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Abstract

This study presents a comprehensive investigation into the modeling, system
identification, and robust control design of an electro-pneumatic valve posi-
tioning system, with the objective of enhancing precision and reliability in
industrial automation applications. The research begins with a foundational
examination of industrial valve principles, classifications, and operating me-
chanisms, highlighting their indispensable role in fluid flow regulation across
diverse process sectors. The historical trajectory of valve positioners is traced
from early mechanical linkages and force-balance pneumatic devices to modern
digital and smart positioners equipped with on-board diagnostics and fieldbus
communication. Central to this work is the development of analytical transfer-
function models for the double-acting pneumatic cylinder, the directional control
valve, and the solenoid coil assembly, capturing the dominant dynamics that
govern the electro pneumatic positioning loop. To accommodate the inherent
nonlinearities of the physical plant ,including compressible airflow, mechanical
friction, and valve hysteresis, a closed loop system identification approach is
adopted, driven by a persistently exciting signal generated by an STM32 micro-
controller. The results demonstrate the efficacy of the proposed modeling and
identification framework as a foundation for high fidelity control design. This
research contributes to the advancement of automated process instrumentation
by establishing a structured methodology for the analysis and optimization of
electro-pneumatic positioners, while paving the way for future developments
in intelligent valve control and predictive diagnostics.
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Résumé

Cette étude présente une analyse approfondie de la modélisation, de l’identi-
fication de systèmes et de la conception de commandes robustes d’un système
de positionnement de vanne électropneumatique, dans le but d’améliorer la
précision et la fiabilité des applications d’automatisation industrielle.

La recherche débute par un examen fondamental des principes, des classifi-
cations et des mécanismes de fonctionnement des vannes industrielles, mettant
en évidence leur rôle indispensable dans la régulation du débit des fluides à
travers divers secteurs industriels. L’évolution historique des positionneurs de
vannes est retracée, depuis les premières liaisons mécaniques et les dispositifs
pneumatiques à équilibre de forces jusqu’aux positionneurs numériques et in-
telligents modernes, équipés de diagnostics embarqués et de communication
par bus de terrain.

Au cœur de ce travail se trouve le développement de modèles analytiques
de fonctions de transfert pour le vérin pneumatique à double effet, le distri-
buteur et l’ensemble bobine-solénoïde, capturant la dynamique dominante qui
régit la boucle de positionnement électropneumatique. Pour s’adapter aux non-
linéarités inhérentes au système physique — notamment le débit d’air com-
pressible, le frottement mécanique et l’hystérésis de la vanne —, une approche
d’identification de système en boucle fermée est adoptée, pilotée par un signal
d’excitation persistante généré par un microcontrôleur STM32.
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General Introduction

The automation of fluid power systems represents a cornerstone of modern
industrial engineering, where the precise regulation of pressure, flow, and me-
chanical displacement governs the reliability of process operations across the
petrochemical, manufacturing, and energy sectors. At the heart of these systems
lie valves and their associated actuation architectures, which translate control
logic into physical action. This thesis presents a comprehensive investigation
into electro-pneumatic valve control systems, progressing from the foundatio-
nal mechanics of industrial valves to the robust control design of a nozzle-
flapper pneumatic positioner. The study begins by establishing the theoretical
groundwork, examining valve classifications by function, mechanical motion,
and size, alongside the operating principles of manual and control valves and
the pneumatic cylinders that drive them. Building upon this foundation, the
work explores the role of valve positioners as closed-loop intermediaries that
compensate for mechanical non-idealities such as stiction, deadband, and hys-
teresis, tracing their evolution from early mechanical linkages to modern smart
digital devices. Central to the investigation is the mathematical modeling of
the double-acting cylinder, directional control valve, and solenoid assembly,
from which governing transfer functions are derived. The thesis then advances
toward system identification, employing a closed-loop approach driven by an
STM32 microcontroller to extract a linear approximation of the inherently non-
linear plant dynamics, accounting for compressible airflow, friction, and valve
hysteresis. The identified model is validated against experimental hardware

16
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responses, with residual discrepancies attributed to unmodeled nonlinearities.
Ultimately, these uncertainties motivate the development of a robust control
strategy, providing a complete trajectory from passive mechanical components
to embedded, high-fidelity closed-loop control.



CHAPITRE 1
Generalities on Industrial Valves and Pneumatic

Actuators

1.1 Introduction

Valves serve as the critical final control elements within fluid power and
process piping networks, facilitating the precise regulation, isolation, and direc-
tional control of multi-phase media. A thorough understanding of the kinema-
tic mechanisms, fluid dynamics, and seating designs governing these devices
is a prerequisite for optimal system selection and asset lifecycle management.
This chapter provides a systematic overview of valve classifications, mechanical
operating principles, and their functional roles across industrial sectors, tracing
the historical evolution from primitive manual regulation to the highly auto-
mated actuation architectures of modern process industries. It also examines
pneumatic actuator systems—including cylinder classifications and fail-safe ar-
chitectures—providing the technical baseline for the closed-loop control designs
developed in subsequent chapters.

1.2 Definition and Classification of Valves

A valve is a precision-engineered mechanical assembly designed to isolate,
modulate, direct, or blend process media by varying the fluid flow area through
mechanical displacement of an internal closure member. The operational enve-

18



CHAPITRE 1. GENERALITIES ON INDUSTRIAL VALVES AND PNEUMATIC
ACTUATORS 19

lope of modern industrial valves spans several orders of magnitude :
— Dimensional Scale : Nominal pipe sizes from 0.5 in (DN 15) to over 48

in (DN 1200).
— Mass Profiles : From less than 1 lb (0.45 kg) up to heavy castings exceeding

10 tons (9,070 kg).
— Pressure Regimes : From ultra-high vacuum up to severe-service limits

exceeding 13,000 psi (897 bar).
Primary industrial typologies—categorized by closure mechanics—encompass

gate, plug, ball, butterfly, check, globe, and pressure-relief configurations. To
maintain structural and chemical integrity, valves are fabricated from carbon
steels, cast iron, polymers, brass, bronze, and corrosion-resistant alloys (CRAs)
such as duplex stainless steel or Inconel. [2]

Figure 1.1 – Gate vs Globe Valves.

