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Abstract

Servo pneumatic systems are widely used to obtain a clean, accurate, robust
position control in many industrial drives. This technology has the potential to
replace electromechanical and hydraulic drives in many applications. The high
power-to-weight ratio and low cost of pneumatic actuators make them attractive
for a pneumatic cylinder’s precision positioning. Still, it is not easy to achieve fast
and accurate position control.

This work presents the position control of a single-rod, double-acting cylinder
implemented in a PLC with a Camozzi serial node responsible for managing inputs
and outputs. A didactic bench provided by the Department of Mechanical and
Aerospace Engineering (DIMEAS) is used because it is equipped with different
components that allow performing the tests using various schemes, types of valves,
and control algorithms.

After describing the didactic test bench components, their main features, and
the correct configuration, a full chapter describes the PLC Programming through
the software Tia Portal. Finally, a comparison is made between the test results
using different pneumatic valves and various techniques to control a pneumatic
actuator position. Details of each control method and the results obtained are
given, and finally, a global comparison is made with several critical considerations.

The experiments realized on the didactic bench exposed during the thesis will
help students for academic exercises during fluid automation and industrial au-
tomation courses.

Keywords: Pneumatic systems, Controlling positioning systems, PLC, ladder
logic, feedback control.
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Chapter 1

Introduction

1.1 Pneumatic Systems

For a long time, pneumatic technology has played an important role in mechanical
work, and also it has been used in the improvement of automation solutions in
almost all industries.

The pneumatic systems transform the pressure and volume of compressed air
into rectilinear and rotary movements through actuators such as cylinders and
motors. The air compressor absorbs air from the atmosphere and stores it in a
high-pressure tank called a receiver. Therefore it is supplied to the system through
tubes and valves [1].

Many fields that require the automation of a process are applying pneumatic
systems since this technology offers numerous advantages as follow [2][3]:

o Economical: the source is abundant since it uses air as a source of energy, and
it is inexhaustible and free. Also, the components of a pneumatic system are
not expensive and are durable. Likewise, the maintenance cost is lower than
other methods.

o Easy to transport and store: the compressed air can is transported long
distances in large volumes through pipes. Once used, there is no need for
return ducts because the air is released into the atmosphere without a previous
process.

o Resistant to temperature changes: the temperature variation alters in a lower
degree the compressed air. Thus, it can work for a long time and with a wide
working temperature range without the risk of reaching a dangerously high
temperature.
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o Safety aspects: It is flameproof so that it can be operated in a chemically
aggressive, humid, and dusty environment without the risk of fire or explosion.

o Cleanliness aspects: A production with pneumatic technology does not produce
pollutants. Its cleanliness feature is highly recommended for industries that
required immaculate presentation like chemical, textile, and food industries.

» Easy regulation of force and speed: Both the force and speed are adjustable
in a continuous way. The regulation is achieved through a pressure regulator
without adding significant changes to the system. Pneumatics are useful for
efforts that require precision and speed.

1.1.1 Servo Pneumatic Systems

A servomechanism is a closed-loop mechanism that provides feedback to correct
the position of the actuator. This actuator must provide negative feedback through
a sensor, and it allows the actuator to automatically correct the position error and
with great precision. A pneumatic servo system combines a pneumatic actuator or
cylinder and a control and feedback system [2].

Pneumatic systems have two main parts: the power and control subsystem
(Figure 1.1).

Electropneumatic | Power Subsystem |
I &
Control Valve —
Motor Transmission Output
. - — . —= 3
| |(rotating or linear) IMechanism Link
| T

[ m—
Actuator State
‘ Varnable Sensors

S JJ L e

; Actuator | | Command
Controller | Module

| Control Subsystem |

Electrical
Amplifier

Figure 1.1: Block diagram of a pneumatic actuating system [1].
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The motor is the most crucial part of the power subsystem as it converts pneu-
matic power into functional mechanical movement. This movement can be linear
or rotary. In this thesis, a double-action pneumatic piston will be used, which
performs a rectilinear movement in two directions, forward or backward. Usually,
the output motor shaft is the actuator output link. It means that the pneumatic
actuator has a direct drive structure [1].

All servomechanisms need a controller and an instrument to measure the po-
sition, speed, torque, and force for subsequent correction. The actuator state
variable sensors take the input data to the control subsystem. Usually, the pres-
sure, moment, displacement force, speed, and acceleration can be measured in the
actuator. Linear-position sensors are used as feedback elements for motion control
in a pneumatic drive system. Linear-variable-differential transformers (LVDTs),
magnetostrictive sensors, precision linear potentiometers, and digital optical or
magnetic encoders are examples of this sensor type [1].

Another important part of the control subsystem is the command module. This
saves the input information and selects it by input commands. Desired positioning
points, trajectory tracking, velocity, or force value are examples of the information
that can be saved in the command module [1].

The main element of the control subsystem is the controller. It processes,
compares, and provides the system’s control functions, depending on the control
algorithm applied. The controller can be of two types: analog and digital. Most
of the industry controls are digital, and the most common algorithm is the PID
controller (proportional + integral + derivative). After, the output signal coming
from the controller has to pass through an electric amplifier before arriving at the
electro-pneumatic valve. This device conditions the output signal to have a correct
input signal for the electro-pneumatic valves [1].

The control valve is the interface between the power and the control subsystems
in a pneumatic system. The valve is a crucial element where a signal with small
amplitude and low power provides high response modulation in pneumatic power.
Generally, there are three types of electro-pneumatic control valves (proportional,
servo, and solenoid) used in the pneumatic actuator[5].

There is no consistent difference between servo and proportional valves. These
valves have the same work’s principle; they are spool-type precision valves in which
the spool can be moved in proportion to an electrical control signal. However,
servo valves generally have better dynamic characteristics than proportional valves
and provide a higher degree of closed-loop control, making them more expensive.
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On the other hand, proportional valves move the spool in proportion to a control
signal but do not have automatic error correction within the valve. A proportional
valve competes with servo valves in most characteristics except for dynamic charac-
teristics [1][5].

Solenoid valves use a solenoid to control valve actuation. These valves have high
reliability and compact size. The solenoid valve is an effective solution for repeated
stops in two positions because it can work with an off /off algorithm control. The
use of an on/off solenoid valve with the PWM (Pulse Width Modulation) control
method achieves an equivalent performance in flow or pressure control operation.
In this case, it is possible to replace the solenoid valve instead of the expensive
servo or proportional valve [1][5].

Initially, pneumatic systems offer a cheap and straightforward solution for mainly
point-to-point actions. An electromechanical system is a most accurate and more
expensive alternative to control position, force-torque, and accuracy. Pneumatic
servo systems are in the middle of these two extremes. A pneumatic servo system
offers a high degree of control without being as expensive or complicated as an
electromechanical system would be [2][4].

Servo Pneumatic control systems have three main applications[1][2]:

o Pneumatic Positioning system: The application of pneumatic systems
in position control is highly used in robots and manipulators, welding and
riveting machines, pick-and-place devices, vehicles.

e Pneumatic Systems for Velocity Control: The application fields of servo
pneumatic actuators with speed motion control include arc welding machines,
painting and printing equipment, scanning motion systems in inspection
devices, cutting machines for plastic, wood, and fabric materials.

e Pneumatic Systems for Force Control: Servo pneumatic actuators with
force control are applied in fields like dynamic and static material test sys-
tems, spot-welding equipment, vehicle suspensions, manipulator grippers,
physiotherapy and assembly robots, paint spraying systems.

The servo pneumatic technique has the potential to replace less efficient elec-
tromechanical and costly hydraulic actuators in many applications.
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1.1.2 Pneumatic Positioning Systems

Position Systems are fundamental and very attractive components in industries
because they are cheap, clean, present an excellent force-weight ratio, and easy
to assemble. Primarily, the applications that require high positioning accuracy
used electromagnetic motors. However, nowadays, the servo pneumatic technique
has the potential to replace less efficient electromechanical and costly hydraulic
actuators in many applications|2].

Pneumatic positioning actuators are usually divided into two groups depends
on the type of control:

e Open-loop control: Ordinarily, the pneumatic system that uses this control
method has mechanical stops. Figure 1.2 shows a pneumatic actuator diagram
with two adjustable hard stops; this feature allows the system to stop in two
different positioning points. The proximity sensors indicate the position of
the piston. When the piston approaches enough, the magnetic field closes the
switch, closing an electrical circuit and producing an electrical signal, then is
sent as the control system’s input|[1].
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Figure 1.2: Schematic diagram of a open-loop pneumatic positioning actuator
with two adjustable hard stops [1].

e Closed-loop control: a closed-loop pneumatic positioning system holds a
transducer that measures and converts the actuator’s output signal to an
electrical signal. The controller compares the feedback signal coming from
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the transducer and the command signal (set-point). The resulting signal is
applied to reach the desired positioning or tracking of the movement [1].
Figure 1.3 shows the schematic of a positioning system with a servo or pro-
portional valve. The system contains a pneumatic cylinder, a positioning
transducer (sensor), a control valve, and an electronic control system. When
the piston approaches the set-point, the valve moves to over-center to regulate
the flow rate and volume into and out of the actuator, creating a pressure
that opposes piston movement [1].

Load

T e N i

Posiﬁtm Pneumatic Cylinder

Sensor % b J}d
I IIL T ]

[,
Control Valve

——— = Control System

Figure 1.3: Schematic diagram of a closed-loop positioning system with servo or
proportional control valve [1].

1.2 Company Overview - Camozzi Automation

S.p.A

As all the test bench components in which the experiments will be carried out are
provided from the same company, a brief description will be made about Camozzi
S.p.A.

Founded in 1964 by Attilio Camozzi, Camozzi Automation currently present
with 14 production plants in Europe and more than 50 exclusive distributors
worldwide, is an Italian global leader in designing and producing components for
motion and fluid control. The company, with more than 1900 employees, develops
technology solutions principally in three fields[6].
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o Industrial Automation: Packaging, food & beverage, automotive, wood-
working machinery, assembly & robotics, and printing & paper.

« Life Science: Analytical devices such as Biomedical Analyzers, Environmen-
tal Analyzers, and Molecular Analysis) and Medical Devices such as dialysis
devices, pressotherapy and vacuum therapy, oxygen concentrators, and clinical
diagnostics).

o Transportation: Commercial vehicles, passenger cars, railway, and Off-Road

Vehicles.

1.3 Problem Statement

The main objective of this thesis article is to control the position of a pneumatic
cylinder actuator using different types of valves and control algorithms. The data
collected is subsequently analyzed to define what type of valve and control have
the best response.

Three different type of valves will be used to perform the exercise: the first
scheme uses a 5/3 closed center digital valve, the second one uses four directly

operated proportional valves, and the last one uses smart proportional valves either
in MASTER-SLAVE or SLAVE-SLAVE configurations.

The most important features of a servo pneumatic positioning system are
accuracy and speed. So, in order to analyze the behavior of the system, two types
of test are executed [2][3]:

o The point-to-point changeover test consists of making a step-change in the
reference signal from some known points within the cylinder’s stroke length.

o The setpint tracking or trajectory tracking test consists of making the reference
signal to follow a defined trajectory. Usually, sinusoidal and ramps signals are
used to execute this test.



Chapter 2

Literature Review

As mentioned in the previous section, servo pneumatic position systems have a
massive range of applications in automated systems and industries. Figure 2.1
shows the main research areas in servo pneumatic positioning systems. This
section describes, for the most part, the current knowledge about controlling servo
pneumatic positioning systems through the analysis of related published work and
also a brief explanation of research in the other areas to understand how important
and relevant this phenomenon is today.

Research areas in servo pneumatic positining systems

Components of Modelling of servo sef‘?;tc:ig?r%):fic ii\crzntrfzzl:::tli?:
servo pneumatic pneumatic osri’tionin osri,tionin
positioning systems positioning systems p 3 P g
systems systems
v ' S— : 7
- . . -Linear control .
1};:3:3?:5 -Motion dynamics e -Energy efficient
.. -Frictional forces improvement
-Data acqusition Air d . -Fuzzy based control Enhancine th
systems er dynamics -State observers, -~Enhancing the
-Air flow mechanisms -Mass flow rate compensators positioning ability

Figure 2.1: Research areas in servo pneumatic positioning system [2].
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2.1 Controlling of servo pneumatic positioning
systems

In the past few decades, the controlling of servo pneumatic systems has been an
exciting research topic. Figure 2.2, shows the general structure of closed-loop
feedback control. Naturally, the error signal (e = z,.¢-x) feds the controller, and
the valves receive the control signal u from the controller depends on the algorithm
used [2].

u m Pneumatic
Valves Cylinder

Xref Controller

Sensor

Figure 2.2: Structure of closed-loop feedback positioning system of pneumatic
cylinder [2].

Due to the nonlinear nature of the pneumatic systems, different control algo-
rithms have been studied over time. With this in mind, this literature review is
divided into four categories according to the types of the most common control
algorithm used in servo pneumatic positioning control systems: Linear control,
Nonlinear control, Fuzzy based control, and State observers and compensators.

2.1.1 Linear Control of servo pneumatic systems:

The PID control is widely used for the position of pneumatic actuators. Wang et
al. [7] propose an accurate position control strategy for servo pneumatic systems
applied to food packaging. Wang implements a PID controller combined with an
algorithm for time-delay minimization and target position compensation to be
applied to a pusher mechanism in the packaging of confectionery products.

The control algorithms to achieve the minimization of time-delay and positioning
accuracy uses the difference between the desired set-point and the current position
as an amendment, which is then weighted and added to the current position in the
next cycle of movement. Moreover, the point to highlight is the system’s learning
process. It determines a function C(t,e), which is a time-varying coefficient that
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depends on the history of the position error. The function helps correct the
difference between the set-point and the current position, making the error smaller
in each duty cycle iteration. Figure 2.3, shows the learning process of the system.

‘ Cylinder

Position/velocity
Valve

O,

Tune C(t,e) based
“on the history of

Memory

Store previous

and current position
errors

-

4
i
%
position errors i
|

lTarget position

Modified PID
| controller =

Figure 2.3: Learning process of the system [7].

The results show that the system is able to reach the set-point in an interval
between 250 ms and 254 ms, with an accuracy of £ 1mm. Since the expected time
to reach the desired position is 252 ms, Wang et al. conclude both the positioning
and the time accuracy required by the production task are achieved using such a
control strategy.

Chillari et al. [8] compared the performance of six different control algorithms:
PID, Fuzzy, PID with pressure feedback, Fuzzy with pressure feedback, Sliding
mode, and Neuro-Fuzzy control for a servo pneumatic system that consists of a
cylinder, two or four ON-OFF or proportional valves, a displacement sensor, two
pressure sensors, a controller, and a user interface to control and monitor the
actuator.

The authors experimented with six different trajectories for each control algo-
rithm in order to have a reliable comparison. The trajectories are three sinusoidal
waves with the same amplitude and different frequencies, a square wave, a saw-tooth
wave, and a staircase signal. These trajectories try to simulate many different types
of conditions that can be experienced in real-world applications.

Regardless of the remarkable improvement both the PID and the Fuzzy control
10
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have with the pressure feedback, to avoid the increase in the global cost due to the
introduction of a new sensor, Chillari et al. implemented a multilayer perceptron
neural network as an estimation of the pressure signal. This estimation is based on
the model equation. The result is that the pressure difference is a static function
of piston position, velocity, and acceleration. Therefore, a position function and
two past values should have a good approximation. The neural model was trained
using previous measurements obtained by the real pressure sensor.

0,003 -
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0,0015 | . ” nusol z
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: 7 : : .
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PID Fuzzy PID + Fuzzy + Sliding Fuzzy +
press. press. Mode Neural

Figure 2.4: Comparison between all controls and references|8].

Figure 2.4 shows the comparison between the different types of controllers.
Chillari et al. conclude not only the Fuzzy control betters the simple PID both
with and without the pressure sensor’s choice but also that the adoption of the
neural network makes it possible to avoid using additional sensors, reducing the
global performance insignificantly.

In the next article, the author approaches a linear double-acting pneumatic
cylinder positioning differently from those already studied. In most studies on this
topic, the authors use proportional valves to control air mass flow through the
pneumatic cylinder’s rear and front chambers. Almeida and Simiao [9] adopt propor-
tional pressure regulator valves to control the air pressure and not the air mass flow.

Furthermore, the system works in a double-loop mode thanks to the linear
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resistive transducer inside the pneumatic cylinder that sends the output pressure
signal to the controller and the internal pressure transmitter, which gives the
input signal to an on-board PI controller that each valve has. This double-loop
mode helps to better monitor and control the input and output signals of the process.

