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1. Introduction

The task of control over complex technological ob-
jects is often accompanied by difficulties whose existence 
significantly compromises the quality of control systems 
when applying classic methods of control. One of such 
negative factors is the variable dynamics of behavior of 
control object. 

The existence of such factors is inherent to many 
objects in power generation industry. For example, such 
facilities as wind turbines, solar panels and other alter-
native and renewable power sources have a major problem 
in the form of instability of power generation. This is 
predetermined by seasonal and day cycles, climatic con-
ditions, varying ambient temperature, abnormal weather 
phenomena, etc.

 It is clear that construction of generating facilities with 
a significant power reserve somewhat solves the problem, but 
the high cost and a low capacity factor make such a solution 
economically impractical. Along with this, increasingly 
important task is the integration of facilities of renewable 
energy into the overall energy system, which puts forward 
new requirements to the stability of generation and requires 
new technical solutions.

Parametrical non-stationarity is quite common for 
the facilities of traditional energy sector, which employ 
combustion of different types of organic fuel. However, 

in many cases, it becomes almost impossible to determine 
the limits of such non-stationarity for equipment under 
operation. It is caused, first, by the limits in carrying out 
experimental research involving the use of such equip-
ment. Second, there is the incompleteness of mathematical 
description, which is caused by linearization and approx-
imation of characteristics of its elements. At the same 
time, enabling a stable operation mode, and preferably an 
optimal regime in terms of energy efficiency, remains one 
of the greatest challenges. All these factors contribute to 
significant differences between results of modeling the 
behavior of synthesized automatic regulation systems 
(ARS) and actual experimental data, obtained during the 
start-adjustment process.

An additional factor that causes non-stationarity is the 
physical wear of technological equipment. Moreover, it is 
characteristic of both traditional and renewable energy 
sources. 

The described impact of factors, which lead to para-
metric non-stationarity, makes it relevant to apply the 
more modern and complex control algorithms. They should 
provide for small deviations of quality control parameters 
under conditions of change in the input magnitudes (object 
parameters) even over a rather wide range. A controller 
whose design is based on fuzzy logic is considered to be a 
solution to this problem. In contrast to classic PI-control-
ler, a fuzzy controller, given the correct construct of rule 
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base, is capable of operating with an object more efficiently 
under conditions of parametric non-stationarity. A rule 
base of the fuzzy controller is built based on the previous 
experience of control over a target object. This makes it 
possible to take into consideration all peculiarities of a con-
trol object (considering parametric non-stationarity) in the 
process of control influence generation. This ensures the 
advantage of fuzzy controller in comparison to the classic 
PI-regulator.

2. Literature review and problem statement

The most common technique to control technological pa-
rameters in industry is the PID law of control. In automatic 
control systems of technological processes (TP ACS), the 
PID law is used for about 95 % of various control circuits in 
the world [1]. Its wide applicability is mostly explained by 
simplicity of the structure (three setting parameters) and by 
better understanding by an engineer of the functioning of 
each component as compared to more complex and modern 
control methods [2].

Such a wide use led to continuous research aimed at 
the development of methods for design and calculation of 
setting parameters for PID- controllers. The number of 
techniques increased tenfold: from about two hundred in 
the late twentieth century to 1,731 (563 for PI, and 1,168 
for PID algorithms) in 2010 [1]. However, despite such 
a number of techniques, the task of control over certain 
thermal power facilities is not completely resolved. For 
simple cases when requirements to ACS operation qual-
ity are not strict, the model is adequate, the situation 
with disturbances is clear, and thus there are no prob-
lems when setting the system. Such operation conditions 
compose 20–25 % of control systems in industry. At the 
same time, according to various estimates, 50–55 % of 
control systems demonstrate their best results at manual 
control, which is why they either partially operate under 
automatic mode or do not use it at all (25–30 %) [3]. Spe-
cifically, such a situation is observed in controlling the 
inertial circuits of boiler assemblies at thermal electric 
power stations (TES). It should be noted that the PID 
control law is recommended for facilities of low orders 
[1] whereas TES boiler assemblies of medium and high 
capacity are the multi-capacious non-linear objects. Sec-
ond, an important factor for the non-stationary nature 
of TES boiler assemblies is a change in the technological 
operation mode. As the main task of control system is 
functioning over a sufficiently wide range of changes in 
objects’ parameters, input disturbances and loads, the use 
of the D-component is impractical due to the worsening 
of robustness of the system in general. The same control 
system must enable the proper start of an object setting it 
to a standard operation mode, as well as its operation over 
a period of maximum load. Each of these operation peri-
ods can be characterized by a wide range of parametric 
non-stationarity of the object’s model. Attempts at resolv-
ing these problems have changed the vector of research 
towards adaptive systems and robust control.