1.3 Historical Evolution of Fluid Control Technology

The development of fluid control mechanisms mirrors the trajectory of civil
and mechanical engineering. The earliest paradigms of systematic flow regula-
tion date to approximately 5000 BC, where Egyptian and Mesopotamian civiliza-
tions engineered sluice gates for irrigation. Greek and Roman engineers advan-
ced these techniques by casting bronze plug cocks and executing sophisticated
aqueduct networks using gravity-fed hydrostatic principles. The Renaissance
catalyzed a shift toward mechanical complexity : da Vinci’s technical treatises
introduced the automatic check valve and the hinged flap valve, establishing
foundational logic for passive directional control.
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The modern evolution of valves began with the Industrial Revolution. Steam
engines pioneered by Newcomen and Watt introduced thermodynamic chal-
lenges that drove the transition from simple wooden or brass plugs to heavy-
duty cast-iron safety relief and globe valves. Throughout the 19th and 20th
centuries, the rise of petrochemistry and automated municipal networks stan-
dardized component interchangeability, accelerating the development of high-
integrity metallurgy and complex actuation architectures. [2]

1.4 Classification of Valves

1.4.1 Classification According to Function

One-Way Valves (Non-Return Valves)

In applications where unidirectional fluid transport is critical, non-return
valves (NRVs) mitigate backflow by actuating when suction-side pressure sur-
passes discharge-side pressure. Conventional NRVs rely on mechanically actua-
ted components ; although static alternatives with no moving parts exist and
offer theoretical advantages, their industrial adoption remains disproportiona-
tely low. [3, 4]

Figure 1.2 – One-way (non-return) valve.
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Throttling Valves

Throttling valves modulate flow, temperature, or pressure and can be
adjusted to any position within their stroke—from fully open to fully clo-
sed—allowing them to serve both as modulating and shut-off devices. Manual
configurations use handwheels or levers ; automated systems rely on pneuma-
tic, hydraulic, or electric actuators. A prominent subcategory is the pressure
regulator, which manages upstream or downstream pressure by dynamically
adjusting the valve orifice. [5, 6, 7]

Figure 1.3 – Throttling valve.

Shut-off / Shut-down Valves

Shut-off valves (block or isolation valves) either permit or completely obs-
truct media passage. Typical architectures include gate, plug, ball, and tank
bottom configurations. They are vital to Emergency Shutdown Systems (ESD),
enabling rapid process isolation during critical failures. A specialized subset
is the Pressure Relief Valve (PRV), categorized into relief valves (liquid over-
pressurization) and safety valves (gas or vapor hazards).

Figure 1.4 – Shut-off / shut-down valve.
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1.4.2 Classification Based on Mechanical Motion

Valves are fundamentally categorized by the kinematic profile of their closure
members :

— Linear Motion Valves : The closure member moves in a straight line.
Examples : gate, globe, diaphragm, and pinch valves. Globe valves excel
at throttling ; gate valves provide an unobstructed flow path.

— Rotary Motion Valves : The closure element travels along an angular
or circular trajectory. Examples : butterfly, ball, and plug valves. Their
mechanical advantage yields compact designs and faster actuation.

— Quarter-Turn Valves : A specific subset of rotary valves requiring a pre-
cise 90° rotation to transition between fully closed and fully open states,
ideal for emergency isolation and high-cycle processes.

Figure 1.5 – Rectilinear (li-
near) valve.

Figure 1.6 – Rotary mo-
tion valve.

Figure 1.7 – Quarter-turn
valve.

1.5 Control Valves

A control valve is a throttling device integrated with an actuation system
and engineered for operation within a closed-loop control architecture. The ac-
tuator transduces external pneumatic, hydraulic, or electronic signals into the
mechanical thrust or torque required to modulate the obturator’s position. Wi-
thin a standard process loop (sensor→ controller→ final control element), the
valve is the terminal component executing the controller’s logic. By dynamically
adjusting the flow area in response to real-time feedback, it regulates pressure,
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temperature, and mass flow rate. Common configurations include globe, butter-
fly, ball, and eccentric plug designs, each selected based on gain characteristics
and the thermodynamic requirements of the process.

Figure 1.8 – Control valve assembly.

1.6 Pneumatic Actuator Valve

Pneumatic actuators convert the potential energy of compressed air into pro-
portional linear or rotary mechanical displacement. An industrial compressor
charges a reservoir to supply high-pressure air through regulation manifolds to
the actuator chamber. When properly maintained, pneumatic cylinders exhibit
minimal parasitic friction (typically less than 5% of total energy input) and ex-
ceptional thermal resilience (−200°C to 250°C). However, two key system-level
constraints apply :

— Compressibility Effects : The low bulk modulus of compressed air makes
these actuators susceptible to stick-slip and velocity fluctuations under
variable loads, requiring sophisticated closed-loop digital positioners for
high-precision positioning.

— Force Density Limitations : Standard industrial supply pressures (4–8
bar) yield lower force density than hydraulic alternatives, requiring larger
piston areas to deliver equivalent thrust (F = P · A).



CHAPITRE 1. GENERALITIES ON INDUSTRIAL VALVES AND PNEUMATIC
ACTUATORS 24

1.7 Pneumatic Cylinders

Pneumatic cylinders translate compressed-air energy into precise linear
thrust. In valve systems, their displacement clamps closure elements against
high fluid pressures, tilts or rotates heavy internal assemblies, and meters flow
rates. They are the primary physical link between the automated control signal
and the mechanical regulation of the pipeline.

1.7.1 Classification of Pneumatic Cylinders

Classification Based on Duty Cycle and Structural Load

— Light-Duty : Aluminum alloys or polymers, for high-speed, low-force
applications.

— Medium-Duty : Brass or thin-walled steel, balancing strength and weight
for standard automation.

— Heavy-Duty : Cast iron or thick-walled carbon steel, for severe environ-
ments and high pressures.

Classification Based on Fluid Action and Return Mechanics

— Single-Acting : Pneumatic pressure drives one direction ; return is passive
via spring, gravity, or process load. Used in fail-safe valve designs (Fail-
Closed / Fail-Open).

— Double-Acting : Driven bi-directionally by alternating pressure across
the piston.
— Single-Rod : Asymmetric pressure area—higher thrust on extension

(Fext = P × Apiston) than retraction (Fret = P × [Apiston − Arod]).
— Double-Rod : Symmetrical rods on both sides, yielding equal force and

velocity in both directions.
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1.8 Conclusion

This chapter established the technical foundation for the control work develo-
ped in subsequent chapters. Industrial valves were examined across their princi-
pal classification axes functional role, closure mechanics, and material construc-
tion highlighting how each typology addresses specific process constraints.
The historical survey traced the progression from primitive sluice gates to
precision-engineered control assemblies, contextualizing the demands that mo-
dern process industries place on fluid regulation hardware. The discussion of
pneumatic actuators and cylinder architectures revealed the core trade-offs in-
herent to compressed-air systems : thermal resilience and low friction offset
by compressibility-induced instability and limited force density relative to hy-
draulic alternatives. These limitations directly motivate the need for closed-loop
digital positioners and robust control strategies—the central focus of the chap-
ters that follow.



CHAPITRE 2
System Description andMathematical Structure

2.1 Introduction to Valve Positioners

This chapter examines the critical function of valve positioners within auto-
mated control architectures. As specialized intermediaries, positioners translate
low power output signals from a process controller into high power pneumatic
or hydraulic adjustments to the actuator, ensuring the valve reaches the exact
displacement commanded by the control logic. A cornerstone of this technology
is the integration of mechanical or electronic position feedback, which creates a
localized control loop to optimize process efficiency.

