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Abstract

The analysis of the existing classifications of automatic controllers being applied in the industrial automation systems is
presented in the paper. The main classification features in the existing classifications of automatic controllers are as
follows: purpose, principle of operation, construction, type of energy being used, type of controlling action etc. A new
classification of automatic controllers diagrams with control channels is proposed. According to this classification the
control channel is considered as a part of the control loop consisting of an automatic controller and an intermediate
element between the controller and the controlled plant. It is proposed to classify the automatic controllers diagrams on
the basis of the following three features: type of control law, type of controller output signal and type of controlling action
at the input of the controlled plant. The new classification is presented in a graphical and a table form. Each diagram is
analyzed in details. The new classification provides exact demonstration and clear understanding of the place of switch,
continuous and step controllers among other controllers. The classification also provides the possibility to obtain new
types of diagrams of automatic controllers with the control channels. These diagrams can be implemented in PLCs by
programming.
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1. Introduction

The main field of automatic control instruments application is technological processes and objects. These instruments
may consist of individual control devices or programmable logic controllers (PLCs). Automatic regulation technique is
the most important part of a traditional system of automatic control and automation. And the automatic regulation itself
is an action destined at maintaining the controlled parameter at a set value.

Nowadays automated control systems are being more and more widely applied. These are human machine systems
providing automatic acquisition and processing of data needed for optimization of the control process. Optimization here
means choosing such a way of control at which the extreme value of the control criterion is reached.

Automation is still one of the main tasks to be accomplished for industrial production and for social life. As time goes
by, automation becomes a wider concept which includes some new tasks of its scientific and engineering progress, i.e.
computerization, robotics and other specialized fields of science.
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However, the main purpose of automation remains unchanged — it is making easier or complete replacement of human
physical and brain work by means of automation instruments.

There is no field of industry where there would be no need to apply the automated systems for technological processes
control. The main advantages of the automated control systems application are reduction (or even elimination) of the so
called human factor influence on the technological process, minimization of raw materials consumption, improvement of
quality of the output product and significant improvement of production efficiency. The main functions of such systems
are automatic control, regulation, monitoring, data acquisition, exchange and storage, alarming, automatic protection and
blocking as well as generating the curves and reports.

Automation engineers often meet the problem of choosing the instruments for solving the automation problems. There
is one more important problem to be solved by the engineers in order to control the technological process — the problem
of choosing the structure of the automatic controller (control law) and defining the numerical values of its tuning
parameters. This problem can be solved on the basis of recommendations given in the specialized literature and in the
technical documentation. To simplify solving of this problem, the classifications of automatic controllers were developed
by various authors.

The goal of this work is to analyze the existing classifications of automatic controllers and to present the new
developed classification of automatic controllers diagrams with the control channels.

2. Analysis of the existing classifications of automatic controllers

There are various classifications of automatic controllers in literature and electronic resources. Classifications of the
following authors are known: Klyuyev A. S., Sharkov A. A., Kazakov A. V. and other.

Automatic controllers are classified by Klyuyev A. S. [1] on the basis of the following features: purpose of the
controller, principle of operation, construction, type of energy being used and type of control law.

Based on the type of the controlled parameter the automatic controllers are divided into temperature controllers,
pressure controllers, level controllers, flow rate controllers etc.

Based on the construction features the automatic controllers are divided into instrument controllers, device controllers,
aggregate (unit) controllers and module (element) controllers. An instrument controller consists of the controller and the
sensor (primary transducer). Instrument controllers operate independently (in parallel) to the other measurement
instruments for a given technological parameter.

A device controller consists of the controller and the secondary transducer. There is no sensor (primary transducer) in
the device controller.

The aggregate (unit) controllers consist of individual units with a specific function of each unit. The input and output
signals of the units are uniform which provides the possibility of designing the controllers for various functional purposes.

The module (element) controllers consist of individual modules (elements) that accomplish simple operations. The
input and output signals of the modules are uniform which provides the possibility of designing the controllers for various
functional purposes (like in unit controllers).

Based on the source of energy being used the automatic controllers are divided into the direct action controllers and
the indirect action controllers. In the direct action controllers part of the energy is taken from the controlled plant during
measurement of the controlled value. This energy is used for controller operation and its action on the actuator. Thus,
there is no external energy supply to the automatic system “controlled plant — automatic controller”.

In the indirect action controllers the additional sources of energy are used to provide the controller operation and its
action on the actuator.

