing me with all the necessary technical documentation. 

 

 I would like to thank the members of the thesis examination committee for the 

suggestions and observations useful for the completion of the work: 

1. Prof.dr.ing. Radu Florin PORUMB 

2. Prof.dr.ing. Carmen-Anca SAFTA 

3. Prof.dr.ing. Nicolae VASILIU 

4. CSI dr.ing. Vergil MURARU 

5. Prof.dr.ing. Ilare BORDEAȘU 

 

Last but not least, I thank my wife and parents for their support and unconditional moral 

support during my doctoral studies.  

 



Valentin Nicolae COCOCI  

 

 5 

Summary 
Chapter I .................................................................................................................................................. 7 

INTRODUCTION ................................................................................................................................... 7 

1.1. Overview ................................................................................................................................. 7 

1.2. Goals and motivation .............................................................................................................. 8 

1.3. Analysis of the bibliographic study ......................................................................................... 9 

1.4. Thesis structure ..................................................................................................................... 10 

Chapter II ............................................................................................................................................... 11 

2.1 Overview ................................................................................................................................ 11 

2.1.1 Brief history of the development of the field of pneumatic drives ................................ 11 

2.1.2 Market trends of pneumatic actuation systems ............................................................. 11 

2.2. Structures of electropneumatic servomechanisms ................................................................ 12 

2.3. Theoretical research on electropneumatic components ......................................................... 12 

2.4 Experimental research on electropneumatic components ..................................................... 14 

2.5. Technological innovations in pneumatic drive applications ....................................................... 15 

Chapter III ............................................................................................................................................. 16 

3.1 Overview ............................................................................................................................... 16 

3.2. Air properties ........................................................................................................................ 17 

3.3. Pressure and flow domains .................................................................................................... 18 

3.4. Pneumatic equipment ............................................................................................................ 19 

3.5. Electropneumatic drives ........................................................................................................ 20 

Chapter IV ............................................................................................................................................. 21 

MATHEMATICAL MODELING OF PNEUMATIC SERVOMECHANISMS WITH LINEAR 

ACTUATORS ....................................................................................................................................... 21 

4.1. Overview ............................................................................................................................... 21 

4.2. Air flow through nozzles and holes ....................................................................................... 21 

4.3. Mass flow characteristic through variable area orifices ........................................................ 24 

4.4. Numerical simulations on the dynamic behavior of proportional distributors ...................... 26 

4.5. Nonlinearities in the operation of electropneumatic servomechanisms ................................ 28 

4.6. Control methods in pneumatic positioning systems .............................................................. 30 

4.7. The mathematical model associated with the electropneumatic servomechanism ................ 31 

Chapter V .............................................................................................................................................. 34 

NUMERICAL SIMULATIONS TO DETERMINE THE PERFORMANCE OF THE 

ELECTROPNEUMATIC SERVO-MECHANISM WITH PROPORTIONAL DISTRIBUTOR ..... 34 

5.1 Overview ............................................................................................................................... 34 

5.3. Work methodology in Simcenter Amesim ............................................................................ 34 

5.4. Numerical simulation of the dynamic behavior of linear pneumatic actuators ..................... 35 

5.5. Dynamic behavior of electropneumatic positioning servomechanisms with symmetric and 

asymmetric actuators ......................................................................................................................... 41 



Proportional electro pneumatic servomechanism, SEPP, used for the actuation of valves in the energy 

industry 

  

 6 

5.6. Dynamic behavior of an electropneumatic servomechanism for actuation of a butterfly valve 

  ............................................................................................................................................... 45 

Chapter VI ............................................................................................................................................. 47 

EXPERIMENTAL DETERMINATION OF ELECTROPNEUMATIC SERVO-MECHANISM 

PERFORMANCE ................................................................................................................................. 47 

6.1. Overview ............................................................................................................................... 47 

6.2. Structure of the test stand ...................................................................................................... 47 

6.3. Work methodology ................................................................................................................ 47 

6.4. Experimental results .............................................................................................................. 49 

6.5. Conclusions and comparison with numerical results ............................................................ 54 

Chapter VII ............................................................................................................................................ 56 

SYNTHESIS OF THE MAIN SCIENTIFIC AND TECHNICAL CONTRIBUTIONS OF THE 

WORK. FUTURE DIRECTIONS OF RESEARCH ............................................................................ 56 

7.1. General conclusions .............................................................................................................. 56 

7.2. Original contributions ........................................................................................................... 57 

7.3. Future research directions ..................................................................................................... 58 

Thesis bibliography ............................................................................................................................... 59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Valentin Nicolae COCOCI  

 

 7 

Chapter I 

INTRODUCTION 

1.1. Overview 

The beginning of the 21st century is technologically defined by the digitization process, 

culminating in the development of the concept of Industry 4.0 (4IR-th 4th Industrial 

Revolution). Digitization allows the conversion of analog data into digital format, which 

facilitates the transmission of information in real time [101]. 

The digitization process has led to the much wider use of pneumatic actuators, due to 

the advantages brought by the transmission of information in real time, through the new 

structures of miniaturized and embedded electronic systems in many of the pneumatic actuator 

components. This transmission of data in real time determined the correction of a significant 

problem in the field of pneumatic drives, namely the correction of non-linearities due to the 

compressibility of the gas, the flow of air through the holes, the frictional forces developed 

during the movement of the mechanical elements, the hysteresis due to the magnetic and 

electrical materials in the composition pneumatic command and control elements. 

Pneumatic systems convert the energy of compressed air into mechanical energy, which 

can be used as mechanical work transmitted to execution elements such as pneumatic actuators 

(linear or rotary) [1]. 

In the field of robots, depending on the mobility, respectively the number of degrees of 

freedom, several linear or angular positioning systems can be used. This is also the case with 

the Kokoro humanoid robot, Figure 1.2, which has 38 degrees of freedom, 114 sensors and 76 

control loops. The robot uses FESTO MPYE type proportional distributors [103]. 

 
Figure 1.1. Block diagram of an electropneumatic linear positioning system

 

Figure 1.2. The humanoid robot "Kokoro" FESTO MPYE type proportional distributors for 

electropneumatic servo-actuators, [103] 

Modern electropneumatic positioning systems use proportional distributors in their 

structure to control the air flow required by the actuator. Like the electropneumatic servovalves, 

the proportional distributors are electropneumatic amplifiers that at a given current command 

(voltage or intensity) the delivered flow rate is proportional to the command. The performance 

of proportional valves is not equal to the performance of pneumatic servo valves, but the 

manufacturing and purchase costs are much lower. Given that from a technical point of view 



Proportional electro pneumatic servomechanism, SEPP, used for the actuation of valves in the energy 

industry 

  

 8 

the performances of proportional distributors ([135] hysteresis 3%; repeatability 3%; sensitivity 

0.05%; linearity 3%; response time < 50 ms) are close to the performances of servo valves, the 

use of proportional distributors in systems positioning is common, and technical interest in the 

study of these systems has increased. 

1.2. Goals and motivation 

The thesis Proportional electropneumatic servomechanism, SEPP, for the actuation of 

valves in the energy industry, is a research paper that, through numerical simulations and 

experimental tests, determines the dynamic performance of an electropneumatic linear 

positioning servomechanism used in the controling of various applications in the energy 

industry . 

The novelty of the thesis is given by the use of proportional distributors as a control element 

of the linear pneumatic actuator. Pneumatic proportional distributors are equipment developed 

over the past 35 years that have begun to successfully replace the much more expensive 

pneumatic servo valves than proportional distributors. 

The proposed pneumatic actuation system is a positioning servomechanism, composed of a 

pneumatic cylinder (actuator) driven by a proportional distributor operating in a closed loop. 

Figure 1.3 shows the experimental stand for the experimental identification of the 

components of the electropneumatic servomechanism. 

 

Figure 1.3. Experimental stand: 1- air compressor; 2- pneumatic cylinder; 3- linear potentiometer; 4- 

proportional distributor 5/3; 5- PID; 6-source 24 V; 7- signal generator; 8- data acquisition board [17] 

 The behavior numerical modeling of the studied electropneumatic servomechanism was 

carried out using the Simcenter Amesim numerical simulation platform. Figure 1.4 shows the 

used numerical simulation scheme. In the thesis, the experimental results are compared with 

the numerical ones. 

 
Figure 1.4. Numerical simulation scheme [17]  
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 In Fig. 1.5 shows an example of the use of proportional distributors in the pressurized 

air supply systems of the aerators in the bioreactors of a sewage treatment plant. If the fluid 

flow is high and the installation requires flow control through butterfly valves, then their 

actuation can be done with a pneumatic positioning servo, as proposed in the present work. 

 
Figure 1.5. Drive scheme with proportional pneumatic distributors, proposed for the control of aerators 

in a water treatment plant [48] 

 The main objectives of the thesis are: 

1. A depth bibliographic study to determine the development of the studied subject, from a 

theoretical and experimental point of view; 

2. Theoretical study regarding the mathematical modeling of the pneumatic actuation system 

with proportional distributor; 

3. Realization of a pneumatic actuation scheme of electrohydraulic servomechanism type for 

linear positioning with proportional distributor; 

4. Determination by numerical simulations of the dynamic performances of the SEPP; 

5. Experimental determination of dynamic performance of SEPP, numerical model calibration 

and regulator connection 

 

1.3. Analysis of the bibliographic study 

More than 260 bibliographic references were studied for the realization of the thesis, of 

which approximately 148 were actually used and cited in the thesis. 

Figures 1.6 – 1.9 present a classification of the thesis bibliography, according to the type 

of references, the year of publication, the language used in writing the references and the 

number of references corresponding to each chapter. 
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Figure 1.6. Bibliographic titles by chapters Figure 1.7. The structure of the bibliography 

according to the type of bibliographic references 

  
Figura 1.8. The structure of the bibliography 

according to the year of publication of the 

bibliographic references 

Figura 1.9. Bibliography structure according to 

the language used for publishing bibliographic 

references 

 

 After the analysis done, in figures 1.6 - 1.9 it can be seen that a number of 100 scientific 

articles, 14 books and 34 technical sheets were studied and used for the conception of the thesis. 

The available bibliography is current as 66% of the bibliographic references were published 

between 2013-2023 and only 3% before 2002. 

A majority of 83% of the bibliographic references used are written in English, the remaining 

17% being written in Romanian. 

 

1.4.  Thesis structure 
 

 The thesis is structured in 7 chapters, ordered according to the main objectives and the 

aim pursued by the work.It starts from the study on the current state of research in the field of 

pneumatic drives, after which the elaboration of the theoretical study on the mass flow 

characteristic equations specific to pneumatic drive equipment, including the case of the 

proportional distributor, follows. In the mathematical modeling part, the equations of the 

pneumatic linear positioning servomechanism with proportional distributor are described. The 

presented mathematical model is the basis of the construction of the numerical simulation 

scheme used to study the performances of the servomechanism. 

 The results from the numerical simulations are compared with the experimental results 

obtained on the experimental stand. An experimental identification and connection of the 

controller used in the control of the servomechanism is thus made. 
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Chapter II 

 

CURRENT STATE REGARDING THE DEVELOPMENT OF 

PNEUMATIC ACTUATION SYSTEMS 

2.1 . Overview 

2.1.1 Brief history of the development of the field of pneumatic drives 
  

 Pneumatics is the technological field that uses the energy obtained from the compression 

of air to transform it into energy of practical use. 

 People have used pneumatic power since ancient times. The first discovery of a device 

based on pneumatic energy dates back to 429 AD, being an air gun that primitive hunters used 

to shoot their prey [113]. 

 The first theoretical descriptions of the use of pneumatic energy were written by the 

Greek mathematician Hero of Alexandria in the first century. He described in his works how 

his inventions used wind energy to generate mechanical energy to move objects. These 

applications influenced the German physicist Otto von Guericke to invent in 1600 the vacuum 

pump that could extract air or gas using air pressure [113]. The Industrial Revolution of the 

1800s also led to a great development in the field of pneumatics, pneumatic energy being used 

especially in the transport, communication and manufacturing industries. [114]. 

2.1.2 Market trends of pneumatic actuation systems 

According to Grand View Research, the pneumatic actuation system market size was valued 

at USD 30.82 billion in 2022, of which the food industry accounts for 29%. In Fig. 2.1 presents 

the percentages of the global market of pneumatic actuation systems, depending on the industry 

used, respectively: pharmaceutical, ceramic, food industry, rubber and plastic industry, cement 

industry, mining, automotive industry and others [93]. 

 
 

Figure 2.1 Global Pneumatic Actuator 

Market by Industries Served [93] 

Figure 2.2. Global pneumatic components 

and systems market growth forecast 2022-

2029 [116] 
In Data Bridge's market research report on the demand for pneumatic actuation 

components and systems, we are presented with the fact that the market is expected to grow by 

6.6% from 2022 to 2029 [116 ]. 