Beyond signal translation, the primary utility of a positioner lies in its ability
to mitigate mechanical non idealities. Industrial valves often encounter static
friction (stiction), deadband, and hysteresis, all of which can severely degrade
control accuracy and lead to process oscillations. By monitoring the actual stem
position relative to the input signal, the positioner dynamically compensates for
these forces, providing the necessary force to overcome friction and ensuring
high fidelity positioning in demanding process loops. [8, 5]

2.2 Operating Principle of Valve Positioners

The fundamental operating principle of a valve positioner is based on ne-
gative feedback control. The device acts as a high gain comparator that conti-
nuously evaluates the command signal from the process controller (the “set-

26
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Figure 2.1 – Industrial valve positioner overview.

point”) against the physical displacement of the valve stem (the “process varia-
ble”). When a deviation, or error signal, is detected between the input command
and the actual position, the positioner modulates its pneumatic output to the ac-
tuator. This pressurized air provides the necessary thrust or torque to reposition
the valve until the error is nulled.

Beyond basic positioning, the device functions as a pneumatic power ampli-
fier. It accepts a low volume control signal and utilizes a separate high pressure
supply to deliver the volumetric flow required for rapid actuation. In modern
instrumentation, positioners often feature integrated I/P (Current to Pressure)
transducers, enabling them to convert standard 4–20 mA electronic signals di-
rectly into proportional pneumatic outputs. Advanced “smart” positioners can
even execute localized PID control logic by processing raw sensor data, thereby
reducing the computational load on the main Distributed Control System (DCS).
[9, 10]

2.3 Types of Valve Positioners

2.3.1 Pneumatic Positioners

The evolution of fluid power led to the development of pneumatic valve
positioners, which became the industrial standard for several decades. These
devices operate on a force balance principle, where a pneumatic command
signal (traditionally 3–15 psi) is balanced against a feedback spring connected
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to the valve stem. Any change in the signal pressure or the valve’s physical
position creates an imbalance in the internal relay or flapper-nozzle assembly,
causing the positioner to adjust the air supply to the actuator until equilibrium is
restored. These positioners are primarily utilized alongside pneumatic actuators
to provide robust, reliable control in environments where electrical components
might pose a safety risk or where high pressure air is readily available.

Figure 2.2 – Pneumatic valve positioner.

2.3.2 Digital and Smart Positioners

Digital positioners have transformed valve instrumentation from simple
transducers into intelligent field devices. By replacing analog mechanisms
with electronic sensors and digital signal processing, they execute high-fidelity
control and integrate seamlessly with central systems via protocols like HART
or Profibus. Beyond precise positioning, this digital architecture enables
real-time on-board diagnostics—tracking friction, cycle counts, and wear—to
facilitate predictive maintenance, while automated self-calibration significantly
reduces commissioning time.

Figure 2.3 – Digital smart valve positioner.
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2.3.3 Smart Valve Positioners and Intelligent Systems

"Smart" or "intelligent" valve systems represent the pinnacle of modern
control technology by pairing integrated process sensors with a high-
performance microprocessor. By calculating real-time mass or volumetric
flow rates directly from internal pressure and temperature data, these units
function as self-contained, autonomous loops. This decentralized architecture
modulates the obturator locally to maintain setpoints, effectively offloading
computational tasks from the central Distributed Control System (DCS) so
it can focus on higher-level plant optimization. Additionally, this embedded
intelligence provides a robust framework for predictive diagnostics and safety
management in critical environments.

Figure 2.4 – Smart valve positioner with integrated diagnostics.

2.4 Operational Architecture of the Analog Electro-

Pneumatic (E/P) Positioner

The analog positioner serves as the critical interface for the precise modula-
tion of pneumatic actuators, utilising a standardised 4–20 mA current loop. In
this architecture, the positioner functions as a closed-loop controller that pro-
cesses electronic inputs into mechanical displacement. Taking the EP100 series
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as a modular archetype, the operational sequence is as follows :
— Signal Processing : The electronics unit receives the 4–20 mA signal, with

the input range optimised via dip switches (S4–S7). An adjustable time
constant (P5) in Circuit 10 facilitates signal damping to prevent system
instability.

— Transduction : The processed signal enters the analog control circuit (11),
where gain — modulated by potentiometer P4 — governs the drive cur-
rent for the I/P (Current-to-Pressure) Module (12).

— Pneumatic Amplification : The I/P module regulates a single or double-
acting pneumatic amplifier (14). Utilising a supply pressure (Ps) of 1.4 to
6 bar, the amplifier generates the necessary output pressures to actuate
the valve.

— Feedback & Calibration : The physical displacement (x) is monitored
by a high-precision conductive plastic potentiometer (15). The system is
calibrated via the Zero (P3) and Span (P2) potentiometers, ensuring the
electrical input aligns perfectly with the mechanical stroke or rotation
angle.

Integrated mechanical indicators (16) and optional limit switches (22) pro-
vide independent verification of valve status and alarm signalling, ensuring
operational safety and diagnostic transparency.

[11] [12] [13]

2.4.1 Mechanical and Pneumatic Sub-Assemblies

The mechanical and pneumatic units of the EP100 are designed for high
reliability and ease of field service. The Amplifier manages air delivery with
specialised O-ring counts for single and double-acting control, while the Pre-
amplifier handles initial signal boosting with a four seal protective array. The
I/P Module acts as the system’s electromechanical bridge, regulating pneumatic
pilot signals based on electronic inputs. Finally, the Feedback Unit monitors the
valve’s actual position, translating mechanical movement back into the control
loop. Each unit is modular, allowing for targeted replacement of O-rings and
fastening hardware to maintain long-term operational integrity.
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Figure 2.5 – Mechanical and pneumatic sub-assemblies of the EP100 positioner.

2.5 Electro-Pneumatic (I/P) Transducers

Current-to-Pressure (I/P) transducers are fundamental signal converters that
facilitate the integration of electronic control systems with pneumatic final
control elements. The device functions by linearly converting a standardised
4–20 mA current loop into a proportional pneumatic output, typically spanning
3–15 psi (21–103 kPa). To be effective in high-dynamic process loops, an I/P trans-
ducer must exhibit high volumetric efficiency — providing rapid charging of
the actuator diaphragm while facilitating high-speed exhaust when the control
signal is attenuated.

Beyond basic transduction, industrial-grade I/Ps must maintain high-fidelity
performance under adverse environmental stressors, including mechanical vi-
bration, thermal fluctuations, and corrosive or contaminated atmospheric condi-
tions. While the flapper-nozzle assembly has remained the mechanical standard
since the 1960s, contemporary designs have evolved to include solid-state com-
ponents and advanced feedback mechanisms. These modern iterations priori-
tise low “steady-state” air consumption and enhanced resilience to particulate
contamination, ensuring long-term reliability in severe service applications.