Advance .| Pressure

Valve Transmitter
Input + PI Pneumatic | Output
> Controller Actuator

Return .| Pressure

Valve Transmitter
Position | _
Transductor

Figure 2.5: Simplified block diagram of the system [9]

Figure 2.5 shows a simplified system’s diagram, where both controllers were
tuned with the same parameters, so the block diagram is simplified with only
one PI Controller to enable better understanding. Finally, the experimental data
returned a maximum position error of 4,48mm, which was considered satisfactory
for their applications.

2.1.2 Nonlinear control of servo pneumatic systems

Song and Liu [10] presented a CARIMA model-referenced adaptive GPC (Gen-
eralized Predictive Control) for a pneumatic system driven by PWM-controlled
solenoid valves.

CARIMA (controlled auto-regression and integrated moving average) model is
a statistical representation that uses variations and regression of statistical data to
find patterns for predicting the future. It is a dynamic time series model, which
means that past data explain future estimates rather than independent variables
[11].

Moreover, the authors use the GPC based on a CARIMA model proposed by
Clarke et al. [11]. GPC uses long-range predictive control, so it is more robust
against plant dynamics, time-delay, and dead zone than conventional methods.
However, some factors such as plant parameter variations and external disturbances
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may affect the performance of GPC. The recursive least-squares method (RLS)
can be applied for on-line parameter estimation to adapt to time-varying model
parameters and limit the influence of the past data.

The authors reached for a step reference input, a maximum and average ab-
solute steady-state error of 0.25mm and 0.05mm, respectively. For a sinusoidal
input, the maximum and average absolute dynamic tracking errors are 3.27mm and
0.76mm, respectively. Finally, facts have proved that RLS-based adaptive GPC can
effectively adapt to time delays and plant dynamics and provide impressive results
for steady-state and dynamic tracking, so adaptive GPC is a perfect solution for
pneumatics systems that require precise control.

Shen et al. [12] develop on their paper a control methodology that allows
nonlinear model-based sliding mode control of PWM-controlled servo pneumatic
systems, capable of obtaining a robust control via relatively low-cost on-off solenoid
valves.

In this practice, the authors first elaborate an average model-based PWM-control
of nonlinear systems. This methodology explains the equivalent continuous-time
dynamics of a PWM controlled nonlinear system, transforming this discontinuous
system into an equivalent system in control canonical nonlinear form, adapted to
many nonlinear control strategies.Having expressed the PWM system dynamics in
a continuous input canonical form,a sliding mode control approach can be applied
to the system’s control.

Shen et al. conclude that despite tracking performance are corrupted at high
frequencies due to the limited switching response time of the valves, the proposed
control provides effective control

2.1.3 Fuzzy based control of servo pneumatic systems

Chen et al. [13] applied a fuzzy model-following control algorithm to a pneumatic
servo position system subjected to an external load. Especially for systems in
which their mathematical formulation is difficult to obtain, fuzzy logic controllers
can perform better than conventional controllers.

In general, the design of the fuzzy logic controller is based on the characteristics
of the system to be controlled. Although the conventional PID controller is popular
in industrial applications, it is not practical to deal with nonlinear or time-variant
systems. On the other hand, the fuzzy control system’s resulting performance
cannot be tuned very efficiently. To overcome this problem, the authors build a
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fuzzy controller that is composed of PID-like rules.

In order to have a fuzzy adaptive controller, the defuzzification process is selected
such that the output of the "important" rule has a more decisive contribution to
the control signal compared to the other rules, and the resulting control signal can
be regarded as a PID-like controller with variable parameters at each sampling cycle.

Furthermore, it is difficult for conventional fuzzy control systems to predict
the final performance of the controlled system. A fuzzy adaptive controller is
introduced into the model-following control system to have the advantages of a
fuzzy logic controller with expected performance. Figure 2.6 shows the structure
of the fuzzy model-following control system, where U,,, denotes the reference step
input and x,, is the output trajectory of the model.

Reference Xm
™  Model
Um / + § £
Fuzzy Adaptiv Up y
UZZY aptive Plant

Controller

Figure 2.6: Structure of the Fuzzy model-following control system [13]

Due to the servo valve’s hysteresis, the response of the plant is much slower
than the reference’s model output. By adding an extra fuzzy control loop, the
asymmetric response of movement in different directions is improved. Chen et al.
conclude that the proposed controller can properly control nonlinear systems and
is insensitive to perturbances, external loads, and system parameter changes.

2.1.4 State observers and compensators in servo pneumatic
systems

The system’s state observer is used to estimate specific internal states (such as
the velocity, acceleration, and pressure of the cylinder chamber) based on the
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displacement signal [2].

The compensator is a correction algorithm that uses the estimated values to
serve the main controller to take corrective measures. Usually, friction, speed, and
pressure compensators are used with the position feedback control [2].

The structure of the control system, including observers and compensators, is
shown in Figure 2.7 .
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Xref 4>®—> Controller Valves Cylinder ;

Position
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compensator observer

Velocity
compensator Velocity a_nd

Acceleration

Friction estimator

compensator

Figure 2.7: Structure of position control system with observers and compensators

2]

Song and Liu [10] implemented a proportional velocity acceleration (PVA) con-
trol with friction compensation to reduce the steady-state error for improving a
pneumatic actuator’s performance using two low-cost on/off solenoid valves driven
with pulse-width modulation (PWM).

After studying the behavior of the system, the authors found that the friction
force, which causes the steady-state error, results in the dead zone. Because of
this, an effective approach of friction compensation is introduced. Figure 2.8 shows
the diagram of the control system using PVA with friction compensation. The
principle of operation of the friction compensation is to add an offset to the output
of the PVA controller (u’) so that the piston will continue moving in the dead zone.

Then, Song and Liu obtained that the value of the maximum absolute steady-
state error is 0.28mm and the average absolute steady-state error is 0.07mm.
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Figure 2.8: PVA control with friction compensation [10]

2.2 Recent trends in servo pneumatics position-
ing systems

2.2.1 Energy efficiency improvement methods

Pneumatic systems have the advantage of better energy efficiency than electrical
or mechanical systems. In order to further improve the efficiency of the system, a

lot of research work is ongoing.

Shen and Goldfarb [14] proposed a structure and control method for the energy-
saving servo control of a pneumatic servo system by allowing crossflow between the
cylinder chambers. The flow between the cylinder chambers is achieved by adding
an additional two-way valve (Fig 2.9b) to a typical pneumatic servo system that
consists of a proportionally controllable four-way spool valve (Fig 2.9a).

Considering pneumatic actuators usually contain a large amount of stored energy
due to their compressibility. Since this stored energy can theoretically be moved
from one part of the actuator to another in a controlled manner through a valve,
the pneumatic system provides a unique possibility and potential for energy-saving
control and efficiency.

A control method is developed to enhance the mass flow rate required by the
sliding mode controller with the recirculated mass flow provided by the crossflow
valve to minimize compressed air consumption. Based on this model, by tracking
a given trajectory, the mass flow rate into or out of the pneumatic cylinder’s
respective sides can be commanded. The crossflow valve is activated and provides
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(b) Modification of a typical pneumatic servo sys-

(a) Configuration of a typical pneumatic servo system fem to include an interchamber flow path.

Figure 2.9: Pneumatic servo system with and without interchamber flow plath
[14]

the required mass flow rate when the pressure in the chamber being depressurized
is greater than the pressure in the chamber being pressurized.

Shen and Goldfarb obtain results that prove reduced energy consumption by
25-52 % relative to the configuration showed in Fig 2.9a, without sacrificing the
tracking performance.

2.2.2 Enhancing the positioning ability of pneumatic actu-
ator

The utilization of miniature products in our daily activities is continuously in-
creasing. In particular, with the advent of nanotechnology, the consumption of
electronic products has increased exponentially. Semiconductors and flat panel
display industries are examples of industries with massive demand in sensing and
actuating technologies to such a small scale.

Chiang [15] proposed a novel pneumatic-piezoelectric hybrid actuator, shown
in Fig 2.10. The pneumatic servo cylinder is used for high-speed and large-stroke
positioning, and the piezoelectric actuator is used in fine stroke positioning.

Piezoelectric actuators have the advantages of high positioning accuracy and fast
response and have been applied in many different fields, especially in high-precision
positioning control. Nevertheless, the maximum stroke of the piezoelectric actu-
ator can only reach the micrometer range. Although piezoelectric actuators can
perform excellent response at nanometer positions, the stroke is limited to a range
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Figure 2.10: Schematic diagram of hybrid pneumatic-piezoelectric actuator|[15]

of about 100 p m. Therefore, in terms of positioning accuracy in the nanometer
range and working range in centimeters, they cannot meet the positioning sys-
tem’s requirements.On the other hand, pneumatic non-linearities, such as friction,
compressibility, make pneumatic servo control much more complicated than motor
servo control and electro-hydraulic servo control, thus limiting the application of
high positioning accuracy.

To meet these two goals, the author an intelligent X-Y dual-axial servo pneumatic-
piezoelectric hybrid actuator for position control with dual-axes, high response,
long stroke (250 mm), and nanometer accuracy (20 nm). Moreover, each axis
comprises a servo pneumatic system, composed of a rodless pneumatic actuator
and a proportional servo valve, and a piezoelectric actuator mounted in order
to achieve nanometer positioning accuracy cascade on the pneumatic’s actuator
piston. Furthermore, a controller based on a fuzzy sliding mode controller with
a self-organizing modifier and decoupling ability is implemented to control the
system.
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Description of the test
bench

This chapter is responsible for describing the test bench, such as the PLC S7-1200,
the pneumatic cylinder and the control valves.

3.1 Programmable Logic Computer (PLC)

Programmable automation technology is an incredible tool used by engineers and
technicians to improve their manufacturing systems in related industries. The
expression programmable automation technology covers the three trends of pro-
gramming. Programming methods can be divided into three trends: computer
numerical control technology, robotics technology, and programmable logic control.

The International Electrotechnical Commission (IEC) defines a Programmable
Logic Computer (PLC) as [19]:

"A digitally operating electronic system, designed for use in an industrial environment,
which uses a programmable memory for the internal storage of user-oriented instructions
for implementing specific functions such as logic, sequencing, timing, counting, and
arithmetic, to control, through digital or analog inputs and outputs, various types of
machines or processes. Both the PC and its associated peripherals are designed so that
they can be easily integrated into an industrial control system and easily used in all their
intended functions”

PLC-based systems are mainly used in the field of industrial automation. The
main application areas include control of industrial machines, material handling,
product assembly, control of machine tools. Siemens, Allen Bradley, and Omron
are among the major manufacturers of programmable logic controllers.
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Fig 3.1 shows the conventional functions and components present in an applica-
tion with PLC. The sensors are responsible for obtaining the system’s current state
and sending the information to the input module responsible for converting the
information into an understandable type of information for the PLC control unit.
If it is an analog signal, the input module must be an analog input module. If it is
a digital input signal, it must be a digital input module. The input module sends
the information to the central control unit that, based on the program previously
charged into the PLC by the programmer, determines the next action. This action
can enable an output that can activate an actuator (motor, cylinder, light) or make
an internal operation changing memory status, updating counters, or enabling
timers. Therefore, the system’s state will change to a new state to continue with
the process [20].
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System to control (machine,
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Figure 3.1: General components and functioning of a PLC system

Another fundamental aspect of the PLC is its programming language. The
program can be written in different languages, which are understandable and
accessible to the same operators who worked on the devices before the PLC. Three
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main languages are listed below:

« LAD (ladder logic): It is a graphic language that almost all PLCs can
support. It is a graphical connection between Boolean type variables, similar
to the old relay type controller, in which the energy flow is represented based
on circuit diagrams. Therefore, this programming language is used for most
Boolean signals and is not actually used for processing analog variables.
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010.1
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Figure 3.2: LAD programming technique

« FBD (Function Block Diagram): The second programming language is
also graphical, is a programming language based on the graphical logic symbols
used in Boolean algebra. FBD comes from the field of signal processing. It is
very convenient to use when there is no cycle, but there are multiple branches
in the program to be created. It is a high-level language that allows basic
functions to be summarized in blocks so that users only worry about their
routines’ functional programming. In this way, it is ideal for users without
advanced programming skills and low-complexity processes.
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Figure 3.3: FBD programming technique
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« STL (Statement List ): This Is a text-based language that allows pro-
grammers to write programs by entering instruction mnemonics. It can help
programmers create programs that other programming techniques cannot
create because STL is a native program of PLC, and it works more or less like
an assembler. The PLC follows the program’s instructions from top to bottom
and then restarts from the top. STL is a high-level programming language, so
it is most suitable for experienced programmers.
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Figure 3.4: STL programming technique

3.2 PLC Siemens S7-1200

The PLC used in this project work and implemented in the test bench is a Siemens
S7-1200 with the CPU "CPU 1214 DC/DC/DC". The S7-1200 series contains
various programmable logic controllers (PLCs) that can be used for many tasks in
the automation field. The compact design, low cost, and extensive instruction set
make the S7-1200 PLC ideal for controlling multiple applications [20].

The CPU combines a microprocessor, integrated power supply, input and output
circuits, built-in PROFINET, high-speed motion control I/O, and onboard analog
input in a compact enclosure to create a powerful controller. After downloading
the program, the CPU contains the logic needed to monitor and control the appli-
cation’s devices. The CPU monitors the input and changes the output depending
on the user’s program. This program includes Boolean logic, counting, timing,
complex mathematical operations, and communication with other smart devices.
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The S7-1200 and its features are shown in Fig 3.5 and table 3.1, respectively. A
signal board (SB) can be added in the front of the CPU.

[SIEMENS]

Figure 3.5: PLC Siemens S7-1200 [20]

Features PLC S7-1200

CPU model 1214C DC/DC/DC
Digital Input (DI) 14 +(2 on SB)
Digital Output (DO) 10 +(2 on SB)
Analog Input (AI) 2 (0-10V DC)
Analog Output (AO) 1 on SB

Pulse Width Modulation (PWM) 2

Pulse Train Output (PTO) 2

High Speed Counter (HSC) 6

Closed loop controller (PID) 16

Power Supply 24 V DC

Table 3.1: Features PLC Siemens S7-1200

In addition to the CPU described, an Analog Output SM (Signal module) has
been added to obtain the absent analog outputs necessary to control the PWM
drivers of the Directly Operated Proportional Valves.

The analog signal module provides an input signal or the desired output value
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representing a voltage range or current range. These ranges are £10 V or 0-20 mA,
for the used module. The value returned by the module is an integer value, where
0 to 27648 represent the rated range of current, and -27648 to 27648 represent
the range of voltage. Any value outside the range indicates overflow or underflow
[20].The Analog Output SM and its features are shown below, respectively.

Figure 3.6: Analog Output SM

Analog Output SM features

Model 6ES7232-4HB32-0XB0

Analog Outputs (AO) 2

Type Voltage +10V
Current 20 mA

Resolution Voltage 14 bits

Current 13 bits

Table 3.2: Features Analog Output SM

3.3 STEP 7 (TIA Portal) Programming software

STEP 7 (TIA Portal) presents a user-friendly environment to configure, program,
test, and diagnose the logic required for control applications in all generations of
basic, advanced, and distributed SIMATIC controllers, whether it is PLC-based or
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PC-based controllers.

STEP 7 is the configuration and programming software component of TTA
Portal. TIA Portal also includes WinCC, which is used to design and execute
runtime systems Process visualization, including online help for WinCC and STEP
7. The term TIA Portal refers to the centralized configuration environment in
which STEP 7 runs. TIA Portal is the English abbreviation of Totally Integrated
Automation Portal and is also defined as an engineering platform for all fields
related to automation. Moreover,its characteristic is that the user interface is
the same for all areas of automation. It provides various shared services (such as
configuration, communication, or diagnostics) and can be accessed by other software
packages (such as SIMATIC WinCC V16, SINAMICS Startdrive o SIMATIC STEP
7 PLCSIM V16.

How was already explained, STEP 7 provides conventional programming lan-
guages for convenience and efficiency. It uses the three languages already described
in the past section. They are briefly described again:

o LAD (ladder logic) is a graphical programming language. The representation
is based on circuit diagrams.

o FBD (Function Block Diagram) is a programming language that is based on
the graphical logic symbols used in Boolean algebra.

o SCL (structured control language) is a text-based, high-level programming
language.

Furthermore, once the project is created, TIA portal gives a chance to the
programmer to choose the programming language the program will be written for
convenience and comfort.