The main industry that will play an important role in this growth is the food industry, 

due to food safety regulations. In addition, the growing demand for machine safety and 

operational optimization will provide even more opportunities for the growth of the pneumatic 

drive components and systems market in the coming years [116]. Figure 2.2 shows the global 

market growth forecast for pneumatic components and systems in the period 2022-2029. 



Proportional electro pneumatic servomechanism, SEPP, used for the actuation of valves in the energy 

industry 

  

 12 

2.2. Structures of electropneumatic servomechanisms 

 Servomechanisms, both hydraulic and pneumatic, have seen great development in 

various industrial automation applications. Numerous specialized works, published in recent 

years, highlight the new trends and the benefits of using actuation systems with proportional 

equipment (valves, chokes, distributors). 

Pneumatic servomechanisms are systems used for command and control, which can have in 

their structure: 

- on-off solenoid valve; 

- proportional distributors; 

- pneumatic servovalves. 

 Distributor control can be analog (or continuous), and digital (or discrete). Likewise, 

on-off solenoid valves can have PWM (Pulse Width Modulation) signal control. 

 If in the case of the pneumatic system with a proportional distributor we can have a 

precise control of the movement of the distributor drawer, also having a linear behavior ensured 

by the electronic control part of the proportional pneumatic distributor, in the case of pneumatic 

systems with a solenoid distributor only quick switching can be done starting- stop, without 

being able to have a control over the movement of the distributor drawer which has intrinsically 

non-linear behavior [73]. 

 The advantage of actuation systems with solenoid valve is that they are simple and easy 

to maintain, whereas pneumatic systems with proportional distributors, although they are more 

expensive and have a complex structure, have excellent static and dynamic performances [73]. 

Therefore, many of the applications that used pneumatic servo drives with servo valves, have 

been replaced by proportional distributors. 

 Due to the advantages they have, such as low cost and clean technology, pneumatic 

actuators are used in numerous industrial applications such as: actuation of valves used in the 

energy industry, in water supply, water treatment plants, industrial robots, food industry, haptic 

system in medical and laboratory equipment, tracking and positioning systems, etc. [33].  

 

2.3. Theoretical research on electropneumatic components 

 Numerous theoretical studies have been carried out in which an attempt was made to 

determine a mathematical model for pneumatic systems. 

 One of these studies was carried out by B. K. Saha, H. Chattopadhyay, P. B. Mandal, T. 

Gangopadhyay, entitled "Dynamic simulation of a pressure regulating and shut-off valve" [93], 

in which the authors determined the mathematical model regarding the dynamic behavior of the 

flow process inside a pressure regulating and closing valve. 

 The numerical simulations were carried out in this case with the ANSYS-FLUENT 

software in order to solve the Navier-Stokes equation. With the help of the ANSYS-FLUENT 

program it was possible to determine the movement of the drawer and its final position after it 

is deviated from the equilibrium position [93]. The scheme used by the authors in the analysis 

of the movement of the valve drawer is shown in Fig. 2.3. 
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 Figure 2.3. Chart for drawer movement analysis [93] 

 Figure 2.4 shows the transient variation of the forces on the surface of the drawer for 

the pressure value of 33/31 psi. Initially the valve is forced fully open. When the pressure 

difference between the inlet and outlet is smaller, the pressure peaks around 410 Pa (Fig. 2.4), 

and increases to 430 Pa at higher pressure difference [93]. 

 Figure 2.5 shows the drawer position over time, for different valve inlet and outlet 

pressures [93]. The results of numerical simulations show the behavior of the drawer during the 

action of the working fluid and provide useful data in the design of such equipment. 

  
a) b) 

Figure 2.4. Transient variation of (a) flow forces and (b) total forces on drawer surfaces at 33/31 psi 

pressures [93] 

 

 

  

a) b) 

Figure 2.5 Drawer movement at pressures (a) 33/31 psi and (b) 39/31 psi [93] 
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2.4 . Experimental research on electropneumatic components  

 In addition to numerous studies in which the authors presented the results of numerical 

simulations of mathematical models corresponding to different types of pneumatic components, 

numerous experimental tests were also carried out to demonstrate the performance of these 

equipments and to validate the numerical simulation models used. 

 For example, B. Cui, Z. Lin, Z. Zhu, H. Wang, G. Ma in the paper "Influence of opening 

and closing process of ball valve on external performance and internal flow characteristics" do 

experimental research on the dynamics of a ball valves tested at repeated closings and openings 

to check the sealing of the valve [31]. 

 The experimental tests were carried out on the test stand shown in Fig. 2.6, consisting 

of a water tank, a control valve, a water pump with variable flow, a flow meter, an input flow 

control valve and one for upstream and downstream output flow, a ball valve, two pressure 

sensors and pneumatic test ball valve [31]. 

  
a) b) 

Figure 2.6. Experimental system. (a) Scheme of the experimental system. (b) Experimental system 

with ball valve [31] 

 Numerical and experimental results are presented by the authors in figures 2.7 and 2.8. 

 A good correspondence is observed between the numerical simulation results and the 

experimental ones for the variation of opening/closing of the valve upstream of the ball valve. 

The opening-closing intervals considered on each upstream/downstream valve are 20–75%, 20–

70%, 20–65% and 20–60% corresponding to 18s, 23s, 34s and 70s, respectively [31]. 

In this study the ball valve actuation was done electrically, but the same performance was 

obtained with a pneumatic proportional distributor actuation. 

  
Figure 2.7 Pressure drop variation curves 

for openings at (a) 18 s, (b) 23 s, (c) 34 s 

and (d) 70 s [31] 

Figure 2.8 Variation of yield strength 

coefficient for spans at (a) 18 s, (b) 23 s, 

(c) 34 s and (d) 70 s [31] 
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2.5. Technological innovations in pneumatic drive applications  

As a result of the growing number of vehicles with the internal combustion engine as 

their propulsion system, with the disadvantage of increasing CO2 emissions, alternatives have 

been sought to replace this type of propulsion with a less polluting system. 

Such a solution was presented in 2002 at the International Vehicle Fair in Paris, where 

the prototype of a vehicle propelled by a pneumatic engine was presented, which works as a 

result of the expansion of compressed air. Because it was not possible to obtain a very high 

autonomy of this type of engine, a hybrid vehicle was created, consisting of a conventional 

engine and a pneumatic one whose operating principle is shown in the principle diagram in Fig. 

2.9. 

The mechanical energy produced by the internal combustion engine is transmitted to the 

compressor which produces compressed air. Compressed air is stored in a compressed air tank. 

To control the pressure in the tank, a pressure valve is installed, which releases the air into the 

atmosphere if the pressure in the tank rises above the allowed level [46]. 

From the tank, the compressed air is transported to the collection pipe where it joins the 

exhaust gases emitted by the internal combustion engine. To control the amount of compressed 

air delivered to the collection line, an adjustable pneumatic throttle is mounted between it and 

the compressed air reservoir [46]. 

The compressed air together with the exhaust gases reach an air turbine, which drives 

the wheels of the vehicle [46]. 

 
Figure 2.9. Schematic of a 

conventional/pneumatic hybrid vehicle [46] 

 

As a result of the implementation of this hybrid system, the efficiency of the propulsion system 

can increase by up to 24%, thus leading to a decrease in fuel consumption and therefore CO2 

emissions [46]. 
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Chapter III 

 

EQUIPMENT AND ELECTROPNEUMATIC ACTUATORS 
 

3.1 . Overview  

 Electropneumatic positioning servomechanisms are automatic systems that have in their 

structure the component elements shown previously in Fig. 1.1 and which, within a pneumatic 

actuation installation, must harmonize and interact with existing pneumatic sub-systems. That 

is why, in the present chapter, a brief presentation of the basic elements characteristic of 

electropneumatic actuation systems is made. 

 The need to achieve the most precise positioning in various industrial applications has 

led to the development of numerous drive system structures including pneumatic drives. 

Pneumatic drive technology is currently tending to replace, where possible, hydraulic and 

electrical drives [96]. 

 The nonlinearities that dominate the dynamic behavior of these types of 

servomechanisms have, however, restricted the field of work. And yet, in the specialized 

literature of the last decade, a constant concern is mentioned in reducing non-linearities, 

improving static and dynamic performances, and relaunching pneumatic servomechanisms as 

integral pneumatics systems, "integral pneumatics", in which the command and generation of 

mechanical work using compressed air is associated with electronic control. 

 The nonlinearities of the pneumatic actuation systems are given by the compressibility 

of the working fluid (compressed air), the air mass flow-pressure relationship when the air flows 

through the holes, the friction effect between the actuator surface and seals, the dead zone from 

the characteristic of the pneumatic amplifier, the properties of the materials in the structure 

pneumatic elements [90]. 

 In the 21st century, the development of fieldbus and Ethernet industrial communication 

technologies brought new solutions in the development of pneumatic components to be used in 

complex automation schemes. 

 Table 3.1 mentions the characteristics of pneumatic drives compared to hydraulic and 

electric drives [117]. 

Comparison between the characteristics of different types of actions [117]  Table 3.1 

 

Characteristics 

Pneumatic 

Actuation 

Hydraulic 

drive 

Electric drive 

Complexity Simple Average Average/ complex 

Power developed Big Very big Big 

size Small Very small Average 

Action Control Mode Simple valve Simple valve Controller 

Accuracy High High Very good 

Speed Rapid Small Rapid 

Acquisition cost Low Big Big 

Operating cost Average Big Low 

Maintenance cost Low Big Low 

Main components Compressor/ 

pipelines/energy 

Pump/ piping/ 

power 

Energy 
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Efficiency Low Low High 

reliability Very good High High 

Maintenance required Low Average Average 

3.2. Air properties  

The working fluid used in the case of pneumatic drives is compressed air in a gaseous 

state. It has properties common to liquids, including the fact that it does not have a precise 

shape, but takes the shape of the enclosure in which it is located. Compared to liquids, gases do 

not have a well-defined volume. Also, compared to liquids, gases are compressible fluids. Gases 

are light fluids and less dense than liquids. 

Air is composed of 78% nitrogen, 21% oxygen and 1% other gases (e.g. argon or carbon 

dioxide). Dilution of oxygen with nitrogen makes air much less chemically active than pure 

oxygen, and is capable of causing spontaneous combustion or explosion; the air comes into 

contact with petroleum vapors at high temperatures. 

Air has a great affinity with water. If not specifically dried, it contains considerable 

amounts of water vapor, sometimes up to 1% by weight [118]. 

Table 3.2 shows the properties of air [118]. 

Table 3.3 shows the advantages and disadvantages of using compressed air [118]. 

 

Air properties [118]  Table 3.2 

Air properties Values 

Molecular weight 28.96 kg/kmol 

Air density at 15 C and 1 bar 1.21 kg/m3 

Boiling point for 1 bar 191 to -194 

Freezing point for 1 bar 212 to -216 

Gas constant 286.9 J/kg K 

 

Advantages and disadvantages of compressed air [118] Table 3.3 

Advantages of compressed air Disadvantages of compressed air 

It is available in unlimited quantity. It is relatively expensive. 

Compressed air is easy to transport through 

pipes, even over long distances. 

Compressed air requires special 

conditions, without dust or 

moisture. 

It can be stored. It is not possible to achieve 

uniform and constant movement of 

the piston because air is 

compressible. 

It does not pollute, after use it can be released 

into the atmosphere. 

Compressed air is economical only 

up to certain pressure values. The 

usual pressure is 7 bar (with a force 

limited to about 20 to 50 kN). If a 

force greater than this value is 

required, the hydraulic system is 

preferred. 
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3.3. Pressure and flow domains 

In the case of pneumatic drives, there are standards that specify the fields of flow rates, 

pressures, flow diameters and constructive dimensions for the execution elements. In Table 3.4, 

the constructive elements necessary for the design of pneumatic cylinders according to ISO 

standards are specified. 

Dimensions and tolerances for standard pneumatic cylinders [127]               Table 3.4 

Standard Piston diameter [mm] Length of stroke 

[mm] 

Allowable 

stroke 

tolerance [mm] 

ISO 6432 8,10,12,16,20,25 0…500 +1.5 

ISO 15552 32 0…500 +2 

40,50 500…12500 +3.2 

63 0…500 +2 

80,100 500…12500 +4 

125,160 0…500 +4 

200,250,320 500…2000 +5 

ISO 21287 20,25 0…500 +1.5 

32,40,50 0…500 +2 

63,80,100 0…500 +2.5 

The actuation force of the piston is calculated according to its area, the actuation 

pressure and the friction force, considered 10% of the pressure force 𝐹𝑝: 

𝐹 = 𝐹𝑝 − 𝐹𝑓 =  𝑝 𝐴 −  0,1𝐹𝑝 = 0,9 ∙ 𝑝 ∙
𝜋𝑑2

4
    (3.1)  

where:  𝐹 is the piston force (N), 𝑝- operating pressure  (Pa), 𝐴- piston area (m2), 𝑑- piston 

diameter (m), 𝐹𝑓 – friction force ≈ 10% ∙ 𝐹𝑝 (N), 𝐹𝑝 pressure force (N). 