A general theory of adaptive control over systems with 
uncertain parameters and external disturbance without 
regard to a specific object was developed in [4]. Uncertainty 
of many parameters of objects during operation requires 
the application of specialized methods and control systems 

that have the task to compensate for the lack of information 
about an object. General classification of the methods to 
control objects with a large variation in parameters or with 
unknown characteristics of disturbance was reported in 
paper [5]. 

Some interesting solutions have been proposed recently 
for designing robust systems based on conventional and 
visual frequency characteristics, as well as based on the in-
ternal model control (IMC).

A method of dynamic correction, considered in paper 
[6], implies the offset of amplitude-phase characteristic 
of the system. An increase in stability factor and the gen-
eration of the required control influence is achieved by 
using a 2-channel structure. In this case, the main channel 
is responsible for rapid performance and is based on the 
PI-law, while the correction channel compensates for an 
excess signal of the control influence at the final section 
of transition process, providing for ACS stability. A given 
controller in fact has no active adaptation at a change in the 
parameters of an object, but it ensures high quality indica-
tors of system’s operation. Such a class of controllers can 
be attributed to the equivalent-adaptive controllers with 
variable structure.

Another technique is based on the use of a control-
ler with an internal model. The main advantage is that 
the stability of the closed system is achieved through 
choosing a stable IMC controller. The task of synthesis 
is reduced to the calculation of a single parameter, which 
is termed a quality measure, and is in fact a parameter of 
the high frequency filter. Using numerical modeling, it is 
possible to obtain unambiguous dependences between a 
quality measure and basic quality indicators of system’s 
operation [2].

The past two decades have witnessed extensive re-
search into the application of fuzzy logic to the tasks on 
control over technological processes. Fuzzy control, or 
control based on the theory of fuzzy sets, is employed 
when there is no sufficient knowledge about a control ob-
ject (CO), but there is the practice of controlling it. That 
is, a given control is appropriate in nonlinear or complex 
systems, identification of which is too labor-consuming, 
as well as in cases when, by the preset conditions of the 
task, it is necessary to use expert knowledge [7]. There 
is typically a shortage of information about a technolog-
ical process, and a lack of reliable mathematical models 
that describe it, in order to apply the latest sophisticated 
control methods [8]. This explains the fact that certain 
complex processes are effectively controlled manually by 
experienced operators.

The possibility to employ fuzzy logic when building con-
trol systems for dynamic objects, as well as the description 
of a fuzzy PI-controller and its application to control a steam 
generator, was reported in [9]. 

Fuzzy logic in PID-controllers is primarily used in two 
ways: to build the regulator itself, and to arrange tuning of 
PID-controller’s coefficients.

Implementation of the fuzzy PID-controller may lead 
to problems because it must have a three-dimensional table 
of rules in accordance with three setting factors, which is 
very difficult to fill in, using the knowledge of an expert. In 
addition, a fuzzy controller is a nonlinear element itself. The 
introduction of such a unit to the control circuit makes it im-
possible to apply well-known methods for studying control 
systems, specifically, the use of frequency characteristics to 
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assess stability factor of the system. Thus, final tuning of a 
fuzzy controller, which is close to optimal, remains a chal-
lenging task [9]. 

Given the analyzed complexities in implementation, and 
with a respect to negative impact of D-component on the 
robustness of a system, we shall subsequently consider the 
PI-controller.

One of the most common structures of a fuzzy PI-con-
troller is shown in Fig. 1. Inconsistency signal e and deriv-
ative of an inconsistency signal de/dt arrive at the input of 
the controller. First, both magnitudes are processed by the 
fuzzification operation, then the obtained fuzzy variables are 
employed in the fuzzy output unit for obtaining the output 
signal, which, following the defuzzification operation, is sent 
to the output of the controller as control signal u.

