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Preface

The Festo Didactic Learning System for Automation and Communica-
tions is designed to meet various training needs and professional re-
quirements and consists of the following training packages:

Basic packages provide basic knowledge covering a wide range of
technologies.

Technology packages deal with the important topics of open and
closed loop control technology.

Function packages explain the basic function of automated 
systems.

Application packages facilitate vocational and further training in line
with industrial practice.

The authors have produced this book in order to present to you the
main training contents relating to the automation of continuous proces-
ses in a practice-related form intended for vocational and further train-
ing. To this end, the extensive experience available at Festo Didactic
and at the Department of Automation Technology at the Dresden Uni-
versity of Technology has been gathered and combined in the form of
this workbook.

The authors, Dr. Eng. H. Bischoff and Dr. Eng. D. Hofmann, both hold
posts at the Department of Automation Technology at the Dresden Uni-
versity of Technology and are responsible for student training in the
areas of project designing of automation systems, comprehensive prac-
tical training in process automation and the design of closed control
loops and binary control systems.

The authors feel that this workbook will provide a meaningful contribu-
tion towards application-related vocational and further training, and
hope that those who have studied the book will have gained some use-
ful knowledge.

All readers are invited to contribute with tips, criticisms and suggestions
for the further improvement of this book.

July 1997                     The authors
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Layout of the workbook

The workbook is made up as follows:

Section A – Course

Section B – Fundamentals

Section C – Solutions

Section D – Appendix

Section A – Course  is designed to teach project design and closed
control loop synthesis with the help of practical exercises. 

Section B – Fundamentals  contains general technical knowledge as
an addition to the training contents of the practical exercises in Section
A. It provides an explanation of the essential technical terminology and
establishes the theoretical correlations with the help of examples.

Section C – Solutions  represents the results of the practical exercises
and provides brief explanations.

Section D – Appendix  contains the software for the ProVis process
visualisation.
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Notes regarding safety and procedure 

Notes regarding safety

The following advice should be followed in the interest of your own
safety:

General

Trainees must not work on the station unless supervised by a qualified
instructor.

Please observe the specifications given in the data sheets for the
individual components, and in particular all advice regarding safety!

Electrics

Electrical connections are to be wired up or disconnected only when
power is disconnected!

The heater is operated using 230 V AC. Please observe the current
safety regulations during commissioning!
(DIN VDE 0113 [EN 60204])

Mechanics

Mount all components on the plate.

The maximum operating temperature of the containers of + 65 °C
must not be exceeded.

Do not operate the heater, unless the heating element is fully immer-
sed in the fluid.

              7 
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Notes regarding procedure

Prior to commissioning of the system, check all electrical connec-
tions and piping.

Do not fill the containers with contaminated fluids as this may block
the proportional valve and damage the pump seals.
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Title

Overview of project design process 

Introduction and motivation 

Those carrying out project design work on automation systems should
be skilled and have a comprehensive, general knowledge of at least the
main elements.

Part exercise  1-1

Name (in brief) the key areas involved in core project design!
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Part exercise 1-2

Explain in principle, the procedure for the linking of the core, electrical
and pneumatic projects.

Pneumatic and
hydraulic project

Core project/
EMCS project

Project components for
automation system

Electrical
project
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Title

Core project design – Fundamental methodology
for the project design of automation systems 

Introduction and motivation

One important part exercise of the project design work is the develop-
ment of the piping and installation (PI) flow diagram. As a rule, this is
based on a process flow diagram, also taking into consideration any
relevant comments.

Part exercise 2-1

Draft the PI flow diagram for the specified process flow diagram (Requi-
rements: Control of filling level in container 2 [B2]; monitoring of filling
levels in containers B2 and B1).

L = 0.2 mB2

B1

P1 Filling level control –
Process flow diagram
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Complete the PI flow diagram.

Filling level control system – PI flow diagram
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Part exercise 2-2

Draft the PI flow diagram for the specified process flow diagram (Requi-
rements: Control of temperature in container B1; monitoring of filling
level and temperature in container B1).

Temperature
control system –
Process flow diagram
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Complete the PI flow diagram.

Temperature control system – PI flow diagram
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Part exercise 2-3

Draft the preliminary EMCS (Electronic Measuring Control System)
block diagrams for the EMCS points of the PI flow diagram created in
part exercise 2-1 (see solution, part exercise 2-1).

Complete the preliminary EMCS block diagrams.
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Part exercise 2-4

Draft the preliminary EMCS block diagrams for the EMCS points of the
PI flow diagram created in part exercise 2-2 (see solution, part exercise
2-2).

Complete the preliminary EMCS block diagram.
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Temperature control system – EMCS block diagram – in draft form
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Part exercise 2-5

With the help of the project configuration (process control console,
switchroom and field level), draw up two examples of wiring (e. g. sim-
ple allocation of the switchroom terminal distributors X200.01 and
X200.02), whereby the terminal boxes/field level (X300, ...), the assem-
bly levels A and B (switchroom rack) and the terminal distributor
X100.01 (process control console) are to be used as additional compo-
nents.
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X200.01

X300.01
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level B)
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(field level)
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1 2 3 4

A
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A1

Measuring
transducer

(Assembly position 3) (Assembly position 4)

A2E1 E2 A1

Measuring
transducer

A2

Wiring routing (Part 1) – Project configuration
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1

1

X200.01

X200.02

X300.01-1

X100.01-1

X100.01-7

X300.01-3

X300.01-2

X100.01-2

X100.01-8

X300.01-4

A / 1 / E1

A / 1 / A1

A / 2 / E1

A / 2 / A1

A / 1 / E2

A / 1 / A2

A / 2 / E2

A / 2 / A2

(Terminal distributor)

2

2

3

3

4

4
Wiring routing (Part 2) –

Terminal
distributor allocation
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Title

Closed control loop synthesis and design of
binary control systems 

Introduction and motivation

The objective of the practical exercise is the commissioning of a filling
level control loop, i.e. the main points to be addressed by the student
are 

Investigation of experimental areas,

Establishing of static behaviour of the controlled system,

Determining the dynamic behaviour of the controlled system,

Controller configuration and parameterisation and

Controller test

Part exercise 3-1

Investigate the method of operation of the filling level control loop
(closed control loop in manual operation, type of action of sensors
and actuators).

Develop a strategy for computer-aided measured-value acquisition.

Determine the static characteristic curve of the ultrasonic sensor, i.e.
the correlation between filling level and the respective current or volt-
age signal. 
Note: Record a sufficient number of interpolation points.

              A3 – 1
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Part exercise 3-2

Determine the static behaviour of the filling level control system.
Note: Record the corresponding controlled variable for each correc-
ting variable in the steady-state condition.

Represent the results in a diagram in the form of a static charac-
teristic.

Evaluate the static characteristics determined (e. g. linear/non-linear)
and compare the results with those determined in the theoretical pro-
cess analysis.

Define the operating point for the dynamic analysis (identification) of
the controlled system.

Part exercise 3-3

Determine the dynamic behaviour of the control system (identifica-
tion) for the selected operating point. 
Note: Carry out step-change experiments around the selected opera-
ting point; observe the form of static characteristic curve to define
the step change height. Also, try to record the correcting variable in
parallel with the controlled variable.