CHAPITRE 2. SYSTEM DESCRIPTION AND MATHEMATICAL STRUCTURE 32

2.5.1 Conventional Flapper-Nozzle Mechanism

The traditional I/P transducer operates on a force-balance principle, utilising
a coil-armature assembly to convert electrical current into mechanical displa-
cement. The input current (4–20 mA) generates a magnetic field that exerts a
proportional force on a pivoting beam, known as the flapper. This flapper is po-
sitioned in close proximity to a precision nozzle, which is supplied with constant
air pressure.

The physical gap between the flapper and the nozzle orifice dictates the
pneumatic backpressure (or pilot pressure) within the sensing line. As the flap-
per moves closer to the nozzle, it restricts the air escape, causing an increase
in backpressure ; conversely, increasing the gap reduces the pressure. To ensure
linear response and stability, many designs integrate a feedback bellows or a
counter-spring. This component exerts a restoring force on the beam to coun-
teract the magnetic pull, effectively nulling the error and ensuring the output
pressure remains precisely proportional to the input current. [12, 14]

Figure 2.6 – Conventional flapper-nozzle mechanism of an I/P transducer.

2.5.2 Flapper Nozzle Amplifier

A pneumatic control system uses compressed air as its working medium,
where information is transmitted through changes in air pressure, typically ran-
ging from 0.2 to 1.0 bar (3–15 psi), to trigger control actions. A fundamental
component of such systems is the flapper–nozzle amplifier, which transforms
very small mechanical displacements, on the order of microns, into correspon-
ding variations in air pressure. The basic structure of a flapper–nozzle amplifier
is illustrated in Figure 2.11
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Figure 2.7 – Nozzle flapper system with amplifier

A constant air supply is applied to one end of the pipeline through a restric-
tion orifice. At the opposite end, a nozzle and flapper arrangement is installed.
The distance between the nozzle and flapper is controlled by the input signal.
When the flapper moves closer to the nozzle, airflow through the nozzle is re-
duced, causing the pressure within the pipe to rise. Conversely, as the flapper
moves farther from the nozzle, more air escapes and the pressure decreases. In
the limiting case, when the nozzle is fully open (flapper far away), the output
pressure equals atmospheric pressure. When the nozzle is completely blocked,
the output pressure becomes equal to the supply pressure. [15]

2.5.3 Air Relay

A key limitation of the flapper–nozzle amplifier is its low air handling capa-
city, meaning the pressure variation it produces is too small for most practical
applications unless it is amplified. To overcome this, an air relay is used downs-
tream to increase the volume of air being controlled. The operating principle of
the air relay can be understood from the schematic in Figure 2.12. The relay is
connected directly to the supply line without an intermediate orifice. The output
pressure from the flapper–nozzle amplifier (p2) is fed into the lower chamber
of the relay, while a diaphragm is positioned at the top. Changes in p2 cause
the diaphragm to move by a displacement y. A double-seated valve is attached
to the diaphragm. When the nozzle pressure p2 rises due to a decrease in xi,
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the diaphragm lifts upward, closing the vent line and opening a path between
the supply line and the output, allowing more air to flow and increasing output
pressure. When p2 drops, the diaphragm moves downward, closing the supply
line and connecting the output to the vent, which reduces the output pressure.
[16]

2.6 Mathematical Model Structure

To ensure a highly accurate dynamical system identification procedure, this
section focuses on selecting an appropriate mathematical model structure for the
cylindrical actuator system equipped with a pneumatic positioner. The primary
objective is to derive the transfer function relating the input control signal to the
final valve position.

System Variables and Signals

— Input Signal u(t) : Represents the control signal applied to the pneumatic
positioner, utilizing a standard 4–20 mA current loop.

— Piston Linear Position Y(t) : Represents the physical displacement of the
internal pistons within the actuator.

— Rotary Position θ(t) : Measured from 0% to 100%, this variable represents
the angular position of the rotary actuator, which directly mirrors the
linear position Y(t).

Modeling Assumptions and Dynamics

Adopting this modeling approach significantly simplifies the mathematical
identification process. However, selecting a precise model structure remains
critical to achieving the optimal fit during experimental validation.

The coil directly regulates the nozzle-flapper gap, which subsequently dic-
tates the velocity and direction of the double-acting cylinder. The relationship
between the internal cylinder pressures and the piston position is defined in
Equation (2.6.1).
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Furthermore, the static characteristics of the double-acting valve can be de-
termined via a force balance analysis. By neglecting hysteresis, a foundational
equation can be established for both the extension and retraction of the cylinders.
For simplicity during this analysis, the motion is assumed to be unidirectional,
yielding the following dynamic equation of motion :

m Ÿ(t) = Dp − Fn Ẏ(t) (2.6.1)

where :

Dp = A1P1 − A2P2

Fn = Kn Ẏ

Here, Fn represents the nonlinear friction forces, and Kn denotes the viscous
friction coefficient. Assuming equal piston areas (A1 = A2 = A), the relation-
ship between the piston position and the cylinder’s differential pressure (∆P) is
expressed in Equation (2.6.2) :

Y(s)
∆P(s)

=
A/Kn

s (T2s + 1)
(2.6.2)

where the time constant T2 is defined as T2 =
m
Kn

.

Pressure and Input Signal Relationship

The transfer function between the cylinder differential pressure and the cur-
rent input signal (I) is approximated as a first-order dynamical system, given by
Equation (2.6.3) :

∆P(s)
I(s)

=
kg

T1s + 1
(2.6.3)

where T1 is the system time constant, and kg is the gain modeling the ratio
between the nozzle-flapper gap and the differential pressure.[1]
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Overall System Transfer Function

By substituting Equation (2.6.3) into Equation (2.6.2) and defining the total
system gain ks, the overall transfer function structure from the current control
signal to the cylinder position is derived as Equation (2.6.4) :

Y(s)
I(s)
=

ks

s (T2s + 1)(T1s + 1)
(2.6.4)

where the gain constant is defined as :

ks =
Kn · kg

A
(2.6.5)

[1]

2.7 Conclusion

This chapter provided a comprehensive foundation for understanding the
operational principles and mathematical modeling of the nozzle-flapper pneu-
matic valve positioner system. Beginning with an overview of valve positioner
technology, the evolution from early mechanical assemblies to modern smart
devices was examined, highlighting the progressive improvements in precision,
diagnostics, and system integration.

The operational architecture of the analog electro-pneumatic positioner was
analyzed in detail, with particular focus on the EP100 series as a representative
platform. The internal signal chain — from the 4–20 mA input through the I/P
transduction stage to the final mechanical displacement — was systematically
described, establishing the physical basis for the dynamic model developed in
subsequent chapters.



CHAPITRE 3
System Identification andModelling of the

Electro-Pneumatic Positioning System

3.1 Introduction

This chapter addresses the mathematical characterisation of the electro-
pneumatic valve positioning system through system identification techniques.
Given the inherent nonlinearities of the physical plant — including compressible
airflow dynamics, mechanical friction, and valve hysteresis — a purely analytical
modelling approach presents significant practical limitations. The identification
procedure therefore aims to derive a linear approximation of the dominant sys-
tem dynamics around a selected operating point, suitable for control design
purposes.