 

 

Compressed air is not affected by temperature 

variations, therefore operation is ensured even 

in extreme conditions. 

The oil necessary to lubricate the 

equipment, mixed with the 

compressed air, is discharged 

together with it into the 

atmosphere. 

It is a clean agent and can be used in industries 

such as food, pharmaceutical, etc. 

Air, due to its low conductivity, 

cannot dissipate heat as well as 

hydraulic oil. 

The elements used in compressed air operation 

are simple and have low construction costs. 

Air cannot seal clearances of the 

order of μm between moving parts, 

unlike the hydraulic system. 

It is fast and can easily perform high speed 

maneuvers. 

Problems arise considering that air 

is not a very good lubricant. 

The speeds and forces of the pneumatic elements 

can be infinitely adjusted. 
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3.4. Pneumatic equipment 

Pneumatic drives are used in industrial automation, due to their advantages (Table 3.1) 

over other automation systems. 

Pneumatic actuation systems are divided into two categories: 

 pneumatic actuation elements for flow and pressure regulation; 

 pneumatic execution elements. 

Figure 3.1 shows the specific component elements of a proportional pneumatic 

distributor [5]. 

 
Figure 3.1. Proportional distributor. Constructive elements [5] 

The performance criteria specific to proportional distributors in stationary mode are [5]: 

- air losses (represented by the air flow passing through the distributor when the drawer 

is in the zero position and all the distribution paths are blocked; 

- flow amplification (represented by the slope of the mass flow characteristic vs the input 

signal. It is a measure of the sensitivity of the mass flow to changes in the input signal); 

- hysteresis (which occurs due to friction and temporary deformations of the elastic 

components in the construction of the distributor, which causes different values of the 

output quantity from the distributor to appear for the same command signal); 

- pressure amplification (represented by the slope of the differential pressure in relation 

to the input signal at the origin). 

- The dynamic performance criteria specific to proportional distributors are [5]: 

- the frequency response (which is given by the Bode plot, i.e. the representation of the 

gain and phase of the output signal in response to different sinusoidal input signals, with 

independently variable frequency). Due to non-linearities this response depends on the 

amplitude of the input signal. At the cutoff frequency the output signal is 3 dB lower 

than at a very low frequency; 

- step signal response (which represents the displacement of the cylindrical drawer when 

a step is applied to the input from 0 to 100% or from 20% to 80%, tracking system 

response time and damping. 
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 The following specific technical characteristics of proportional distributors are specified 

in the specialized literature [5]: 

- the flow range covered is 100÷2000 l/min (ANR ) with an error margin of ± 10%; 

- the air flow rate lost through seals is 1.3 - 5% of the nominal flow rate under conditions 

of 6 bar pressure and blocked outlet; 

- pressure amplification: it is appreciated by a displacement of the distributor drawer of 

less than 3% starting from zero to obtain 80% of the maximum pressure; 

- hysteresis < 0.4% relative to the maximum stroke of the distributor drawer and having 

the reaction link on the drawer; 

- the cut-off frequency, -3dB at 60 Hz for the maximum amplitude of the distributor with 

the nominal flow of 2000 l/min, 320 Hz at ± 5% of the amplitude for the distributors 

with 100 l/min; 

- the bandwidth is 80÷150 Hz at 90°; 

- the response time of the distributor for 100% drawer displacement is below 12 ms, 

regardless of the distributor flow and for the drawer travel from 20% to 80% of the 

drawer displacement is 3 ms for distributors with a nominal flow of 100 l/min, 

respectively 5.2 ms for those with 2000l/min. 

 

3.5.  Electropneumatic drives 

 

 In this sub-chapter, types of pneumatic actuation schemes (closed loop and open loop) 

presented in the studied references are presented. Some schemes are also accompanied by the 

electric control schemes of the electromagnets in the pneumatic distribution apparatus, without 

which the operation of the actuation scheme is not possible. All actuation diagrams show the 

execution element and compare the actuation of an open-loop versus closed-loop actuator. 

Electropneumatic servomechanisms are actuation systems that operate with a control loop. 
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Chapter IV 

MATHEMATICAL MODELING OF PNEUMATIC 

SERVOMECHANISMS WITH LINEAR ACTUATORS 

 

4.1. Overview  

 Pneumatic actuation systems have been developed since the first decades of the 20th 

century, but the year 1956 marks the beginning of pneumatic system control technology through 

the work of Shearer J. L. "Study of Pneumatic Processes in the Continuous Control of Motion 

With Compressed Air, Parts I and II", Trans. of the ASME, Feb. 1956, pp.233-249, 1956. In the 

following decade, Borrows develops the "switch" control technology, Burrows C. R. "Fluid 

Power Servomechanisms", 1972, Ed. Butler & Tanner, and Professor W. In 1979 he developed 

the electropneumatic servovalves. In the 1980s, proportional pneumatic equipment began to be 

developed [61,75,74]. 

 Electropneumatic positioning systems, as a rule, use in their structure pneumatic 

servovalves characterized by special performances ([134] hysteresis ≤ 4%; symmetry of the 

static flow characteristic ≤ 10% at nominal command current; response time 8ms) but at prices 

of high cost. 

 The purpose of the current chapter is to present the standard mathematical model 

associated with an electropneumatic linear positioning servomechanism. Also, mentions are 

made of the non-linearities characteristic of these systems and the method of controlling and 

reducing the influence of the non-linearities on the performance of the servomechanism by 

using an appropriate regulator. 

4.2. Air flow through nozzles and holes 

Unlike the flow of liquids through nozzles and holes, where the liquid is considered an 

incompressible fluid, in the case of gases, their compressibility property is taken into account. 

Thus, by applying pressure to a mass of gas, it is compressed and the density of the gas changes. 

On the other hand, considering the thermodynamic properties, the temperature will also change. 

Considering an ideal gas, with a given mass, the equation of state of the gas is known: 

𝑝 = 𝜌𝑅𝑇,      (4.1) 

with 𝑝 gas pressure (Pa), 𝜌 density (kg/m3), R1 air constant (J/(kg·K), 𝑇 temperature (K). In the 

case of isothermal transformations, the equation of state becomes 
𝑝

𝜌
=const.; for the adiabatic 

transformation, 
𝑝

𝜌𝑘 =const., with 𝑘 adiabatic exponent and 𝑘 = 1,4 for air. In the polytropic 

flow of a gas mass, 
𝑝

𝜌𝑛 =const., with n polytropic coefficient and 1 < 𝑛 < 𝑘. 

 Consider the schematic representation, Fig. 4.1, of the flow of a gas through an orifice2. 

Noted  

                                                           
1 For air with relative humidity 65%, R=288 J/(kg·K), T=293.15 K, p=100 kPa, according to ISO 6358. 
2 Holes are defined as openings of various geometric shapes, with their technical use in measuring equipment 
(eg Diaphragm). Nozzles are defined as short pipes attached to an orifice for directing a eet of luuid. Their 
functional role in installations is to control the luow direction. A maeor difference between holes and nozzles is 
given by the technological processing: the holes have sharp edges; nozzles have rounded edges, which causes 
lower energy losses when crossing the nozzle, so a higher luow coefficient [5]. 
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a) b) 

Figure 4.1. Flow through holes: a) flow from the inside of a container to the outside; b) flow through 

the hole placed inside a pipe [110] 

 The gas pressure at the entrance to the hole is marked with "1", respectively at the exit 

with "2". If the gas exit is at atmospheric pressure, the notation is pa. 

The following working assumptions are made: 

 The gas through the orifice is an ideal gas and the state parameters of the gas in the flow 

process do not change with time; 

 From a thermodynamic point of view, the flow of gas through the orifice is an adiabatic 

process, which means that when the gas passes through the orifice, there is not enough 

time to exchange heat with the outside; 

 When the gas passes through the orifice, the flow velocity in the upstream (inlet) side is 

much lower than that in the downstream (exit) side; 

 When the gas passes through the orifice, the gas flow coefficient Cd is constant. 

 Considering the effective area of the orifice A, and taking into account the phenomenon 

of contraction when flowing through the orifice and of pressure loss, the (theoretical) gas mass 

flow rate at the exit of the orifice is determined: 

  𝐺 = 𝜌2𝐴𝑢2 = 𝐴𝜌1√𝑘𝑅𝑇1 ∙ √ 2

𝑘−1
∙ [(

𝑝2

𝑝1
)

2/𝑘

− (
𝑝2

𝑝1
)

(𝑘+1)/𝑘

].  (4.2) 

 Given equation (4.1) and substituting 𝜌1 =
𝑝1

𝑅∙𝑇1
 it is obtained: 

𝐺 = 𝐴
𝑝1

√𝑅𝑇1
∙ √ 2𝑘

𝑘−1
∙ [(

𝑝2

𝑝1
)

2/𝑘

− (
𝑝2

𝑝1
)

(𝑘+1)/𝑘

].   (4.3) 

The flow from formula (4.3) is also characteristic of nozzles that have flow coefficients 

very close to the value 1. For example in Fig. 4.2 presents several forms of holes with the 

specified flow coefficient Cd. It is observed that for the first type of hole, with rounded edges 

specific to nozzles, 𝐶𝑑 = 0,98. 
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Figure 4.2. Different orifice shapes and corresponding flow coefficients [5] 

 It is known that due to the contraction of the air jet when flowing through the hole, a 

contraction coefficient 𝐶𝑐 appears which, together with the velocity coefficient 𝐶𝑣 forms the 

flow coefficient 𝐶𝑑 = 𝐶𝑐 ∙ 𝐶𝑣. In these conditions, the mass flow rate through an orifice (with 

sharp edges) is: 

  𝐺 = 𝐶𝑑 ∙ 𝐴 ∙
𝑝1

√𝑅𝑇1
∙ √ 2𝑘

𝑘−1
∙ [(

𝑝2

𝑝1
)

2/𝑘

− (
𝑝2

𝑝1
)

(𝑘+1)/𝑘

].             (4.4) 

where: 𝐶𝑑 is the gas flow coefficient. 

 In Fig. 4.3 the mass flow of air through the nozzle (marked "Ga") was represented 

graphically with formula (4.3) and the mass flow through the hole (marked "Go") was 

represented with formula (4.4) considering 𝐶𝑑 = 0,61. On the same graph, the Mach3 number, 

variations were also represented, in the two situations, respectively nozzle and orifice, to 

highlight the two flow regimes highlighted by the graph. For Ma<1 the flow is subsonic and on 

the graph it can be seen that the part to the right of the point (
𝑝2

𝑝1
)

𝑐𝑟
= 0,5283 corresponds to 

this condition. For Ma>1 we will generically call sonic flows [110] and they are found to the 

left of the critical pressure ratio. Also, it is observed that in the case of the nozzles, the values 

of the Mach number enter the supersonic range of flow (Ma<5). 

 

Figure 4.3. Pressure-mass flow curve for nozzle and orifice 

In [5] it is specified that if Ma<0.3 the gas density varies by less than 5% and the flow can be 

considered incompressible. 

 

                                                           
3 Mach number highlights the types of luows by relating the speed of the source (luow medium) to the speed of 
sound in the luow medium.https://ro.wikipedia.org/wiki/Num%C4%83r_Mach 
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4.3. Mass flow characteristic through variable area orifices  

 Also, in Fig. 4.3 the pressure-mass flow curve was represented in the case of the holes 

compared to the case of the nozzles. The difference between the two representations is also 

visible from a physical point of view, very important if we also refer to the representation of 

the Mach number as a function of pressure. Coupled with the observation in [5] that the 

difference in flow velocity at the opening of the distributor drawer is 35% of the speed of sound 

in air, we must understand the importance of the flow coefficient Cd in the description of the 

equations. Also, we should mention that the mass flow equations through the orifice or nozzle 

are valid for high Reynolds numbers. For example, for (
𝑝2

𝑝1
)

𝑐𝑟
= 0,5283 at the maximum orifice 

flow rate of 8.064 g/s (for the considered example) 𝑅𝑒 = 223359,83 is obtained considering 

the kinematic4 air viscosity 𝜈 = 1,5356 ∙ 10−5 m2/s. 