Determine the characteristic values (proportional coefficient, time de-
lay, transient time) of the controlled system, using the inflectional
tangent method.
Note: If necessary, also establish an average of the measured
values. Use a sampling interval of 0.2 to 0.5 s for the data acquisi-
tion.
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Part exercise 3-4

Determine a favourable controller configuration for the controlled
system behaviour.

Parameterise the controller according to the Chien, Hrones and Res-
wick method.

Set the controller parameters on the compact controller (Bürkert con-
troller). 
Note: Please note that with the Bürkert compact industrial controller
Type 1110, the scale range also enters into the proportional coeffi-
cient KR.

Part exercise 3-5

Examine the control characteristics of the closed control loop around
the operating point (triggering of setpoint step-change). 

Evaluate the results obtained according to the following criteria:

–  How are the dynamics of the correcting variable to be evaluated?

–  Does the controlled variable achieve the new setpoint value after a
 finite time?

–  Is it necessary to correct the set controller parameter?

              A3 – 3
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Title

Process protection measures 

Introduction and motivation

One important task of project design work is the definition ("estab-
lishing") of the necessary EMCS (Electronic Measuring Control System)
points. To do this, the extent and functional requirement of the EMCS
points are to be determined on the basis of a specified process flow
diagram and corresponding exercise definitions. 

This task can only be accomplished on the basis of experience (heu-
ristics) and must therefore be sufficiently evolved using suitable exam-
ples.

Part exercise 4-1

Draft the PI flow diagram for the process flow diagram provided (fig. 4-1
Flow method A / Flow method B), integrating the EMCS functions for
control, monitoring, structure variation and process protection into the
process flow diagram in an adequate form.

              A4 – 1
Exercise 4 

Festo Didactic  ••   Process Control System



B31

0.2m

L<0.35m
L>0.05m

B32

P31
Outflow

Inflow

LC

B31

0.2m

Type of operation A

Type of operation B

L<0.35m
L>0.05m

B32

P31
Outflow

Inflow

LC

Fig. 4-1:
Process flow diagram for

filling level control
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Complete the PI flow diagram.

Fig. 4-2:
PI flow diagram for filling level control (Open and closed loop control and process protection)
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Part exercise 4-2

Compile the EMCS points drawn up in part exercise 4-1 in a table
(EMCS points table), providing an explanation of the function of the
individual EMCS points.

EMCS point Function Closed loop
control

Open loop control Process protection

Table: For functioning of EMCS points of PI flow diagram – Filling level control
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Title

Connection of Pt100 temperature sensors

Introduction and motivation

Pt100 temperature sensors are widely used in many parts of a system
and can be connected in a variety of different ways.

Part exercise  5-1

Determine the effects of the supply lines using 3-wire connection

– if Rl1 = Rl2 = Rl3, or 

– with different Rl’s.

Discuss the result.

Note
Conduct the measurements in quick succession at a constant water
temperature.

Rl1= Rl2= Rl3
with short
supply line

Rl1= Rl2= Rl3
with long

supply line
Rl1 increased Rl2 increased Rl3 increased

Temperature
displayed

     °C      °C      °C      °C      °C
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Title

Closed loop control technology

Introduction and motivation

Technical controllers are component parts of automation systems,
whose main task is that of process stabilisation. Different methods are
used in practice to set the control parameters.

Exercise  6

Setting of control parameters to Ziegler/Nichols

– Determine the operating point:
Set the controller to ‘Manual’ and determine the possible control
range by means of changing the correcting variable. Select the
operating point so that the controller has sufficient "reserve" in
both modulation directions, (e. g. in the centre of the control ran-
ge).

  Selected operating point (X1 + X2) / 2:

  W = 

– Configure the controller as a P controller: To do this, set Tn at the
highest possible value (9999.) and Tv at 0.

– Determine the critical amplification Kr (stability limit, closed control
loop is in the process of carrying out continuous oscillation), by
analysing small setpoint step-changes around the operating point
after each newly  set amplification. This determines the critical
amplification factor KKR and the period of oscillation Tk of this
continuous oscillation.

Correcting variable Actual value

Y = 0% X1 =

Y = 100% X2 =
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– Note:
The flow and filling level control systems have been selected in such
a way that the oscillating process can be observed without any auxi-
liary equipment (just eyes and ears).

– The control parameters Kp, Tn, and Tv are determined according to
controller type with the help of the table.

 Selected parameters:

Kp closed control loop
oscillates

closed control loop 
does not oscillate

10 Lower Kp Increase Kp

Controller type Kp Tn Tv

P 0.5 KKR – –

PI 0.4 KKR 0.85 ••  Tn –

PID 0.6 KKR 0.50 ••  TK 0,12 ••  TK

Controlled system parameter

KKR

TK

Controller type Kp Tn Tv

P

PI

PID
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– Verify the determined control parameter of a PI controller by
carrying out a setpoint step-change from approx. 20 % to 60 % of
the modulation range.

– What is the closed control loop behaviour if you increase (e. g.
double) Tn? 

– What is the closed control loop behaviour if you increase the am-
plification (e. g. by 30 %)? 

– In addition, also carry out the setpoint step-changes.
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Chapter 1

Fundamentals of closed-loop
control technology
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This chapter outlines the differences between closed-loop and open-
loop control and gives an introduction to closed-loop control technology.
The control loop is explained, enabling you to carry out the following:

Recognize closed-loop control systems

Analyze a control loop

Understand the interaction of the individual systems

Set a controller

Evaluate control response

1.1  What is closed-loop control technology?

Variables such as pressure, temperature or flow-rate often have to be
set on large machines or systems. This setting should not change when
faults occur. Such tasks are undertaken by a closed-loop controller.

Control engineering deals with all problems that occur in this connec-
tion.

The controlled variable is first measured and an electrical signal is crea-
ted to allow an independent closed-loop controller to control the vari-
able.

The measured value in the controller must then be compared with the
desired value or the desired-value curve. The result of this comparison
determines any action that needs to be taken. 

Finally a suitable location must be found in the system where the con-
trolled variable can be influenced (for example the actuator of a heating
system). This requires knowledge of how the system behaves.

Closed-loop control technology attempts to be generic – that is, to be
applicable to various technologies. Most text books describe this with
the aid of higher mathematics. This chapter describes the fundamentals
of closed-loop control technology with minimum use of mathematics.
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Reference variable

In closed-loop control the task is to keep the controlled variable at the
desired value or to follow the desired-value curve. This desired value is
known as the reference variable.

Controlled variable

This problem occurs in many systems and machines in various techno-
logies. The variable that is subject to control is called the controlled
variable. Examples of controlled variables are:

Pressure in a pneumatic accumulator

Pressure of a hydraulic press

Temperature in a galvanizing bath

Flow-rate of coolant in a heat exchanger

Concentration of a chemical in a mixing vessel

Feed speed of a machine tool with electrical drive

Manipulated variable

The controlled variable in any system can be influenced. This influence
allows the controlled variable to be changed to match the reference
variable (desired value). The variable influenced in this way is called
the manipulated variable. Examples of manipulated variable are:

Position of the venting control valve of a air reservoir

Position of a pneumatic pressure-control valve

Voltage applied to the electrical heater of a galvanizing bath

Position of the control valve in the coolant feed line

Position of a valve in a chemical feed line

Voltage on the armature of a DC motor

Controlled system

There are complex relationships between the manipulated variable and
the controlled variable. These relationships result from the physical in-
terdependence of the two variables. The part of the control that descri-
bes the physical processes is called the controlled system.
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1.2  What is a system?