Fig. 1. Structure of fuzzy controller

Under conditions of parametric non-stationarity of CO, 
variant 2 is especially interesting (Fig. 2), in which a fuzzy 
controller acts in fact as a unit for the adaptation of coeffi-
cients of the primary PI-controller.

Fig. 2. PI-controller with an adaptive fuzzy-logic device

The absence of the fuzzy logic unit in the main control 
channel allows us to consider control system at a separate 
moment of time as a linear one, and thereby apply well-
known methods for analysis and synthesis of linear systems, 
for example frequency characteristics [10].

3. The aim and objectives of the study

The aim of present research is to enhance the quality of 
automatic control system under conditions of parametric 
non-stationarity of CO. It is proposed to use the circuit with 
the principal PI-controller and the unit of adaptation of 
PI-controller’s coefficients based on fuzzy logic.

To accomplish the set goal, the following tasks must be 
solved:

– to determine the ranges of input and output linguistic 
variables in the fuzzy adaptive device under conditions of 
parametric non-stationarity of CO; 

– based on the expert knowledge about dynamics of CO, 
to design a base of rules of the fuzzy adaptive device; 

– to perform a comparative analysis of operation of the 
system that employs classic PI-controller and the system 
with the fuzzy adaptive device, and to determine quality 
parameters of control systems.

4. Development of the controller with  
a fuzzy adaptive device 

4. 1. Analysis of ranges for input linguistic variables
When constructing control systems with the use of fuzzy 

logic-based controllers, it is necessary to take into consider-
ation the following principles:

– using a fuzzy controller does not warrant that the be-
havior of control system can be predicted in advance with a 
certain accuracy; 

– correct setting of the fuzzy controller is impossible 
without a prior study into the operation of control system 
with the PI-controller; 

– setting of the fuzzy controller must be based on the 
observation of operation of CO by one of the channels of 
control system; 

– the operation of control system with a fuzzy controller 
can warrant the expected control quality only along the 
channel, which was preliminary used to examine the sys-
tem’s operation. Quality of operation of the control system 
along other channels is impossible to predict.

Given the specificity of CO (a uniflow boiler), the chan-
nel “disturbance–output” was accepted as the principal 
control channel in present study. The rationale implies that 
during operational cycle the channel “task–output” is typi-
cally used only when driving CO to the assigned operation 
mode. Operation along the channel “disturbance–output” 
proceeds for the rest of the time.

As the target system, we have chosen the adaptive 
control system with a PI-regulator with the fuzzy con-
troller as an adaptive device. It follows hence that even 
in the case a fuzzy controller fails, or malfunctions, the 
limitations imposed on the output magnitudes (Kр and 
Ті) will ensure further correct progress of the transition 
process, only with worse quality indicators. In the case an 
intelligent control system is employed, it is not possible 
to assert confidently that the transition process crosses 
the stability limit, which is critical for such an important 
object as a uniflow boiler.

To construct fuzzy controller of a given type, it is nec-
essary to have a certain array of knowledge about operation 
of the assigned control object. This factor is decisive in the 
concept of “expert information”, that is information, based 
on which it is possible to design a database of rules.

 In terms of knowledge, it is necessary to realize the 
magnitude of certain criteria during operation of the sys-
tem. These criteria are nothing short of the input and out-
put parameters of the developed fuzzy controller. Since we 
previously chose the adaptive control system with the fuzzy 
adaptive device, the output parameters are the parameters 
of classic PI-controller – Kр and Ті. As input parameters, 
different magnitudes can be employed: an error signal, 
derivative from the error signal, error integral, rate of error 
integral change, etc. Error signal e and derivative from the 
error signal de/dt were determined as parameters of the 
fuzzy controller. 

Modeling of the parametric non-stationarity was per-
formed in the form of the variation of values of parameters 
for a mathematical model of the object within 20 %, which 
corresponds to the most widespread range of changes in the 
parameters of heat power equipment. 