3.3.1 Structuring the user program

When using TTA Portal, the instruction of the program for the automation task
are inserted into code block, the blocks are divided in three categories and are
explained as follow|[20]:

1. Organization Block (OB) responds to specific CPU events and can inter-
rupt the user program’s execution. The default value of the cyclic execution
user program (OB 1) provides the user program’s basic structure and is the
only code block required by the user program.There are several types of OB
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blocks, for example:

o A "Startup" OB will execute one time when the operating mode of the
PLC changes from STOP to RUN. After completion, the main "Program
cycle" OB will begin implementing.

o A "Cyeclic interrupt" OB allows you to start programs at periodic intervals,
independently of cyclic program execution. The intervals can be defined
in this dialog or in the properties of the OB. This OB is important because
the PID block must be implemented in a Cyclic interrupt OB.

o A "Hardware interrupt" OB will interrupt cyclic program execution in
reaction to a signal from a hardware event. The events must be defined
in the properties of the configured hardware.

e A "Time error interrupt" OB will interrupt cyclic program execution if
the maximum cycle time has been exceeded. The maximum cycle time is
defined in the properties of the CPU.

2. Function blocks (FB) are code blocks whose values are permanently stored
in the instance data block (DB), so the data is stored once the FB has finished.
After the FB task is completed, the CPU returns to the code block called
the FB. The instance data block retains the value of the FB instance. These
values can be used for subsequent calls to function blocks in the same scan
cycle or other scan cycles.

3. Function (FC) are code blocks or subroutines without dedicated memory,
similar to the FB’s. For example, use FC to perform standard and reusable
operations (mathematical calculations) or technical functions (for example,
individual controls that use bit logic operations). It is also possible to call an
FC multiple times at different locations in the program. This reuse simplifies
the programming of recurring tasks.

4. Data blocks (DBs) save program data. They, therefore, contain variable
data which are used by the user program. Global data blocks acquire data
that all other blocks can use. Their maximum size varies depending on the
CPU, and the structure of the global DB’s can be freely defined. As already
discussed in the previous paragraphs, each functional block, each function,
or organization block can read or write data from/to a global data block. A
global data block and an instance data block can be open at the same time.
Fig 3.7 shows how the DB global can be accessed and have access to all the
blocks and the DB instance DB3 has access just for the FB3.
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Figure 3.7: Representation of the various accesses to data blocks on TTA Portal
[20]

Depending on the application specifications, it is possible to select a linear or
modular structure to create the user program:

o A linear program executes all the instructions of the program sequentially. It
means, one after the other. Usually, a linear program has all the instructions
into the OB for the program’s cycle execution (OB 1).

o A modular program calls different block functions to execute specific tasks.
To create a modular program, the main task is divided into less complicated
small subroutines. The program is structured by calling one code block from
the block. Fig 3.8 shows the structures mentioned above[20].

By designing FBs and FCs that perform generic tasks, modular logic blocks
are created. The program is then structured so that other code blocks call these
reusable building blocks. The calling block passes the device-specific parameters
to the called block. When one code block calls another code block, the CPU
executes the program code in the called block. Once the called block’s execution is
completed, the CPU will resume the execution of the called block. Continue to
execute the instruction processing after the block call. Fig 3.9 shows the process
just described.
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Linear structure Modular structure
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Figure 3.8: Linear and Modular structure program on TIA Portal [20]
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Figure 3.9: Code Block calling another Code Block on TTA Portal [20]
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3.3.2 Trace and logic analyzer fuction

STEP 7 presents trace and logic analyzer functions, which can be used to configure
variables for PLC tracking and recording. The recorded trace data can then be
uploaded to the programming device and use STEP 7 tools to analyze, manage,
and represent it graphically. Therefore, the trace and logic analyzer functions are
suitable for monitoring highly dynamic processes. When the recording is activated
again, the recorded value will be overwritten. This function is crucial in this thesis
because it helps to understand the system’s behavior in real-time [20].

Fig 3.10 shows the mode of operation of the trace function:

Step 1: Trace configuration: The user specifies the signal to be recorded, the trigger
condition, and the duration. The trace configuration depends highly on the
used device.
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Step 2:

Step 3:

Step 4:

Step 5:
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Figure 3.10: Mode of operation of the trace function|20]

Transferring the trace configuration: the trace configuration is trans-
ferred to the PLC when an online connection is established.

Waiting for the recording: The PLC executes the program. As soon as
the trigger condition is satisfied, the recording starts.

Transfer measurement to programming device: Once the recording fin-
ishes, the data is saved on the TTA portal’s opened project. The measurement
can be saved at any time after completing the recording.

Display, manage and save the measurement: The trace function gives
several options to analyze the measurement. Different ways to display the
data can be executed, for example, a bit representation for binary signals.
Besides, signal waves from diverse measurements can be analyzed together and
compared with each other. The data can also be exported as a CSV (comma-
separated value) file, which allows the user to analyze the measurement in a
more dedicated software like Matlab or Spreadsheet.

3.3.3 Trace software user interface

The user interface of the trace function includes multiple areas. The layout of the
user interface in the TIA portal is shown in Fig 3.11

1.

The title bar of the working area shows the device to which the current display
belongs.

2. The trace toolbar has the buttons for managing the project, for example,

activation/deactivation of the traces, deletion, export of trace configuration,
and measurement.
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Figure 3.11: Layout of the Trace function [20]

3. The status display of the trace shows the current state of the recording.

4. The user can configure the recording duration, trigger condition, and signals
to trace on the configuration tab.

5. The diagram tab displays the recorded values as a curve diagram and the
signals from the displayed measurement.

6. The trace task card displays the measurement cursor data mathematical
evaluation.

7. The inspector window shows the general information about the trace configu-
ration.

As an example, Fig 3.12 displays four different signals. The fists one represent
the position of the piston rod-end of the cylinder. The second signal shows the
Pulse Width Modulation (PWM) used to control a 5/3 closed center digital valve.
The third and fourth signals represent when the solenoids of the 5/3 valve are active.
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Figure 3.12: Snapshot of signals measurements

3.4 Camozzi CX06, Multi-serial Module

The serial module CX06 can manage traditional serial communication protocols
and new generation ones such as EtherCAT, EtherNet / IP, and PROFINET.

The PLC is connected via ethernet to the CX06, and the two communicate via
standard Profinet protocol. This configuration makes it possible to expand the
number of inputs and outputs of the PLC up to a maximum of 128 bytes and 128
bytes, respectively (1024 digital inputs and 1024 digital outputs). The specifications
can be observed in the table below. The memory of the module CXO06 is divided
into input and output sections, so it is impossible to have a configuration of 140
bytes dedicated to input and 116 bytes dedicated to output. Furthermore, CX06
can be up to 100m away from the PLC, which is the maximum distance covered
by Profinet. The table above shows the main characteristic of the CX06 module [16].

31



Description of the test bench

General Features of the module CX06
Number of digital outputs 1024
Number of digital inputs 1024
Maximum input absorption 1.5 A
Maximum output absorption 3 A

Voltage Supply 24 V DC +/-10%
Operating temperature 0-50°
Material Aluminum

Table 3.3: Main features of the CX06 module

A series of modules must be added to the CX06 mainboard. It is possible to
insert not only digital I/O modules but also analog 1/O modules as well as valve
islands and subnet modules. The CX06 installed on the test bench is shown in Fig
3.13.From left to right, the following modules are exposed and described.

Figure 3.13: CX06 and input-output modules

« ME3-0800-DC: The module has eight digital input, corresponding to 1 byte
of the CX06 input memory,The features of the module are shown below[16].

Number of Number of Sensor  Overvoltage Type of  Operating

itz digital inputs S connectors  supply protection Albzompiaion signal  temperature
ME3-0800-DC 8 M8 3 pin 8 gqype A0mAfrd a0 BNP 0+ 50°C
female SEensors

Table 3.4: ME3-0800-DC module features[16]

o ME3-0004-DL: The module has four high-power digital outputs (correspond-
ing to 4 bits of the CX06 output memory) capable of powering large solenoid
valves. Each five poles connector on the module corresponds to two outputs.
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In the case of our test bench, two of the four outputs (outputs 3 and 4) are
connected to the 5/3 digital valve. The connections, as well as the electric
diagram, are shown in Fig 3.14 [16].

Type of  Operating
signal  temperature

Number of . Number of  Sensor Max power for
Mod. C 1. Connection .
digital inputs connectors  supply  digital output

M12 A 5 pin 9 24V DC 10 W 10 mA NPN 0 = 50°C

female

Absorption

ME3-0004-DL 4

Table 3.5: ME3-0004-DL module features

+24V
+24V DO-1
common

LOAD 1 LOAD 2

DO-1 DO-2
ov

Figure 3.14: Connections and electrical diagram of the digital output module
ME3-0004-DL[16]

DO-2

e ME3-00T0-AL: The module has two analog outputs operating in the range
0-10V DC. Given the DAC resolution of 12 bits, each output occupies 2 bytes
in the memory of the CX06, corresponding to a total of 32 bits. The electrical
connections follow the same scheme as the ones presented in Fig 3.15b. The
module is used to send a reference signal to the proportional valves present
on the test bench when both are working in slave mode [16]. The features of
the module are listed above.

Mod. Number of analog inputs Number of analog outputs Connection
ME3-00T0-AL - 2 outputs 0-10 V 2x M12 A 5 pin female

Table 3.6: ME3-00T0-AL module features [16]
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Figure 3.15: ME3-00K0-AL analog input/output module connections

o ME3-00K0-AL: The module is similar to the ME3-00T0-AL, but this time
it has one analog input and one analog output, both working in the range
0-10V DC. The resolution of the input can be modified, from 12 down to 8
bits, if need be. Fig 3.15 shows the proper connections for each five poles
connector. Each I/O occupies 2 bytes of memory (or 1 byte in the analog input
case with a resolution set to 8 bits). The features are shown in the table below.

Mod. Number of analog inputs Number of analog outputs Connection
ME3-00K0-AL 1 input 0-10 V 1 output 0-10 V 2x M12 A 5 pin female

Table 3.7: ME3-00K0-AL module features [16]

When using 12-bit resolution, the analog data will occupy 2 bytes of memory,
especially the 12 most significant bits (Fig 3.16). Another problem is that com-
munication uses little-endian encoding. This means that the first byte is actually
saved as the second byte (Fig 3.17). In order to reconstruct the data correctly, the
easiest way is to use ROL or Roll Left block in TTIA Portal: This block scrolls the
specified number of bits to the left; every time a point is pushed out of the byte, it
will occupy the right side to release s position. The operation results are shown in
Fig 3.18.The four zeros now occupy the four most significant bits, and all other
bits are arranged from right to right.
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Figure 3.16: Analog data inside CX06 memory
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Figure 3.17: Big Endian and Little Endian encoding
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Figure 3.18: ROL operation

3.4.1 CX06 module configuration

The right configuration of the CXO06 is crucial to communicate the module with the

PLC. First, install the CX-Configurator software on any Windows PC. Then remove

the plastic cover placed on the top cover of the CX06 CPU module, and connect

the CX06 to the PC via a micro USB cable. It is recommended to disconnect the
CX06 from the PLC so that the CX only communicates with the PC to obtain

the best performance. This can be done via hardware, disconnecting the Ethernet

cable, or via software via CX-Configurator. When the test bench is on, the window

showed in the Figure 3.19 will appear.
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Network Parameiers:

Figure 3.19: CX06-Configurator after bootup

Click on the connect button on the right and choose the correct COM port from
the dropdown menu (Fig 3.20). Finally, hit connect and wait a few seconds for the
communication to take place.

Metwork Parameters:
W -
m_ At efnsh Trise

Figure 3.20: Connection to the CX06
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Inside the left side panel, a tree represents the current CX06 configuration, with
all the modules, including the subnet ones. Modules are numbered starting from
the leftmost one. By clicking on each module in the tree, its properties will be
displayed in the top center panel. The middle bottom tab shows the status of the
selected module’s input and output (if it exists). Fig 3.21 shows the first digital
input module. In this case, the bottom panel displays the current status of the
eight digital inputs.

CX series Configurator

Profile: Customer SW Version: 1.2 XML Versior: 1.0 2

4 CXOG - CPU : ProfiNet Parameters node. ME3-0400-DC_8
Master 0.0
ME3-0800-0C.1 Name Description Value Unit. Operatian type m
ME3-00TC-AL 2 HODOD | Nade type AE3-0400-DC -
s T — :
ME3-00K0-AL4 HO00B | Acdress first input bit 4 ogin
& ME3-0000-5L 5 HOD04 | Number of inputs managed B
= Network Parameters:
EiEa HODO1 | Address
MEZ-0400-DC_8 N Bit In: 32
AVH9 HODDD | HW version HE
AVH B HOOOD | SPix version 2 N Bit Ouf: 72

HO00D | FW versicn

N Nodes: 10

HOO0B | State

In1 Inz I in4 In5 Iné In7 Ing
Eitd Bit 1 it 2 Bit3 Eit4 Bit5 Bit& Bit7
L] - L ] L] - - ]

1 Automatic refresh

Figure 3.21: CX06 module properties

A vital step in the configuration is to check each module’s starting address and
write it down. This is useful when setting up the hardware configuration in the TIA
Portal. Each module has a row in the property table with the title "Address of the
first input/output bit" followed by a number. Dividing that number by eight will
show the bytes associated with that particular module. Note that the PLC’s input
and output bytes are already occupied by its internal input and output, bytes 0 and
1. Therefore, the first byte (input and output) of CX06 will be byte 2 of the PLC.
Fig3.21 displays the module ME3-0004-DL. The first input bit is the number 24.
This translates to byte number 3 and therefore byte 5 inside the PLC input memory.

The last topic about CX06 configuration involves the mapping from memory
bytes to the corresponding modules. As mentioned earlier, for each module, the
corresponding byte can be found. A useful trick is to allocate no less than one
byte for each module when less than one byte is sufficient. For example, the digital
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output module having just four digital outputs, four bits would be enough to
store the module outputs state. The problem comes from the fact that the next
module will start in the middle of a byte instead of a new byte. This is especially
problematic when the following module is an analog input or output. Since PLC
uses bits or bytes, it is very troublesome to manage data that takes up half a byte
and then expands to the next byte, and it quickly becomes unprocessable. This is
why it is always best to allocate at least one byte for each module.

3.4.2 TIA Portal v16, C06x and PLC communication

The hardware configuration must be set in the TTIA Portal project to make the
S7-1200 communicate with CX06. Proceed as follows.

Step 1: Create a new project on TIA Portal and insert the PLC inside the project.

Step 2: Double click on "Devices & networks." (Fig 3.22)

S 5] [100% = —y— )

Totally Integrated Automation

e e e 2 HiR
g3

| @ Properties  [*info & | & Diagnostics

General L] Crossseferences | Compile

HNOET messages

I Path Oescripuon Gow 7 Erors  Wemings  Time

Figure 3.22: Devices & networks screen

PORTAL

Bojeres sienpien ]|

o

Step 3: In the Catalog tab on the right, open "Other Field Devices" -> "PROFINET
107->"1/0”->" Camozzi Spa" ->" Serie CX"

Step 4: Drag and drop the "CX06-PNS Adapter revl" device next to the PLC already
created. (Fig Fig 3.23)

38



Description of the test bench

larco\DocumentsAutom

Project Edit View Insert nahng' Optionz  Took  Window  Help Totally b heo Rriaarian
S A svepoier & X B X i 5 MEEG V coonine F cooiiine o M 2 | | L PORTAL.
Devices | | Topology view [ Networkview [If Device view || Options sl
- : e gt T = =
& Memwark| 1} Connections 4 | | Networkoverview [« | »
¥} Device. ¥ |Catalog §
,:qu;an-l:mdlmnu ~ 57-1200 ztatian_{ i 5
Add new device

th Device: & netvors PLe odprofinet T - iy | B e [ g
» [l L [ 1214 DGO CPU1214C CXOE-FHS. Adap... e 5 ;m:, ; + T canvets 2

» b Ungrouped devices Nt sssigned W IGSprof: » G
» L3 Unassigned devices. » (@ PCsptems ]
» i Common dats » [ Drve: & samer: °
» [£) Documentation settings i » [ Network camponent: 5
» (i@ Languages & resource: H » (3 Detecting & Norstoring g
» 'jg Online access » [ Diztributed 11O s

» g Card ReaderiUSE memory » [ Power supply and distribution

» [ Field devices -
w [ Other field device: =
» [ Additionsl Ethermet device: N
~ [ PROFINETIO &
» (@ Orive: i
- » (@i Encoders )
i Si[oo% W — ] i - » [ Gotenay T
i ; ~lmwo s
| dProperties | info | % Diagnostics | < I3 CameziSpa i

| Crossweferences | Compile

show all messages

v Details view

| Module

Description

tome
@ caprofinet

4 Portal view oh Devices &ne.

? Evos  Wamings  Time

» (i PROFIBUS DF

Figure 3.23: Insertion of the CX06 inside the TTA Portal

Step 5: Left-click and hold on the green Ethernet port on the PLC, drag, and release
on the green square on the CX06 module. The PLC and the CX06 are now
connected by a green line as shown in Fig 3.24
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Step 6: Open the CX06 by clicking on the image, and a window will appear (Fig
3.25). Then, expand the folder at the right to see the Input modules folder
and Output modules.
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Figure 3.25: CX06 configuration inside the Tia Portal

Step 7: Drag and drop the correct number of input and output bytes inside the table
next to the CX06.