System

The controlled system has an input variable and an output variable. Its
response is described in terms of dependence of the output variable on
the input variable. These responses between one or several variables
can normally be described using mathematical equations based on phy-
sical laws. Such physical relationships can be determined by experi-
mentation.

Controlled systems are shown as a block with the appropriate input and
output variables (see Fig. B1-1).

Example
A water bath is to be maintained at a constant temperature. The water
bath is heated by a helical pipe through which steam flows. The flow
rate of steam can be set by means of a control valve. Here the control
system consists of positioning of the control valve and the temperature
of the water bath. This result in a controlled system with the input vari-
able "temperature of water bath" and the output variable "position of
control valve" (see Fig. B1-2).

Input variable Output variable
System

Fig. B1-1:
Block diagram of a

controlled system

Steam

Control valve

Helical heating pipe

Water

Fig. B1-2:
Water bath

controlled system
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The following sequences take place within the controlled system:

The position of the control valve affects the flow rate of steam through
the helical pipe.

The steam flow-rate determines the amount of heat passed to the
water bath.

The temperature of the bath increases if the heat input is greater
than the heat loss and drops if the heat input is less than the heat
loss.

These sequences give the relationship between the input and output
variables.

Advantage of creating a system

The advantage of creating a system with input and output variables and
representing the system as a block is that this representation separates
the problem from the specific equipment used and allows a generic
view. You will soon see that all sorts of controlled systems demonstrate
the same response and can therefore be treated in the same way.

Section B 1.4 contains more information on the behaviour of controlled
systems and their description.
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1.3  Open-loop and closed-loop control

Having defined the term "controlled system" it only remains to give defi-
nitions of closed-loop control as contained in standards. First it is useful
to fully understand the difference between open-loop control and
closed-loop control.

Open-loop control

German standard DIN 19 226 defines open-loop control as a process
taking place in a system where by one or more variables in the form of
input variables exert influence on other variables in the form of output
variables by reason of the laws which characterize the system.

The distinguishing feature of open-loop control is the open nature of its
action, that is, the output variable does not have any influence on the
input variable.

Example
Volumetric flow is set by adjusting a control valve. At constant applied
pressure, the volumetric flow is directly influenced by the position of the
control valve. This relationship between control valve setting and volu-
metric flow can be determined either by means of physical equation or
by experiment. This results in the definition of a system consisting of
the "valve" with the output variable "volumetric flow" and the input vari-
able "control valve setting" (see Fig. B1.3).

Applied pressure
p [bar]

Control valve

Volumeric flow
V [m /s]

3

l/h

Measuring
device

Fig B1-3:
Open-loop control of

volumetric flow setting
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This system can be controlled by adjusting the control valve. This al-
lows the desired volumetric flow to be set.

However, if the applied pressure fluctuates, the volumetric flow will also
fluctuate. In this open system, adjustment must be made manually. If
this adjustment is to take place automatically, the system must have
closed-loop control.

Closed-loop control

DIN 19 226 defines closed-loop control as a process where the control-
led variable is continuously monitored and compared with the reference
variable. Depending on the result of this comparison, the input variable
for the system is influenced to adjust the output variable to the desired
value despite any disturbing influences. This feedback results in a
closed-loop action.

This theoretical definition can be clarified using the example of volume-
tric flow control.

Deviation

Example
The volumetric flow (the output variable) is to be maintained at the pre-
determined value of the reference variable. First a measurement is
made and this measurement is converted into an electrical signal. This
signal is passed to the controller and compared with the desired value.
Comparison takes place by subtracting the measured value from the
desired value. The result is the deviation.

Manipulating element

In order to automatically control the control valve with the aid of the
deviation, an electrical actuating motor or proportional solenoid is requi-
red. This allows adjustment of the controlled variable. This part is called
the manipulating element (see Fig. B1-4).
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The controller now passes a signal to the manipulating element de-
pendent on the deviation. If there is a large negative deviation, that is
the measured value of the volumetric flow is greater than the desired
value (reference variable) the valve is closed further. If there is a large
positive deviation, that is the measured value is smaller than the desi-
red value, the valve is opened further.

Setting of the output variable is normally not ideal:

If the intervention is too fast and too great, influence at the input end
of the system is too large. This results in great fluctuations at the
output.

If influence is slow and small, the output variable will only approxi-
mate to the desired value.

In addition, different types of systems (control system) require different
control strategy. Systems that respond slowly must be adjusted careful-
ly and with forethought. This describes some of the control engineering
problems faced by the closed-loop control engineer.

Design of a closed-loop control requires the following steps:

Determine manipulated variable (thus defining the controlled system)

Determine the behaviour of the controlled system

Determine control strategy for the controlled system (behaviour of
the "controller" system)

Select suitable measuring and manipulating elements.

Applied pressure
p [bar]

Volumetric flow
V [m /s]

3

Measuring element

Reference variable

Manipulated variable

Control valve

M

Fig. B1-4:
Closed-loop control

of volumetric flow
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1.4  Basic terminology

In Section B 1.3 we look at the difference between open-loop and
closed-loop control using the example of volumetric flow for a control
valve. In addition we look at the basic principle of closed-loop control
and basic terminology. Using this example, let’s take a closer look at
closed-loop control terminology.

Controlled variable x

The aim of any closed-loop control is to maintain a variable at a desired
value or on a desired-value curve. The variable to be controlled is
known as the controlled variable x. In our example it is the volumetric
flow.

Manipulated variable y

Automatic closed-loop control can only take place if the machine or
system offers a possibility for influencing the controlled variable. The
variable which can be changed to influence the controlled variable is
called the manipulated variable y. In our example of volumetric flow, the
manipulated variable is the drive current for the positioning solenoid.

Disturbance variable z

Disturbances occur in any controlled system. Indeed, disturbances are
often the reason why a closed-loop control is required. In our example,
the applied pressure changes the volumetric flow and thus requires a
change in the control valve setting. Such influences are called distur-
bance variables z.

The controlled system is the part of a controlled machine or plant in
which the controlled variable is to be maintained at the value of the
reference variable. The controlled system can be represented as a
system with the controlled variable as the output variable and the mani-
pulated variable as the input variable. In the example of the volumetric
flow control, the pipe system through which gas flows and the control
valve formed the control system.
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Reference variable w

The reference variable is also known as the set point. It represents the
desired value of the controlled variable. The reference variable can be
constant or may vary with time. The instantaneous real value of the
controlled variable is called the actual value w.

Deviation xd

The result of a comparison of reference variable and controlled variable
is the deviation xd:

           xd = w - x

Control response

Control response indicates how the controlled system reacts to changes
to the input variable. Determination of the control response is one of the
aims of closed-loop control technology.

Controller

The controller has the task of holding the controlled variable as near as
possible to the reference variable. The controller constantly compares
the value of the controlled variable with the value of the reference vari-
able. From this comparison and the control response, the controller de-
termines and changes the value of the manipulating variable (see Fig.
B1-5).

Controlled variable x

(actual value)

Manipulated

variable  yDeviation xd

Reference variable w

(desired value)

Control
response

(algorithm)+

-

Fig. B1-5:
Functional principle of
a closed-loop control
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Manipulating element and servo-drive

The manipulating element adjusts the controlled variable. The manipu-
lating element is normally actuated by a special servo drive. A servo
drive is required if it is not possible for the controller to actuate the
manipulating element directly. In our example of volumetric flow control,
the manipulating element is the control valve.