Depending on the type of energy being used the indirect action controllers are divided into electric (electromechanical,
electronic), pneumatic, hydraulic and combined (electro-pneumatic, electro-hydraulic etc.) controllers. The choice of the
controller from the point of view of the type of energy being used is defined by the nature of the controlled plant and by
the peculiarities of the automatic system.

Based on the type of the control law the automatic controllers are divided into controllers with linear and nonlinear
control law. Switch controllers (two-point switch and three-point switch controllers) are the examples of the controllers
with nonlinear control law.

According to Sharkov A. A. [2] the electric controllers being applied in the industry are divided into the following
two types:

o device controllers consisting of the measurement devices with the built-in electric regulation devices for proportional
or switch regulation;

e apparatus controllers consisting of autonomous control instruments which receive signals from the automatic sensors,
implement a definite control law and transmit the controlling action signals to the actuators.

Classification of automatic controllers based on the purpose, principle of operation, construction, type of energy being
used, type of controlling action etc. is given in [3]. This classification is presented as a diagram in Fig. 1.

Classification of automatic controllers based on a number of features is presented in [4] (Kazakov A. V.). This
classification is similar to the one presented in [1]. However there is one more classification feature in [4], i.e. type of
controlling action. Based on the type of the controlling action the controllers are divided into continuous and discrete
controllers. The continuous controllers permanently act on the controlled plant during the control process.
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The discrete controllers act on the controlled plant only at definite moments of time or at reaching some definite values
by the controlled parameter. The most simple and the most widespread type of a discrete controller is the switch controller.
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Fig. 1. Classification of automatic controllers according to [3]

One of the most important features for classification is the characteristics of the controller, i.e. the functional relation
between the displacement of the valve and the deviation of the controlled parameter. The characteristics of the controller
like of any other element in the automatic control loop (ACL) can be linear or non-linear [4].

Based on the type of the characteristics the controllers are divided into I-controllers (non-static), P-controllers (static),
Pl-controllers (isodromic) as well as controllers with differentiation, i.e. PD-controllers and PID-controllers [4].

The term “control law” came to the control systems theory from the classical theory. The “law” implies the
mathematical relation based on which the controlling instrument would act on the controlled plant in case if it (instrument)
possessed no inertia. Thus the “law” is an idealized algorithm of control. The actual algorithm of control would be quite
different from the “law” due to the dynamics in the controlling instrument. However, since the inertia of most of the
industrial controllers is small enough in comparison to the inertia of the controlled plant, the algorithm of control in the
controllers is close to the “law” and this term is widely used. These laws are called typical and they are implemented by
the controllers [3].

3. New classification of automatic controllers diagrams

Based on the accomplished review and analysis of the existing classifications of automatic controllers it was defined
that there are a number of features for classifying the controllers (purpose of the controller, principle of operation,
construction, type of energy being used, type of controlling action etc). However, little attention is paid to putting in order
and classifying the diagrams implemented in the automatic controllers.

For better understanding of the distinction between the switch, continuous and step controllers as well as for
understanding the place of these controllers among other controllers a new classification of automatic controllers diagrams
with the control channels is proposed.
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According to the new classification the control channel is considered as a part of the automatic control loop consisting
of an automatic controller (AC) and an intermediate element (IE) between the controller and a controlled plant (CP), see
Fig. 2.

Y X
AC IE CP

Fig. 2. Structure of the control channel: Y is automatic controller output signal;
Xis controlled plant input signal (controlling action)

The diagrams of automatic controllers with control channels are classified based on the following three features:
e type of control law;

o type of automatic controller output signal;

o type of controlling action on the controlled plant.

The control law implemented in an automatic controller can be of the following two types: continuous and switch.
PID control law with its subtypes (i.e. P, I, P1, PD, ID) belongs to the continuous control law. The switch control law can
be implemented by a two-point switch or a three-point switch.

The automatic controller output signal can be analog or impulse. And the controlling action on the controlled plant
can also be analog or impulse.

The developed classification of automatic controllers diagrams with control channels is presented in Fig. 3.
Conventional numbering of the automatic controllers diagrams with control channels from 1 to 8 is introduced.

The peculiarity of the developed classification is that the classification features are located in a hierarchical manner
(see Fig. 3). Different types of controlling action on the controlled plant are considered for different types of controller
output signal. And different types of controller output signal are considered for different types of control law. All possible
combinations between the types of the control law, types of the controller output signal and types of the controlling action
on the controlled plant are considered in the developed classification with taking into account the hierarchy of the
classification features.