 The flow coefficient Cd depends on the geometric shape of the hole, Fig. 4.2, but also 

by the upstream-downstream pressure ratio, according to the relationship [5]: 

𝐶𝑑 = 0,8414 − 0,1002
𝑝2

𝑝1
+ 0,8415 (

𝑝2

𝑝1
)

2

− 3,9 (
𝑝2

𝑝1
)

3

+ 4,6001 (
𝑝2

𝑝1
)

4

− 1,6827 (
𝑝2

𝑝1
) .5 

 (4.5) 

In Fig. 4.4 represents the variation of the flow coefficient using relation (4.5) and the 

differences that appear within the flow coefficient if we consider the first 2, or 3, respectively 

4 terms compared to the entire degree 5 polynomial used in the description of this coefficient. 

From the graphic representation it can be seen that for the situation in which we consider only 

the first 4 terms, Cd also has negative values, which from a physical point of view is not possible 

because 𝐶𝑑 = 𝐶𝑐 ∙ 𝐶𝑣 or 𝐶𝑑 = 𝐺𝑟𝑒𝑎𝑙/𝐺𝑡𝑒𝑜𝑟𝑒𝑡𝑖𝑐. Also, for 𝐶𝑑 calculated with the first 3 terms, the 

values obtained are greater than 1, which would mean that the real flow rate is higher than the 

theoretical one, which is physically impossible. The only variant worth considering is the one 

in which the first 2 terms of the polynomial expansion in (4.11) are considered. In Fig. 4.5 

compares the variation of the flow coefficient in degree 5 polynomial form compared to the 

linear form (the first 2 terms). 

 

  

Figure 4. 4. Variation of the flow coefficient for the 

orifices of pneumatic distributors and comparison 

for the approximation with polynomials of degree 

3, 2 and 1 

Figure 4.5. The variation of the flow 

coefficient for for the approximation with 

polynomials of degree 5 and 1 

  

                                                           
4 Air viscosity was calculated using the formula [37] 
 𝜈 = 9,95182 ∙ 10−11𝑇2 + 3,55322 ∙ 10−8𝑇 − 3,60844 ∙ 10−6, where T is the air temperature, 𝑇 = 293,15 K. 
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Considering the previous observations, in Fig. 4.6 represents the flow characteristic of the 

orifices of a distributor considering the sonic character of the flow for 
𝑝2

𝑝1
≤ 0,5283 and 

subsonic for  
𝑝2

𝑝1
> 0,5283. 

 

Figure 4.6. The flow characteristic of a distributor orifice 

The ratio 
𝑝2

𝑝1
= 0,5283 results in a critical pressure downstream of the hole, respectively 

at the outlet,  𝑝2𝑐𝑟 = 0,5283𝑝1 or which the critical speed is equal to the speed of sound because 

𝑀𝑎 = 1, Fig. 4.3.  

In the case of pneumatic equipment, the flow area is variable. Considering the area of 

the hole A and the pressure at the hole entrance 𝑝1 = 𝑝𝑠 = 𝑐𝑜𝑛𝑠𝑡. and outlet pressure 𝑝2, the 

mechanical work of the gas when flowing through the orifice is [110]: 

𝑁 = ∫ 𝐺𝑑𝑝2
𝑝10

𝑝𝑒
= ∫ 𝐺𝑑𝑝2

0,5283𝑝10

𝑝𝑒
+ ∫ 𝐺𝑑𝑝2

𝑝10

0,5283𝑝10
.  (4.6) 

So, when the pressure ratio is 0,5283 ≤
𝑝2

𝑝1
≤ 1 the gas flow is subsonic and the mass 

flow is in a non-linear relationship with the pressure ratio 
𝑝2

𝑝1
. When 0 ≤

𝑝2

𝑝1
< 0,5283 the gas 

flow is sonic and the mass flow has its maximum value. In this situation the flow is called 

"blocked flow" and the flow reaches saturation. 

The mechanical work of air flowing through an orifice is the area of the pressure-flow 

characteristic in the sonic and subsonic flow domain. 

  

Figure 4.7. Pressure-flow curve at the orifice 

exit (𝑝1 = 𝑝𝑠 = 𝑐𝑜𝑛𝑠𝑡.) 
 

Figure 4.8. Pressure-flow curve at the inlet of 

the orifice (𝑝2 = 𝑝𝑠 = 𝑐𝑜𝑛𝑠𝑡.) 
 

In Fig. 4.8 represents the pressure-flow characteristic for the entry of the fluid into the 

area hole A as specified in the diagram in the upper right corner of the characteristic, when the 

volume enclosure ϑ is discharged through the hole at the pressure 𝑝𝑐𝑎𝑚. 

The mechanical work of the gas entering the chamber of volume ϑ is 2 times greater 

than the mechanical work of the gas leaving the chamber through the same orifice [110]. 
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4.4. Numerical simulations on the dynamic behavior of proportional 

distributors  

Starting from the bibliographic reference [77] in which the authors make an 

experimental identification of the air flow through a proportional distributor of the FESTO type, 

respectively MPYE-5-1/8HF-010B, we reconstructed by numerical simulation the dynamic 

behavior of this type of distributor and I compared the results with those in the article. 

Corrections determined experimentally by the authors of the article were used in the simulation 

model. 

I mention that I used the same type of distributor because also in the numerical and 

experimental research within the thesis I used the same type of proportional pneumatic 

distributor DPP [19, 21, 22, 23, 24, 25, 26, 92]. 

The authors of the article determined by measurements the areas of the 5 flow holes of 

the DPP. The distributor is connected on the stand to one volume chamber ϑ that practically 

replace the chambers of a pneumatic actuator. Also, it is noted that the way of working proposed 

by the authors of the article is very close to the observations made in the discussions of figures 

4.7 and 4.8. 

For the effective working area, the authors use the formula [77]: 

𝐴𝑒𝑓𝑓 = 𝐴𝑚

(1−(
𝑢−𝑈𝑠

𝑈0−𝑈𝑠
))

𝛼2𝑝𝑠
2+𝛼1𝑝𝑠+𝛼0

     (4.7) 

where 𝐴𝑒𝑓𝑓 is the effective flow area, 𝐴𝑚 the measured area, 𝑢 control voltage of DPP, 𝑈0 

correction voltage, 𝑈𝑠 voltage at which the distributor drawer is in the middle position, 𝑝𝑠 

supply pressure, 𝛼0, 𝛼1, 𝛼2, 𝐶, 𝐷 experimentally determined quantities. 

For the data provided by the article, based on the formula in (4.7), the correction 

coefficients of the effective flow area were graphically represented Fig. 4.9.a and the variation 

of the effective area Fig. 4.9.b to different control signals 𝑢. 

  

a) b) 

Figure 4.9. Correction factor variation (a) and variation 𝐴𝑒𝑓𝑓 (b) at different values of the control 

voltage 𝑢 

 The proposed numerical simulation scheme is represented in Fig. 4.10 and the values 

used in the simulations are mentioned in table 4.1 and table 4.2. 
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Figure 4.10. Numerical simulation scheme: 1.2 Tanks; 3-command signal; 4- proportional distributor 

4/3; 5- gas supply source at a pressure of 8barA; 6- the type of gas used 

Numerical values used in the simulation   Table 4.2 

  Charging Discharge Figure  

Step 

signal 

(V) 

Coefficient 𝑪𝒅 Representation 

type 

 

P
a

ra
m

et
e

r Orifice 

P,A 

Orifice 

P,B 

Orifice 

B,T 

Orifice 

A,T 

O
ri

fi
ce

 a
re

a
 [

m
m

2
] 

7.30 7.57 
11.96 11.71 4.11 1;-1 0.82 Pressure at port 

1 

7.30 7.57 
11.96 11.71 4.12 1;-1 0.82 temperature at 

port 1 

7.30 7.57 

11.96 11.71 4.13 1;-1 0.82 enthalpy flow 

rate at port 1 

[J/s] 

7.30 7.57 
11.96 11.71 4.14 1;-1 0.82 mass flow rate 

at port 1 [g/s] 

7.30 7.57 
11.96 11.71 4.15 1;-1 0.82 mass of gas in 

chamber [g] 

7.30 7.57 

11.96 11.71 4.16 1;-1 0.82 pressure at port 

A for PPD 

[barA] 

7.30 7.57 11.96 11.71 4.17 3;-3 0.82 presiune port 1 

7.30 7.57 
11.96 11.71 4.18 3;-3 0.82 ports to  flow 

area 

7.57 7.57 

7.57 7.57 4.19 1;-1 

2;-2 

3;-3 

4;-4 

5;-5 

0.82 pressure at port 

1 avand DPP cu 

orificiu simetric 

7.30 7.57 

11.96 11.71 4.20 1;-1 

2;-2 

3;-3 

4;-4 

5;-5 

0.82 control step 

signal 

 

 In Fig. 4.11 compares the results of the numerical simulations above, performed with 

the AMESim program, compared to the results of the numerical simulations from reference [77] 

performed by the authors in MATLAB-Simulink. The results are comparable. It is observed that 

the big differences are in the case of a control quantity of 1 V (Fig. 4.11.a). At larger command 

sizes, u=2 V, the differences are very small. 
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a) 

 
b) 

Figure 4.11. Comparison between the results of numerical simulations from reference [77] done in 

MATLAB-Simulink and those done by the author in AMESim: a) command size u=1 V; b) 

command quantity u=2 V 

 The comparative study based on the experimental and numerical results from [77] 

highlights the following aspects: 

 Proportional pneumatic distributors in series production do not have identical control 

ports. Moreover, the manufacturer specifies that the distributors used in pneumatics 

have a slight negative cover of the drawer, with values that can be between 5 and 25 μm 

[42]. 

 Proportional pneumatic distributors in series production need an experimental 

identification to determine the areas of the control holes but also the flow coefficient. 

These quantities are very important in the description of the mathematical model of a 

pneumatic servo drive because they are present in the flow-pressure characteristic of the 

DPP. 

 From the results of the experiments disseminated in [77] but also from the numerical 

simulations made by the author, the importance of the value of the flow coefficient Cd 

is emphasized. 

From the bibliography reviewed for the development of this topic, we noted that the FESTO 

MPYE-5-1/8 construction distributor was the subject of many research and application 

development topics, respectively [4, 61, 75, 77, 85, 86, 87, 103]. The static and dynamic 

characteristics of these DPPs explain the interest shown by the scientific community [146]. 

4.5. Nonlinearities in the operation of electropneumatic servomechanisms  

Studies on the performance of pneumatic positioning systems have highlighted the 

special influence that proportional pneumatic distributors have, respectively their static and 

dynamic characteristics, on the positioning error and their dynamics. 

From the previously presented, the deeply non-linear character of the pneumatic 

distributors was observed due to the compressibility property of the air and the flow through 
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the distributor openings. Added to these are the frictional forces that appear when the distributor 

drawer moves, but also the magnetic properties of the materials used in the electro-mechanical 

converter part of the distributor [4, 56, 76, 77, 95]. 

The most well-known non-linearities specific to pneumatic distributors are the dead 

zone (Fig. 4.12.a), the hysteresis (Fig. 4.12.b) and the variation of the flow coefficient Cd 

presented previously 

 
 

a) b) 

Figure 4.12. Non-linearities specific to proportional pneumatic distributors: a) dead zone; b) hysteresis 

 The presence of frictional forces, both when moving the distributor drawer and the 

piston of the pneumatic actuator, contributes to the manifestation of non-linearities such as 

hysteresis and dead zone. Physically, but also mathematically, the friction force has a complex 

representation, it has both a static component and a viscous dynamic component. In Fig. 4.13 

shows the variation of the friction force. 

 
Figure 4.13. Representation of friction force with specification of components [51] 

 Corresponding to this representation is the associated mathematical model [51]: 

𝐹𝑠𝑠(𝑣) = 𝑠𝑖𝑔𝑛(𝑣) [𝐹𝐶 + (𝐹𝑆 − 𝐹𝐶)𝑒
−(

𝑣

𝑉𝑠
)

2

] + 𝑏 ∗ 𝑣    (4.8) 

where: 𝑣 is the velocity, 𝐹𝐶 the Coulomb friction force, 𝐹𝑆 the static friction force, 𝑉𝑠  Stribeck 

velocity, 𝑏 the coefficient of viscous friction. 

 Usually, the non-linearities in the mechano-electropneumatic control system can be 

compensated using different types of regulators (controller) in the structure of the 

servomechanism. 

 In Fig. 4.14 shows how, using a modified PVA (proportional plus velocity plus 

acceleration) controller for friction force compensation, a good operation of the pneumatic 

actuator is obtained which must develop a force Fmax even in the range of displacement of the 

distributor drawer where the dead zone is indicated.  
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Figure 4.14. Variation of the actuation force of an actuator by controlling the frictional force [76] 

 Therefore, knowledge of the specific nonlinearities of electropneumatic positioning 

servomechanisms is particularly important for the description of the mathematical model 

associated with the system. In turn, the mathematical model is useful in designing the associated 

regulator (or controller). 