The course of modeling is as follows:
1) Determining such parameters of the object under con-

ditions of parametric non-stationarity when the transition 
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process in the system with a classic PI-controller becomes 
unacceptable for a preset criterion. 

2) Assessment of ranges of parameters, which are the 
input for the fuzzy controller. The obtained data will be 
used to determine the input linguistic variables of the fuzzy 
controller. 

3) Calculation in line with the procedure of extended 
amplitude-phase characteristic (EAFC) of parameters of 
PI-controller for critical states of the mathematical model 
of an object for a certain criterion. These settings of PI-con-
troller will be used in determining the output linguistic 
variables of the fuzzy controller.

4) Measurement of ranges of input parameters for the 
fuzzy controller on transition processes with critical objects 
and the calculated PI-controller. These ranges will also be 
used in determining the input linguistic variables of the 
fuzzy controller. 

Table 1 gives data that were derived upon modeling of 
transition processes under conditions of parametric non-sta-
tionarity. A quadratic integral criterion and an attenuation 
degree were selected as the key criteria. 

Transfer function of CO is described by the aperiodic 
link of the first order with a delay:

−τ=
+

.
1

p
Оb

k
W (p) e

Tp
			   (1)

Such a notation is inherent for the majority of objects 
whose dynamics is related to a transfer of any type of energy, 
specifically thermal. The use of the link of transport delay 
enables the approximation of models of actual processes that 
are in reality described by differential equations of higher 
orders, a link of the first order. At the same time, such an 
approach to determining the CO model ensures design of 
the robust system since the process in this case is a priori 
described in a more general form. 

Let us consider the system of control over the tempera-
ture of live steam in the uniflow boiler assembly TPP-210A. 
A transfer function of a given circuit at the rated values of 
model parameters takes the form:

404.8
.

375 1
p

ОbW (p) e
p

−=
+

				   (2)

Ranges of change in model parameters:
– k – [3.84; 5.76];
– T – [300; 450];
– τ – [32; 48].
Ranges of input parameters of the fuzzy adaptive device 

are summarized in Table 2.
Based on the results of previous experiments, test mod-

eling and tuning of the final models for the fuzzy controller, 
the following range was established for the input linguistic 
variable “error signal” (Fig. 3): [–0.93; 0.35]. For the input 
linguistic variable “derivative from the error signal” (Fig. 4), 
the range is [–0.016; 0.0175]. 

Based on the results of previous experiments, test mod-
eling and tuning of the final models for the fuzzy control-
ler, the following range for the output linguistic variable 
“KР coefficient” was established: [0.9; 2.6]. For the output 
linguistic variable “Ti coefficient”, the range is [120; 180]. 

The breakdown of variables was determined empirically. 
The result is shown in Fig. 5 (for KР coefficient) and Fig. 6 
(for Ti coefficient).

Таble 1 

Data of transient processes modeling under conditions of 
parametric non-stationarity

No. k Т τ attenuation degree 
quadratic integral 

criterion

1 4.8 375 40 0.925 43.72

2 4.8 450 40 1 40.75

3 4.8 300 40 0.8 50.93
4 4.8 375 48 0.8 60.2
5 4.8 375 32 1 35.53

6 4.8 450 48 0.89 51.59

7 4.8 300 32 0.89 37.77

8 4..8 450 32 1 34.4

9 4.8 300 48 0.57 90.59
10 5.76 375 40 0.82 51.65

11 3.84 375 40 1 38.18

12 5.76 450 40 0.92 45.6

13 5.76 300 40 0.61 72.29
14 .3.84 450 40 1 36.68

15 3.84 300 40 0.93 41.18

16 5.76 375 48 0.59 89.77
17 5.76 375 32 0.92 38.58

18 3.84 375 48 0.93 47

19 3.84 375 32 1 32.72

20 5.76 450 48 0.78 64.15

21 5.76 300 48
System is not 

stable
281.9

22 3.84 450 48 0.98 43.55

23 3.84 300 48 0.81 55.13

24 5.76 450 32 1 36.7

25 5.76 300 32 0.81 42.87

26 3.84 450 32 1 32.07

27 3.84 300 32 1 33.9

Table 2 

Ranges of input parameters of the fuzzy controller

No. K Т τ e min e_max de/dt_min de/dt_max

16 5.76 375 48 –1.013 0.104 –0.0154 0.0105

20 5.76 450 48 –0.865 0.09 –0.0128 0.0089

21 5.76 300 48 –1.223 0.126 –0.0192 0.0129

Fig. 3. Terms of the input linguistic variable “error signal”