The diagrams of automatic controllers with control channels (diagrams 1 — 8) according to the developed classification
are presented in Fig. 4 — 11. The description and analysis of these diagrams is made with respect to a thermal controlled
plant (electric oven with air flow through it). Air temperature in the oven is the controlled parameter. Electric power at
the input of the oven is the controlling action on the controlled plant. The detailed description of this controlled plant is
presented in [5].

Control law
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Fig. 3. New developed classification of automatic controllers diagrams with control channels

In diagram 1 according to the developed classification (see Fig. 4) the automatic controller is built on the basis of PID
control law with analog output signal. This signal goes to the intermediate element in which proportional function
(amplification with proportional gain coefficient Kg) is accomplished. The analog signal from the intermediate element is
supplied to the controlled plant. In case of the thermal controlled plant the role of the intermediate element can be played
by a thyristor amplifier. It increases the electric power at the input of the electric oven depending on the value of the
analog output signal from the controller.
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Fig. 4. Diagram 1 according to the developed classification (continuous PID controller and an amplifier)

In diagram 2 (see Fig. 5) the automatic controller like in diagram 1 is also built on the basis of PID control law with
analog output signal. However, the intermediate element here is different. It consists of the pulse-width modulator (PWM)
and an amplifier. The PWM impulse output signal is unipolar and it can be “ON” (“1”) or “OFF” (“0”). The amplified
impulse signal after the intermediate element is supplied to the controlled plant (electric oven). The amplifier here may
consist of a relay or a thyristor amplifier working in the relay mode.

AC
PID > PWM > X, H CP

___________________________

Fig. 5. Diagram 2 according to the developed classification (continuous PID controller and a pulse-width modulator
with an amplifier)

In diagram 3 (see Fig. 6) the automatic controller is built on the basis of PID control law with impulse output signal.
This type of the controller is called step PID controller. The purpose of the impulse signal is to control the electric actuator
(motor) with constant speed of movement. The impulse output signal of the controller is bipolar and it can be “UP” (“+17),
“DOWN” (“-17) or “OFF” (“0”). The intermediate element in this diagram consists of the integral action actuator presented
by the integral element and a valve presented by the proportional element (see Fig. 6). The intermediate element provides
analog controlling action at the input of the controlled plant. In case of the thermal controlled plant the role of the valve
can be played by a variable autotransformer. It provides analog change of electric power at the input of the electric oven
depending on the position of the autotransformer secondary connection rotated by the actuator [5].

AC T N

Yy i PX
.
impulse } I;s ranalog

Fig. 6. Diagram 3 according to the developed classification (step PID controller and an integral action actuator with a valve)

Step PID controller for controlling the integral action electric actuator can be built on the basis of one of the following
diagrams:

step PID controller with double differentiation;

continuous PID controller and a pulse-width modulator;

continuous PID controller and a simulated positioner;

step PI controller with a pulse generator.

The detailed description and analysis of step PID controllers diagrams is presented in [6]. In diagram 4 according to the
developed classification (see Fig. 7) the automatic controller is built on the basis of PID control law with a pulse-width
modulator (unipolar). The impulse output signal goes to the amplifier (relay). And the impulse controlling action is
supplied to the controlled plant.

,,,,,,,,,,,,, AC IE

| LY | X
1| PID PWM Kp - Ccp
: |;1mpulse | | impulse

Fig. 7. Diagram 4 according to the developed classification (continuous PID controller with a pulse-width modulator
and an amplifier)

In diagram 5 (see Fig. 8) the automatic controller is built on the basis of a three-point switch with an integrator. The
analog output signal goes to the amplifier. And the analog controlling action is supplied to the controlled plant.

--------------------------------
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T | I;s i analog K analog P

Fig. 8. Diagram 5 according to the developed classification (three-point switch with an integrator and an amplifier)
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In diagram 6 (see Fig. 9) the automatic controller like in diagram 5 is built on the basis of a three-point switch with an
integrator. The analog output signal goes to the intermediate element consisting of a pulse-width modulator and an
amplifier (relay). Impulse controlling action from the intermediate element is supplied to the controlled plant.

1 |y !
_UT”_ s [ > PWM > K Cp

Fig. 9. Diagram 6 according to the developed classification (three-point switch with an integrator and a pulse-width
modulator with an amplifier)

In diagram 7 (see Fig. 10) the automatic controller is built on the basis of a three-point switch. The impulse output
signal (bipolar) goes to the intermediate element consisting of an integral action actuator presented by the integral element
and a valve presented by the proportional element (see Fig. 10). Analog controlling action from the intermediate element
is supplied to the controlled plant.