4.6. Control methods in pneumatic positioning systems  

In the block diagram in Fig 1.1, characteristic of a pneumatic positioning system, the 

element called controller or regulator connects the reference elements, the reaction link of the 

system and the command of the electropneumatic amplifier, respectively the proportional 

pneumatic distributor. In other words, the controller is the command and control element within 

the system. Regardless of the nature of the DPP command, continuous-analog or discrete-

digital, the controller is designed in such a way as to ensure the performance of the tracking 

system (error and stability) by compensating the nonlinearities in the system. 

For pneumatic actuators the most used controllers are the PVA type, i.e. Piston Speed 

Acceleration, or in other words PID, proportional-derivative-integral. In this situation the 

control is a position-velocity-acceleration function. In Fig. 4.15 shows the structure of such a 

controller with the constants KP,KD,KI (proportional-derivative-integrator) hence the name PID 

controller. 

 
Figure 4.15. Block diagram of a controllerPID [56] 

The control function associated with a PID controller is [56]: 

𝑈𝑅 = 𝐾𝑃 ∙ 𝑈𝐸𝑅 + 𝐾𝐼 ∫ 𝑈𝐸𝑅𝑑𝑡 + 𝐾𝐷𝑈̇𝐸𝑅 .    (4.9) 

The control signal 𝑈𝐶 = 𝐾𝑃𝐴 ∙ 𝑈𝑅 is applied to the input of the DPP, and 𝐾𝑃𝐴 s an 

amplification factor. The difference 𝑈𝐸𝑅 = 𝑈𝐷 − 𝑈𝑀 is the signal error between the reference 

(desired) input and the measured output signal. Also, the quantity 𝑈𝑅 is the quantity that comes 

out of the controller to be applied to the input of the pneumatic amplifier [56]. 

PID control can be realized analogically and digitally with the mention that a 

proportional controller is specific to simple positioning systems [4] without interaction with 

system disturbing quantities. 
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When it is desired to optimize the tracking system and improve its performance in the 

case of different types of applications, the design of the controller is very different from the PID 

model. Thus, since the first controllers applied to pneumatic servo systems [61], the types of 

controllers have diversified and the algorithms used for their programming have evolved. 

Various fuzzy control techniques have been developed and implemented (e.g. fuzzy single input 

controller for hysteresis compensation [4]), control using adaptive neural networks and 

metaheuristic optimization techniques [19] (e.g. particle swarm optimization - PSO Particle 

Swarm Optimization). 

It should be emphasized that the methods of designing the controller and designing the 

programming algorithms for their optimization are adapted to the applications they serve and 

the operating conditions. So there is no standard method of application. 

 

The error value for the simulation cases from Fig. 4.27, [91]  Table 4.3 

Controller Error 

ILC 2,6 × 10-5 

PID 3,3 × 10-4 

IT2 T-S fuzzy 3,8 × 10-4 

T-S fuzzy obs. 9,2 × 10-4 

 

 4.7. The mathematical model associated with the electropneumatic 

servomechanism  

From the abundant bibliography disseminated, it has been observed that, in general, the 

concerns of the academic community regarding electro-pneumatic positioning 

servomechanisms are directed towards the design and optimization of the controller used in the 

positioning system. 

It is known that the design of a controller is based on the knowledge of the mathematical 

model associated SEPP (proportional electropneumatic servomechanism) of positioning under 

the conditions of the given application, or under the general conditions of the control structure. 

Therefore, all the articles, in the reviewed bibliography, which develop the subject of 

designing/optimizing a controller for a given positioning system, described the associated 

mathematical model. 

In general, there is a "standard" mathematical model in which the nonlinear 

mathematical model is presented, but there are also often linearized mathematical models 

described according to the state variables, which brings the system closer to the design 

methodology of a controller. 

In the following, we first present the "standard" mathematical model used in references 

[53, 106, 107, 108], a model that describes the pneumatic positioning system with the elements 

shown in the block diagram in Fig. 2.1.Pentru scrierea modelului matematic se au în vedere 

următoarele ipoteze de lucru [67, 99]: 

 The working fluid is air considered a compressible fluid and an ideal gas for 

which the thermal equation of state (4.1) is valid; 

 The working pressure is constant ps=const. and the working temperature as well, 

Ts=const. 

 The outlet pressure to the atmosphere is the atmospheric pressure; 

 Environmental conditions are constant; 
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 The temperature in the chambers of the pneumatic actuator is constant; 

 Air losses between the chambers of the pneumatic actuator and between the 

chambers and the outside environment are neglected; 

 The switching dynamics of the distributor is neglected because the bandwidth 

of the DPP is typically greater than 100 Hz [75]; 

 An adiabatic system is considered between the positioning system and the 

environment. 

 The mathematical model of the pneumatic linear positioning system consists of the 

pneumatic amplifier, in the present case a DPP, an execution element, namely a pneumatic 

actuator, and a linear displacement transducer that closes the feedback loop. The reference, 

signal comparison and controller are in an electronic block separate from the mechanical-

pneumatic system. 

 In Fig. 4.16 presents the positioning system whose mathematical model is detailed 

below. 

 The associated mathematical model is described by nonlinear differential equations that 

come from the following laws of physics: 

 The first law of thermodynamics; 

 Ideal gas equation; 

 Continuity equation; 

 Mass flow equation through an orifice; 

 Newton's second law of motion. 

 

Figure 4.16. Schematic of the modeled pneumatic positioning servo system 

The following notations were used in writing the mathematical model: 

𝑥1 pneumatic actuator piston displacement; 

𝑥2 piston travel velocity; 

𝑥3 the pressure in the active chamber of the piston, the upstream pressure; 

𝑥4 the pressure in the passive chamber of the piston, the downstream pressure; 

𝑥5 displacement of the proportional distributor drawer; 

𝑝𝑠 supply pressure; 

𝑏 coefficient of viscous friction; 

𝑚 inertial mass; 

𝐴 = 𝐴1 = 𝐴2, the active surface of the piston; 

𝐹 the disturbing force; 

𝐹𝑓 friction force; 

𝑉 = 𝑉1 = 𝑉2, the volume of the actuator chambers; 
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𝑘 = 1,4 adiabatic coefficient; 

𝑅 = 287 J/kg ∙ K, universal gas constant; 

𝑇𝑠 = 293 K, air temperature from the compressed air source; 

𝐶𝑑  flow coefficient; 

𝑤 = 𝑤1 = 𝑤2, distributor hole width; 

𝐶0 = √𝑘

𝑅
∙ (

2

𝑘+1
)

(𝑘+1)/(𝑘−1)

= 0,040418 ; 

𝐶𝑟 = (
2

𝑘+1
)

𝑘

𝑘−1
= 0,52828; 

𝐶𝑘 = √ 2

𝑘−1
(

𝑘+1

2
)

𝑘+1

𝑘−1
= 3,864; 

𝐾𝑃 proportional controller amplification constant P; 

𝐾𝑇 time constant of the transducer; 

𝜏 time constant of DPP; 

𝑝𝑎 atmospheric pressure.. 

 The mathematical model is built for a symmetrical actuator, as noted above 𝐴 = 𝐴1 =

𝐴2 and 𝑉 = 𝑉1 = 𝑉2. Also, all communication ports of the DPP are equal and have the same 

rectangular shape of width 𝑤. 

Considering the assumption made to have constant temperature in the pneumatic 

actuator chambers and no heat exchange between the positioning system and the environment, 

we can consider 𝑇𝑠 = 𝑇1 = 𝑇2. 

  Under these conditions, for the last case given as an example, the equations of the 

mathematical model can be written: 

𝑥̇1 = 𝑥2       (4.10.a) 

𝑥̇2 =  −
𝑏

𝑚
𝑥2 +

𝑆

𝑚
(𝑥3 − 𝑥4) −

𝐹𝑓

𝑚
−

𝐹

𝑚
   (4.10.b) 

𝑥3̇ =
−𝑘𝑥2𝑥3𝐴+𝑅√𝑇𝑠𝐶𝑑𝐶0𝑤𝑥5∙𝑥3𝐶𝑘√[(

𝑝𝑎
𝑥3

)

2
𝑘−(

𝑝𝑎
𝑥3

)

𝑘+1
𝑘 ]

𝑉+𝐴𝑥1

̇

 

̇

    (4.10.c) 

𝑥4̇ =
−𝑘𝑥2𝑥4𝐴+𝑅√𝑇𝑠𝐶𝑑𝐶0𝑤𝑥5∙𝑝𝑠𝐶𝑘√[(

𝑥4
𝑝𝑠

)

2
𝑘−(

𝑥4
𝑝𝑠

)

𝑘+1
𝑘 ]

𝑉−𝐴𝑥1
 (4.10.d) 

𝑥̇5 = 𝐾𝑃 ∙ (𝑈𝑟𝑒𝑓 − 𝐾𝑇𝑥1) −
1

𝜏
𝑥5   (4.10.e) 

 From the above, it can be seen that the mathematical model associated with the 

operation of a linear electropneumatic servomechanism, written in the previously formulated 

working hypotheses, is a non-linear model formed by a system of ordinary differential equations 

with a number of five unknowns associated with the system. If the friction force Ff is also taken 

into account in the description of the mathematical model, the degree of complexity in the 

analytical solution of this problem exceeds the possibilities of solution within the present thesis. 

The topic is very interesting from a mathematical point of view and deserves to be developed 

in a separate paper. 

 The following chapter presents such dedicated numerical programs and presents the 

results of numerical simulations for the electropneumatic linear positioning servomechanism 

studied in the thesis. 
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Chapter V 

NUMERICAL SIMULATIONS TO DETERMINE THE 

PERFORMANCE OF THE ELECTROPNEUMATIC 

SERVO-MECHANISM WITH PROPORTIONAL 

DISTRIBUTOR 

5.1  Overview 

 The mathematical model presented in the previous chapter, for modeling the static and 

dynamic behavior of an electropneumatic positioning servomechanism with linear pneumatic 

actuator and proportional pneumatic distributor, is formed by a system of nonlinear differential 

equations with five unknowns, respectively the state parameters of the modeled system. The 

nonlinearity of the mathematical model is given by all the nonlinearities specific to a system in 

which the physical processes are governed by the equations of flow through holes, adiabatic 

thermal process equations, equations of mechanical motion in which frictional forces are 

present, continuity equations in which the compressibility of the fluid thing cannot be neglected. 

 Even in the working assumptions formulated in the mathematical model description, the 

mentioned nonlinearities were found in the model description. 

5.2  Presentation of numerical simulation languages used in the design of 

automatic electropneumatic systems  

 
 Types of numerical simulation languages used in the design of automatic 

electropneumatic systems are: 

 Simulink-Matlab 

 Simcenter Amesim 

 VisSim 

 Dymola 

 Easy5 

 20-sim 

5.3. Work methodology in Simcenter Amesim 

 Of the numerical modeling and simulation programs listed above, Matlab-Simulink and 

Simcenter Amesim programming environment are widely used in industrial applications for the 

analysis and synthesis of electric/hydraulic/pneumatic automatic drive systems. 

Simcenter Amesim was used for the numerical simulation analysis of the dynamic behavior of 

the linear positioning electropneumatic servomechanism. The Amesim simulation environment 

has a friendly and generous graphical interface, including a library of simulation domains such 

as aeronautics and space; air conditioning; hydraulic components; pneumatic components, etc. 

 In the HELP section of Simcenter Amesim we can find certain examples and solutions 

for the different domains, which can help to better understand the software, but also certain 

solutions to different problems. 
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5.4. Numerical simulation of the dynamic behavior of linear pneumatic 

actuators 

In pneumatic actuation systems, pneumatic actuators are execution elements that can 

work both in open loop as pneumatic control units [15, 110], and in closed loop, in command-

control-adjustment systems such as positioning systems or tracking [1,15,56,89,110]. 

This subchapter compares the dynamic behavior of an open-loop linear pneumatic 

actuator with that of a closed-loop actuator as a positioning system. 

The numerical model and numerical simulations were performed with the Simcenter 

Amesim simulation environment. 

Working scenarios for the open loop pneumatic actuator  Table 5.1 

Nr. 

Crt. 