Step 8: The first time, the table already contains 128 bytes of inputs and 128 bytes
of outputs. Delete the two and populate the table according to the specific
modules connected to the CX06.

This step must be performed correctly, so ensure the correct number of bytes
of the correct type for each physical module connected to the CX06. Figure 3.26
shows the address of each byte/module of CX06 seen from the PLC.

3.5 O6PF Series Positioning Feedback cylinders

The 6PF3P050A0200 (Fig 3.28) from Camozzi is a double-acting, single-rod cylin-
der with a stroke of 200mm and bore equal to 50mm. This actuator possesses a
potentiometer linear position transducer inside the rod. The table below shows the
general and technical features [18].
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Figure 3.27: CX06 memory configuration inside the TTA Portal (zoom)

This type of cylinder permits a constant control of the rod position by reading
the transducer’s internal resistance change along the entire stroke. The symbol and
connection pins are shown in Fig 3.29.

For a proper operation, the potentiometer should be used as a voltage divider
instead of a variable resistor. The measurement must detect the voltage and not
the resistance. As already said, the transducer consists of a linear potentiometer;
consequently, the output depends on the input voltage. Based on the fact that
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PNEUMATIC SECTION

Operation double-acting low friction, not cushioned
Bore 50mm

Stroke 200mm

Linearity 0.1% of the stroke

Operating pressure 0.1 = 10 bar

ELECTRICAL SECTION

Max input voltage 60 V

Electrical resistance 10 k ohm

Tolerance on resistance +/- 20%

Table 3.8: General and technical features

Figure 3.28: Positioning Feedback Cylinder 6PF3P050A0200 [18]

the analog input module sends out 24V DC, but the transducer only accepts
10V DC as maximum input voltage, a voltage divider was used to give 10V DC
as input to the transducer in order to get an output in the valid range 0-10V DC [18].

The piston is also equipped with a permanent magnet which enables the use
of external end-stroke sensors. Robust design and high performance make this
cylinder suitable for tensioning cylinders, positioning cylinders, and filling, cutting
and measuring systems [18].
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Figure 3.29: Position transducer symbol and connections[18]

3.6 Valves

3.6.1 5/3 closed center solenoid valve

The valve (code 368-011-02) is a digital 5/3 closed center valve. Figure 3.30 shows
the valve and its ISO symbol. The command signals of the valve coils S1 and S2 are
respectively connected to the digital output 3 and 4 of the ME3-0004-DL module
through the same cable. This valve is used to control the induction cylinder placed
on it, ensuring a 700 N1/min ANR flow rate and a working pressure of 2+10 bar
[21].
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Figure 3.30: 5/3 closed center valve and relative ISO symbol [21]

The table 3.9 shows the features of the 5/3 closed center solenoid valve.
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Model ~ Function Flow Rate (N1/min) Operating pressure (bar)
368-011-02 5/3 CC 700 2 +10

Table 3.9: 5/3-way solenoid valve features

3.6.2 Directly Operated Proportional Valves

These valves are also produced by Camozzi and marketed under the code "AP-7211-
LR2-UT7". These are normally closed 2/2 solenoid valves, size 22 mm. Moreover,
the valves can be controlled directly by the PLC through the Analog Output SM,
and another alternative to control them is by means of a particular driver capable
of guaranteeing proportional behavior. Fig 3.31 shows the valve and its relative
[SO symbol, next, the table 3.10 below shows the main features of the mentioned
valve.

Figure 3.31: Valve "AP-7211-LR2-U7" and relative ISO symbol [22]

Nominal flow
Kv (1/min)

AP-7211-LR2-U7  2/2 NC 1.6 1.0 6 bar

Model Function Orifice (mm) P Max (bar)

Table 3.10: AP-7211-LR2-U7 valve features

3.6.3 Electronic Control Device for Proportional Valves

Series 130 electronic control device for proportional valves (Fig 3.32) allows the pilot
control of any valve with a maximum current of 1A. The control device transforms
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a standard input signal (0-10V DC or 4-20 mA) into a PWM signal to obtain at the
solenoid outlet a current which is proportional to the input signal. The particular
driver used has the code "130-222"; works at a frequency of 500 Hz, also confirmed
by an oscilloscope, and has a maximum output of 24 V DC, compatible with the in-
put of the valves used. The features of the control device are listed in the table 3.11.

Figure 3.32: Series 130 electronic control device for proportional valves [23]

Model 130-222

Power Supply 24 V DC

Power Consumption 6.5 W

Analog Input 0-10 V or 4-20 mA
Ouput PWM 500 Hz
Max Current 1A

Table 3.11: General Charecteristics of the Control Device

Device Functionality

The control device has an important feature that makes it possible to compensate
for variations due to solenoid heating or supply voltage changes. The next figure
shows the block diagram of the device functioning.

The Ramp time is the slot of time needed to pass from the minimum current
value to the maximum current value supplied to the load. This ramp is changed by
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Figure 3.33: Block Diagram of the device functioning [23]

turning the RAMP timmer clockwise or counterclockwise. The output signal can
have a ramp progression adjustable between 0, which is the default value, and 5 s
that is the maximum [23]. Figure 3.34a shows the position of the device’s trimmers
and the Figure 3.34b shows the curve of the time’s variation.

| |
| |
& | %3
Q | | o)
A L \%
@ | |
| | (Z:;
| |
| |
| |
TRamp TRamp t(s)
(a) Position of the adjustment trimmer [23] (b) Ramp time calibration [23]

Figure 3.34: Schematic and Ramp time [23]

Moreover, the maximum and the minimum can be calibrated. The setting of the
minimum offset current permits the valve’s dead zone to be canceled. Even if
there is no reference signal and an invalid reference signal (the reference signal 4+20
mA in the current is lower than 4 mA), the device allows the minimum current
setting, so the valve can also be opened. Therefore, it must be ensured that the
valve’s opening without a reference signal (or the current of the reference signal is
less than 4 mA) will not cause property damage or personal injury during operation.

The trimmer I max determines the maximum value of the current supplied
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to the valve with a 100% reference signal. Therefore, the maximum current setting
is used to limit the maximum flow value of the pilot valve. The curve of the current
calibration is shown in the figure below.

|
| max 100%
| max 100% -z
- - - -
- - g 7
'min F~
0% 100%

Standard signal

Figure 3.35: Current flow Calibracion [23]

3.6.4 Series LR digital proportional servo valves

Series LR digital proportional solenoid valves are 3/3-way, directly actuated with a
patented rotary spool system, with a closed-loop control circuit. The electronic
card is integrated into the valve body, ready to be connected. The LR Series digital
proportional solenoid valves have been designed to be as compact as possible to save
space and power. Thanks to this new digital version, the valve can be configured
through a USB connector according to different requirements. The Fig 3.36 show
the LR Series valve and it respective ISO symbol.
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-

Figure 3.36: LR Series digital proportional solenoid valve and ISO symbol [24]

Power Supply 24 V DC, max absortion 1.5 A
Control signal +/-10V
0-10 V
4-20 mA
Working temperature 0 to 50 °C
Supply pressure -0.9 to 10 bar
Maximum flow rate 6.3bar AP 1bar 430 Nl/min
Hardware configuration port micro USB

Table 3.12: General Characteristics of the Series LR Servo Valves

The next table illustrates the pins of the M12 8 pole connector located on the
upper section of the LR series servo-valves (Fig 3.37).

| 163, LED

Figure 3.37: LR Series pins connection [24]
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PIN SIGNAL DESCRIPTION

+5V power supply for external potentiometer transducer (ref. GND).

.
1 3V If used, it is necessary to connect RIF- with GND.
9 924 V DC 24V DC power supply (logic and motor): connect to the positive
pole of the 24V DC power supply (ref. GND)
3 RIF - GND reference or NEGATIVE pole of the command
signal (0-10V / 4-20mA / £10V)
4 RIF + POSITIVE reference of the command signal (0-10V / 4-20mA / £10V)
5 EXT for LRXD feedback signal of the external transducer 0-5V / 0-10V / 4-20mA (ref. RIF-)
for LRWD not used
6 FBK feedback signal 0-10V / 4-20mA (ref. GND)
7 GND common (reference pin 1 and 2): connect to the negative

pole of the 24V DC power supply (compulsory)
8 ERR for LRXD command signal 0-10V for slave valve (ref. GND)
for LRWD error signal (output) 0-24V (ref. GND)

Table 3.13: Power supply connector

3.6.5 Servo valve for position control (LRXD2) - Master
Valve

The LRXD2 servo valve is a proportional valve with high-precision integrated
control for cylinder positioning. The valve includes a patented 3/3-way system
based on the principle of a rotating spool and electronically controls the spool’s
position.

The closed-loop pneumatic servo system (Fig 3.38) allows position control via
feedback from a position sensor or Camozzi 6PF cylinder with an integrated linear
sensor. The speed and acceleration are directly managed by the electronic card
integrated into the valve body. The master valve model LRXD?2 is equipped with a
special signal for controlling the LRWD2 valve, which will act as a slave-valve [24].

Configuration of the LRXD series servovalve [25]

o The software "LrxdConfigurator' should be downloaded from the website
http://www.camozzi.com to configure the LRXD series servo valve, and then
install it according to the on-screen instructions displayed in the process.

o When the software "LrxdConfigurator" is started, the system will verify the
communication between the LRXD series servo valve and the PC with the
installed configuration. If communication fails, the table 3.14 shows the
possible errors that can occur.

e The "LrxdConfigurator" software can receive certain information and enter
many settings. The screen displayed is shown in Fig 3.39, and the available

49



Description of the test bench

REFEHENCE—)@—) PID _@_. PID 5 PWML—>
.T
POSITION L m—
e

SENSOR

T.

ACTUATOR

Figure 3.38: Electrical circuit of the LRXD valve [24]

Type of fault Causes Remedy

Connect the Electrical power supply by means
of the M12 connector and ensure that the green
led PWR lights up.

Connect the USB cable to one of the ports
available on the PC and to the Micro USB
connector under the transparent panel on the
servovalve.

USB drivers not installed Contact the Camozzi technical assistance service.

Electrical power supply
not connected

Communication failure
between servovalve USB cable not connected
and PC

Table 3.14: Types of faults

function levels will vary for different user types using the configurator. If
the user is logged in as a "consumer," the servo valve parameters cannot be
modified, nor can they be displayed. By entering the password and pressing
the command "Apply," the user will be registered as a "producer," in this case,
the servo valve parameters can be modified. The factory default value of this
password is "INIT," which can be changed by writing a new password and
pressing the command "Save" (only when the user is logged in as a "consumer").
Specific commands are disabled for "consumer" and "producer" users and can
only be used in Camozzi Service.

e In the "TAUTO SETTING OF THE FEEDBACK EFFECT?” frame,
you can select one from 3 different preset sets of K parameters of the internal
PID controller: Slow, Medium, and Fast. When one of them is selected, the
software will display the setting values six K parameters (LKP, LKA, LKV,
LKC, LKY and LKI) in the relevant text box. In any case, in the "M ANUAL
SETTINGS OF THE FEEDBACK EFFECT" frame, you can modify
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Figure 3.39: LrxdConfigurator Screen

the K parameter value by manually writing the value in the relative text
box to improve the application’s performance: set it to "PID custom." The
K parameter value is limited, and it is not possible to select a value outside
these preset ranges (the minimum and maximum values of the K parameter
are displayed near the relative text box). For valves with external sensors, the
K parameter value must be manually selected.

o Inthe "ANALOG/DIGITAL OUT SIGNAL" frame, the user can choose
the feedback signal format that the LRWD series servo valve provides to
the control system through pin 8 of the M12 connector: 4-20 mA, 0-10V,
in-position, or error. In the first two cases, the measured analog value will be
proportional to the external position sensor’s value. In the third case, there
will be a digital signal indicating the achievement of the goal in real-time.
The error tolerance range of the checked cylinder position can be set as a
percentage of full scale. If the reference signal exceeds the set range, the
digital output will assume an ON value, regardless of the value reached by
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the controlled variable (position).

In the "THERMAL ERROR" frame, the user can select the servo valve
response when a thermal error occurs. This error will occur when the servo
valve’s temperature is too high, which may be dangerous for the motor inside
the LRXD series servo valve. After activating this protection, the motor’s
power consumption will be limited within a safe value so that the servo valve
may lose its flow-related performance.

In the case of power failure, the user can select the valve position in the

'POWER OFF POSITION" frame:

— CLOSE: air transit is shut off from 2 to 3 and from 2 to 1.
— Port 2 to Port 3: air transit is opened from 2 to 3.

— Port 2 to Port 1: air transit is opened from 2 to 1.

In the "SETTING SIGNAL RANGE" frame, the user can use the signal
from an external position sensor to set the maximum control point (position
of the controlled cylinder). The value identifying this point can vary between
the minimum and maximum values of the external sensor signal (this range
depends on the external sensor signal selected when ordering the valve) and
is expressed as an absolute value [V or mA]. The value can be set using the
slider on the left side of the box or manually entering the value in the frame
on the right side of the box. Using this function, the user can continue to use
the entire range of the analog input signal on the LRXD series servo valve to
limit the controlled cylinder’s stroke within the nominal range.

In the "SETTING SET POINT RANGE" frame, the user can set the
reference signal’s maximum and minimum points. The value of identifying
these points varies between the minimum and maximum values of the reference
signal (0+10 V, or 4+-20 mA). The software "'LrxdConfigurator" verifies the
consistency of the two values and ensures that the minimum point is not
greater than the maximum point. The values can be set using the slider on
the box’s left side or manually entering two values in the box on the box’s
right side. This function allows the user to limit the reference signal range
within the nominal range while controlling the spool angle’s entire range on the
LRXD series servo valve. Therefore, the two maximum positive and negative
values of the actuator position controlled by the LRWD series servo valve are
associated with the set minimum and maximum reference signal values.

The instruction "READ ALL" allows the user to update the valve’s current
configuration with the settings already set in the valve.
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o The instruction "SEND ALL" allows the user to sent the setting currently
shown on the software to the LRXD series servo valve.
PID Controller Settings

Starting from the fact that the optimum system response must be fast, stable, and
accurate, the table below gives some general consideration about regulation:

Increase of Response velocity Response stability
Kp (proportional) Increase Decrease

Kv (velocity) Decrease Increase (*)

Ka (acceleration) Decrease Increase (*)

Ky (Prop. compensation) Decrease Increase

Ki (integral) Increase Decrease

*High gains of Kv and Ka can generate system instability

Table 3.15: PID controller setting LRXD servo valve

When the parameter increases, the response velocity increases but the stability
decreases. In general, the best situation is to have a controller slow but stable and
not a controller fast but unstable.

LKY proportional compensation gain: When the rod cylinder position
is close to the target position, the LKY gain directly modifies the control and
multiplies the control action. This gain is mainly used to avoid overshoot of the
system when the mass is to be moved. The LKY gain essentially allows the user to
interrupt the rod’s movement with a larger or smaller desired value. The value of
LKY gain can be between 0.1 and 0.8 [25].

3.6.6 Servo valve for flow control (LRWDZ2)- Slave Valve

The servo valve LRWD2 works as a slave-valve controlled by the Master valve
LRXDS through a dedicated signal. As the Fig 3.40 shows, the input reference
signal comes from the LRXR valve as a 0-10V command signal.

The LRWD series servo valve’s working mode is as follows: when the reference
signal is lower than 50%, the servo valve joins connections 3 and 2 so that air can
pass between the two pneumatic (Fig 3.41 right). Suppose the reference signal is
higher than 50%, then the servo valve connects port 1 and port 2, so that air can
pass between the two pneumatic ports (Fig 3.41 left).
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Figure 3.40: Electrical circuit of the LRWD valve [24]
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Figure 3.41: Working Principle Servo valve for flow control (LRWD2) [24]

Configuration of the LRWD series servovalve [26]

o The first steps are the same as in the LRXD valve. Whether it is the same
software, there are some differences, and the user can notice them when the
LRWD is connected. Fig 3.42 2 shows these changes.