Fig. 4. Terms of the input linguistic variable  
“derivative from error signal”
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Fig. 5. Terms of the output linguistic variable  
“KР coefficient”

Fig. 6. Terms of the output linguistic variable “Ti coefficient”

The breakdown of variables into terms was performed in 
order to achieve the following results: 

1) Enabling a smooth transition between different terms 
through partial overlapping.

2) Separation of certain terms to characterize a dimen-
sion of the signal error as “principal” (mf1), “close to zero” 
(mf2), “in re-adjustment region” (mf3); the signal of the 
derivative from error as “rapidly increasing” (mf1), “slowly 
increasing” (mf2), and “decreasing” (mf3).

4. 2. Designing a base of rules for the fuzzy adaptive 
device

Imagine an abstract transition process in a closed sin-
gle-circuit control system with a PI-controller along the 
channel “disturbance-output” (Fig. 7).

Fig. 7. Graphical representation of rule base on the example 
of abstract transitive characteristics.  

(1: KР – maximum, Ti – minimum; 2: KР – minimum,  
Ti – maximum; 3: KР, Ti – normal)

Since the control object is characterized by parametrical 
non-stationarity, it is necessary to develop such a control logic 
so that it satisfies all states of a given object. For this purpose, it 
is proposed to take into consideration the following statements:

1) at the very beginning of the transition process, it is nec-
essary to maximize KР coefficient of the controller, as well as 
to minimize Ti, coefficient of the controller, which will make 
it possible to overcome disturbances quickly; 

2) at the stage that follows the first cast, it is nec-
essary to minimize KР coefficient and to maximize Ti 
coefficient;

3) when the error signal and a derivative from the error 
signal is close to zero (a process is close to be defined) – to 
establish KР and Ti coefficients at the normal level for most 
states of the object. 

Based on the described statements, the base of rules for 
the PI-controller parameters was designed (Tables 3, 4).

Таble 3

Base of rules for controller parameter KР 

e

de/dt
small negative small positive

small 
negative 

rated increased decreased

small rated decreased decreased 

positive decreased rated decreased

Table 4 

Base of rules for controller parameter Ti

e

de/dt
small negative small positive

small 
negative

decreased increased increased 

small decreased rated increased 

positive decreased decreased decreased 

In order to make it possible to change two parameters of 
the IP-controller at the same time and independently, two 
separate databases were built. Input signals of the fuzzy 
controllers, corresponding to them, are the same – these are 
error signal e and derivative from error signal de/dt. The 
output signal of one fuzzy controller is the setting parameter 
KР, and of the other – Ti.

5. Results of modeling a system with the fuzzy adaptive 
device

To construct a fuzzy adaptive device, the MATLAB 
software package “Fuzzy logic toolbox” was used. The 
algorithm “mamdani” was employed as a basic fuzzy logic 
algorithm. 

The model of a closed control system with the fuzzy con-
troller created in the Simulink programming environment is 
shown in Fig. 8.

Fig. 8. Model of closed control system with a fuzzy adaptive 
device

The structure, shown in Fig. 9, is given above as “Adap-
tive device”
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Fig. 9. Structure of the unit “Adaptive device”

Computer simulation of the system with a fuzzy adaptive 
device was performed for four variants of the state of CO: 
rated (3), decreased dynamics (4), increased dynamics (5), 
critically increased dynamics (6):

404.8
,

375 1
N p

ObW (p) e
p

−=
+

				   (3)

403.84
,

450 1
lo p

ObW (p) e
p

−=
+

				   (4)

405.76
,

300 1
hi p

ObW (p) e
p

−=
+

				   (5)

485.76
.

300 1
hi p

ObW (p) e
p

−=
+

				   (6)

Fig. 10–13 show transition processes in the system for 
different states of CO.