Scenario Name  Distributor Type  Input Signal  Graphical 

Representations 

1 PA-CC-PV-SIMW DPP closed-center Sine Figure 5.8 

2 PA-CC-PV-SQRW DPP closed-center Square Figure 5.9 

3 PA-CC-PV-TRAP DPP closed-center Trapezoidal Figure 5.10 

4 PA-ABT-PV-SIMW DPP semi-opened ABT Sine Figure 5.11 

5 PA-ABT-PV-SQRW DPP semi-opened ABT Square Figure 5.12 

6 PA-ABT-PV-TRAP DPP semi-opened ABT Trapezoidal Figure 5.13 
 

 
 

a) b) 

  
c) d) 
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Figure 5.1. PA-CC-PV-SIMW: a) numerical 

simulation scheme; b) piston displacement 

variation; c) speed variation; d) acceleration 

variation; e) pressure variation in the actuator 

chambers [16] 

 e) 

 

 
 

a) b) 

 
 

c) d) 

 

 

 

Figure 5.2. PA-CC-PV-SQRW: a) numerical 

simulation scheme; b) piston displacement 

variation; c) speed variation; d) acceleration 

variation; e) pressure variation in the actuator 

chambers [16] 

 
e) 

 Theoretically, through the numerical simulations made, it was shown that using a 

proportional pneumatic distributor the actuation system simplifies the actuation scheme of the 

pneumatic actuator directly controlled by an on-off pneumatic distributor. Moreover, the 

dynamics of the open-loop pneumatic cylinder can be easily controlled by changing the 

electrical input signal of the proportional distributor. 

Dynamic behavior of linear pneumatic actuator operating in closed loop 

Compared to the numerical simulations regarding the dynamic behavior of the open-

loop linear pneumatic actuator, Figure 5.3 shows the structural diagram and the numerical 
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simulation diagram of the closed-loop actuator. The diagram shown is that of an 

electropneumatic linear positioning servomechanism where the flow amplifier is a proportional 

pneumatic distributor. 

The pneumatic elements in the numerical simulation scheme are the same as previously 

presented, with the observation that the proportional pneumatic distributor is only with critical 

center, considering that the dynamic performance of the linear actuator is better than if the DPP 

is with semi-open center ABT ( as seen in numerical simulations). 

 

 
a) b) 

Figure 5.3. Block diagram (a) and diagram for numerical simulation (b) of the pneumatic system [22]. 

 In the numerical simulations, the pneumatic actuator has a piston diameter of 100 mm 

and a rod diameter of 50 mm, and the actuator stroke is 400 mm. In the mathematical modeling 

of the actuator, a viscous friction coefficient of 75 N s/m and a heat exchange coefficient of 50 

J/m2/K/s were considered, for an external temperature of 293.15 K. In the case of DPP with 

center- critically, an area of 7 mm2 and a flow coefficient of 0.72 were considered for the 

distributor's command and control ports. The natural frequency of the proportional distributor 

is 80 Hz, and the control current is 10 V. The construction parameters for the pneumatic 

equipment comply with the FESTO catalog data. The functional parameters, those considering 

the thermo-hydraulic phenomena in the operation of the equipment, were considered as default 

data, in accordance with the information from the Simcenter Amesim program library "Lab 

Pneumatics" [105]. 

 The pneumatic servomechanism must linearly position an inertial load of 25 kg, also 

considering a variable disturbing technological force, consisting of a constant component of 

2000 N and a variable elastic component having an elastic constant of 1000 N/m. the 

displacement transducer has a constant of 25 V/m. The pressure of the compressed air supplied 

in the system is 7 barA. 

 Also, the same working methodology is kept, namely the application of different types 

of reference signals at the input to the system. The reference input signals are represented in 

figure 5.15, and have an amplitude of 10 V for all signals and a frequency of 0.05 Hz for the 

sinusoidal signal and the triangular signal [22]. The trapezoidal signal has the same 

characteristics as that used in the actuator working in open loop. 

a. Static characteristic  

Figure 5.4 shows the static characteristic, respectively the hysteresis characteristic for 

the electropneumatic positioning servomechanism (SEPP) consisting of a linear actuator with 

an asymmetric piston and proportional pneumatic distributor, Fig. 5.3. The static characteristic 

was represented from the numerical simulations, for a triangular reference signal with 

frequency of 0.05 Hz and amplitude of 0.1V, 1V and 10V. The representation of the static 

characteristic has the amplitude of the reference on the abscissa and the displacement of the 

actuator rod on the ordinate at different moments of time. 
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a) b) 

 

 

c)  

Figure 5.4. Static hysteresis characteristic of SEPP for a triangular signal with an amplitude of 0.1 V 

(a), 1.0 V (b) and 10 V (c) and with a signal frequency of 0.05Hz [22] 

  
Figure 5.5. SEPP error for different types of reference signals: b) 10 V step input signal, c) 1mA delta 

input signal [22] 

b. Dynamic characteristic  

For a sinusoidal reference signal with an amplitude of 10 V and a signal frequency of 

0.05 Hz, plot the Bode plot, Figure 5.6. Frequency graph analysis is the response of the system 

to a sinusoidal input. The sine wave input has an amplitude of 10 V, frequency of 0.05Hz and 

Bode pattern. A cutoff frequency of 0.2Hz at -3dB and a servo characteristic frequency range 

of 0.01Hz at 1.5Hz are noted. 

In Figure 5.6.b is represented the displacement of the piston having the triangular input 

signal with the amplitude of 10 V. From the graphic representation it can be seen that the piston 

follows the input signal and the stroke of the piston has an error of 0.01 mm. 

In figure 5.6.c for a trapezoidal input signal the positioning error is zero. In both cases, 

a small delay is observed at the start of a new cycle, respectively 20 s for the triangular input 

and 8.15 s for the trapezoidal input [22]. 
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a) 

 
b) 

 
 

c) 

Figure 5.6. Dynamic characteristic of SEPP: a) Bode diagram; b) displacement of the actuator piston 

to the triangular reference signal; c) displacement of the actuator piston to the trapezoidal reference 

signal. 

c. Dynamic behavior 

 From the numerical simulations made for different reference signals, the stable behavior 

of the electropneumatic linear positioning servomechanism was observed. Observations were 

also made regarding the behavior of the system at a reference step signal, Figure 5.7. 

 
Figure 5.7. SEPP response to step reference signal with 10 V amplitude [22] 

At the gear signal, the SEPP servomechanism responds as an over-damped control 

system, respectively as a first-order control system. On the graphical representation in Figure 

5.19 we can read a response time of T=1.397 s, the rise time 𝑇𝑟 = 2,13 and the settling time 

𝑇𝑠 = 4,08 s. The response time represents 63.2% of the system response in the case of the step 

signal and describes the speed with which the control system responds to the reference input. 

The rise time is 90% of the system response and the settling time is 100% of the system 

response. The positioning error is zero. 

Figure 5.8 shows the dynamic behavior of the SEPP at a sinusoidal reference signal. 
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a) b) 

  
c) d) 

 

Figure 5.8. SEPP response to sinusoidal input signal with an amplitude of 10 V and a frequency of 50 

Hz: a) displacement of the piston, b) speed of displacement, c) pressure in the cylinder chambers, d) 

force on the piston rod [22] 
 

d. The influence of the coefficient Kp on the dynamics of the system  

 It was followed how the proportionality constant Kp of the PID regulator influences the 

dynamic behavior of the servomechanism. For this, the Ziegler-Nichols adjustment method is 

simplified for proportional control. Thus, for a given step-type signal, different values of the 

proportionality coefficient Kp were given until the stability of the system is compromised or the 

system reaches periodic oscillations. 

Dynamic performances of SEPP for different values of 𝐾𝑝   Table 5.2 

𝐾𝑝 

(-) 

Input step 0.1 V Input step 1 V Input step 10 V 

𝑻 (s) 𝑻𝒅 

(s) 

𝑻𝒓 

(s) 

𝑻𝒔 

(s) 

𝑻 (s) 𝑻𝒅 

(s) 

𝑻𝒓 

(s) 

𝑻𝒔 

(s) 

𝑻 (s) 𝑻𝒅 

(s) 

𝑻𝒓 

(s) 

𝑇𝑠 

(s) 

2 1,979 0,86 3,342 6,81 1,083 0,08 2,431 6,5 1,397 0,02 3 6,8 

4 0,974 0,4 1,734 3,3 0,534 0,04 1,215 3,5 1,397 0,02 2,21 4,11 

5 0,769 0,31 1,388 3,19 0,436 0,03 0,982 3,02 1,397 0,02 2,13 4,08 

6 0,631 0,26 1,156 2,91 0,366 0,03 0,816 2,49 1,397 0,02 2,08 3,38 

8 0,471 0,19 0,859 3,5 0,258 0,02 0,594 2,03 1,397 0,02 2,04 3,02 

10 0,375 0,15 0,722 2,51 0,226 0,02 0,508 2,51 1,397 0,02 2,04 2,74 

12 0,316 0,12 0,535 3,5 0,18 0,02 0,428 3,51 1,397 0,02 2,04 2,58 

Table 5.2 shows the values of the delay time Td, the rise time and the settling time, for 

different values of Kp, when the input signal is stepped and the amplitude has values of 0.1 V, 
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1 V and 10 V. It is observed that for a step input of 1 V the system has a time delay with low 

values even for Kp=5. 

Also, the quality of the parameters of the pneumatic control system are compromised 

for Kp> 6, although the oscillation frequency is lower. 

 

Conclusions on the dynamic behavior of the closed-loop DPP-controlled actuator 

 

 The dynamic behavior of the linear actuator controlled by a proportional pneumatic 

distributor was studied through numerical simulations if their operation is in a closed loop. That 

is, the dynamic behavior of the electropneumatic linear positioning servomechanism was 

considered. In the structure of the servomechanism, the same pneumatic elements were kept, as 

in the open loop study. 

 The static and dynamic characteristic of the SEPP was determined from the numerical 

simulations. The stable behavior of the positioning system was observed for different reference 

signals applied and with variable external load applied to the actuator. 

 Numerical simulations show that positioning accuracy and SEPP dynamics depend on 

the type of reference signal, reference parameter values, controller parameters, and actuator and 

pneumatic amplifier characteristics. 

 Also, values of the proportionality coefficient Kp were found for which the control 

system remains stable and accurate for the values of the step signal applied as a reference. 

Numerical simulations show that the system can be adapted to external disturbances by 

changing the reference signal and the proportional coefficient Kp. 

 These simulations, together with those of the open-loop pneumatic positioning system, 

emphasized (at least theoretically) that proportional pneumatic distributor (DPP) pneumatic 

linear positioning systems are easy to control and represent an alternative to pneumatic servo 

valve positioning systems . 

5.5. Dynamic behavior of electropneumatic positioning servomechanisms 

with symmetric and asymmetric actuators  

 In order to study the dynamic behavior of electropneumatic servomechanisms of linear 

positioning and proportional distributor, the scheme of the pneumatic actuator from the 

structure of the servomechanism was considered in two constructive variants: actuator with 

equal piston areas (symmetric actuator) and actuator with unequal equal piston areas 

(asymmetric actuator). 

Using the working facilities offered by the Simcenter Amesim numerical simulation program, 

the dynamic behavior of the servomechanism considered in the two constructive variants was 

studied, with the numerical simulation scheme in Figure 5.9. The elements of the numerical 

simulation scheme have the following meaning and characteristics: 

 Block 1, pneumatic cylinder with symmetrical piston areas (Figure 5.9.a) 

respectively pneumatic cylinder with asymmetrical piston areas (Figure 5.9.b) 

stroke of 400 mm, piston diameter of 80 mm and a rod diameter of 25 mm. The area 

of the symmetrical piston is 4535.67 mm2. The area of the asymmetric piston is 

5026.55 mm2 (large actuator chamber), and 4535.67 mm2. The air temperature at 

the inlet is the same as the outlet 293.15 K. The mass displaced by the piston is 30 

kg. Coulomb friction force is not considered and the coefficient of viscous friction 

is 100 N/(m/s). There is no air loss. 

 Block 2, linear displacement transducer with an amplification coefficient of 25 V/m. 
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 Block 3 models the disturbance force considered; is an elastic force with an elastic 

constant of 5000 N/m. 

 Block 4 is modeled the control signal, respectively the reference; the signal used 

being step. 

 Block 5 is a summation block that compares the reference signal with the 

displacement signal measured by the transducer. 

 Block 6 models the PID regulator that has the proportional component 

(amplification) Kp= 1 and without having the derivative and integral components 

set. 

 Block 7 is a filter with a minimum allowed value of -10V and a maximum value of 

10V; thus the electrical control range of the proportional pneumatic distributor is 

limited to values [-10, 10] V, recommended by the manufacturer [18]. 

 Block 8 is a –1 amplifier to change the sign of the proportional distributor control 

signal. 

 Block 9 represents the proportional pneumatic distributor which is a closed center 

4/3 distributor, similar to the closed center 5/3 proportional pneumatic distributor 

[18]. The distributor frequency is considered at 70 Hz and a damping factor of 0.8. 