The chapter begins by reviewing the parametric model structures conside-
red for identification, namely the ARX, ARMAX, Box-Jenkins, Output-Error, and
Hammerstein models, with a discussion of the trade-offs each presents in terms
of complexity, noise representation, and estimation tractability. A closed-loop
identification approach is then adopted, driven by a persistently exciting in-
put signal generated by the STM32 microcontroller. The resulting experimental
data are used to estimate the parameters of a third-order closed-loop transfer
function, from which the open-loop plant model is algebraically recovered. The
chapter concludes with an open-loop hardware validation experiment, in which
the identified model is compared against the physical system response under
periodic square-wave excitation.

37
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3.2 Simplified Model Structure Selection

Several parametric model structures are available for characterising the sys-
tem dynamics, including the AutoRegressive with Exogenous Input (ARX),
Auto-Regressive Moving Average with Exogenous Input (ARMAX), Output
Error (OE), and Box-Jenkins (BJ) models. The selection of an appropriate mo-
del structure depends on the nature of the process, the characteristics of the
disturbances acting upon it, and the intended application of the identified mo-
del. Each structure offers a distinct trade-off between model complexity, noise
representation capability, and estimation tractability.

3.2.1 AutoRegressive with Exogenous Input (ARX) Model

The ARX model represents the most straightforward approach to incorpo-
rating an excitation signal. Furthermore, the parameter estimation procedure
associated with the ARX model constitutes one of the most computationally
efficient polynomial estimation techniques, as it reduces to the solution of a
system of linear regression equations in closed form.

The ARX model structure can be written as :

y(k) =
B(q)
A(q)

· u(k) +
1

A(q)
· e(k) (3.2.1)

where y(k) denotes the system output at time k, u(k) represents the input signal
at time k, and e(k) corresponds to the noise signal at time k. The polynomials A(q)
and B(q) are functions of the forward shift operator q, with A(q) governing the
autoregressive dynamics and B(q) relating the exogenous input to the output.

A key characteristic of the ARX structure is that the noise model shares
the same denominator polynomial A(q) as the process model. Consequently,
any mismatch between the true noise dynamics and the assumed structure
may introduce bias into the parameter estimates. Despite this limitation, the
ARX model remains widely employed in practice due to its simplicity and its
amenability to least-squares estimation, which yields a globally optimal solution
in a single computational step.[17]
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3.2.2 AutoRegressive Moving Average with Exogenous Input

(ARMAX) Model

Unlike the ARX model, the ARMAX structure incorporates an explicit repre-
sentation of disturbance dynamics through the introduction of a moving average
polynomial C(q). The ARMAX model is particularly advantageous in applica-
tions characterised by dominant disturbances entering early in the process, such
as at the system input.

The ARMAX model structure is expressed as :

y(k) =
B(q)
A(q)

· u(k) +
C(q)
A(q)

· e(k) (3.2.2)

where C(q) is the moving average polynomial that shapes the spectral proper-
ties of the additive noise. The inclusion of C(q) provides greater flexibility in
modelling coloured noise sequences, making ARMAX more suitable than ARX
when disturbances exhibit significant dynamic content.

However, the additional polynomial introduces a nonlinearity in the para-
meter estimation problem, since C(q) appears in the noise term alongside A(q),
which also governs the process dynamics. As a result, parameter estimation for
the ARMAX structure typically requires iterative optimisation methods, such as
the prediction error minimisation framework, rather than the direct closed-form
solution available for ARX models.[17]

3.3 System Identification via Structured Process Mo-

dels

In practical industrial applications, such as the control of pneumatic valve
positioners, traditional black-box identification methods (e.g., ARX, ARMAX,
or unstructured state-space formulations) often yield high-order discrete-time
transfer functions. While mathematically flexible, these polynomial coefficients
lack direct physical meaning, rendering them difficult to validate against known
plant characteristics or to utilize directly for analytical PID or Internal Model
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Control (IMC) tuning.
To bridge the gap between experimental data and physical intuition, the

MATLAB System Identification Toolbox provides a dedicated model class
known as idproc (Process Models). The core paradigm of this framework is
to fit low-order, continuous-time transfer functions parameterized exclusively
by physically meaningful quantities : static gain, dominant time constants,
damping ratios, natural frequencies, transport delays, and optional integrators
or zeros.

3.3.1 Mathematical Structure of the idproc Class

The generic Single-Input Single-Output (SISO) continuous-time transfer
function representation supported by the idproc class is bounded at three
poles, one zero, one transport delay, and one free integrator. The fully expanded
operational template is formulated as :

G(s) =
Kp(1 + Tzs)

sγ(1 + Tp1s)(1 + Tp2s)(1 + Tp3s)
e−Tds (3.3.1)

where the structural parameters are physically defined as follows :
— Kp ∈ R : The steady-state open-loop plant gain.
— Tp1,Tp2,Tp3 ∈ R+ : Real-valued positive time constants representing do-

minant plant poles.
— Tz ∈ R : A numerator time constant defining a system zero, capable of

capturing non-minimum phase behavior (inverse response) if Tz < 0, or
overshoot characteristics if Tz > 0.

— Td ∈ R+ : The continuous transport lag or dead time.
— γ ∈ {0, 1} : A structural switch defining the absence (γ = 0) or presence

(γ = 1) of a free integrator, typical of positioning or liquid level dynamics.

The Structural Type Code

The toolbox identifies these configurations through a standardized, compact
alphanumeric type code. The structural configuration is parsed using the for-
mat Pn[U][Z][D][I], where n ∈ {1, 2, 3} denotes the total number of poles. The



CHAPITRE 3. SYSTEM IDENTIFICATION AND MODELLING OF THE
ELECTRO-PNEUMATIC POSITIONING SYSTEM 41

operational meanings of the structural modifiers are summarized in Table 3.1.