AC -~ ,

A |y L X
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Fig. 10. Diagram 7 according to the developed classification (three-point switch and an integral action actuator with a valve)

In diagram 8 (see Fig. 11) the automatic controller is built on the basis of a two-point switch. The impulse output
signal (unipolar) goes to the amplifier (relay). And the impulse controlling action is supplied to the controlled plant.

AC IE
Y X

- > Kp - > (P
impulse impulse

Fig. 11. Diagram 8 according to the developed classification (two-point switch and an amplifier)

The developed classification of automatic controllers diagrams with control channels is also presented in a table form
(see Table 1).

Diagram AC output | Controlling Intermediate
Control law . .
number signal action on CP element
Diagram Continuous Analog Analog Amplifier (Kp)
1 (PID)

Diagram Continuous Analo Impulse PWM + Amplifier
2 (PID) 9 P (Ke, relay)
Diagram Continuous Actuator (1/(T, - s))
3 (PID) Impulse Analog + Valve (Kp)
Diagram Continuous Impulse Impulse Amplifier

4 (PID + PWM) P P (Ke, relay)
Diagram | Switch (3-point .

5 switch + Int.) Analog Analog Amplifier (Kp)
Diagram | Switch (3-point PWM + Amplifier
6 switch + Int.) Analog Impulse (Kp, relay)
Diagram | Switch (3-point Actuator (1/(T; - s))
7 switch) Impulse Analog + Valve (Kp)
Diagram | Switch (2-point Impulse Impulse Amplifier

8 switch) P P (Kp, relay)

Table 1. Diagrams of automatic controllers with control channels according to the developed classification
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Diagram 8 is the most widespread case for controlling a thermal plant (electric oven in particular) since its adjustment
and construction is simple. A shortcoming of this diagram is the self-oscillating transient process in the ACL. In order to
remove the self-oscillations a PID controller with a pulse-width modulator is applied [7], i.e. diagram 2 or 4. These
diagrams provide better quality of the transient process and absence of self-oscillations. However, adjustment of these
diagrams and definition of numerical values of PID control law tuning parameters is a complicated process. This problem
is present not only in diagrams 2 and 4 but in all the diagrams where PID control law is applied (i.e. diagrams 1 — 4). In
order to simplify this problem a special algorithm for automatic definition of numerical values of PID control law tuning
parameters (PID autotune) [8] is proposed by manufacturers of PLCs.

The main principle of PID autotune algorithm work can be described in general by the following two steps. Step one:
generation of self-oscillating transient process in the ACL by applying the two-point switch. Step two: definition of
numerical values of PID control law tuning parameters based on the parameters of the self-oscillating transient process.
It means that diagram 8 is applied during the first step. And diagram 1 is applied during the second step.

It should be mentioned that there were no diagrams 5 and 6 when the classification was developed at first. However,
in order to fill the gaps in the right part of the developed classification (Fig. 3) the three-point switch with an integrator
was introduced to provide an analog output signal for a switch control law. This option (diagram 5) in some cases provides
even better quality of transient processes than it is done by a continuous PID controller (diagram 1). The presented
diagrams of automatic controllers can be implemented in PLCs by programming.

4. Conclusion

The existing classifications of automatic controllers being applied in the industrial automation systems were analyzed.
Based on the accomplished analysis it was defined that automatic controllers today are classified on the basis of a number
of features (such as purpose of the controller, its principle of operation, construction, type of energy being used, type of
controlling action and other). However, little attention is paid to putting in order and classifying the diagrams implemented
in the automatic controllers. For better understanding of the distinction between the switch, continuous and step
controllers as well as for understanding the place of these controllers among other controllers a new classification of
automatic controllers diagrams with the control channels is proposed. All possible combinations between the types of the
control law, types of the controller output signal and types of the controlling action on the controlled plant were considered
in the developed classification. Conventional numbering of the automatic controllers diagrams with control channels from
1 to 8 was introduced.

The developed classification simplifies the problem of choosing and analyzing the diagrams of automatic controllers
for controlling a technological process since it provides a clear demonstration of all possible ways of automatic controller
action on the controlled plant with taking into account the type of control law, type of controller output signal and type
of controlling action on the controlled plant.

The authors’ future plans are to carry our experimental study of automatic control loop behaviour for each type of the
automatic controller diagram presented in this paper and to analyze the quality of the transient processes.
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