Measuring element

In order to make the controlled variable accessible to the controller, it
must be measured by a measuring element (sensor, transducer) and
converted into a physical variable that can be processed by the control-
ler is an input.

Closed loop

The closed loop contains all components necessary for automatic clo-
sed-loop control (see Fig. B1-6). 

Controlled variable x

(actual value)

Manipulated

variable y

Controlled
system

Controller Reference variable w
(desired value) Fig. B1-6:

Block diagram 
of a control loop
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1.5  Controlled system

The controlled system is the part of a machine or plant in which the
controlled variable is to be maintained at the desired value and in which
manipulated variables compensate for disturbance variables. Input va-
riables to the controlled system include not only the manipulated vari-
able, but also disturbance variables. 

Before a controller can be defined for a controlled system, the behav-
iour of the controlled system must be known. The control engineer is
not interested in technical processes within the controlled system, but
only in system behaviour.

Dynamic response of a system

The dynamic response of a system (also called time response) is an
important aspect. It is the time characteristic of the output variable (con-
trolled variable) for changes in the input variable. Particularly important
is behaviour when the manipulated variable is changed.

The control engineer must understand that nearly every system has a
characteristic dynamic response. 

Example
In the example of the water bath in Section B1.2, a change in the
steam valve setting will not immediately change the output variable
temperature. Rather, the heat capacity of the entire water bath will
cause the temperature to slowly "creep" to the new equilibrium (see
Fig. B1-7).

Valve

setting

Temperature

water bathWater bath

Valve
setting [%]

Temperature
water bath [°C]

50

50
60

40

100

70

80

Time t

Time t

Fig. B1-7:
Time response of

the controlled system
"water bath"
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Example
In the example of a valve for volumetric flow control, the dynamic re-
sponse is rapid. Here, a change in the valve setting has an immediate
effect on flow rate so that the change in the volumetric flow rate output
signal almost immediately follows the input signal for the change of the
valve setting (see B1-8).

Valve

setting

Volumetric

flow
Valve

Valve
setting [%]

Volumetric
flow [m /s]

3

50

50
60

40

100

70

80

Time t

Time t
Fig. B1-8:
Time response of the
controlled system "valve"
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1.5.1  Description of the dynamic response of a
         controlled system
In the examples shown in Fig. B1-7 and Fig. B1-8, the time response
was shown assuming a sudden change in input variable. This is a com-
monly used method of establishing the time response of system.

Step response

The response of a system to a sudden change of the input variable is
called the step response. Every system can be characterized by its step
response. The step response also allows a system to be described with
mathematical formulas.

Dynamic response

This description of a system is also known as dynamic response. Fig.
B1-9 demonstrates this. Here the manipulated variable y is suddenly
increased (see left diagram). The step response of the controlled vari-
able x is a settling process with transient overshoot.

Manipulated variable y Controlled variable xControlled
system

y x

t t

Fig. B1-9:
Step response
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Equilibrium

Another characteristic of a system is its behaviour in equilibrium, the
static behaviour.

Static behaviour

Static behaviour of a system is reached when none of the variables
change with time. Equilibrium is reached when the system has settled.
This state can be maintained for an unlimited time.

The output variable is still dependent on the input variable – this de-
pendence is shown by the characteristic of a system. 

Example
The characteristic of the "valve" system from our water bath example
shows the relationship between volumetric flow and valve position (see
Fig. B1-10). 

The characteristic shows whether the system is a linear or non-linear
system. If the characteristic is a straight line, the system is linear. In our
"valve" system, the characteristic is non-linear.

Many controlled systems that occur in practice are non-linear. However,
they can often be approximated by a linear characteristic in the range in
which they are operated.

Volumetric flow [m /s]
3

1

1 2

2

3

Valve setting y [mm]

at applied pressure p

Fig. B1-10:
Characteristic curve of
the "valve" system
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1.6  Controllers

The previous section dealt with the controlled system - the part of the
system which is controlled by a controller. This section looks at the
controller.

The controller is the device in a closed-loop control that compares the
measured value (actual value) with the desired value, and then calcu-
lates and outputs the manipulated variable. The above section showed
that controlled systems can have very different responses. There are
systems which respond quickly, systems that respond very slowly and
systems with storage property.

For each of these controlled systems, changes to the manipulated
variable y must take place in a different way. For this reason there are
various types of controller each with its own control response. The con-
trol engineer has the task of selecting the controller with the most suit-
able control response for the controlled system.
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1.6.1  Control response
Control response is the way in which the controller derives the manipu-
lated variable from the system deviation. There are two broad catego-
ries: continuous-action controllers and non-continuous-action control-
lers.

Continous-action controller

The manipulated variable of the continuous-
action controller changes continuously de-
pendent on the system deviation. Controllers
of this type give the value of the system de-
viation as a direct actuating signal to the
manipulating element. An example of this
type of controller is the centrifugal governor.
It changes its moment of inertia dependent
on speed, and thus has a direct influence on
speed.

Non-continous-action controller

The manipulated variable of a non-continuous-action controller can only
be changed in set steps. The best-known non-continuous-action con-
troller is the two-step control that can only assume the conditions "on"
or "off".

An example is the thermostat of an iron. It switches the electric current
for the heating element on or off depending on the temperature.

This section only deals with continuous-action controllers as these are
more commonly used in automation technology. Further, the fundamen-
tals of closed-loop control technology can be better explained using the
continuous-action controller as an example.

Temperature

Heating
element

Bi-metallic switch
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1.6.2  Time response of a controller
Every controlled system has its own time response. This time response
depends on the design of the machine or system and cannot be influ-
enced by the control engineer. The time response of the controlled
system must be established through experiment or theoretical analysis.
The controller is also a system and has its own time response. This
time response is specified by the control engineer in order to achieve
good control performance.

The time response of a continuous-action controller is determined by
three components:

Proportional component (P component)

Integral component (I component)

Differential component (D component)

The above designations indicate how the manipulated variable is calcu-
lated from the system deviation.

Proportional controller

In the proportional controller, the ma-
nipulated variable output is proportio-
nal to the system deviation. If the
system deviation is large, the value
of the manipulated variable is large.
If the system deviation is small, the
value of the manipulated variable is
small. As the manipulated variable is
proportional to the system deviation,
the manipulated variable is only pre-
sent if there is a system deviation.
For this reason, a proportional controller alone cannot achieve a system
deviation of zero. In this case no manipulated variable will be present
and there would therefore be no control. 

Input

Output

t

t
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Integral-action controller

An integral-action controller adds the
system deviation over time, that is it
is integrated. For example, if a
system deviation is constantly
present, the value of the manipulated
variable continues to increase as it is
dependent on summation over time.
However, as the value of the mani-
pulated variable continues to increa-
se, the system deviation decreases.
This process continues until the sy-
stem deviation is zero. Integral-action
controllers or integral components in
controllers are therefor used to avoid
permanent system deviation.

Differential-action controller

The differential component evaluates
the speed of change of the system
deviation. This is also called differen-
tiation of the system deviation. If the
system deviation is changing fast,
the manipulated variable is large. If
the system deviation is small, the va-
lue of manipulated variable is small.
A controller with D component alone
does not make any sense, as a ma-
nipulated variable would only be pre-
sent during change in the system de-
viation.