Table 3.1 – Structural Class Definers for the idprocModel Space

Code Physical Meaning Associated Parameters

P1, P2, P3 Total number of system poles (n) Tp1,Tp2,Tp3

U Replaces a real pole pair with an underdamped pair Tw, ζ
Z Appends a numerator zero to the plant structure Tz

D Enforces a non-negative transport delay (dead time) Td

I Introduces an open-loop integrator element (1/s) γ = 1

Under this convention, a P1D denotes a classic First-Order Plus Dead Time
(FOPDT) model (G(s) = Kp

1+Tp1se−Tds), whereas a P3Umodel denotes an underdam-
ped second-order pair coupled with an additional real pole, expressed mathe-
matically as :

GP3U(s) =
Kp

(1 + 2ζTws + T2
ws2)(1 + Tp3s)

(3.3.2)

3.3.2 Estimation Theory and Optimization Mechanics

The routine procest executes parameter estimation within a prediction-
error framework. Let θ define the vector of unknown physical parameters to be
estimated :

θ =
[
Kp Tw ζ Tp3 Tz Td

]T
∈ Rd (3.3.3)

Given a set of N sampled input-output data pairs ZN = {[u(tk), y(tk)]}Nk=1

collected at a sampling interval Ts, the estimation objective is to compute a θ̂
that minimizes a scalar quadratic loss function of the innovations or prediction
errors :

VN(θ) =
1
N

N∑
k=1

e2(tk, θ) (3.3.4)

where the output error e(tk, θ) represents the residual mismatch between the true
measured plant output y(tk) and the deterministic unmodeled-noise simulation
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output ŷ(tk|θ) :

e(tk, θ) = y(tk) − ŷ(tk|θ) = y(tk) − [G(s, θ)u(t)]t=tk (3.3.5)

Continuous-Time Fitting of Sampled Data

A distinct advantage of the idproc estimation paradigm is that the optimiza-
tion operates directly on continuous-time equations without requiring manual
discrete-to-continuous transforms (d2c). To match the continuous model G(s, θ)
with the discretely sampled I/O data, the toolbox assumes a specific intersample
behavior for the input—typically a Zero-Order Hold (ZOH).

Over any sampling interval t ∈ [kTs, (k+1)Ts), the input is assumed constant :
u(t) = u(kTs). Inside the optimization loop, the internal simulation engine com-
putes the exact analytical state-space transition of the continuous system at the
discrete time steps :

x(kTs + Ts) = eAc(θ)Tsx(kTs) +
(∫ (k+1)Ts

kTs

eAc(θ)τdτ
)

Bc(θ)u(kTs) (3.3.6)

where Ac(θ) and Bc(θ) represent the continuous-time parameterized state ma-
trices. This avoids numerical discretization artifacts, such as the generation of
non-physical negative real poles or unit-circle clustering issues inherent in high-
rate discrete polynomial identification.

3.4 Transfer Function Identification

System identification constructs a mathematical model from experimental
input-output data. For electro-pneumatic systems, this step is critical due to
nonlinearities from compressible airflow, friction, and valve hysteresis, which
complicate purely analytical modelling. The goal is to obtain a linear approxi-
mation capturing the dominant dynamics around a chosen operating point for
control design.

Given the system’s nonlinearities and integrating characteristics, a closed-
loop identification approach was adopted, applying a small varying signal
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around the operating point. A persistently exciting input, generated by the
STM32 microcontroller, ensures all relevant dynamic modes are adequately sti-
mulated. A proportional controller with gain Kp = 4 is used initially, with the
output amplified externally to match the positioner input range.

The position system is modelled as a second-order transfer function with
an open-loop integrator, consistent with the compressibility-driven dynamics of
pneumatic actuators. Considering a proportional controller and feedback factor
k f , the closed-loop transfer function F(s) relates the current input to the valve
position.[1]

Figure 3.1 – identification close loop

F(s) =
1
k f
·

1
T1T2

kpks
S3 +

T1 + T2

kpks
S2 +

1
kpks

S + 1
(3.4.1)

where T1 and T2 are the time constants associated with the open-loop plant
dynamics, kp is the proportional controller gain, and ks is the static gain of the
system. The denominator polynomial defines the characteristic equation of the
closed-loop system, whose roots determine the stability and transient behavior
of the response.

The step-response obtained experimentally reveals a damped oscillatory be-
havior. Under the assumption of linear operation around the selected operating
point, the third-order characteristic equation associated with F(s) may be re-
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presented as the series combination of a damped second-order system and a
first-order system. This factored representation is particularly convenient for
parameter estimation, as it directly exposes physically meaningful quantities
such as the damping ratio and natural frequency, which can be related to the
observed transient response characteristics.[1]

F(s) =
K

(1 + 2ζTω s + (Tω s)2)
(
1 + Tp3 s

) (3.4.2)

where K is the system gain, ζ is the damping ratio, Tω is the natural frequency
of the second-order component, and Tp3 is the time constant of the first-order
component. Using MATLAB’s System Identification Toolbox, the model para-
meters were estimated from the recorded experimental datasets by minimizing
the prediction error between the model output and the measured system res-
ponse. The estimation was performed iteratively, with the toolbox employing a
nonlinear least-squares algorithm to converge on the parameter values that best
fit the observed data. The identified parameters, together with their associated
uncertainty bounds, were obtained as follows :

K = 1.0629 ± (3.1305 × 10−5)

ζ = 0.60549 ± 0.00061954

Tω = 0.073032 ± (7.1261 × 10−5)

Tp3 = 0.00016599 ± (8.2157 × 10−5)

(3.4.3)

The narrow uncertainty bounds associated with each parameter confirm the
consistency and reliability of the identification procedure. The damping ratio ζ =
0.606 indicates an underdamped second-order mode, which is consistent with
the oscillatory transient observed in the experimental step response. The small
value of Tp3 relative to Tω suggests that the first-order component contributes
a fast dynamic mode that has a limited influence on the overall closed-loop
response shape.

Substituting these estimated parameters into the closed-loop transfer func-
tion F(s) yields the following numerical expression :
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F(s) =
1.063

8.853 × 10−7 s3 + 0.00534 s2 + 0.08861 s + 1
(3.4.4)

The feedback factor is then calculated directly from the identified static gain
as :

k f =
1

1.063
= 0.9408 (3.4.5)

This value reflects the sensor scaling between the physical valve position
and the feedback signal returned to the controller, and is used in subsequent
open-loop model derivation.

Figure 3.2 presents a comparison between the measured valve position res-
ponse and the response generated by the identified model. The same propor-
tional controller gain was employed in both the experimental setup and the
simulation to ensure a fair and consistent comparison between the two res-
ponses.

Figure 3.2 – Comparison between measured and simulated position responses [1].

The identified third-order closed-loop model achieved a fit of 94.53% with
respect to the estimation data. The Final Prediction Error (FPE) and the Mean
Squared Error (MSE) were both equal to 19.67 × 10−5, indicating a high level
of agreement between the model and the experimental data. These metrics
collectively confirm that the identified model reproduces the essential dynamic
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characteristics of the physical system with sufficient fidelity for the purposes of
control design.

Finally, the open-loop transfer function G(s) was derived from the identified
closed-loop model by algebraic inversion of the closed-loop expression. Given
the closed-loop relationship between the plant G(s), the proportional control-
ler gain kp, and the feedback factor k f , the open-loop transfer function can be
recovered according to :

G(s) =
F(s)

kp − k f kpF(s)
(3.4.6)

Substituting the numerical values of kp and k f along with the identified
expression for F(s) into the above relation and simplifying yields :

G(s) =
3.001 × 105

s (s2 + 6041 s + 1.001 × 105)
(3.4.7)

The presence of an integrator pole at s = 0 in G(s) confirms the integrating
nature of the open-loop plant, which is physically consistent with the beha-
vior of a pneumatic positioning system where a constant pressure differential
produces a continuously changing position output. The two remaining poles
of the denominator correspond to the stable oscillatory dynamics captured by
the second-order component of the closed-loop model. This open-loop model
serves as the basis for the control design carried out in the following section.