The distributor control hole is 7mm2 and is the same for all 4 ports. The flow 

coefficient of the distributor is 0.72. 

 Block 10 models the pneumatic pressure source providing a pressure of 7 barA at a 

temperature of 293.15 K. 

 Block 11 defines the air properties. Air is assumed to be a perfect gas with a density 

of 1.18 kg/m3 for an operating temperature of 300 K and an absolute pressure of 

1.013 barA. The absolute viscosity is 18,552.10-6 Pa·s. The thermal conductivity is 

0.026156 W/m/K and the specific heat at constant pressure is 1004.815 J/kg/K. 

  
a) b) 

 

Figure 5.9. Actuation scheme with 1- pneumatic cylinder (a) symmetrical and b) asymmetrical); 2- 

displacement sensor 3- resistive force; ; 4-command signal; 5-adder; 6-PID; 7-block saturation; 8- 

constant block; 9- proportional distributor 4/3; 10- gas supply source at a pressure of 7barA; 11- type 

of gas used; 12- constant block [20] 

 Using the numerical simulation schemes in Figure 5.9, for a step signal of 1 V, the 

behavior of the electropneumatic servomechanism in the two constructive variants was 

comparatively analyzed. 

 As seen in the previous subsection, the studied SEPP electropneumatic servomechanism 

behaves as a first-order control system, or as an over-damped second-order system. In order to 

comparatively discuss the behavior of the servomechanisms in the two constructive variants, 
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the quantities defined in Figure 5.10 for a step signal were considered as quantities specific to 

the dynamic behavior of automatic systems. Let KT be the time constant of the response y(t), Tr 

is the rise time and Ts is the settling time. Also, yst is the steady state response of the system. 

 
Fig. 5.10. Defining the quantities characteristic of the dynamics of a first-order automatic system 

Numerical simulation results for a 1 V step signal are shown in Figures 5.11 and 5.12 

for both cases studied. 

 
 

a) b) 

  
c) d) 

  

e) f) 

Figure. 5.11. Dynamic behavior of SEPP with symmetrical piston: a) displacement of the rod; b) the 

output signal of the displacement sensor c) rod speed; d) rod acceleration; e) pressures in the piston 

chambers; f) positioning error.  
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a)  b)  

  
c)  d) 

  
e) f) 

Figure. 5.12. Dynamic behavior of SEPP with asymmetric piston: a) rod displacement; b) the output 

signal of the displacement sensor c) rod speed; d) rod acceleration; e) pressures in the piston chambers; 

f) positioning error. 

 From the above graphs it can be seen that at a 1V step-type control signal, the 

servomechanism behaves as an over-damped system in both cases studied. To compare the 

behavior of the two types of servos, the positioning error, rise time and damping time were 

monitored. The dwell time of the piston when changing the direction of movement by changing 

the commutation of the proportional pneumatic distributor was also taken into account, Table 

5.3. 

 From Figures 5.11 and 5.12 it is observed that the positioning error is zero for both the 

symmetric piston servo and the asymmetric piston case. 

 The two actuators responded to the same type of reference signals considered but the 

symmetric cylinder starts its movement from the middle of the stroke, while the asymmetric 

cylinder starts its movement from the end of the stroke. 

Dynamic behavior in the case of the step control signal 1 V   Table 5.3 

 Time 

constant (s) 

Rise time (s) Stabilization 

time(s) 

Error 

(mm) 

The symmetrical 

cylinder 

1.13 2.45 4.8 0 

The Asymmetrical 

cylinder 

0.51 1.15 1.92 0 
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Numerical simulations show that the servomechanisms have stable dynamic behavior 

and good positioning and tracking performance. The response time of the asymmetric piston is 

better than that of the symmetric piston, which is why it is recommended for applications that 

require fast positioning. 

5.6. Dynamic behavior of an electropneumatic servomechanism for 

actuation of a butterfly valve 

 

 In a wastewater treatment plant, the technological process of biological treatment is 

particularly complex with regard to the amount of dissolved oxygen DO introduced into the 

wastewater to activate biological reactions. The range of dissolved oxygen OD is 1.5 ÷ 2 g/m3 

and must be rigorously controlled [148] . If the DO concentration is too high (> 2 g/m3) an over-

mixing will occur in the biological reactor and a lag in the creation of activated sludge will 

occur. If the concentration is lower than 1.5 g/m3, the micro-organisms in the activated sludge 

will not be able to develop properly to be able to decompose nitrogen and phosphorus 

compounds [79]. 

 Between 50% and 75% of the energy consumed in a water treatment plant comes from 

the energy consumption of the oxygen blowers that feed the aeration basins. Under these 

conditions, an actuation system that reduces air consumption but keeps the OD oxygen level 

within normal limits is essential to lower electricity consumption. Under these conditions, the 

operating costs of the treatment plants are also reduced. 

 In Figure 5.13, it is proposed to operate the butterfly valve with an electropneumatic 

servomotor that supplies the compressed air supply line to the aerators (porous diffusers) in the 

wastewater aeration basins. 

 
Figure 5.13. Schematic of the SEPP actuation of the butterfly valve in the aeration plant in a water 

treatment plant 

 The control of the butterfly valve is done with the help of an electropneumatic SEPP 

linear positioning servomechanism, similar to the one studied in the thesis. The actuator 

actuates the lenticular shutter of a butterfly valve with a nominal diameter of 200 mm. Within 

the automation system, the flow rate is permanently monitored by a flow meter. In the 

regulation scheme it is observed that the measured flow is compared with the reference signal 

of the servomechanism which actuates the shutter of the butterfly valve and changes the flow 

in the installation. 
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 The pneumatic actuator used has a piston diameter of 50 mm, a rod diameter of 12 mm 

and a stroke length of 0.1 m. In turn, the pneumatic cylinder is controlled by a proportional 

distributor having the same data as those used in the previous simulations. 

 The diffusers supplied with compressed air are assimilated with hydraulic resistances 

and have the surfaces of 325 mm2, 375 mm2 and 200 mm2. 

The correction of the command signal is done with the help of a PID regulator. 

    

 
Figure 5.14. The air flow on the compressed air supply line and on each diffuser noted „orifice_1” , 

„orifice_2” and „orifice_3” 

 

 From figure 5.14 it can be seen that the air flow rate is kept constant both on the 

compressed air supply pipe and on each air diffuser, even in the conditions where the 

compressor, which supplies the installation, has a sinusoidal variation of the absolute pressure. 

 From the study made by the method of numerical simulation by means of an evolved 

simulation language, Simcenter Amesim, it follows that considering the complexity of 

pneumatic control systems, the use of simple models and modern calculation techniques 

successfully replace the old prototype testing procedures used in the industry [ 36]. 

 Nowadays, modern research methods like Model-in-the-Loop (MiL), Software-in-the-

loop (SiL) and Hardware-in-the-Loop (HiL) help us shorten the path between conception, 

design and prototype testing [105]. 
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Chapter VI 

EXPERIMENTAL DETERMINATION OF 

ELECTROPNEUMATIC SERVO-MECHANISM 

PERFORMANCE 

6.1. Overview  

 In the present chapter, the experimental results for determining the static and dynamic 

performance of the electropneumatic linear positioning servomechanism are presented. The 

experimental results were compared with the numerical results considering that the same 

FESTO pneumatic components as those in the experimental stand were used in the numerical 

simulation model. 

6.2. Structure of the test stand 

 Figure 6.1 shows the elements of the experimental pneumatic stand. The component 

elements can be represented in the form of the structural block diagram in Figure 1.1, 

respectively Fig. 5.3.a. Also, the numerical simulation scheme presented in the previous 

chapter, Figure 5.3.b, is physically realized with the elements from Fig. 6.1. 

 

Figure 6.1. Plan view of the experimental stand: 1- air compressor; 2- pneumatic actuator; 3- linear 

displacement transducer; 4- proportional distributor 5/3; 5- PID regulator; 6-source 24 V; 7- signal 

generator; 8-data acquisition board [17] 

6.3. Work methodology  

The pneumatic actuator is supplied with air (absolute pressure 7 barA) from a FESTO 

compressed air unit. The proportional distributor is controlled by the PID controller powered 

from a 24 VDC power supply which receives the reference signal from a signal generator. Also, 

the proportional distributor will control the flow to the pneumatic actuator whose displacement 

is followed by the displacement transducer. 

For data acquisition, a Festo Easy port board was used in the first phase, connected to 

the USB port of the computer using a USB A-B cable, available in 1.5 meters or 3 meters. 
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 The Easy Port board is also connected to a Festo universal connection unit via an I/O 

data cable with SysLink connectors, which in turn receives from the PID controller the two 

analog signals (from the signal generator and from the output from the PID to the proportional 

distributor), passing them for acquisition to the Easy Port board. An I/O data cable with SysLink 

connectors is used for data transmission. 

 The software used to read the data from the acquisition board is FluidLab-M V1, with 

the acquisition scheme shown in Figure 6.2. 

Subsequently, data acquisition was also performed using a Hantek 6022BE oscilloscope and an 

NI USB-6218 acquisition board to verify the accuracy of the initially recorded data. 

 In the case of the NI USB-6218 board, the scheme for acquiring the measured values 

was made using the LabView program figure 6.3, and for the Hantek 6022BE oscilloscope with 

the help of the Hantek 6022BE V1.0.6 program, Figure 6.4. 

 Depending on the type of electrical signal transmitted by the signal generator, the 

electrical signal from the transducer is compared with the reference input from the controller. 

 
Figure 6.2. Scheme of the acquisition of the measured quantities executed with the aid of the 

FluidLab-M V1 program 

 
Figure 6.3. The scheme of the acquisition of the measured quantities executed with the help of 

the LabView program 

 
 

Figure 6.4. Scheme of acquisition of measured quantities executed with the help of the 

program Hantek 6022BE V1.0.6 

Table 6.1 presents the parameters that define the reference signals applied as input 

quantities in the electropneumatic positioning servomechanism. 
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Types of reference signals used                Table 6.1 

Signal type Frequency 

[Hz] 

Amplitude  

[V] 

Offset 

[V] 

Sine 0,1 0,5 2,4 

Sine 0,1 1 2,4 

Sine 0,5 1 2 

Sine 1 1 1 

Sine 0,5 1 2,4 

Sine 0,5 2 2,4 

Sine 0,5 3 2,4 

Sine 0,5 4 2,4 

Sine 1 1 2,4 

Sine 2 1 2,4 

Sine 3 1 2,4 

Sine 4 1 2,4 

Sine 5 1 2,4 

Sine 6 1 2,4 

Sine 0,1 4 2,8 

Sine 1 1 1 

Step 0,1 0,5 2,4 

Step 0,1 1 2,8 

Step 1 1 1 

triangular 0,1 0,5 2,4 

triangular 0,5 4 2,8 

 

6.4. Experimental results 

For the tests performed, reference signals with amplitudes and frequencies consistent with 

those in Table 6.1 were used. 

The static and dynamic characteristics of the SEPP servomechanism were plotted. 

 

 

Figure 6.5. Piston displacement for a sinusoidal signal with a frequency of 100 mHz, amplitude 0.5V, 

Offset 2.4 V, 𝐾𝑝 = 2 
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Figure 6.6. Piston displacement in the case of a sinusoidal signal with a frequency of 0.5 Hz, 

amplitude 3V, Offset 2.4V,𝐾𝑝=2. 

 

Figure 6.7. Piston displacement in the case of a sinusoidal signal with a frequency of 1 Hz, amplitude 

1V, Offset 2.4V, 𝐾𝑝=2. 

 

Figure 6.8. Piston displacement for a step signal (rectangular) with a frequency = 0.1Hz, amplitude 

0.5V, Offset 2.4V, 𝐾𝑝=2. 
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Figure 6.9. Piston displacement in the case of a triangular signal with a frequency of 0.5 Hz, amplitude 

0.5V, Offset 2.4V,𝐾𝑝=2. 

Data acquisition was also performed with a Hantek 6022BE oscilloscope with a sampling rate 

of 1V/s and an acquisition frequency of 100 kHz, with the results shown in Figures 6.10 and 

6.11. 

 
Figure 6.10. Sine volt signal as a function of time with frequency 1Hz, amplitude 1V and Offset 1V. 