For the LRWD series servo valve, the "TAUTO SETTING OF THE FEED-
BACK EFFECT" and "MANUAL SETTING OF THE FEEDBACK
EFFECT" frames are disabled. The value shown here will not have any in-
fluence on the operation of the LRWD series servo valve.

In the "ANALOG OUT SIGNAL" FRAME, the user can select the feed-
back signal format that the LRWD series servo valve provides to the control
system through pin 8 of the M12 connector: 4-20 mA or 0-10V. In both cases,
the measured value is proportional to the angular position of the spool

The user can set the maximum control point (for the LRWD series servo
valve, the spool’s angular position) in the "SETTING FLOW RANGE"
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Figure 3.42: LrxdConfigurator Screen when LRWD is connected

frame. This point reads values that vary from 0 to 100 and is expressed as
a percentage of the full scale. The value can be set using the slider on the
left side of the frame or manually entering the value on the frame’s right
side. This function allows users to limit the LRWD series servo valve’s flow
rate to a value lower than its maximum flow rate while using the analog
reference signal covering the entire range to control the LRWD series servo
valve. Therefore, the reference signal’s minimum and maximum values are
related to the maximum point controlled in the corresponding flow direction
(from 2 to 1 and 2 to 3). For example, if the reference signal type of the
maximum control point is 0-10V, then the maximum control point is set to
80. When the reference signal is 0V, the spool moves from 2 to 80% of the
final position of 1, and if the reference signal 10V, the spool will move. If the
spool’s final position is moved from 2 to 3, the spool moves to 80%.

o« The "THERMAL ERROR", "POWER OFF POSITION", "SETTING|
SET POINT RANGE", "SEND ALL" and "READ ALL" frames are
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already explained in the LRXD valve configuration. The functioning is the
same.

3.7 Series PR precision regulators with manual
override

PR series precision pressure regulators are ideal for applications that require precise
and stable air pressure control. The working principle of using multiple diaphragms

allows the PR series to respond even under the smallest pressure changes that may
occur during use.The PR104 and its ISO symbol is shown in Fig 3.43[25].

Al

Figure 3.43: Pressure Regulator and ISO symbol[25]

Moreover, the PR104 is used with the LRXD servo valve in two occasions:

o When the stroke movement is controlled in a backward direction, the master
servo valve (LRXD) must be connected to the rear cylinder chamber. And
in the front chamber is connected to the PR104 to generate the pneumatic
spring.

e When the stroke movement is controlled in a forward direction, the master
servo valve (LRXD) must be connected to the front cylinder chamber and the
PR104 to the rear chamber.
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Chapter 4
PLC programming

The PLC, Programmable Logic Controller, used for the activity and already pre-
sented in Section 3.2 of this document, is produced by Siemens with the code
S7-1200. The programming was carried out using the TIA Portal v.16 software,
supplied by the manufacturer and already described in Section 3.3. Next, the
structure and function of the code written by the candidate are analyzed.

The PLC, Programmable Logic Controller, used for the activity and already
presented in Section 3.2 of this document, is produced by Siemens with the code
S7-1200. The programming was carried out using the TIA Portal v.16 software,
supplied by the manufacturer and already described in Section 3. Next, the
structure and function of the code written by the candidate are analyzed.

4.1 Structure of the PLC program

The language used for programming is Ladder Diagram, or LAD according to
Siemens terminology. The code for the experiments changes depending on the valve
type used and the control algorithm. Regardless of this, some functions remain the
same for every kind of test realized, such as:

Sensor’s Reading [FC]

Square Wave Generation [OB]

Sine Wave Generation [OB]

Pulse Generator PWM [FB]

PID Cyclic interrupt [OB].
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4.1.1 Sensor’s Reading [FC]

This Function (Fig 4.1) receives as an input the word %IW3 ("X_FB_ CX") coming
from the Camozzi CX06 Module, which gets the feedback coming from the 6PF
Series Positioning Feedback cylinders. The ROL block is needed because, as already
explained in chapter 3.4, the communication uses little-endian encoding. This
means that the first byte is saved as the second byte. This block scrolls the specified
number of bits to the left; in this case, four times, every time a point is pushed out
of the byte, it will occupy the right side to release s position.

Furthermore, on the second network, the blocks "NORM X" and "SCALE X"
are used to conditioning the signal. The "Normalize' command normalizes the
already roled "X  ANALOG" input variable value by expressing the variable on
a linear scale. The MIN and MAX parameters are used to define the limits of a
series of values reflected on the scale. The MIN and MAX values were set manually.
When the cylinder piston is fully retracted, the minimum value is 53, and when the
piston is fully extended, the maximum value is 4058. If the value to be normalized
is equal to the MIN input value, 53 in this case, the output returns the value 0.0.
If the value to be normalized is equal to the MAX input value, 4058, the output
returns the value 1.0. Depending on the value’s position to be normalized in this
range of values, the result is calculated and deposited as a floating-point number
in the "TEMP" variable.

Later on, the "Scale" instruction scales the input value by mapping it into a
specific range of values. When executing the "Scalar" instruction, the floating-point
number in the input is scaled to the range of values defined by the MIN and MAX
parameters. This range is 0-20, which represents the total stroke of the piston in
centimeters. The result of the scale is an integer written in the "X_FB" variable,
which is the piston’s position, giving the system a feedback signal.

4.1.2 Square Wave Generation [OB]

The block in question (Fig 4.3) is of the OB type and Cyclic Interrupt subtype.
These blocks are executed at constant and predetermined time intervals, regardless
of the scan cycle duration. They are, therefore, perfect for generating waveforms.
The block in question allows generating a square wave signal of selectable amplitude
and frequency, with a duty-cycle equal to 0.5. The two timers TON, SW_ Timer_1
and SW_ Timer_ 2, necessary for the square wave generation, are inserted on
Network 1. The Q output of a TON timer is activated once the time set in the
PT input ("SW__period") has elapsed, in this case, equal to a half-period, and is
deactivated, with reset of the timer when there is no power supply on the branch
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Network 1: Rell Left instruction.

Figure 4.1: Sensor’s Reading [FC|

is placed. The Fig4.2 below shows the trend of the two timers’ signals when the
"SW__period" variable is equal to one second.

QSW Timar 1

t(s)

QSW Tirmer 2

t(s)

Figure 4.2: Outputs Q in the generation of a square wave with a period of 1s

At the start of the routine, the second timer’s Q) signal is absent; consequently,
the first is powered. After a half-period has elapsed, the Q output of SW_ Timer 1
is activated so that also the timer SW_ Timer_ 2 begins to operate. After another
half-period, the second’s output Q is activated, cutting off the power supply to the
first. A chain reaction is thus generated, leading to the disappearance of the Q) signal
of SW_ Timer 1, to the consequent deactivation of SW_ Timer 2, and finally to
the disappearance of the () signal of the latter. At this point, the whole procedure
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repeats itself from the beginning. The last two code segments allow updating
the reference in the piston position, which varies between a minimum saved in
the "SW_POS DOWN" variable and a maximum saved in the 'SW_POS UP'

variable.

Network 1: Timer 1 and Timer 2 generate the square wave

Network 2: Updating of the X_SET signal

“SW_timer1".Q

{

%MDSE =MD70
EW_PDSUF — 1y mouTy — X_SET

Network 3: Updating of the X_SET signal

“SW_timer1".Q MOVE

t EN
%MDE0 =MO70
“EW_POS_DOWN — N "OUTY — ¥ _SET

Figure 4.3: Square Wave Generation [OB]|

4.1.3 Sine Wave Generation [OB]

The Sine Wave Generation block shown in Fig 4.4 | like the previous one, is of the
"Cyclic Interrupt" type and allows the piston setpoint to be varied according to a
sine wave of selectable amplitude and frequency and equation:

X _SET =0ffset + A x Sin(wt) (4.1)

On Network 1 there is a timer that restarts every time a period equal to a
period of the sine wave in question passes. Next, on network 2 the product ( wt) is
calculated, and the conversion from ms to s is carried out. Furthermore, on network
3, the product A x sin(wt) is calculated and then add the Offset. Finally on the
last network, the X_SET variable is updated according to the above equation.
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Network 1: Setting the sine period

“SINE_timer”. Time

Network 2: Calculation of the product omega*t . 1st multiplication block converts from ms to s.

Dint to Real Feal Real

- EN — EN — e |
¥omepaT — M OUT — HSIN_CenegaT BIN OmegsT—INI  OUT —EASNIWTY FOFESET— INY %MDI4
RGO EASINWTY —INZ 2 OUT —"A_SIN(wt)"
SN AMP N2 e

Network 4: Updating of X_SET

WD ®MDTO
CASINGWRET — N JAOUTY — "X SET

Figure 4.4: Sine Wave Generation [OB]

4.1.4 Pulse Generator PWM [FB]

The PWM signal is a pulse sequence with a fixed frequency and amplitude and
a variable pulse width. There is only one pulse of fixed size in each PWM cycle.
However, the width of the pulse varies from pulse to pulse following the modulation
signal.

The duty cycle is the amount of time that a digital signal is "active" relative to
the signal period. The duty cycle is usually given as a percentage. For example, a
perfect square wave with equal high time and low time has a duty cycle of 50%.
Fig 4.5 shows a representation of a duty cycle. The calculation of the active time
obey the following equation [29]:

Period
Ton = ( ero ) X DutyCycle (4.2)
100
Period
Torr = (W) x (1 — DutyCycle) (4.3)
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Period=10
' Width=3|
—

cutput

Figure 4.5: Representation of the concept of duty cycle

A Function Block is created for generating a PWM signal. It should be noted
that it is better to create a Function Block FB and not an FC function as it could
be helpful to have different instances with different values of the Period "T" and
the duty cycle.

Network 1 is in charge of calculating the maximum error possible to have. It
compares the setpoint entered by the user. If it is higher than 10cm (half of the
total stroke), the maximum error possible is the setpoint itself; but if the setpoint
is lower than 10cm, the maximum error is equal to 20 — Xggpr. For example, if the
setpoint is 12 cm and the piston is at 0 cm, the maximum error is 12 cm, but if
the setpoint is 5 cm and the piston is at end stroke, what is 20 ¢cm, the maximum
possible error is 20cm — bem = 15em.

Network 2 is in charge of calculating the T _OFF of the duty cycle. The
duty cycle is proportional to the error, so the first step is to calculate the error
U = Xsgr — Xrp. Since what is needed is time, this error U must be a positive
value, so the absolute value is obtained. Then, the error is normalized between 0
and MAX error to finally be scaled between 0 and the maximum period defined by
the user (to achieve good performance a period not lower than 750ms is suggested
by the valve’s user manual). Network 1 and Network 2 are shown in Fig 4.6

Network 3 (Fig 4.7)is in charge of generating the PWM. The timer "T3" drives
the signal period, which means that the signal will repeat every "T" millisecond.
Timer "T4" generates the time the signal remains inactive, which means that the
signal will last OFF "T'_ON_ 24" milliseconds. The last branch has the normally
closed contact output of the Timer "T'4," which activates the coil "ON." The time
this coil remains active is the active time of the PWM signal.
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Network 1: Calculation of the Maximum Error
%BMD70
X _SET MOVE
_| Reai | BN —
100 ®WMD70 %MD32
“X_SET N s0OUuT1 “MAX_ERROR™
%MD70 suB
“X_SET" Murto (Real) MOVE
—| R;‘i BN — EN — MO ——
100 200 — N1 ouT —#sub #1ub— IN w032
®WMD70 SouTt “MAX_ERROR"
H_SET — N2
Network 2: Calculation fo T_OFF="T_ON_24"
Network 2: Calculation fo T_OFF="T_ON_24"
SUB ABS MNORM_X
Mutto (Real) Real Real to LReal
== = >
%MD70 HMD74 %MD74 %MD78 00— mMIN out — #U_Temp
X_ZET — N1 ouT — TEMP® TEMP—IN our —"U %MD7B
RMDEE 2 VALUE
“X_FB" IN2 WMD32
“MAX_ERROR" — MAX
SCALE X
Real to Dint
P EN
08 —=MN %MD14
#U_Temp —#IVALUE our — T_ON_24"
%MD40
T max

Figure 4.6: Network 1 and Network 2 of the PWM generator [FB]

Network 3: Timers to generate the PWM
When the Output of T4 is off, the coil ON is active, this is the active time of the PWM
%081
p
Ton
R Time:
— Q
%MDa0 e
ol
%pB2
"
Ton
Time
L Q=
%MD14 T —T3om
T_GN_24" —FT
%Mo
. o
4

Figure 4.7: Network 3 of the PWM generator [FB]]

4.1.5 PID Cyeclic interrupt [OB]

The PID block is used in various ways in this thesis. For example, when working
with the 5/3 valve, the PID controller is implemented inside the PLC program and,
given the setpoint and the feedback coming from the sensorized cylinder, the digital
valve is actuated using the PWM technique or when working with the proportional
valves, the output of the PID is the input of the driver, which processes this signal
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internally.

Before analyzing the block’s various segments, the procedure for building a PID
controller inside a Siemens PLC is briefly summarized. The first step consists of
creating a Cyclic Interrupt type block, inside which the actual PID network will
be inserted. The frequency with which the interrupt is called coincides with the
frequency with which the PID algorithm is calculated. The latter is all contained
within a PID Compact component, which is part of the Technologic Instructions
family. Once the interrupt has been created, the PID Compact block must be
positioned inside it, and it is possible to set its operating parameters, the most
important of which is the sampling period. It determines how many times the
algorithm is executed before the outputs are updated. In other words: set a
one-millisecond interval for the interrupt and set this property to four milliseconds;
the PID algorithm is executed four times before the PLC output is updated. This
technique allows not to clog the output bus and at the same time allows the system
to respond to the command signal.

The slower a system responds to a change in the setpoint, the longer the sam-
pling period can be. In the case in question, the PID algorithm is executed every
millisecond, and the updating of the outputs takes place every two.

Once the piston position has been read and converted, it is sent, together with
the desired set point, to the PID block, which compensates for the error between
the two inputs and saves the result in a temporal variable, called "temp."

The PID output then enters an ABS block, with which the absolute value of
the input signal is obtained and stored in the "PID_Output" variable. The ABS
function is executed because the output of the PID is different in several ways in
the thesis. For example, when the PID output commands a PWM, this output has
to be converted into a time variable, so there is no negative time. Another example
is that the analog module’s output is limited to the range 0 - 10 V, and the drivers
of the proportional valves do not accept negative command signals. The PID Cyclic
interrupt [OB] is shown in the Fig 4.8.

4.1.6 Configuration Windown PID Compact

The user can configure the PID Compact in the Configuration Window. The basic
settings, Process Value Settings, and Advanced Settings.

o Basic Settings:on this window, the user can configure properties as the
physical quantity, the control logic, and the start-up behavior after reset.
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Network 1: PID compact and ABS function

Figure 4.8: PID Cyclic interrupt [OB]

Controller type

|Length |v| |cm |v|

[ 1nvert control logic

@ Activate Mode after CPU restart

Set Mode to: | Automatic mode |v|

Figure 4.9: Control Type Windonw

As shown in the Fig 4.9, the chosen physical quantity is Length, and the
measurement unit is centimeters because a positioning control is realized. The
process value and setpoint and will be displayed in this unit.

In the input/output parameters (Fig 4.10), the user can choose the input and
output type. In this case, the entry "Input’ is selected from the drop-down
list "Input,” then the user must write the name of the variable in which the
processed process value is saved. PID Compact offers three output values, and
the type is chosen depending on the application and the actuator.

— Output PER: The actuator is triggered by an analog output and controlled

by a continuous signal. For example, 0-10V, 4-20mA.

Pulse width

— Output PWM: A digital output controls the actuator.
modulation creates minimum ON and minimum OFF times.

— Output: The user program’s output value needs to be processed, for

example, because of nonlinear actuator response.

e Process Value Settings: The user must specify appropriate absolute upper
and lower limits for the process value as the controlled system’s limit values.
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Input ! cutput parameters

Setpoint:

-] |
Input: CQutput:
Input - K mm_ -

(=~ | | -] | |

Figure 4.10: Input/Output Parameters

Process value limits

Process value high limit: |20.0 cm

Process value low limit: |0.0 cm

v

Figure 4.11: Process Value Limits

Once the process value violates these limits, an error will occur (ErrorBits =
0001h). When the process value limit is violated, the tuning is canceled.