A controller can consist of a single component, for example a P control-
ler or an I controller. A controller can also be a combination of several
components - the most common form of continuous-action controller is
the PID controller.

Input

Output

t

t

Input

Output

t
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1.6.3  Technical details of controllers
In automation technology controllers are almost exclusively electrical or
electronic. Although mechanical and pneumatic controllers are often
shown as examples in text books, they are hardly ever found in modern
systems.

Electrical and electronic controllers work with electrical input and output
signals. The transducers are sensors which convert physical variables
into voltage or current. The manipulating elements and servo drives are
operated by current or voltage outputs. Theoretically, there is no limit to
the range of these signals. In practice, however, standard ranges have
become established for controllers:

Internal processing of signals in the controller is either analog with ope-
rational amplifier circuits or digital with microprocessor systems

In circuits with operational amplifiers, voltages and currents are pro-
cessed directly in the appropriate modules.

In digital processing, analog signals are first converted into digital
signals. After calculation of the manipulated variable in the micropro-
cessor, the digital value is converted back into an analog value.

Although theoretically these two types of processing have to be dealt
with very differently, there is no difference in the practical application of
classical controllers.

for voltage  0 ... 10V -10 ... +10V

for current 0 ... 20mA   4 ... 20mA
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1.7  Mode of operation of various controller types

This section explains the control response of various controller types
and the significance of parameters. As in the explanation of controlled
systems, the step response is used for this description. The input vari-
able to the controller is the system deviation – that is, the difference
between the desired value and the actual value of the controlled vari-
able. 

1.7.1  The proportional controller

Proportional controller

In the case of the proportional controller, the actuation signal is propor-
tional to the system deviation. If the system deviation is large, the value
of the manipulated variable is large. If the system deviation is small, the
value of the manipulated variable is small. The time response of the P
controller in the ideal state is exactly the same as the input variable
(see Fig. B1-11).

The relationship of the manipulated variable to the system deviation is
the proportional coefficient or the proportional gain. These are designa-
ted by xp, Kp or similar. These values can be set on a P controller. It
determines how the manipulated variable is calculated from the system
deviation. The proportional gain is calculated as:

             Kp = y0 / x0

Manipulated variable ySystem deviation xd
Controller

xd

x0

y0

y

t t

Fig. B1-11:
Time response of
the P controller
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If the proportional gain is too high, the controller will undertake large
changes of the manipulating element for slight deviations of the control-
led variable. If the proportional gain is too small, the response of the
controller will be too weak resulting in unsatisfactory control.

A step in the system deviation will also result in a step in the output
variable. The size of this step is dependent on the proportional gain. In
practice, controllers often have a delay time, that is a change in the
manipulated variable is not undertaken until a certain time has elapsed
after a change in the system deviation. On electrical controllers, this
delay time can normally be set.

An important property of the P controller is that as a result of the rigid
relationship between system deviation and manipulated variable, some
system deviation always remains. The P controller cannot compensate
this remaining system deviation.
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1.7.2  The I controller

Integral-action controller

The I controller adds the system deviation over time. It integrates the
system deviation. As a result, the rate of change (and not the value) of
the manipulated variable is proportional to the system deviation. This is
demonstrated by the step response of the I controller: if the system
deviation suddenly increases, the manipulated variable increases conti-
nuously. The greater the system deviation, the steeper the increase in
the manipulated variable (see Fig. B1-12).

For this reason the I controller is not suitable for totally compensating
remaining system deviation. If the system deviation is large, the mani-
pulated variable changes quickly. As a result, the system deviation be-
comes smaller and the manipulated variable changes more slowly until
equilibrium is reached. 

Nonetheless, a pure I controller is unsuitable for most controlled
systems, as it either causes oscillation of the closed loop or it responds
too slowly to system deviation in systems with a long time response. In
practice there are hardly any pure I controllers.

Manipulated variable ySystem deviation xd Controller

xd y

t t

Fig. B1-12:
Time response of
the I controller
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1.7.3  The PI controller

PI controller

The PI controller combines the behaviour of the I controller and P con-
troller. This allows the advantages of both controller types to be combi-
ned: fast reaction and compensation of remaining system deviation. For
this reason, the PI controller can be used for a large number of control-
led systems. In addition to proportional gain, the PI controller has a
further characteristic value that indicates the behaviour of the I compo-
nent: the reset time (integral-action time).

Reset time

The reset time is a measure for how fast the controller resets the mani-
pulated variable (in addition to the manipulated variable generated by
the P component) to compensate for a remaining system deviation. In
other words: the reset time is the period by which the PI controller is
faster than the pure I controller. Behaviour is shown by the time re-
sponse curve of the PI controller (see Fig. B1-13).

The reset time is a function of proportional gain Kp as the rate of
change of the manipulated variable is faster for a greater gain. In the
case of a long reset time, the effect of the integral component is small
as the summation of the system deviation is slow. The effect of the
integral component is large if the reset time is short.

The effectiveness of the PI controller increases with increase in gain Kp
and increase in the I-component (i.e., decrease in reset time). However,
if these two values are too extreme, the controller’s intervention is too
coarse and the entire control loop starts to oscillate. Response is then
not stable. The point at which the oscillation begins is different for every
controlled system and must be determined during commissioning.

Manipulated variable ySystem deviation xd Controller

xd

Tr

T = reset timer

y

t t

Fig. B1-13:
Time response of

the PI controller
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1.7.4  The PD controller

PD controller

The PD controller consists of a combination of proportional action and
differential action. The differential action describes the rate of change of
the system deviation.

The greater this rate of change – that is the size of the system devia-
tion over a certain period – the greater the differential component. In
addition to the control response of the pure P controller, large system
deviations are met with very short but large responses. This is expres-
sed by the derivative-action time (rate time).

Derivative-action time

The derivative-action time Td is a measure for how much faster a PD
controller compensates a change in the controlled variable than a pure
P controller. A jump in the manipulated variable compensates a large
part of the system deviation before a pure P controller would have
reached this value. The P component therefore appears to respond
earlier by a period equal to the rate time (see Fig. B1-14).

Two disadvantages result in the PD controller seldom being used. First-
ly, it cannot completely compensate remaining system deviations.
Secondly, a slightly excessive D component leads quickly to instability
of the control loop. The controlled system then tends to oscillate.

Manipulated variable ySystem deviation xd Controller

xd

Td

T = derivative-action timed

y

t t

Fig. B1-14:
Time response of
the PD controller
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1.7.5  PID controller

PID controller

In addition to the properties of the PI controller, the PID controller is
complemented by the D component. This takes the rate of change of
the system deviation into account.

If the system deviation is large, the D component ensures a momentary
extremely high change in the manipulated variable. While the influence
of the D component falls of immediately, the influence of the I compo-
nent increases slowly. If the change in system deviation is slight, the
behaviour of the D component is negligible (see Section B1.6.2).

This behaviour has the advantage of faster response and quicker com-
pensation of system deviation in the event of changes or disturbance
variables. The disadvantage is that the control loop is much more prone
to oscillation and that setting is therefore more difficult.

Fig. B1-15 shows the time response of a PID controller.

Derivative-action time

As a result of the D component, this controller type is faster than a P
controller or a PI controller. This manifests itself in the derivative-action
time Td. The derivative-action time is the period by which a PID control-
ler is faster than the PI controller.