Fig. 10. Transition process at the rated parameters of CO

Fig. 11. Transition process at the decreased dynamics of CO

Table 5 gives quality indicators of the system’s operation 
for different states of CO.

An analysis was carried out by comparing transient 
characteristics of target control systems under conditions of 
parametric non-stationarity. The parametric non-stationari-
ty was modeled by changing the parameters of control object 
within 20 percent.

Fig. 12. Transition process at the increased dynamics of CO 

Fig. 13. Transition process at the critical dynamics of CO 

Table 5 

Quality indicators of system’s operation for different  
states of CO

Quality 
indica-

tors 

Rated 
Increased 
dynamics 

Critical dy-
namics 

Decreased 
dynamics 

PI
Adap-

tive 
fuzzy

PI
Adap-

tive 
fuzzy

PI
Adap-

tive 
fuzzy

PI
Adap-

tive 
fuzzy

Static 
error 

0 0 0 0
System 
is not 
stable 

0 0 0

Max-
imum 

dynamic 
cast

0.72 0.67 0.931 0.889
System 
is not 
stable

1.01 0.555 0.65

Atten-
uation 
degree 

1 1 0.66 0.91
System 
is not 
stable

0.75 1 1

Con-
trolling 

time 
420 320 800 370

System 
is not 
stable

700 490 680

Qua-
dratic 

integral 
criterion

43.72 48.06 72.29 47.47
System 
is not 
stable

81.32 36.68 71.96

Re- 
adjust-
ment 

– – 32 0
System 
is not 
stable

15 – –

When analyzing behavior of the control system along 
the channel “disturbance–output” at the initial state of the 
control object, it is possible to see that the control system 
with the fuzzy adaptive device operates worse than the 
control system with a classic PI-controller. However, this is 
not a final conclusion about operation of the system under 
conditions of parametric non-stationarity.
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As the presented transitions processes show, an increase 
in the dynamics of control object (an increase in transfer 
coefficient k and a decrease in time constant T) leads to 
compromised stability of the process in the classic system. 
Specifically, control time increases while the attenuation 
degree decreases. The base of rules for a fuzzy device is 
designed so that controller’s coefficient KР decreases to the 
magnitude that was previously determined when studying 
control system’s operation. This leads to a decrease in the 
oscillatory characteristics.

A critical state of the control object is achieved by in-
creasing the time of net transportation delay, a decrease in the 
amplification coefficient and a decrease in the time constant. 
In this case, the transition process in a classic single-circuit 
control system with a PI-controller becomes divergent. A con-
troller with the fuzzy adaptive device successfully copes with 
this deterioration while a given control system remains stable.

Improvement of the state of control object for regulation 
at constant PI-controller means a decrease in its amplification 
coefficient and an increase in inertia. This is explained by the 
fact that the PI-controller, designed for the facility with a low-
er inertia, can effectively overcome disturbances in a control 
system. However, specificity of the developed base of rules for 
the fuzzy controller in this particular case does not contribute 
to the improvement of regulation quality. At a decrease in the 
controller’s coefficient KР and at an increase in Tі, the rate of 
regulation decreases, which leads to an increase in the value 
of quadratic integral criterion. But in this case the transition 
process will definitely converge at sufficient rate.

6. Discussion of results of research into automatic control 
system with a fuzzy adaptive device

As a result of comparative analysis, it can be argued that 
a single-circuit control system with the fuzzy adaptive de-
vice works better than a classic control system with PI-con-
trollers under conditions of parametric non-stationarity. 
Such a conclusion was drawn based on the fact that the fuzzy 
controller is faster in overcoming disturbances in a control 
system in cases when oscillatory capacity of the control 
object increases. This property makes the control system 
several times as fast, as well as decreases maximum dynamic 
cast. Under especially critical conditions, the fixed setting 
of PI-controllers can lead to the fact that a control system 
becomes unstable. The proposed technique for setting a 
fuzzy adaptive device involves a decrease in amplification 
coefficient and an increase in time constant of the PI-law in 

situations when an error signal and derivative from the error 
signal are close to zero (along the channel “disturbance–out-
put”). This reduces oscillatory capacity of a system and helps 
to keep it stable at much more critical states of the object 
than the studied ones.