In this case, as shown in Fig 4.11, the high limit is set at 20 cm and the low
limit at 0 cm because the total stroke of the cylinder is 20 centimeters, so the

process value will always stay inside that range.

o Advanced Settings:

— Output value limits: In this configuration window (Fig 4.12), the
user configures the absolute limit of the percentage form’s output value.
The absolute output value limit will not be violated in manual mode or
automatic mode. If an output value that exceeds the limit is specified in
manual mode, the practical value is limited to the CPU’s configured limit.

— PID parameters: The parameters are shown in the "PID parameters'
configuration window (Fig 4.13 . The parameters will adapt to the
controlled system during the controller tuning but also can be changed

manually.
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Output value limits %

Output value high limit: | 100.0 %

Output value low limit: |-100.0 %

v

Figure 4.12: Output Value Limits

PID Parameters

[ Enable manual entry

Proporticnal gain:
Integral action time:
Derivative action time:
Derivative delay coefficient:
Proportional action weighting:
Derivative action weighting:
Sampling time of PID algorithm:
Tuning rule
Controller structure: _ -

Figure 4.13: PID Parameters

In the "Controller structure" drop-down list, the user can choose the type
of controller that better matches the requirements, and the options are
PID and PI.

4.2 Structure of the Compact PID controller

As mentioned, the PID controller available within the TTA Portal takes the name
of PID Compact. The control law used within it has the following structure:

1 ( ) 4 TdS
X - e
Tps ' SPTTFB TTys + 1

Where x5 and Xpp indicate a generic reference signal and the corresponding
feedback coming from the transducer. In terms of time constant, it is very similar to
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the classic PID controller. Instead of the two coefficients wp and wd, the "weighting
coefficient of proportional part" and "weighting coefficient of differential part"
respectively. The value range of wp and wd is 0-1, and the purpose is to exclude or
cause the proportional and derivative components to intervene in a limited way
(if a change in the reference value causes the error input to the controller) rather
than the process variable. In terms of simplicity, the coefficients are set to 1 to
work with the commonly known PID control law, which becomes as follow:

(xspr — xrp) + Tas (xspr —xrp)]  (4.5)

- K — 4z
YpPID o(TsEr — xFB) + Tos TTys + 1

Each term in the equation is explained in the following table.

Symbol Description
YpPID Output value of the PID algorithm
K, Proportional gain
S Laplace operator
Wy Proportional action weighting
TSET Setpoint
TFB Feedback value (Process value)
T; Integral action time
Ty Derivative action time
Wy Derivative action weighting
T Derivative delay coefficient

Table 4.1: Terms of the PID Compact equation

Thus, it was possible to determine the equivalence between the form implemented
within the Siemens PLC and the classical one using k,, k;, k4. The conversion
formulas are as follows:

K, =k, (4.6)
kp

T— (4.7)

7= (4.8)

(4.9)

Thanks to this convention, it will be easy to analyze and compare the system’s
response when these values vary.
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Chapter 5
Experimental results

In this chapter, the results obtained for the different configurations of the plant
will be presented. The control methods and how they were implemented in the
TTA portal software will be briefly explained by describing the ladder language pro-
grams. The comparison between the results is discussed in detail in the next section.

5.1 5/3 closed center solenoid valve

The difference between the setpoint and the process output (measured value) is
caused by disturbances affecting the plant (process). The controller’s role is to
eliminate these interferences and keep the plant output (process value) at a prede-
fined value (setpoint).

The way the controller reacts to errors is called control law or control mode.
Various control laws are used in industrial applications, mostly on-off control, PID
control, or other more advanced laws (fuzzy, neuro-fuzzy, and optimal).

For the configuration of the test bench that uses the 5/3 closed center solenoid
valve, the PLC and the Camozzi CX06 module, shown Fig 5.1, three types of
control were implemented:

e On-Off Control
e« PWM Method

« PWM driven by a PID control
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Figure 5.1: Configuration using 5/3 closed center solenoid valve

5.1.1 ON-OFF control

An on-off controller, bang-bang controller, or two-step controller is the simplest
feedback control method. The on-off controller easily drives the process value from
fully closed, which switches OFF when the error is zero or negative to fully open,
which switches ON when the error is positive according to the position of the
controlled variable relative to the setpoint value [28].

Network 1: Sensor Reading Function

Network 2: On-Off control

HMDGE
6.2

“X_FE" e

| < | ,

| Reat [ 1

HMD70

“X_SET

®MD6EE

6.3
X “‘@2.
| = .
| Reat [ 1
%MD70
“X_SET

Figure 5.2: Ladder Diagram On-Off controller

Furthermore, Fig 5.2 shows the ladder diagram for the on-off controller made in
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TTIA portal.As explained in Chapter 4, the first network is in charge of acquiring
the sensorized cylinder signal and giving it the proper conditioning to work com-
fortably. The second network has the logic of the controller. The first branch is in
charge of the airflow in the rear chamber, and the second branch is in charge of the
pneumatic cylinder’s front chamber. The process value stored in the X _FB variable
is compared with the setpoint value entered manually by the user and stored in
X_SET variable. When the process value has not reached the setpoint, the S1
coil that commands solenoid 14 of the 5/3 valve is activated until the setpoint is
reached. On the other hand, if the value goes beyond the setpoint, coil S2 that
commands solenoid 12 of the valve is activated.

The Fig 5.3 shows the dynamic position response while tracking a step change
in reference signal from 0 mm to 120 mm and its error u(t) = Xgpr — Xpp . As
seen in the figure, not much can be concluded as the system never stabilizes. This
significant error is caused because the type of control is not robust enough to
control the valve’s airflow. As this flow is huge, the momentum it gives to the
pistons is so strong that it never stabilizes.

200 I I I 1 1
160

AV AR AL VAR G U T A A A \

80 —XFB
—XSET

0 1 1 1 1 1 |

40
2 4 6 8 10 12

Position (mm)

— N
=]
T

—
<
T

Error (mm)

o
S
=)

2 4 1 12
Tin?e (s) 8 0

Figure 5.3: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm.

5.1.2 PWM Method

Figure 5.4 shows network 1 and network 2 of the program. These blocks are already
explained in detail in section 4.
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Network 1: Sensor's Reading Funtion

Network 2: PWM generation Function Block

%085
“PWM Gen_DB"
%FB1
“PWM Gen"

[—En

Figure 5.4: Network 1 and Network 2 of the PWM Method program.

Network 3 and network 4, shown in Fig 5.5 are responsible for the control of the
solenoids S1 and S2. When the error "U_TEMP" is higher than zero, the solenoid
S1 that commands the airflow in the rear chamber will remain active for the time
the contact "ON" is close. It is worth it to remain that the contact "ON" represents
the active time of the PWM signal generated by the PWM Gen Function Block.
On the other hand, the same happens with the solenoid S2, and this will remain
active when the error "U TEMP" is lower than zero.

Network 3: Control Logic

%I04 MD74 *MO.0 %Q6.2
P U TEMP “on- et
f |reat [
0o
%00
pan
L
—t
Network 4:
%104 _®MD74 %MO0 %Q6.3
o U_TEMF o pis
—t st | 1t B
w02
it

Figure 5.5: Network 3 and Network 4 of the PWM Method program

Figure 5.6 shows the dynamic position response while tracking a step-change in
reference signal from 0 mm to 120 mm and period 650, 750, and 850 milliseconds,
respectively. As the images show, the behavior is much better than the previous
exercise. The system remains stable for an uncertain time, but the difference in
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pressure between the cylinder chambers means that the piston never stays entirely
still. For this reason, the system remains vibrating around the setpoint.

200 T T T T |
—650 ms
—750 ms
160 - 850 ms/|
g —XSET
é 120 - L —;'? — — .
=
=
Z 80 |
=
==
40 -
0 | | | | | | |
3 4 5 6 7 8 9 10

Time(s)

Figure 5.6: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm with perido of 650, 750 and 850 ms.
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Figure 5.7: Error varying the period.

At this time, it is important to introduce the term "settling time". Settling
time (ts) refers to the time it takes for the response curve to reach an error band
around the setpoint and stay within this band. The error band is usually +-2% or
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+-5% of the final value [30]. In this thesis, an error band of 5% was chosen. Table
5.1 , summarizes the results obtained.

650 ms 750 ms 850 ms

ts (s) 255 245 2.30
max error (mm) 7.29 5.87 7.42

Table 5.1: Results PWM Method

5.1.3 PWDM driven by a PID controller

An adequately set PID controller will reach this set value as soon as possible and
keep it at a constant value. After the output value changes, the process value
usually changes only with time. The controller must compensate for this response.

The output value of the PID controller consists of three parts:

o P (Proportion): the output value is proportional to the difference between
the set value and the process value (input value). As the name suggests, this
control action is proportional to the error signal. Internally, the proportional
action multiplies the error signal by a constant and tries to minimize the
system error. When the error is significant, the control action is large and
tends to minimize this error [31].

o I (integer): the output value increases in proportion to the duration of the
difference between the set value and the process value (input value) to finally
correct the difference. As its name implies, this control action calculates the
error signal’s integral; that is, it corresponds to the sum or accumulation of
the error signal. As time goes by, small errors add up to make the integral
action ever greater, reducing the error of the process that is in production.
The disadvantage of using the integral action is that it adds certain inertia to
the system and therefore makes it more unstable.

o D (Derivative): the output value increases according to the rate of increase
in the difference between the set value and the process value (input value).
Correct the output value to the set value as soon as possible. This control
action is proportional to the derivative of the error signal or, in other words,
to the speed of the error. When the system or process controlled is moving at
high speed towards the desired point (reference value), the system will pass
by due to its inertia, producing overshoots and oscillations.
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Fig 5.8 shows the first two networks of the program. As in past programs, the
first network acquires and conditions the sensor signal. The second network is
responsible for generating the active duty cycle for the PWM. Unlike the previous
program, the duty cycle is not directly proportional to the error u = Xspr — Xpp;
in this case, the PWM depends on a PID controller. The Function Block called
"PID_PWM," which gets as input the variable "PID_ output" from the PID Cyclic
interrupt [OB], explained in chapter 4, and the period "T" which determines the
period of the PWM and gives as output the duty cycle proper to command the
valves.

Network 1:

wFc1
“sensor's Reading™
EN

Network 2: PID_Output Function Block

F conv
“PID_Pwm Real o Dint

......

Figure 5.8: Network 1 and 2 PWM driven by a PID controller

Figure 5.9, shows what is inside the PID__PWM [FB]|. Firstly the variable
"PID_output" is normalized between 0-100 because this variable is needed in per-
centage format, and then this percentage is multiplied by the period, thus obtaining
the desired duty cycle.

Fig 25.10images the PWM generator, which works in the same way as the one
explained in the past method.

Fig 5.11 shows the control logic, which works pretty similar to the previously
explained. When the error "U_ pid" is positive, the solenoid S1 is activated when
the contact "ON" remains active. The contact "ON" represents the duty cycle of the
PWM. The same happens with the solenoid S2 when the error "U_ pid" is negative.
When the error "U_ pid" is zero, both the coils are deactivated.
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Network 1: Calculation of the Duty Cycle

NORM_X
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Figure 5.9: PID_PWM Function Block

Network 3: PWM Generation
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Figure 5.10: Network 3 of the PWM driven by a PID controller programm

Network 4: Control of the Valve Solenoids

mo3e =u03 %q6.2
“u_pid" “on- o
> | 1t
real [ 11
00
=mp3s
=m0 %063
“u_pid” “on 2
< | It N
rel[ it —
05
=MD wqez
'L_plci 51
= [
_|aez\| ir
=063
(R p—

Figure 5.11: Network 4 of the PWM driven by a PID controller programm

The obtained results are shown in the Fig 5.13. The effect of the parameter Kp
is considerably notable because by increasing the parameter, the system’s response
increases, but the stability decreases.Fig 5.13 shows the error u(t) = Xspr — Xrp
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for each K,. It is observable the improvement of the system. The table 5.2 sum-
marizes the results obtained in this experiment in terms of settling time and error.

200 . . .
160 |- .
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Figure 5.12: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm varying Kp parameter
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Figure 5.13: Error varying Kp parameter

The Fig 5.14 shows the dynamic position response while tracking a step change
in reference signal from 0 mm to 120 mm varying K; parameter and keeping K, =5
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Kp=1 Kp=5 Kp=10
ts (s) 11.7 5.3 1.7
error (mm)  1.48 0.45 6

Table 5.2: Results PID control varying KP parameter

constant.Moreover, the addition of an integral action to the system was supposed
to be accompanied by a decrease in the steady-state system error, but the response
was not as expected, it is shown in Fig 5.15. The table 5.3 summarizes the results
obtained.
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—Ki=1
160 - Ki=5
»é\ —XSET
5120 ll X = !f'\u‘f—-\u
=
=
Z 80T .
=]
=
40 - 1
0= I I I I 1 I I
0 5 10 15 20 25 30 35 40

Time(s)

Figure 5.14: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm varying Ki parameter

The Fig 5.16 shows the dynamic position response while tracking a step change
in reference signal from 0 mm to 120 mm varying K, parameter and keeping K, = 5
and K; = 5 constant. In addition, it is remarkable the action of the derivative
parameter in the system. Compared to the previous results, this one is more stable
but a little less fast. On the other hand, the error continues to be similar to
the previous results. The steady-state error is shown in Fig 5.17. The table 5.4
summarizes the results obtained.

After seeing the different proportional, integral, and derivative actions of a
PID control, a few simple rules can be applied to tune this controller manually.
The proportional action is gradually increased to decrease the error and increase
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Figure 5.15: Error varying Ki parameter

Ki=0.5 Ki=1 Ki=5
ts (s) 321 233 141
error (mm)  3.753 5.5 5.58

Table 5.3: Results PID control varying KI parameter

response speed. With K, = 6 a suitable response in speed and error is reached, so
the PID is already tuned. Fig 5.18 and the table 5.5 shows the dynamic position
response while tracking a step change in reference signal from 0 mm to 120 mm
with K, = 6 and the error, respectively.
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200 w I
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Figure 5.16: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm varying Kd parameter
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Figure 5.17: Error varying Kd parameter

Kd=0.5 Kd=2.5 Kd=5
ts (s) 17.87 15.27 16.34
error (mm) 5.4 5.8 5.8

Table 5.4: Results PID control varying Kd parameter
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Error(mm)
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Figure 5.18: Dynamic position response while tracking a step change in reference
signal from 0 mm to 120 mm with Kp=6

Kp=6
ts (s) 3.71
error (mm) 0.72

Table 5.5: Result PID control with Kp=6
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5.2 Directly Operated Proportional Valves

For the configuration of the test bench that uses the Directly Operated Proportional
Valves, the CX06 Camozzi Module and the PLC, shown Fig 5.19, three types of

control were implemented:

e PWM Method using the CTRL_PWM instruction

e PWM Method using the CTRL_PWM instruction driven by a PID controller

input
CX06 module — [[T ]
PLC position i | !
feedback

Valve 1 Valve 2 Valve 3 Valve 4

- h F L

T o T —1—
'/_L\‘ % Parm\'; Pa.fm v f P_va"i

Figure 5.19: Configuration Using Directly Operated Proportional Valves

5.2.1 PWM Method using the CTRL__PWM instruction

At this time, it is essential to talk about the CTRL__PWDM instruction that the
PLC has incorporated. The "CTRL_PWM instruction" provides a fixed cycle
time output with a variable duty cycle. After starting at the specified frequency
(cycle time), the PWM output will run continuously. The pulse width is changed
as needed to achieve the required control. The instruction has two important
parameters:

o« PWM identifier: The activated pulse generator’s name will become a tag in
the "constant' tag table and can be used as a PWM parameter. (Default
value: 0)
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o« ENABLE: When the EN input is TRUE, the PWM__CTRL instruction starts
or stops the identified PWM according to the value on the ENABLE input.
The value specifies the pulse width in the relevant Q word output address.

Fig 5.20 shows the configuration window for the PTO/PWM instruction. The
main parameters of the PWM are set on the "Pulse option" section, where the user
can choose the signal type: PWM (Pulse Width Modulation) or PTO (Pulse Train
Output), the time base, for this experiment, the base is Milliseconds.

When the CPU enters RUN mode for the first time, the pulse width will be
set to the initial value configured in the device configuration. The user writes the
value to the QQ word position specified in the device configuration ("output address"
/ "start address:") according to the needed to change the pulse width. Instructions
such as move, transform, math, or PID can be used to write the required pulse
width into the appropriate Q word.