Manipulated variable ySystem deviation xd Controller

xd

TdTr T = reset time
T = derivative-action time

r

d

y

t t

Fig. B1-15:
Time response of
the PID controller
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1.8  Summary

Here is a summary of the most important points to be taken into ac-
count when solving control problems.

1. Assignment of controlled variables
Which machine or plant variable is the controlled variable, reference
variable, manipulated variable etc. Where and how do disturbance
variables occur? The selection of sensors and actuators is based on
these factors.

2. Division of the control problem into systems
Where is the controlled variable measured? Where can the system
be influenced? What is the nature of the individual systems?

3. Controlled system
Where is the controlled variable to be adjusted to the desired value?
What is the time response of the controlled system (slow or fast)?
The choice of controller response is based on these factors.

4. Controller 
What type of control response is required? What time response must
the controller have, particularly with regard to fault conditions? What
values must the controller parameters have?

5. Controller type
What type of controller must be implemented? Does the time re-
sponse and controlled system require a P, I, PI or PID controller?
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Chapter 2

Project design of 
automation systems
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2.1  Introduction

2.1.1  Motivation
Based on the fact that currently engineering training in the field of auto-
mation technology is principally dominated by the theory of open and
closed loop control, the main purpose of this training concept is to pro-
vide would-be practical automation specialists with a sound knowledge
of automation methods and project design methods for automation
systems. In the sense of holistic training this means that training mat-
ters such as the selection and sizing of automation equipment, project
design methods, information, electrotechnology, as well as open and
closed loop theory must always be taught within a joint context, demon-
strated through relevant, practical examples and consolidated by means
of practical exercises (learning by doing). 

With this type of vocational and further training of engineers and other
specialists in mind, many years’ experience has been gathered by both
Festo Didactic (e. g. Modular Production System / MPS), and the De-
partment of Automation of the Technical University of Dresden, and, as
part of a joint project, used to design and develop a small-scale trial
station for the automation of continuous processes as in process tech-
nology.

2.1.2  Configuring a small-scale experimental module
Adopting the idea of automating process technology operations as a
starting point, the first important point is the question regarding process
parameters. By evaluating the experiences gained, typical process
parameters such as filling level, throughput, pressure, temperature and
quality (pH value)  have been incorporated into suitable modules (pro-
cess technology modules) based on the well-known MPS concept.
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This means that these modules represent individual process sections
and are designed according to a standard structure (fig. B2-1).

As such, the modules filling level, throughput, pressure, temperature
and quality are available for individual use, but can also be combined or
duplicated via a central EMCS (Electronic Measuring Control System)
terminal and operated as a complex process technology system (fig.
B2-2).

Display/operating module – local (optional)
Supply of electrical auxiliary energy

Module

Base plate
(for module configuration)

Industrial process section/process technology module

e.g. • Temperature module
• Filling level module
• Flow module
• Pressure module*
• pH-value/

quality module*

Process section
(PS)

TBF

Terminal
box-field level
(TBF) for
EMCS signals

* currently being developed at the Department of Automation

Fig. B2-1:
Design of a
process technology module 

Module 1

EMCS terminal point – field level

EMCS terminal point – process control console

Module 2 Module 3

PA 1 PA 2 PA 3
KKF 1 KKF 2 KKF 3

Pipe connections – various connection options

EMCS connections
(wiring)
– freely applicable on
EMCS terminal point-
field level

Process control technology
Moveable

Process control technology
Fixed

Fig. B2-2:
Configuration of the
process technology 
modules 
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2.1.3  Overview of project design procedure
As already mentioned, the holistic training concept requires the tea-
ching of a sound knowledge of the different training contents typical of
automation technology, plus their integration into an effective project
design methodolgy. Fig. B2-3 provides an initial clarification of the ex-
tent and technical diversity of the exercises to be completed.

The broad knowledge base required for this can only be mastered and
put to effective use for project design work by means of a systematic
approach (project design know-how). From this viewpoint alone, the
small-scale trial station represents an important auxiliary means for the
tuition of the necessary training contents and for the development of the
required technical and practical competence by means of systematically
applying the "learning by doing" concept.

If you now set the task of working through a project design task using
the example of this small-scale trial station or an industrial installation in
process technology, the project design know-how forms the crucial
basis for this. Fig. B2-4 therefore provides an initial introduction of the
scope and sequence of the actual project design work in the form of an
overview.

Selecting
and

sizing of
sensors/
actuators

and
processors

Determining
the

required
power;

distribution of
electrical
auxiliary
energy

Automation
tools

Electrical
technology

Pneumatics/
Hydraulics

Project design of automation systems

Open and
closed-loop

control technology

Use of CAE
resources

for
project design

and the
design of

closed-loop
control systems

and binary
control systems

Design and
commissioning

of closed control
loops and binary
control systems;
integration into

automation
concepts

Determining
the

auxiliary
energy

requirements,
distribution

of this
auxiliary
energy

Information
technology

Fig. B2-3:
Overview of extent

and technical diversity of
of the basic knowledge

involved in the
project design of

automation systems
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The starting point of every automation project are the project require-
ments, which are placed on the automation system. Generally, an invi-
tation to tender is drawn up by the customer for this which, in the sense
of the traditional DIN interpretation is characterised by the specification
and process flow diagram. The contractor, as a rule the project design
company, draws up a proposal (including quotation) and documents the
project design work (specification) to be completed via a so-called con-
figurational draft in the form of the PI flow diagram (piping and installa-
tion flow diagram).

Assembly project design
and commissioning

• Assembly project

• Commissioning
specifications

Core project –
Final draft

Core project –
Configurational draft

• PI flow diagram

• EMCS block diagrams
– preliminary

Core project –
Project requirements

Pneumatic and
hydraulic project

Electrical
project

• EMCS block diagrams
– final

• Wiring lists

• Tender specification/
Problem definition

• Process flow diagram

Project design of
pneumatic and

hydraulic auxiliary
energy supply

Project design of
electrical auxiliary

energy supply

Fig. B2-4:
Sequence and content of 
project design work
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These tasks are drawn up in the form of a complete set of project
documentation by means of  the preliminary EMCS block diagrams
(electronic measuring control system block diagram) and the final draft
(final EMCS block diagrams/wiring lists). 

The subsequent assembly project design also forms part of the project
design task and ensures the assembly of the automation system in the
sense of the desired performance range. Finally, some additional tasks
need to be fulfilled for the commissioning of this automation system
(e.g. specifications for the controller configuration and parameterisa-
tion), which form an essential component part of this overall project.

Of parallel importance to the project design of this EMCS part, is the
implementation of the electrical and the pneumatic and hydraulic pro-
ject. Fig. B2-4 provides a schematic illustration of the interaction of
these three project components.

The core project design now provides a methodology, which sets out
the systematic preparation of this broad spectrum of tasks (the core
project), and at the same time the linking up with the additional project
design tasks (electrical project / pneumatic and hydraulic project).

In summary of fig. B2-4, the core project design (the core project) also
encompasses the allocation of the specification, the PI flow diagram
and list of EMCS points, the EMCS preliminary block diagrams with the
so-called fittings lists and allocation lists, including wiring lists. More-
over, the components System Assembly and Commissioning of the
automation system are identified.

To begin with, the core project design is discussed in detail in order to
provide a better understanding.