A negative aspect of using the fuzzy adaptive device is 
its slow response in case of improvement of a control object 
for regulation in comparison with the classic control system. 
However, this feature is not worse than the drawback of the 
classic system under conditions of an increase in oscillatory 
capacity of an object, as in this case the system remains stable.

Although results of the conducted research are positive, 
it is necessary to design a control system with the use of the 
fuzzy controller in minute details, especially if a control object 
is such an important installation as a uniflow boiler. This is 
due to the fact that the fuzzy controller produces an output 
signal based on optional parameters (in this case, an error 
signal and derivative from the error signal), which are capable 
of changing uncontrollably. The cause of these changes may 
be the factors that are not taken into account in designing 
the base of rules. Due to this, the situation may occur when 
behavior of a control system will be impossible to predict, 
which is unacceptable for a facility at an important enterprise. 

7. Conclusions

1. Based on the calculated settings of PI-controllers 
for two different states of CO, the ranges of input and out-
put signals of the fuzzy adaptive device were determined. 
Settings for different states of CO, calculated in advance, 
ensure stability of the system under conditions of non-sta-
tionarity of the CO model parameters.

2. Based on the knowledge about CO dynamics and pos-
sible changes in the parameters of its model, the base of rules 
for the unit of logical output of the fuzzy adaptive device was 
developed. For the possibility of simultaneous correction of 
two parameters of the PI-controller, two separate fuzzy con-
trollers were applied.

3. Comparative analysis revealed that the single-circuit 
ACS with the fuzzy adaptive device is better suited to the 
operation with CO, which is characterized by parametrical 
non-stationarity. Such a conclusion can be drawn by analyzing 
quality indicators of transition processes in the target ACS at 
different states of a control object. At increased dynamics of 
a control object, the fuzzy controller faster overcomes distur-
bances in CS, direct performance indicators are significantly 
better than those in the system with a classic PI-controller.
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1. Introduction

Mining-metallurgical complex of Ukraine is one iron ore 
processing plant of the most important sectors of national 
industrial production. Specifically, export of ferrous metals, 
as well as the articles made of them, accounts for almost a 
quarter of the total value of the exported products. Howev-
er, over the past decades, changes in the quality of iron ore 
raw materials have demonstrated a negative trend, which 
negatively affects product competitiveness of Ukrainian en-
terprises in the international market. At the same time, still 
unresolved is the problem on improving energy efficiency of 
technological processes at mining enterprises.

Numerous studies have proven that the most promis-
ing approach to increasing the efficiency of technological 
processes of the enrichment of iron ore raw materials is the 
comprehensive automation of control processes. That is, 
automation systems must engage both separate units, stages, 
cycles, and the entire production line or an enterprise [1, 2].

When automating control processes of the enrichment 
of iron ore raw materials, represented by various mineralog-
ical-technological varieties, it is necessary to solve a task 
on the operational tracking of changes in the condition of 
control objects and to promptly bring the system to the state 
of dynamic equilibrium. The biggest changes in the process 
of enriching the iron ore raw materials happen to granulo-
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Для керування процесами збагачу-
вального виробництва в умовах зміни 
параметрів технологічних агрегатів, як 
об’єктів керування, досліджено можли-
вість застосування робастних регуля-
торів. Встановлено, що за показниками 
номінальної і робастної якості керуван-
ня доцільним є застосування робастно-
го µ-регулятора, для зниження порядку 
якого виконано апроксимація з застосу-
ванням Ганкелевої норми

Ключові слова: робастний регулятор, 
автоматизоване керування, збагачення 
руди, субоптимальний регулятор, час-
тотні характеристики

Для управления процессами обогати-
тельного производства в условиях изме-
нения параметров технологических 
агрегатов, как объектов управления, 
исследована возможность применения 
робастных регуляторов. Установлено, 
что по показателям номинального и 
робастного качества управления целесо-
образно применение робастного μ-регу-
лятора для понижения порядка которого 
выполнен аппроксимация с применением 
Ганкелевой нормы

Ключевые слова: робастный регуля-
тор, автоматизированное управление, 
обогащения руды, субоптимальный регу-
лятор, частотные характеристики
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