In many practical applications, controller synthesis is first carried out offline
using the identified model. This approach allows the controller performance
to be evaluated and refined through simulation before implementation on the
actual system, thereby reducing commissioning time and minimizing the risk
of instability during the tuning phase.[1]
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3.5 Validation of Open Loop

3.5.1 Open-Loop Model Validation

Prior to controller synthesis, the fidelity of the identified transfer function
model G(s) was assessed through an open-loop hardware validation experiment.
The validation was implemented in a dedicated Simulink model deployed on
the STM32F303RE target at a sampling period of Ts = 5 ms, in which the physical
pneumatic valve positioner and the discrete transfer function model were driven
simultaneously by the same input signal.

Figure 3.3 – Simulink block diagram used for the model validation

Validation Setup

A periodic square-wave excitation signal was generated using a Simulink
Pulse Generator block, sweeping the valve between two operating positions
across the full stroke range. The command signal was applied to the physical
actuator via the analog output (pin PA_4) and in parallel to the discretized plant
model, obtained by converting G(s) to its discrete-time equivalent using zero-
order hold (ZOH) at Ts = 5 ms. The measured position of the physical valve was
acquired via the analog input (pin PC_0) at the same sampling rate, and both
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the measured and simulated responses were logged to the MATLAB workspace
via To Workspace blocks for post-processing comparison.

Time (seconds)
0

0.05

0.1

0.15

Control signal to system

Time (seconds)

-0.05

0

0.05

Control signal to function

Figure 3.4 – Open loop controle signals

Validation Results

Figure 3.5 presents the overlay of the measured and simulated position res-
ponses over a duration of 220 seconds. The two signals exhibit close agreement
throughout the experiment, confirming that the identified third-order trans-
fer function captures the dominant dynamic behaviour of the physical system
with acceptable accuracy. The slight discrepancies observed during the transient
phases — particularly at the rising and falling edges — are attributed to nonli-
near friction effects and pneumatic hysteresis inherent to the electro-pneumatic
actuator, which are not captured by the linear nominal model.
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Figure 3.5 – Open-loop model validation : measured vs. simulated position responses

These residual modeling errors constitute the unmodeled dynamics and
parametric uncertainties that motivate the use of H∞ robust control in Chapter,
where the controller is synthesized to guarantee closed-loop stability and perfor-
mance despite such discrepancies between the nominal model and the physical
system. The Mean Squared Error (MSE) between the measured and simulated
outputs was computed as :

MSE =
1
N

N∑
k=1

(
y(k) − ŷ(k)

)2
= 0.0160 (3.5.1)

The MSE quantifies the average squared deviation between the model out-
put and the real system response over the entire validation window. A value
of 0.0160 indicates that the identified transfer function reproduces the system
behavior with a low prediction error, given that the position signal operates
over a normalized range of [0, 1]. The residual error is primarily concentrated
at transient intervals and is consistent with the nonlinear characteristics of the
pneumatic actuator, particularly the dead zone effect, which the linear model
does not account for. Overall, this result confirms a satisfactory level of accu-
racy and validates the identified model as a suitable basis for robust controller
design.
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3.6 Conclusion

This chapter presented the identification and open-loop validation of a ma-
thematical model for the electro-pneumatic valve positioning system. A closed-
loop identification approach was adopted to accommodate the integrating and
nonlinear characteristics of the plant, with a proportional controller of gain
Kp = 4 used to stabilise the system during data acquisition. The experimental
step response was fitted to a third-order closed-loop transfer function, achie-
ving a model fit of 94.53% with an FPE and MSE of 19.67 × 10−5, confirming the
reliability of the estimated parameters.

The open-loop transfer function G(s), recovered by algebraic inversion of
the closed-loop model, exhibits an integrator pole at s = 0 consistent with
the physical behaviour of a pneumatic actuator, alongside a stable oscillatory
second-order mode. Open-loop hardware validation against periodic square-
wave excitation confirmed close agreement between the simulated and measu-
red responses, with residual discrepancies attributed to nonlinear friction and
pneumatic hysteresis not captured by the linear nominal model. These unmodel-
led dynamics and parametric uncertainties motivate the robust control strategy
developed in the subsequent chapter.

3.7 Fixed-Structure H∞Optimal Tuning viahinfstruct

3.7.1 Introduction

Modern industrial control design demands a rigorous balance between de-
terministic performance metrics (such as tracking accuracy and regulation band-
width) and robust stability margins against plant parameter variations. While
classical H∞ optimal control theory offers unmatched mathematical guarantees
regarding robust performance, it traditionally yields full-order controllers. The
dynamic order of an unconstrained H∞ controller matches or exceeds that of the
augmented open-loop generalized plant, rendering its implementation compu-
tationally prohibitive and structurally incompatible with standard industrial
hardware infrastructures.
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To reconcile advanced robust control theory with industry-standard hard-
ware constraints, this work utilizes the fixed-structure H∞ synthesis framework
via MATLAB’s hinfstruct engine. This methodology restricts the controller
topology a priori to a standard Parallel Proportional-Integral-Derivative (PID)
form. Rather than solving an unconstrained state-space optimization, the algo-
rithm computes the real-valued controller gains natively within a frequency-
domain loop-shaping framework, bypassing the need for subsequent order re-
duction or heuristic curve-fitting. [18]

3.7.2 Theoretical Framework and Generalized Plant Synthesis

The optimization problem is formulated by isolating the parameterized
controller K(s) from an augmented open-loop generalized plant P(s) utilizing
a lower Linear Fractional Transformation (LFT) framework.

The generalized plant P(s) encapsulates the nominal plant dynamics G(s)
combined with frequency-dependent weighting filters designed to shape the
closed-loop frequency response. The system signals are explicitly partitioned
into three operational vector spaces :

1. Exogenous Inputs (w) : Comprising the reference command (c), input
plant disturbance (bu), and measurement channel noise (by).

2. Regulated Outputs (z) : Bounding the weighted tracking error (ze), weigh-
ted control actuation penalty (zu), and weighted plant output (zy).