 B2 – 6              
 Project design 

Process Control System  ••   Festo Didactic



2.2 Core project design – Basic methodology for
the project design of automation systems

2.2.1 Comments regarding project configuration
In practice, process technology, as on the small-scale experimental mo-
dules, an automation system, apart from the field instrumentation (sen-
sors/actuators), is dominated by process control and instrumentation
technology. These tools for automation are fitted into a basic structure
of the automation system, which is universally accepted as a means of
reference. This basic configuration comprises the typical components
process control console, switchroom and fieldlevel (fig. B2-5) and clear-
ly sets out the use of the tools for automation, which are important as
far as project design is concerned. 

Components – Process
control console (PCC)

Components –
switchroom (SR)

Components –
Process/field level (local)

Processors
Compact controller and
PLC and process control
technology/display technology

Measuring transducers

Sensors and actuators
(analogue / binary)

Automation equipment

Process flow diagram

Control cabinets/container system

Process control system

PI LI+

LI-

305

Automation equipment

Automation equipment

Fig. B2-5:
Basic structure of an 
automation system
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According to this, it is possible to proceed on the assumption of the
following allocation:

Process control console ⇒ Processor technology / PLC technology

Switchroom            ⇒  Measuring transducer technology

Process / Field level      ⇒  Sensors / Actuators and 
             measuring transducer technology

By recollecting the basic configuration of the single-loop control loop
and the binary control system (fig. B2-6) in this conjunction, it is also
possible allocate these in the basic configuration with the help of the
automation tools used. This also works for the simple measuring chain
(separate measuring point).

Finally, it is crucial to define all the EMCS points (electronic measuring
and control points) required for the solution of an automation task.

As already established, the tender specification or customer’s invitation
to tender is generally available for this, on the basis of which the desi-
gner (contractor) can draw up the specification.

Process
(controlled

system/
contol circuit)

Processors /
controller

Actuators/control technology
(analogue/binary)

Compact controller as well as PLC
and process control technology/

display technology

Sensors/measuring technology
(analogue/binary)

Measuring transducers Measuring transducers

Processing of information via

Utilisation of information
via

y
Control signals
(analogue/binary)

xaxe

Interference
Z

Setpint values
W

(analogue/binary =
installation point of
binary sensors

Process input signals
(analogue/binary)

Prozess output signals
(analogue/binary)

Processing acquisition
via

Fig. B2-6:
Automation equipment of a single-loop closed control loop and the binary control system
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2.2.2  Tender specification – performance specification
VDI/VDE 3694 formally specifies that the tender specification or perfor-
mance specification forms the basis of any automation project, i.e. ac-
cording to VDI/VDE 

The tenderspecification contains the requirements from the user’s
viewpoint, including all parameter conditions 

"The tender specification defines, 
WHAT is to be solved and the PURPOSE of the solution ".

(The tender specification is drawn up by the customer or commis-
sioned by him. It acts as a basis for the invitation to bid, the quota-
tion and/or contract basis.)

and

the performance specification contains the tender specification and
also details the user tasks and, enlarging on the tender specification,
describes the implementation requirements, taking into consideration
concrete solution approaches.

"The performance specification defines
HOW and WITH WHAT the requirements are to be implemented."

(The performance specification is generally drawn up by the contrac-
tor in cooperation with the customer once the order has been
placed.)
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In industrial practice, reference is almost always made to the invitation
to tender again, which also defines the process technology and the
corresponding automation tasks, although generally not to the extent
and depth required for the  tender specifications as specified in
VDI/VDE 3694. It is therefore essential for the contractor (project de-
signer) to give maximum consideration to the planning and calculation
of his quotation (performance specification), i.e. contents, size and
costs of the automation project to be realised. 

For a tried and tested practical approach, the project design engineer
should therefore start with an analysis and the functional sequence of
the respective process technology (evaluation of the process flow dia-
gram, including the corresponding process description). 

The process flow diagram  for continuous processes is drawn up accor-
ding to DIN 28004 guidelines and is the diagrammatic representation of
the piping and devices. An attached description and additional entries
of process parameters in the process flow diagram complete the initial
general documentation of the process technology and automation
tasks. As such, it becomes necessary to define in detail the automation
tasks (EMCS points). This is done by entering the EMCS points in the
process flow diagram, i.e. the process flow diagram becomes the PI
flow diagram.

The PI flow diagram is therefore the first concrete project step, which
defines the number and function of the required EMCS points.
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2.2.3  PI flow diagram

Symbols

As detailed, the necessary EMCS points are entered in the process
flow diagram, and the number and function of the individual EMCS
points precisely defined.

To obtain a PI flow  diagram in conformance with the standard (DIN
19227/Part 1), the type, inclusion into the basic structure of the auto-
mation system and the functionality (letter code) are to be defined in
accordance with steps 1 to 3:

Step 1 – Type of EMCS point

Depending on the functional scope of the EMCS point (designation
scope of letter code) the following symbols are used

  Round
    and

  Oblong

if a process control system is used

   Square with
   inscribed circle

    and

   Rectangle with
   inscribed oblong

or if a programmable logic controller is used 
(PLC technology)

  Hexagon

    and

 extended hexagon
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Step 2 – Integration of EMCS point into the basic structure of the 
     automation system

If we go back to the basic structure of the automation system intro-
duced in section 2.2.1, the EMCS point initially determined according
to type is to be further modified into

EMCS point -"local / local"
(in the process / at field level 
/ of the installation),

EMCS point process control console

 and

EMCS point local control console.

The project designer also defines what the EMCS point will be or
which components of the basic structure of  the automation system it
will cover.

Step 3 – Functional content of EMCS point 

The functional content of the respective EMCS point is uniquely defi-
ned by the letter code; the letter code selected for each EMCS point
specifies whether it is to be entered in the process flow diagram as a
separate measuring point, closed control loop or binary measuring
system.
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Letter code of PI flow diagram

In accordance with DIN 19227 (Part 1/Sheet 6), the use of the letter
code and the design of the PI flow diagram (interpretation of the EMCS
point) are explained with the help of the introductory example (fig. B2-7).

Generally, letters are to be used in the following order:

Initial letter for typical process technology process parameters, e. g.

T – Temperature

P – Pressure

F – Flow rate / throughput

L – Filling level /height and

Q – Quality (e. g. pH-value)

Second letters for the modification of these process parameters, e. g.

D – Difference

F – Relationship

J – Measuring point sensing

Container

TIAH
117

EMCS point number

Initial letter
T    Temperature

Second letter
I    Display

1 subsequent letter
A    Alarm devices

st

2 subsequent letter
H    High/upper limit value

nd

Fig. B2-7:
Introductory example 
demonstrating the 
letter code in the 
PI flow diagram
(using the example of a 
temperature measuring
point)
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Subsequent letters  (1st subsequent letter/2nd subsequent letter) – for
the typical functions for the automation of process technology opera-
tions, e. g.

C – Closed loop control

I  – Display

R – Registration

S – Circuit, sequence control/logic control system and

Y – Arithmetic function

The EMCS point number which is also defined in the introductory ex-
ample is introduced dependent on the project and can, for instance,
comprise three, four or more characters.

Selected examples

In accordance with the main process sections of process technology
(see for instance small-scale trial system), a number of different exam-
ples are set out to provide a complete overview of EMCS points in the
diagram.

To begin with, the type of each of the EMCS points in the example
shown in fig. B2-8 is used to demonstrate how the different measuring
points on containers or the piping system are represented in a form
which conforms to DIN.