The green line is the command signal, the yellow line is the output signal (Hantek 6022BE 

oscilloscope) 

 
 

Figure 6.11. Rectangular signal in volts as a function of time with frequency of 1 Hz, amplitude 1V 

and Offset 1V. The green line is the command signal, the yellow line is the output signal (Hantek 

6022BE oscilloscope) 
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Figure 6.12. Piston displacement in the case of a sinusoidal signal with a frequency of 100 mHz, 

amplitude 4V, Offset 2.8 V𝐾𝑝 = 4 

 

Figure 6.13. Static characteristic of SEPP (hysteresis) in the case of a sinusoidal signal with a 

frequency of 100mHz, amplitude 4V, Offset 2.8V, 𝐾𝑝 = 4 

 
Figure 6.14. Piston displacement for a triangular signal with a frequency of 100 mHz, amplitude 4V, 

Offset 2.8 V,𝐾𝑝 = 4 
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Figure 6.15. Static characteristic of SEPP in the case of a triangular signal with a frequency of 

100mHz, amplitude 4V, Offset 2.8V, 𝐾𝑝 = 4 

 

Figure 6.16. Piston displacement in the case of a step signal with a frequency of 100 mHz, amplitude 

1V, Offset 2.8 V, 𝐾𝑝 = 2 

 

Figure 6.17. Static characteristic of SEPP for a step signal with a frequency of 100 mHz, amplitude 

1V, Offset 2.8 V,𝐾𝑝 = 2 

Figure 6.18 shows the result obtained for a triangular reference signal. As can be seen, 

the actuator cannot track the input signal. 

 
Figure 6.18. Piston displacement for a triangular signal with a frequency of 500 mHz, amplitude 2V, 

Offset 2.4 V 
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6.5. Conclusions and comparison with numerical results  

 Figures 6.5–6.17 graphically represent the reference signal and the response of the 

electropneumatic servo to these signals. The measurements taken into account both the behavior 

of the pneumatic actuator in open loop (figures 6.18) and in closed loop. 

 The experimental data had, throughout the experiments, several types of acquisition 

plates. The technical characteristics of the acquisition boards used influence the quality of the 

recorded information. 

 In the case of data acquired with Festo's Easy Port board, the output is seen to follow 

the input, but the deadband/resolution of the acquisition board was found to be in the range of 

100 ÷ 250 mV, depending on the position of the plunger, with higher values towards the end of 

the race. 

 In the case of figures 6.10 and 6.11, due to the very high frequency with which the data 

acquisition was done, a distortion of the input and output signals is observed. Data acquisition 

was performed using the Hantek 6022BE oscilloscope. 

Considering the results of the numerical simulations presented in the previous chapter, we can 

say that the results of the numerical simulation are comparable to the experiments, Figure 6.19. 

 Even the quasi-linear characteristic of the hysteresis curve is approximately replicated. 

The drop seen in Figure 6.20 is due to the sudden openings of the distributor. As speed is a 

derivative of displacement, over a short period of time the values are large. 

 

a)                                                                    b) 

Figure 6.19. Simulation results for an input signal a) numerical simulation; b) standing result [23] 

 
a)                                              b) 

 

Figure 6.20. Hysteresis a) numerical simulation; b) standing result [23] 
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 The experimental results regarding the behavior of the SEPP electropneumatic linear 

positioning servomechanism at different reference signals, in the conditions where no 

disturbing force is exerted on the SEPP, show a stable behavior in which the positioning system 

follows the input signal. 

 The static (hysteresis) characteristic of the SEPP could also be represented from the 

experiments. 

 Table 6.2 shows the experimentally recorded positioning error and delay time. 

 Poor system resolution can be explained by mechanical friction in the system, or the 

fact that the controller used was not connected well enough, or because of the acquisition board 

used (in the case of data acquired with the Hantek data board). 

Positioning error and delay time    Table 6.2 

Signal type Positioning error 

(%) 

delay time  

(s) 

Figure nr.5 

Sine  3.26 1.55 6.6 

Sine 4.65 0.24 6.14 

Triangular 2.82 0.25 6.22 

Sine 3.6 - 0.45 6.25 

Triungular 4.43 - 0.13 6.27 

Step  2.29 - 0.34 6.29 

 Regarding the positioning error of the electropneumatic servomechanism, it is observed 

that it is less than 5% in all the situations studied, with higher values for the input signal with 

high frequency or amplitude. 

 For the open-loop behavior of the pneumatic actuator (obtained by removing the 

regulator from the actuation loop), it is observed to have uncontrolled motion (in the sense that 

the actuator piston does not follow the input signal). The actuator piston reciprocates according 

to the amplitude value of the signal, regardless of its type. 

 The results obtained in the present work, both through numerical and experimental 

simulations, emphasize the fact that proportional pneumatic distributors are equipment with 

special technical qualities that can successfully replace pneumatic servo valves. Moreover, the 

use of proportional pneumatic distributors is useful in applications regarding the digitization of 

technological processes considering the possibility of using HART communication protocols in 

the control of these devices. 

 Also, the application presented in the paper (paragraph 5.6) regarding the actuation of a 

future valve for the supply of compressed air to the porous diffusers in the aeration system of 

the bioreactors in the wastewater treatment plants, can be extended to other pressure pipeline 

installations. The advantage of using an electropneumatic servomechanism for valve actuation 

in pipeline systems is given by the optimization of the fluid consumption in the pipelines 

according to the consumption and thereby the optimization of the energy consumption of the 

energy generators used in the pipeline system. 

                                                           
5 As in the Thesis. 
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Chapter VII 

SYNTHESIS OF THE MAIN SCIENTIFIC AND 

TECHNICAL CONTRIBUTIONS OF THE WORK. 

FUTURE DIRECTIONS OF RESEARCH 

7.1. General conclusions  

 The main goal of the PhD thesis Proportional electropneumatic servomechanism, SEPP, 

for the actuation of valves in the energy industry, was to determine the technical possibilities 

offered by the use of the proportional pneumatic distributor in the structure of a linear 

positioning electropneumatic servomechanism (called SEPP in the paper) for command and 

control the actuation of different types of valves used in the energy industry. 

 As part of the doctoral research, the following theoretical, numerical and experimental 

studies were carried out: 

- Bibliographic study on the performance of electropneumatic servomechanisms that use 

the proportional pneumatic distributor as a pneumatic amplifier in their structure. 

- The study by numerical and experimental simulations of the open-loop dynamic 

behavior of a pneumatic actuator controlled by a DPP proportional pneumatic 

distributor. 

- The study by numerical simulations of the SEPP behavior with the actuator controlled 

by a DPP regarding the influence of the disturbing force on the positioning error. 

- Conception and construction of an experimental test stand, for carrying out 

experimental studies related to the performance of the SEPP pneumatic system. 

- Identification of the elements of the numerical simulation scheme of SEPP, so that they 

correspond to the elements of the experimental test stand. 

- Numerical simulations to determine the performance of the pneumatic actuation 

servomechanism with DPP, used for the control and command of a butterfly valve, 

mounted on the supply pipe of the aerators in a wastewater treatment plant. 

- Study of the advantages of digitizing the pneumatic actuation servomechanism with 

DPP. 

 Chapter 1 presents a brief introduction to the topic of the paper, after which the author 

presents the objectives and motivation of this paper. At the end of this chapter, the structure of 

the thesis by chapters is presented. 

 Chapter 2 presents a brief history of pneumatics, market trends of pneumatic systems. 

The current status for different types of pneumatic actuators is presented, as well as different 

theoretical and experimental studies carried out by other authors. 

 The description of pneumatic servomechanisms, the component elements for these 

systems is carried out in Chapter 3. Also in this chapter, working fluid properties, flow pressure 

ranges and flow diameters, examples of closed-loop pneumatic actuation schemes and open, 

but also experimental research carried out by other authors with modern pneumatic actuation 

systems.  

 In Chapter 4, theoretical aspects related to the flow of compressible fluid through 

orifices and nozzles are addressed, the flow-pressure characteristics through the orifices of a 
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pneumatic distributor are analyzed and the equations that constitute the mathematical model of 

an electropneumatic linear positioning servomechanism are detailed. 

 Chapter 5 focuses on the results obtained from the numerical simulations, which are 

the basis of the performance validation of the pneumatic system actuated by a proportional 

distributor. This chapter includes information about the types of software used for numerical 

simulations, as well as the methodology used in this process. The results of the numerical 

simulations are presented for the study of the dynamic behavior of the linear pneumatic actuator 

controlled by the proportional pneumatic distributor if the pneumatic elements are operated in 

open loop, respectively in closed loop when the system becomes an electropneumatic 

servomechanism. 

 Also in this chapter, a comparative study was made regarding the performances of the 

electropneumatic linear positioning servomechanism having in its structure a pneumatic 

actuator with equal piston areas versus an actuator with unequal piston areas. 

 Chapter 5 concludes with the presentation of the numerical results regarding the use of 

the electropneumatic positioning servomechanism in actuating the air flow supply valve of the 

aerators in the biological stage of a sewage treatment plant. It is aimed to maintain a constant 

flow rate in the system at the pressure variations that occur in the technological process. 

 Chapter 6 focuses on the experimental validation of the results obtained from the 

numerical simulations. This chapter contains information about the methodology used in the 

experimental tests, the results obtained, comparisons between the numerical and experimental 

results. Finally, the conclusions obtained from these experiments are presented. 

7.2. Original contributions  

 This thesis makes a series of original contributions in terms of both numerical and 

experimental study of the performances of SEPP electropneumatic linear positioning 

servomechanism with proportional distributor in its structure. 

a) Numerical contributions 

- Realization of the theoretical study regarding the flow of compressible fluid through 

holes and nozzles, with the determination of the flow-pressure characteristic through 

the holes of the pneumatic distributor Fig. 4.3, Fig. 4.6, Fig. 4.7, Fig. 4.8. 

- Realization of numerical simulations regarding the dynamic behavior of proportional 

distributors figures 4.11÷4.20. 

- Validation, by comparing the results of the numerical simulations with those existing in 

the specialized literature, Figure 4.21. 

- The presentation, from the bibliographic study done, regarding the influence of non-

linearities on the performance of electropneumatic positioning servomechanisms and 

the types of regulators used to compensate for non-linearities. 

- Determining the equations that define the mathematical model of an electropneumatic 

linear positioning servomechanism. 

- Carrying out numerical simulations to determine the dynamic behavior of the open-loop 

linear pneumatic actuator for different reference signals, Figures 5.8 to 5.13. 

- The study of the dynamic behavior of the electropneumatic linear positioning 

servomechanism at different reference signals with the tracing: static characteristics 

Figure 5.16; dynamic characteristics Figure 5.18; dynamic behavior Figure 5.19; the 
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influence of the proportionality coefficient of the regulator Kp on the dynamics of the 

system, Figures 5.21 and 5.22. 

- The comparative study regarding the dynamic behavior of electropneumatic linear 

positioning servomechanisms using actuators with equal areas in their structure 

compared to the case of using actuators with unequal areas, Fig. 5.25 to Fig. 5.29. 

- The study on the dynamic behavior of an electropneumatic servomechanism for the 

actuation of a future valve, Fig. 5.30 to Fig. 5.35. 

 

b) Experimental contributions 

- Realization of the experimental stand for the study of the dynamic behavior of the 

electro-pneumatic positioning servomechanism, Figure 6.1. 

- Experimental measurements to determine the dynamic performances, for different 

types of control signals (sinusoidal, trapezoidal, triangular, step), figures 6.6 – 6.30. 

- Experimental calibration of numerical simulation model parameters. 

- Validation, by comparing the results of the numerical simulations with those existing 

in the specialized literature (fig. 4.26). 

- Comparison of numerical and experimental results, Figure 6.34 and Figure 6.35 

 The experimental results regarding the behavior of the SEPP electropneumatic linear 

positioning servomechanism at different reference signals, in the conditions where no 

disturbing force is exerted on the SEPP, show a stable behavior in which the positioning system 

follows the input signal. 

 The static (hysteresis) characteristic of the SEPP could also be represented from the 

experiments. 

Table 6.3 shows the experimentally recorded positioning error and delay time.  

7.3. Future research directions  

 From the knowledge gained in the development of the subject regarding 

electropneumatic linear positioning servomechanisms that use the DPP proportional 

pneumatic distributor as an amplifier, based on the theoretical and experimental results 

obtained, I propose the following future research directions: 

 Comparative study on the static and dynamic performances of electropneumatic 

servomechanisms with proportional distributor versus positioning systems that use on-

off solenoid distributors with PWM control. 

 Optimization of the regulator for the control of the electropneumatic servomechanism 

in order to reduce the non-linearities given by the phenomenon of friction and air 

compressibility. 

 The theoretical and experimental study regarding the behavior of the electropneumatic 

positioning servomechanism with variable load. Coupling of the actuator to a butterfly 

valve will be considered. The hydrodynamic force on the butterfly valve plug is the 

variable load applied to the actuator. 

 Analytical study of the equations of the mathematical model that define the behavior 

of the electropneumatic servomechanism with consideration of the friction force. 

 Analytical study of the equations of the mathematical model that define the behavior 

of the electropneumatic servomechanism considering the delay time. 
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