3. Internal Controller Interface (u, e) : The synthesized control effort (u) and
the tracking error feedback (e).

The closed-loop block connectivity is mathematically defined by the follo-
wing internal algebraic summing junctions :

e = c − ymeas (3.7.1)

ymeas = y +Wyb · by (3.7.2)

uplant = u +Wb · bu (3.7.3)

Correspondingly, the tracking metrics map to the regulated vector via the
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frequency-dependent filtering arrays :

ze =We · e, zu =Wu · u, zy =Wy · y (3.7.4)

By packing these channels, the open-loop interconnection is matrix-defined
via the transfer function block equation :

ze

zu

zy

e

 = P(s)


c
bu

by

u

 =
P11(s) P12(s)
P21(s) P22(s)

 wu
 (3.7.5)

By executing a lower LFT over the structural parameter space θ = {Kp,Ki,Kd},
the closed-loop map Tzw(s) is evaluated as :

Fl(P,K) = Tzw(s) = P11(s) + P12(s)K(s) (I − P22(s)K(s))−1 P21(s) (3.7.6)

The optimization problem seeks to minimize the worst-case energy amplifi-
cation across all frequencies [18]

min
θ∈R3
∥Tzw(s, θ)∥∞ = min

θ∈R3
sup
ω∈R
σmax

(
Tzw( jω, θ)

)
(3.7.7)

3.7.3 Application to the Proposed Model

The structural methodology is applied to an second-order model with an
integrator

G(s) =
300100

s(s2 + 6041s + 1.001 × 105 (3.7.8)

Weighting Boundary Configuration

To construct P(s), frequency-shaping performance blocks are selected to de-
fine loop boundaries :

— Tracking Sensitivity Boundary (We) : Formulated as a low-pass profile
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to shape S = (1 + GK)−1 :

We(s) =
s

1.4 + 0.5
s + 0.005

(3.7.9)

This limits low-frequency tracking mismatch to an error floor A = 0.01
(1%) up to a target operating bandwidth ωb = 0.5 rad/s, under a peak
sensitivity limit M = 1.4.

— Actuator and Robustness Filters (Wu,Wy) : The control output penalty is
scaled to Wu = 0.15 to mitigate high-frequency actuator chatter (KS). The
output complementary stability envelope is fixed via Wy = 1.2 to bound
T.

— Disturbance and Noise scaling (Wb,Wyb) : Plant input disturbance scaling
is defined as Wb = 3.5, and the high-frequency measurement sensor noise
floor is weighted at Wyb = 0.1.

The structural controller block is hard-coded to a parallel layout with a static
high-frequency derivative filter pole T f = 0.01 s (N = 100 rad/s) to suppress
numerical high-frequency derivative amplification :

K(s) = Kp +
Ki

s
+

Kds
0.01s + 1

(3.7.10)

Synthesis Optimization Results

Following optimization execution across 20 randomized starting points, the
algorithm converged on a mathematically optimal parameter vector θ∗. The
derived structural PID controller parameter values are :

Kp = 3.000000, Ki = 0.537500, Kd = 0.046600 (3.7.11)

This parameter vector yields the final optimized control law mapping :

Kopt(s) = 3 +
0.5375

s
+

0.0466s
0.01s + 1

(3.7.12)

The achieved structured infinity norm satisfies γopt ≤ 1, confirming that all
competing loop-shaping parameters—including tracking accuracy, disturbance
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rejection boundaries, and sensor noise margins—are optimized simultaneously
within a singular, robustly stable framework.

3.7.4 Simulation Results

The simulated position tracking results for the structured H∞- PID controller
are shown in the Figure 3.6 below.
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Figure 3.6 – Simulation results of position

3.7.5 Experimental Results of the H∞-Tuned PID Controller

The H∞-synthesized PID controller was deployed on the STM32F303RE and
tested in real time on the proportional pneumatic valve positioner. Figure ??
presents the measured closed-loop response of the system, comparing the actual
valve position against the commanded reference setpoint.

The experimental results demonstrate that the controller tuned via the
hinfstruct procedure achieves accurate setpoint tracking with a fast settling
time and negligible steady-state error. The robustness margins enforced during
the H∞ synthesis translate directly to the physical bench, where the positioner
maintains stable behavior and effective disturbance rejection despite the
nonlinearities and friction inherent to the pneumatic actuator. This confirms
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that the performance predicted in simulation is preserved after embedded
deployment.
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Figure 3.7 – Real results of position

3.8 Conclusion

This chapter presented the identification of a third-order closed-loop transfer
function for the electro-pneumatic valve positioner using MATLAB’s ‘idproc‘
framework, achieving a 94.53% fit. The open-loop plant model, recovered by
algebraic inversion, confirmed the expected integrator dynamics of the pneu-
matic actuator and was validated against hardware with an MSE of 0.0160. A
fixed-structure H PID controller was then synthesized via ‘hinfstruct‘, yielding
optimal gains that satisfy all loop-shaping constraints within a unified robust fra-
mework. Both simulation and experimental deployment on the STM32F303RE
confirmed accurate setpoint tracking, fast settling, and effective disturbance
rejection, validating the identified model and the synthesized controller as a
reliable foundation for robust pneumatic valve positioning.



General Conclusion

This thesis has presented a comprehensive investigation into the mode-
ling, system identification, and foundational control framework of an electro-
pneumatic valve positioning system, progressing systematically from funda-
mental mechanical principles to a validated mathematical representation sui-
table for advanced control synthesis. The first chapter established the technical
groundwork by examining industrial valves as critical final control elements
within fluid power networks. A systematic review of valve classifications by
function, mechanical motion, and dimensional scale revealed the diverse ar-
chitectures employed across modern process industries, ranging from gate and
globe valves to ball, butterfly, and eccentric plug configurations. The chapter
further traced the historical evolution of fluid control technology from ancient
irrigation systems to contemporary smart actuation, and culminated in a detai-
led analysis of pneumatic actuators and cylinders. The comparative study of
single-acting and double-acting configurations highlighted the inherent trade-
offs between fail-safe integrity, force density, and bidirectional control capability
that govern actuator selection in industrial practice. Building upon this foun-
dation, the second chapter examined the valve positioner as the closed-loop
intermediary that compensates for mechanical non-idealities such as stiction,
deadband, and hysteresis. The evolutionary trajectory of positioners — from
early mechanical linkages and force-balance pneumatic devices to modern digi-
tal and smart positioners equipped with on-board diagnostics — was traced in
detail, with particular focus on the analog EP100 architecture as a representative
case study. The chapter further developed analytical transfer-function models

56
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for the double-acting pneumatic cylinder, the directional control valve, and the
solenoid coil assembly, establishing the mathematical scaffolding required for
subsequent identification and control design. The third chapter addressed the
inherent nonlinearities of the physical plant — including compressible airflow,
mechanical friction, and valve hysteresis — through a closed-loop system iden-
tification approach. A persistently exciting input signal generated by an STM32
microcontroller stimulated the dominant dynamic modes of the system, en-
abling the estimation of a third-order closed-loop transfer function with narrow
uncertainty bounds.

Collectively, these three chapters provide a rigorous foundation that transi-
tions from passive mechanical components to a validated mathematical repre-
sentation of the electro-pneumatic positioning loop. The residual discrepancies
between the linear nominal model and the physical system — attributed to
unmodelled nonlinear friction and pneumatic hysteresis — constitute the para-
metric uncertainties that motivate the development of a robust control strategy
in subsequent work. This structured methodology contributes to the advance-
ment of automated process instrumentation and establishes a clear pathway
toward the design of high-fidelity, intelligent valve control systems for deman-
ding industrial applications.
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