Container

PI PDI
707

Piping system

EMCS point 1
( )Pressure measurement with display at process control console

EMCS point 2
(filling level measurement with display and
alarm facility at process control console)

EMCS point 3
(Differential pressure
with local display)LIAL

305

306

Fig. B2-8:
Representation of separate

measuring points 
(in PI flow diagram)
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Based on this form, the entering of closed control loops also becomes
clear. Fig. B2-9 illustrates that, apart from the letter code for the
functions of the closed control loop, this symbolic representation also
defines the measuring place (the measuring signal) and the actuator
with manipulation point (actuating signal).

Finally, the binary control systems also have an important part within
the framework of the extent of EMCS points. Fig. B2-10 also shows an
example of how the binary control system fit into the PI flow diagram.
Again, the measuring place (measuring signal) and actuator with mani-
pulation point (control signal) have been entered for the EMCS points.

Container

Container

FIC

LIC

315

320

Pump

Pump

(to consuming device)

(to consuming device)

Outflow

Outflow

Control signal
y

Control signal
y

EMCS point 2 (filling level control at
process control console)

EMCS point 1 (flow control at
process control console)

a)

b)

Measuring signal
(controlled variable x)

Measuring signal
(controlled variable x)

Fig. B2-9:
Representation of 
closed control loops 
(in PI flow diagram)
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Notes regarding the planning of the actuating method

Further to the examples demonstrated in B2-9 and B2-10, some addi-
tional information is required regarding the use of symbols for the ac-
tuators (actuating devices), because even at the stage of drawing up
the PI flow diagram, the project design engineer already needs to know,
which actuating devices are to be used. A closed control loop always
entails the use of an actuating device consisting of actuator and regula-
ting valve/proportional valve, and for the binary control system an ac-
tuator with on/off valve (binary valve). This valve specification does not
make the PI flow diagram explicitly clear, but merely enables the
placing of the valve type used by looking at the letter code of the
EMCS point.

In contrast with this, the actuator is already easy to classify from the PI
flow diagram. Hence, actuators (actuating devices) using pneumatic
auxiliary energy are often used which, apart from the advantages of–
high correcting speed/ruggedness – assume  the preferred state "on" or
"off" in the event of failure of the air supply, depending on the construc-
tional arrangement of the spring (see fig. B2-11). The majority of electri-
cal actuators, for instance, do not have this characteristic and remain in
the position assumed at the time of failure of the electrical auxiliary
energy.

Container

LIC

LSO±

320

322

Inflow

Control
valve

On/off
valve

On/off
valve

EMCS point 1 (filling level control at
process control console)

EMCS point 2 (binary control system
with upper and lower limit value
monitoring at process control console)

(towards
consuming

device)

Outflow
Fig. B2-10:

Representation of 
binary control systems 

(in PI flow diagram)
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Final control element/actuator with valve
(control or on/off valve) –
closing in the event of auxiliary energy failure

Final control element/actuator with valve
(control or on/off valve) –
opening in the event of auxiliary energy failure

Final control element/actuator with control valve –
steady-state in the event of auxiliary energy failure

Symbol Meaning in PI flow diagram

Fig. B2-11:
Method of operation of
servo controlled equipment 
(in PI flow diagram)
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The practical implementation of the PI flow diagram

The PI flow diagram therefore forms the definitive basis for further reali-
sation of the automation system project with regard to technical en-
gineering. This requires a corresponding project classification, e. g. for
the selection of sensors, actuators and processors. Within this context,
the selection of sensors and actuators is also designated in the form of
field instrumentation and the additionally required second task of confi-
guration in the form of – selection of the process control  technology –.
This enables the task to be subdivided and very often translated into
practical team work. This means that, one section of the team prepares
the field level instrumentation, and the other section the selection and
commissioning of the process control system.

To provide a better understanding, the small-scale trial system is used
as an example to introduce the official PI flow diagram in accordance
with DIN, followed by the PI flow diagram variant favoured by the De-
partment of Automation. The latter is also within the framework of DIN
19227, but specifies the allocated sensors as additional EMCS point for
each closed loop control and binary control system. This creates a
central interface, the EMCS points terminal, which provides the field
signals for the connection of the process control technology (figs. B2-12
and B2-13).

10

Vout2

Vout1

Outflow

Outflow

a

a

Filling level module

optional operation of filling level control
in B4 or B5 by retrofitting of ultrasonic sensor

Flow module Temperature module

B4

B3

B2

B1

P3 P2

P1

V11

V6 V4

V1V3V5Vout3

Outflow
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V10

V9

V12
V7

Vr7

V8

B5

21

LIC

TIC

LS

HSO

FIC

30

10

20

20

M M

M

V2

Fig. B2-12:
PI flow diagram conforming to DIN
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2.2.4  EMCS block diagrams

Introductory comments

Within the framework of the core project design, the PI flow diagrams
are followed by the so-called EMCS block diagrams. In the sense of a
level-graded project specification, a preliminary EMCS block diagram 
and a  final EMCS diagram are prepared for each EMCS point, where-
by the preliminary EMCS block diagram defines the connection of the
automation equipment involved in the configuration of an EMCS point
and the final EMCS block diagram documents the detailed wiring based
on this.

Again, suitable symbols are used when drawing up these EMCS block
diagrams to indicate how the so-called standardised signals are used to
connect the automation devices deployed.

To provide a better understanding, this standardised signal concept is
therefore described in greater detail first.
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M

Vout1
Outflow

a
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V 3out Vout2

Outflow Outflow

a a
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V10
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V7

Vr7

V8
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LIC

FIC
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TIC

FI

TI

HSO

LIA-
M M

V2

Fig. B2-13:
PI flow diagram – modified 
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Concept of standardised signals

Working on the premises of the basic structure of the automation
system specified in fig. B2-5 and taking into consideration the individual
automation devices allocated, the question of simple and clear inter-
connectability of these different types of automation equipment is of
some importance, particularly when considering the wide range of pro-
ducts on offer from the various automation equipment manufacturers.
The introduction of the so-called standardised signals solves this prob-
lem. 

Today, these standardised signals are used worldwide by manufac-
turers of automation equipment

for electrical auxiliary energy 

4...20 mA (preferably)

0...20 mA

0...5 mA

0...10 V

-10 V...+10 V

for pneumatic auxiliary energy 

20 kPa...100 kPa or

0.2 bar ...1 bar

Fig. B2-14 demonstrates this way of thinking and as such expands on
the contents of fig. B2-5.

This standard conforming representation of the integration of stand-
ardised signals into the structure of the automation system is used as a
basis for the creation of the following project documentation.

At the same time, it can be seen that advanced automation tools are
generally moving towards the use of standardised signals, i.e. sensors
immediately provide standardised signals or the actuators are directly
pressurised (e. g. pneumatic actuating devices) by means of stand-
ardised signals. As such, the integration of the standardised signals
shown in fig. B2-14 is modified so that, as shown in fig. B2-15, a direct
connection is realised between process and process control system (eli-
mination of measuring transducer and signal converter). The switch-
room is therefore only used to provide the electrical auxiliary energy
(power supply) and for the so-called routing of field signals. This routing
of field signals takes place in such a way that their distribution to the
basic units of the process control system used offers the best possible
process reliability (redundancy thanks to favourable distribution of moni-
toring signals).
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