> Parameter assignment

Pulse options

Signal type: ‘ PN

[~]
Time base: ‘Milhseconds |'|
[~]

Pulse duration format: | Hundredths

Cycle time: ‘250 ms Iz'

Initial pulse duration: ‘D Hundredths lz'

[ Allow runtime modification of the cycle time

> Hardware outputs

Pulse output: | 3%Q0.2 ...| 100kHz on-board output

> 0 addresses

Output addresses

Startaddress: |1008 0|
End address: |1009 ?l

Organization block: | (Automatic update) |

Process image: |)‘<gg\umamentu automatico |

Figure 5.20: Pulse generator window configuration

The ladder program carried out for this experiment is shown below. The first
three networks shown in Fig 5.21 are already explained in chapter 4. They are in
charge of acquiring the signal and calculating the maximum error possible to get

the PWM period.

The last network is in charge of sending the signal of activation to the CTRL_PWM
instruction. When the error = X, —Xyy is higher than zero, the coil "Carico Enable'|
is activated; this coil enables the CTRL_PWM, which drives the rear chamber of
the cylinder, in the other hand, when the error is less or equal than zero, the coil
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"Scarico_ Enable" is activated; this coil enables the CTRL PWM, which drives

the front chamber of the cylinder.

Network 1: Sensor's Reading

®FC1
*Sensor's Reading™
EN ENO
Network 2: Calculation Maximum Error
®MD70
XSET MovE
== | —
Real [
100 ®MD70 ®MD32
XSET ——IN  #OUT1 — MAX_ERROR"
%MD70 suB
x_.ETI Auto (Real) MovE
Real [ - E=
100 WO~ ouT— #sub ub — N %MD32
%MD70 LSOuTt “MAX_ERRCR™
“X_SET" N2
Network 3: Calculation of the PWM's Period
SUB ABS NORM_X
Auto (Real} Real Real to Real
EN — EN — >
JR— OUT — #U_Temp #U_Temp— Iy JR— 00— M OUT — #U_Temp_1
“X_SET™ INT our uw
%MDE6 U vALUE
P INZ %MD32
"MAX_ERROR" MAX
SCALE X
Real to Dint
> EN
O MIN HMD4E
#U_Temp_1 'VALUE ouT — "Time_On"
100 MAX
Network 4: Control of the Valves
U T %6M3.0
# E"i" “Carico_ENABLE"
Real | .
0.0
~ %81
U E”EP “Scarico_ENABLE"
<~ ;
Rm\l 1 )_'
0.0

Figure 5.21: Main Organization Block of the PWM Method using the
CTRL_PWM instruction program

Fig 5.22 shows an organization block implemented to activate the CRTL_PWM
block for the cylinder’s front and rear chamber. Network 1 gets the "Time_On"
value, which is the duty cycle of the PWM proportional to the error. The block
"MOVE" sends this value to the words "QW1008" and "QW1002," which were
chosen in the configuration window of the instruction. Network 2 and 3 hold the
CTRL_PWM Block. When the "ENABLE" parameter of the block is activated, it
sends an analog signal proportional to the duty cycle to command the opening of
the Directly Operated Proportional Valves.
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Network 1:

Network 2: Rear Chamber's Control Singal

Network 3: Front Chamber's Control Singal

%MB.1
“Scarico_ENABLE" — ENABLE

Figure 5.22: CTRL_ PWM Organization Block

In addition, in the tests made with this method, the PWM period was varied to
see and analyze the system’s behavior. The periods used were 100ms, 200ms and
300ms. Fig 5.23 shows the dynamic position response while tracking a step-change
in reference signal from 0 mm to 120 mm. The improvement with these valves is
notable concerning the valves used in the previous exercise. With this configuration,
steady-state errors of 4.9 mm were reached for 100ms, 2.8mm for 200ms, and
0.34mm for 300ms (Fig 5.24 ). The table 5.6 summarizes the results obtained in
this case.

100ms 200ms 300ms

ts (s) 2.8 1.8 1.3
error (mm) 4.9 2.8 0.34

Table 5.6: Results PWM Method using the CTRL__PWDM instruction
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Figure 5.23: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the period of the PWM

Error(mm)
=~ ek
Uhhhhhho
T T

|

(=4

(=

!

| | z

2.5+
| | L L | |
0 1 2 3 4 5 6 7
1
0.5 | | | | | |
0 [ |
-0.5 §
_1 | 1 | | | 1
0 1 2 3 4 6 7
Time(s)

Figure 5.24: Error varying the period of the PWM

5.2.2 PWM Method using the CTRL_PWDM instruction
driven by a PID controller

This method works in the same way as the previous one, with the difference that,
in this case, the PWM duty cycle is modulated by a PID controller. Fig 5.25 shows
the Cyclic Time Interrupt where both the PID Compact and the CRTL_PWM
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blocks are implemented. The Main organization block is the same shown in Fig 77

Network 1: PID compact block

%085
“PaD_Comgact_1”

%4 FID_Compact 2ES

u &% o
| — Eeno B — ENo——
®MOTD Outpat — ¥tme_pid #time_pid —ripy SMDED
"HSET — Sutpolint Cutpert_PER QUT — Time_On_P"
BMDEE Output_PWM —'alse
“X_FE Ingat State
Inget_PER Errar —ifalse

Ermordis

Network 2: Send the duty cycle to the CRTL PWM

=04
o
L
—t EN
%MDE0 %QwW1008

“Time_On_PIX" — N QUTY— "Carico”

Network 3: Activation of the PWM output to control the airflow in the rear and front chamber

%0E3
wins “CTRL_PWM_DE"
T CTRL_PWM

— ——

= Mo—————————
T P STATUS
wML0
“Carica_ENABLE'— EMABLE

=081
“CTRL_PWM_DE_1"
CTRL_PWM
=] mo—
266 BUSY —Fuse
T e STATUS

LRl
“Scarico ENABLE — EMABLE

Figure 5.25: PWM Method using the CTRL_PWM instruction driven by a PID
controller

Fig 5.26 and Fig 5.27 shows the dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm varying the K, parameter
and its error, respectively. The effect of the parameter Kp can be clearly seen.
When K, = 3, there is no overshoot, but the system responds slowly. On the other
hand, with K, =5 and K, = 10, the system responds faster. Regarding the error,
when K, = 10, the error is almost zero; therefore, for the following tests, K, will
be left fixed, and a variation of the other parameters will be made. Results are
summarized on the table 5.7.

K,=10 K,=15 K,=30

ts (s) 1.32 1.2 1.56
error (mm) 2.2 0.39 0.34

Table 5.7: Results of the PWM Method using the CTRL PWM instruction
driven by a PID controller varying Kp
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160 | | |

—Kp=10
—Kp=15
Kp=30|
120 = —X SET|
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Figure 5.26: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K, parameter
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2- m
0 | | | I I I I | |
0 1 2 3 4 5 6 7 8 9 10
.
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Figure 5.27: Error varying the K, parameter

Fig 5.28 and Fig 5.29 shows the dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm varying the K; parameter and
its error, respectively, with K, = 15 fixed.It is remarkable that with the addition of
the K parameter, the system becomes more stable and a slower; the error almost
does not change. Table 5.7 summarizes the results obtained varying K.
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Figure 5.28: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K; parameter
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Figure 5.29: Error varying the K, parameter

Fig 5.30 and Fig 5.31 shows the dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm varying the K; parameter
and its error, respectively, with K, = 15 and K, = 1 fixed. With the introduction
of the Ki parameter, it is visible that the system improves its speed and the error
in a steady-state compared to the previous result. Table 5.9 summarizes the results

obtained varying K;
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Keo=1 K;=5 K;=10

ts (s) 1.2 206  2.18
error (mm) 14 1.5 0.5

Table 5.8: Results of the PWM Method using the CTRL_ PWM instruction
driven by a PID controller varying Kd

160 |
—Ki=1
—Ki=0.5
Ki=0.1
EIZO A —X SET|
)
5w |
= /
2 ‘
B 40 / |
y
0 | | | | |
0 1 2 3 4 5 6

Time(s)

Figure 5.30: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K; parameter

Ziegler-Nichols Tuning Rule

After analyzing the system’s behavior as the main PID parameters (Kp, Ki, Kd)
vary, it is necessary to find the right combination of values that make the system
optimal. Different techniques for the calibration of the PID parameters that allow
identifying this triad and for this positioning control, the Ziegler-Nichols method in
the closed-loop have been chosen. However, this method cannot be applied to all
control systems, but only to those which, if brought to the threshold of instability,
do not cause damage. This is a purely experimental calibration method, and in
order to apply it, the following steps must be performed in the order in which they
are listed [31]:

Step 1: Cancel in the closed-loop control system all the parameters that characterize
a PID controller (Kp, Ki and Kd)

Step 2: Gradually increase the value of the proportional coefficient (Kp) until, by
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Figure 5.31: Error varying Ki

ts (s) 1.2013  1.2026  1,.2057
error (mm)  0.53 0.83 0.13

Table 5.9: Results of the PWM Method using the CTRL_PWM instruction
driven by a PID controller varying Ki

Step 3:

introducing a small step perturbation of the input into the system, a permanent
oscillation of the output is generated. The value of the Kp obtained will be
called critical gain or K., while the period of oscillation generated T, (if the
system never enters oscillation, the method is not applicable)

Insert in table 5.10 the values of K, and T'c, according to the type of controller
to be used, and then extrapolate the calculated PID parameters’ values.

This procedure was applied to this positioning control in order to optimize it.
After varying the K, parameter, values of K. = 55 and T'c = 1.2s were found. Table
5.11 reports the values of the parameters calculated using the table mentioned above.

Fig 5.33 shows the dynamic response of Dynamic position response while track-
ing a step-change in reference signal from 0 mm to 120 mm whit the controllers
calculation using the Ziegler-Nichols tuning rule and its respective steady-state
error.The table 5.12 shows the result obtained from this exercise.
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Control Type K, K; Ky

P 0.5K,

Pl 045K. 12K,/T,

PID 0.60K. 2K,/T. K,T./8

Table 5.10: Look-up table for PID-controller tuning with the Ziegler-Nichols
method

Control Type K, K; K,
P 32.5

PI 29.25 31.33

PID 38.35 68.48 5.46

Table 5.11: Calculated values by Ziegler-Nichols Tuning Rule

160 :
7\ —
—PI
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Figure 5.32: Dynamic response of Dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm Ziegler-Nichols Method
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Figure 5.33: Error Ziegler-Nichols Method

P PI PID

ts (s) 248 3.1 1.3
error (mm) 0.28 0.25 0.23

Table 5.12: Resultes of the PID Ziegler Nichols Tuning Method

By comparing the three responses obtained using the Ziegler-Nichols method, it
is possible to state that, although the three options stabilize quickly and have a
low steady-state error, the best would be the PID controller, since, of the three, it
is the only one that does not present an overshoot.

5.3 Directly Operated Valves driven by an Elec-
tronic Control Device for Proportional Valves

This section discusses the drivers’ operation coupled to the valves in the test bench.
As mentioned in chapter 3, the purpose of the driver is to obtain a proportional
flow behavior. Although it was not possible to disassemble a valve to observe its
internal structure, it is logical to assume that this is constituted by a shutter kept
in position by a spring, which guarantees proportionality.

This configuration of the test bench is similar to the last one, but in this case,
the PLC’s output goes first to the Electronic Control Device, and then a PWM

93



Experimental results

signal commands the Directly Operated Proportional. Figure 2 shows the system
mentioned above. For this experiment,

input ]
CX0& module — [[T
PLC position ; i A—
feedback

Valve | Valve 2 Valve 3 Valve 4
A 1 A I A\ Y
ﬁ Pﬂrﬂ‘l \ Pﬁ‘.’”l \[ P_'-‘l:i‘ &
DRIVER DRIVER DRIVER DRIVER

Figure 5.34: Directly Operated Valves driven by an Electronic Control Device
for Proportional Valves

5.3.1 Duty Cycle of the PWM inside the Electronic Con-
trol Device is proportional to the error.

Fig 5.35 shows Network 1 and Network 2 of the program developed for this exer-
cise. Network 1 contains the Sensor’s Reading FB already explained in chapter 4.
Network 2 is helpful to choose the type of signal the system will follow. Through
the variable "SELECT" the user can choose between a Step Reference Signal, Sine
Wave Reference Signal, and Square Wave Reference Signal. The Sine and Square
signal are generated in their respective organization block explained in detail in
chapter 4. This signal is sent employing the block MOVE, which sends the signal
to the PID__Compat as the SETPOINT input.
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FC1
“Sensor's Reading”
N N

ssssss
“seLeCT”

Network 1:

Network 2: Setpoint selection.

Select=0 means Step Change tracking
Select=1 means Sine Wave Tracking.
Select=2 means Square Wave Tracking

nnnnnnnnn

ssssss
*sELECT

ananan

Figure 5.35: Network 1 and 2 of the program for the Electronic Control Device

Network 3, shown in Fig 5.36 converts the output of the PID Controller into the
actual analog value sent to the valves. During the tests carried out, it was verified
that the minimum voltage that guarantees flow through the valves is equal to 3.5
V., with a supply pressure of 6 bar. This aspect leads to a high non-linearity in the
valves’ response, overcome by mapping the PID output in the range 3.5V to 10 V,
or 9680-27648 for the PLC.

Network 3: Sending the Analog Input Value to the Driver

NORM_X SCALE X
Real to Lesl Real to Real

OUTF-"Drivar

Figure 5.36: Network 3 of the program for the Electronic Control Device

Network 4 and 5, shown in Fig 5.37, are in charge of sending the analog value
into the driver. A microprocessor translates the reference value of the shutter
position, imposed in the form of voltage through the analog output "QW96" and
"QWOS," into a current value that must flow in the coil of the solenoid. This value
is then compared with the feedback coming from the valve, and the resulting error
is compensated through a specific control law. The result of the compensation
operation is the duty-cycle value of the driver output signal.
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Network 4: Control of the Rear Chamber

zzzzz

\\\\\

Network 5: Control of the Rear Chamber

uuuuu

TEMP_ T

zuwa %qwes

Figure 5.37: Network 4 and 5 of the program for the Electronic Control Device

Fig 5.38 and Fig 5.39 show the dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm, varying the Kp parameter
and its error. It is easy to see the effect of the parameter Kp over the system. When
K, = 8, there is no overshoot, but the system responds slowly. On the other hand,
with K, = 15 and K, = 20, the system responds faster and and the overshoot is
minuscule. Besides, K, = 30 generates an overshoot that is not a desirable result
for this test. Results are summarized in table 5.13.

160 I T T T
—Kp=8
—Kp=15
Jam— _ Kp=20|
120 —Kp=30
—X SET

Position (mm)
=<}
<

N
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T
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0 1 2 3 4 5 6 7 8 9 10
Time(s)

Figure 5.38: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K, parameter
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Figure 5.39: Error varying K, parameter

K,=8 K,=15 K,=20 K,=30

ts(s) 184 1.24 1.12 1.061
error(mm) 0.7 0.4 0.18 0.6

Table 5.13: Results using the Electronic Control Device varying K,

Fig 5.40 and Fig 5.41 show the dynamic position response varying the Kd
parameter and its error, respectively, with K, = 20 fixed. It is remarkable that
with the addition of the Kd parameter, the system becomes more stable, and the
stade-state error goes almost to zero. Table 5.14 summarizes the results obtained

varying Kd.

Ko=1 Ky=5 K;=10

ts(s) 125  1.66  2.12
error(mm) 0.3 0.22 0.26

Table 5.14: Results using the Electronic Control Device varying K,

Fig 5.42 and Fig 5.43 show the dynamic position response while tracking a
step-change in reference signal from 0 mm to 120 mm varying the Ki parameter
and its error, respectively, with K, = 20 and K, = 5 fixed. With the introduction
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Figure 5.40: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K; parameter
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Figure 5.41: Error varying K; parameter

10

of the Ki parameter, it is visible that the system improves its speed and the error in
a steady-state compared to the previous result. Table 5.15 summarizes the results
obtained varying Ki.

This procedure was applied to this positioning control in order to optimize it. Af-
ter varying the Kp parameter, values of K¢ = 100 and Tc = 0.6s were found. Table
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Figure 5.42: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm varying the K; parameter
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Figure 5.43: Error varying K,; parameter

5.16 reports the values of the parameters calculated using the table mentioned early.

Fig 5.44 and Fig 5.45 shows the dynamic response of Dynamic position response
while tracking a step-change in reference signal from 0 mm to 120 mm whit the
controllers’ calculation using the Ziegler-Nichols tuning rule and the steady-state
error of each controller. Table 5.17 shows the result obtained from this exercise.
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K,=1 K,=05 K;,=01

ts(s) 119 1.13 1.4
error(mm) 0.4 1.2 1.1

Table 5.15: Results using the Electronic Control Device varying K;

Control Type K, K; Ky

P 20
PI 45 90
PID 59 196.66 4.5

Table 5.16: Calculated values by Ziegler-Nichols Tuning Rule
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Figure 5.44: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm Ziegler-Nichols Method
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Figure 5.45: Error Ziegler-Nichols Method

P PI PID

ts(s) 1.51 293 1.6
error(mm) 1.05 1.35 1.65

Table 5.17: Resultes of the PID Ziegler Nichols Tunning Method

5.3.2 Square Wave Tracking

Two tests of tracking a square wave signal are presented below. In the firsts two
cases, shown in Figh.46, the amplitude of the square wave is 120mm peak-to-peak
for both and 2s and 10s, respectively. In the first case, the system cannot follow the
reference signal due to the square signal period. The tests carried out previously
discovered that the minimum settling time is more or less 1.2 seconds. The system
does not reach the setpoint before the signal changes again because the square wave
has a 2 seconds period. On the other hand, when the square wave period is 10s, the
system reaches the setpoint and remains stable until the reference signal changes
again. Fig 5.47 shows the test’s error, making visible how the error remains near
zero for the second case until the setpoint changes.
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Figure 5.46: Dynamic position response while tracking a square wave in reference
signal of 120mm peak-to-peak amplitude
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Figure 5.47: Error of square wave in reference signal

5.3.3 Sine Wave Tracking

The sinusoidal signal following tests allows to easily observe the phase shift phe-
nomenon, which decreases as the setpoint variation frequency decreases. This phase
shifth is calculated as follows:
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e t4: is the time difference between a wave point and the equivalent of another
wave.

o ¢: is the phase angle or phase shift (in degrees or radians) that the waveform
has shifted either left or right from the reference point.

¢:w><td
w=2rF

Furthermore, in the first case shown in Fig 5.48, the period is 3s, so w is equal
to % X 7 and £4=0.5s. This leads to a phase shift equal to ¢ = % %. This means

that the system reaches to follow the sine wave form with a retard of 60°.

Moreover, in the second case, with 7" = 10s, the period is big enough to get
almost perfect tracking. Fig 5.49 shows the error of both experiments. Regarding
the second one, it is notable that the error never exceeds Smm.
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Figure 5.48: Dynamic position response while tracking a sine wave in reference
signal of 100mm peak-to-peak amplitude
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Figure 5.49: Error of sine wave in reference signal

5.4 Series LR digital proportional servo valves

The final position control method consists of using the Series LR digital proportional
servo valves. Three configurations are used for this experiment.

o Master-Slave configuration
o Master Valve and Pressure Regulator in the front chamber of the cylinder

o Master Valve and Pressure regulator in the rear chamber of the cylinder

When using the Series LR servo valves, the position setpoint is sent as a 0-10Vdc
signal from the PLC through the CX06 module to the MASTER valve, which also
gets the feedback from the cylinder; the control loop is programmed inside the
MASTER valve, which automatically decides the airflow though itself and the slave
valve in order to move the actuator to the desired setpoint.

Below is the ladder program, which is the same for the three different configura-
tions.The first two networks are shown in Fig 5.50. Network 1 is in charge of reading
the analog input from the sensor. Since it is a 0-10V signal, the normalization
must be done between 0 and 27648. In this case, the feedback value is acquired
to plot the results because the PID controller is implemented inside the Master
valve, so there is no need for the PLC process value. Network 2 is helpful to choose
the type of signal the system will follow. Through the variable "SELECT," the
user can choose between a Step Reference Signal, Sine Wave Reference Signal, and
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Square Wave Reference Signal. The Sine and Square signal are generated in their
respective organization block explained in detail in chapter 4.

Network 1: Sensor's Reading

NORM_X SCALE_X
Int o Real real to Real

o MiN w74 0.0—MIN

Network 2: Setpoint type selection

‘‘‘‘‘‘

‘‘‘‘‘‘

Figure 5.50: Network 1 and 2 of the ladder program for the Series LR digital
proportional servo valves

Network 3, shown in Fig 5.51 transforms the value of the setpoint into the
voltage sent to the Master Valve. First, the setpoint value is normalized between 0
and 20, that is, the piston’s total stroke, then, this normalized value is escalated
between 0 and 4096, which 0 is the minimum value and 4096 is the maximum value
that can be expressed with 12-bit.

Network 3: Normalizing and scaling an analog output value

Figure 5.51: Network 3 of the ladder program for the Series LR digital propor-
tional servo valves

When using 12 bits of resolution, the analog data occupies 2 bytes of memory
and, in particular, the 12 most significant bits. The problem lies in the fact that
the COX6 module uses the little-endian encoding, and the PLC uses the big-endian
encoding. This means that the first byte is actually saved as a second (already
explained in chapter 3). The value is Rolled Right four times to reconstruct the
data correctly to be read for the Camozzi module. After this, the Master valve
gets a 0-10 signal reference input This process is shown in Fig 5.52
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Network 4: Roll Right instruction

Figure 5.52: Network 4 of the ladder program for the Series LR digital propor-
tional servo valves

5.4.1 Master-Slave configuration

Figure 5.53 represents the system’s Master-Slave configuration and its respective
connection with the PLC and the cylinder. The Master servo valve commands the
airflow going through the cylinder’s rear chamber, and the Slave valve commands
the airflow of the front chamber. As can be seen in the figure, the PLC only sends
the reference signal to the master valve. The pins of each valve are explained in
chapter 3.
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Figure 5.53: Master-Slave Configuration

As explained in chapter 3, the servo valve has its software called "LrxdConfig-
urator." This configurator can set the PID controller parameters in the "AUTO
SETTING OF THE FEEDBACK EFFECT" window. The table 5.18 shows the

different arrangement of PID parameters used for this system configuration.

o The K. gain defines the distance from the samples used to calculated the
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K, K. K, K,
PID SLOW 120 03 0
PID MEDIUM 3 20 05 0
PID FAST 8 20 06 0

Table 5.18: Auto settings Master-Slave Configuration

speed and acceleration of the system; this means that low KCL values create
actions noisy but effective to dampen the abrupt output signal changes, while
the high KCL values create less noisy actions but suitable for not excessively
fast dynamics systems.

« The K, proportional compensation gain modifies directly the control multi-
plying the control action when the position of the rod cylinder is close to the
target. This gain is mainly used to avoid overshoots of the system in the case
of masses to be moved. The K, gain essentially allows to brake the movement
of the rod with greater or lesser anticipation.

Fig 3 shows the dynamic position response while the system tracks a step-change
in reference signal from 0 mm to 120 mm, Fig 2 shows the system’s steady-state error,
and the table 5.19 below summarizes the results obtained for this configuration.

160 .
Euo
g —PID FAST
= 80 —PID MEDIUM |
2 PID SLOW
= —X SET
=]
2y
40 .
0 1 1 1 1 1 1
1 2 3 4 5 6 7

Time(s)

Figure 5.54: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm Master-Slave configuration
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Figure 5.55: Error Master-Slave configuration

SLOW MEDIUM FAST

ts(s) 3.36 0.51 0.42
error(s) 0.92 0.82 0.97

Table 5.19: Results using the Master-Slave Configuration

Figh.56 shows the system’s dynamic response when it tracks a sine wave of
140mm peak-to-peak amplitude and a period of 10 seconds and another of 140mm
of amplitude and period 0.5s, using the PID FAST configuration. Moreover, it is
easy to see that the system can track almost perfect the sinusoidal input when
the period is big enough. Fig 5.57 shows that the error never exceeds the 10mm
of error. On the other hand, with a period of 0.5 seconds, the system response
presents an angle phase shift equal to 0.1647r% or 29.52°.

Besides, Fig 5.58 shows the system’s dynamic response when it tracks a square
wave with 100mm of amplitude peak-to-peak and period of 0.5 seconds, and the
second one is a square wave with 100mm of amplitude and a period of 4 seconds. It
is clear that in the first experiment, the system barely reaches the setpoint before
it changes again. On the other hand, whit the reference signal of period 4 seconds,
it is notable that the system can track the input well enough. Fig 5.59 shows how
the error remains at zero for almost the entire period of the square wave.
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Figure 5.56: Dynamic position response while tracking a sine wave in reference
signal of 140mm peak-to-peak amplitude
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Figure 5.57: Error of sine wave as reference signal
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Figure 5.58: Dynamic position response while tracking a square wave in reference
signal of 100mm peak-to-peak amplitude

Position (mm)

10 . 15 20
Time(s)

Figure 5.59: Error of square wave as reference signal

5.4.2 Master Valve and Pressure Regulator at the front
chamber of the cylinder

This configuration allows working with just one servo valve. In this case, the Master
Servo Valve is connected at the cylinder’s rear chamber, and at the front chamber,
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there is a precision regulator. The pressure regulator imposes a fixed pressure in
one of the cylinder chambers. When the master valve operates and moves the
piston to reach the setpoint, the pressure regulator maintains a constant pressure
that simulates a valve’s operation in the other chamber of the cylinder. Fig 5.60
shows the system configuration and its respective wiring.
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ERROR
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Figure 5.60: Master Valve and Pressure Regulator at the front chamber of the
cylinder

Fig 5.61 and Fig 5.62 show the dynamic position response varying the regula-
tor’s pressure and the obtained error. It can be seen that as the pressure of the
regulator increases, the response is more stable. In the first case, the pressure
applied by the valve is greater than that of the regulator; therefore, an overshoot
is generated, the system stabilizes when the master valve reduces the airflow to
reach the setpoint. However, when the regulator’s pressure is 5 bar, the response
is slower, but overshoot is no present. Table 5.20 summarizes the results of this
experiment.

1 bar 3 bar 5 bar

ts(s) 0.503 048  0.75
error(mm) 0.38 0.4 2.125

Table 5.20: Results using the Master-PR at front chamber Configuration
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Figure 5.61: Dynamic position response while tracking a step-change in reference
signal from 0 mm to 120 mm Master - Pressure Regulator at front chamber
configuration
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Figure 5.62: Error Master - Pressure Regulator at front chamber configuration

5.4.3 Master Valve and Pressure Regulator at the front
chamber of the cylinder

This configuration (Fig 5.63) works like the last one; in this case, the pressure
regulator is located at the cylinder’s rear chamber. Figure 5.64 and Fig 5.64 shows
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the dynamic position response varying the regulator’s pressure and the respective
obtained error. As expected, when the pressure is set at 1 bar, the response is slow,
and when the pressure is at 5 bar the response is faster but with an overshoot, the
contrary as the past case.
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Figure 5.63: Master Valve and Pressure Regulator at the rear chamber of the
cylinder
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Figure 5.64: Dynamic position response while tracking a step-change in refer-
ence signal from 0 mm to 120 mm Master - Pressure Regulator at rear chamber
configuration
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Figure 5.65: Error Master - Pressure Regulator at rear chamber configuration

1 bar 3 bar 5 bar

ts(s) 058 039 126
error(mm) 295 262  0.39

Table 5.21: Results using the Master-PR at rear chamber Configuration
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Chapter 6

Comparison between the
experimental results

Below is a comparison employing a histogram, which clearly explains the results
obtained in the different experiments.

6.1 5/3 closed center solenoid valve results

Figures 6.1 and 6.2 graphically compare the results obtained using the 5/3 valves.
It can be noticed that despite being digital valves that do not have an airflow
regulator, that is, they are fully open or fully closed, excellent results were achieved
with this configuration. Regarding the settling time, times of 1.7 seconds were
obtained, and regarding the error, errors of 0.45 mm were received. The best result
taking into account time and error, was obtained using a proportional controller
with K, = 6, with this a ts of 3.71 seconds and a maximum error of 0.72 millimeters
were obtained.
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5/3 closed center solenoid valve
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Figure 6.1: Settling Time Comparison Chart Using 5/3 closed center solenoid
valve
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Figure 6.2: Error Comparison Chart using 5/3 closed center solenoid valve
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6.2 Directly Operated Proportional Valves results

Figures 6.3 and 6.4 graphically compare the results obtained using the Directly
Operated Proportional Valves. The improvement is notable with this type of valve
concerning the previous configuration since its opening is proportional to an analog
value inlet. In this case, settling times equal to 1.2 seconds and steady-state errors
of 0.1 millimeters were achieved. These results were obtained with a PID controller
with parameters equal to Kp = 15, Kd = 1, and Ki = 0.1.

Directly Operated Proportional Valves
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Figure 6.3: Settling Time Comparison Chart Using Directly Operated Propor-
tional Valves
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Figure 6.4: Error Comparison Chart Using Directly Operated Proportional Valves
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6.3 Electronic Control Device for Proportional
Valves results

Figures 6.5 and 6.6 graphically compare the results obtained using the Electronic
Control Device for Proportional Valves. The results using the driver for the
proportional valves are not very different from the previous results. Regarding the
settling time, times of 1.12 seconds were obtained, and regarding the error, errors
of 0.18 mm were reached. The best result taking into account time and error, was
obtained using a PDI controlled with Kp = 15, Kd=1, and Ki=1. With these
parameters, a ts of 1.19 seconds and a steady-state error of 0.4 millimeters were
obtained.

Directly Operated Valves driven by an Electronic Control Device
for Proportional Valves
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Figure 6.5: Settling Time Comparison Chart Using Directly Operated Valves
driven by an Electronic Control Device for Proportional Valves
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Figure 6.6: Error Comparison Chart Directly Operated Valves driven by an
Electronic Control Device for Proportional Valves
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6.4 Series LR digital proportional servo valves
results

Figures 6.7 and 6.8 graphically compare the results obtained using the Series
LR digital proportional servo valves. The results using the servo valves show an
improvement for the settling time, as it is reduced by almost one second to the
past settings. Regarding the settling time, times of 0.39 seconds were obtained,
and regarding the error, errors of 0.38 mm were reached. The best result taking
into account time and error, was obtained using a Master Valve and a Pressure
regulator at the front chamber with a fixed pressure of 3 bar. With configuration,
a ts of 0.48 seconds and a steady-state error of 0.42 millimeters were obtained.
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Figure 6.7: Settling Time Comparison Chart Using Series LR digital proportional
servo valves
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Series LR digital proportional servo valves

205
2,62
2125
0,92 0,82 0,97
I I 0,380,42 0,39

Error(mm)
I
k2 th

1.5
1
0.5
0
PIDSLOW  PID MEDIUM  PID FAST P(har)=13,5 P(bar)=13,5
Master-Slave Configuration Master and PR at  Master and PR at

the front chamber the rear chamber

Figure 6.8: Error Using Series LR digital proportional servo valves
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Chapter 7

Conclusions and future
developments

The present thesis work was born with the idea, as already mentioned, of developing
a single-rod, double-acting cylinder positioning control by means of a PLC. The
experiments were carried out on a test bench provided by DIMEAS, which has
different pneumatic actuators, making it possible to analyze the behavior of the
different configurations applying diverse control methods.

The system composed of the PLC, the cylinder, the serial module, and the
different valves presented good behavior. Moreover, the experiments clarify that
Camozzi CX06 serial module does not introduce any delay to the system since the
behavior was the same when the valves were controlled through the serial module
or directly from the PLC.

As shown in the previous chapter, for the configuration that uses the 5/3 closed
center solenoid valve, taking into account the settling time and the error, the
best results are 3.71 seconds and a maximum error of 0.72 millimeters, using as
control method a PWM driven by a PID controller. On the other hand, for the
Directly Operated Proportional Valves, results of 1.2 seconds for the settling time
and steady-state errors of 0.1 millimeters were achieved, using the CTRL _PWM
instruction driven by a PID controller. Finally, for the Series LR digital propor-
tional servo valves, times of 0.39 seconds were obtained, and regarding the accuracy,
errors of 0.38 mm were reached.

Therefore, it is possible to conclude by saying that the best performed is the one
managed by the Directly Operated Proportional Valves using the CTRL PWM
instruction driven by a PID controller.
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Thinking about future developments, however, it would be interesting to control
the cylinder using the two servo valves in slave mode. In this case, the control
loop must be programmed inside the PLC. This time the valves receive a signal
in the range 0-10Vdc from the PLC, and they, in turn, regulate the airflow in
and out of the actuator’s chambers based on that signal. Since the experiments
realized on the didactic bench exposed during the thesis will help students with
academic exercises during fluid automation and industrial automation courses, the
addition of an HMI would help understand its configuration and functioning. The
HMI will make the system user-friendly, and once the program is upload to the
PLC, there is no need for a computer since the system can be controlled, moni-
tored, and changed through this Human Machine Interface. Finally, it would be
interesting to analyze how the system behaves when it has to move an external load.
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