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Abstract. The stages of synthesis and structural analysis of an adaptive control system based on a reference model for dynamic plants are presented this research. The parameters of the dynamic plant under consideration are calculated in the form of a common matrix. To add the parameters of the reference model are being in kind of matrix. The use of adaptive control algorithms directly connects the process of determining plant parameters with the automatic adjustment of actuators in reference-based control systems. The concept of error vector is derived from the adaptive assessment of the control system based on the reference model. The error vector is presented as a general representation of the difference between the reference model input and the plant input in the form of a matrix. Adjustment steps aimed at reducing this difference are considered. This control system is synthesized into the technological process of natural gas purification based on method of absorption and certain results are obtained.
INTRODUCTION
Adaptive control systems allow for high-efficiency and high-precision control of complex technological processes. They ensure stable operation in the face of uncertain environmental influences, sharp fluctuations in system parameters, and unexpected disruptions in the operating mode. The main advantage of such systems is that they quickly detect changes in the control plant in real time and develop optimal control decisions based on algorithms for adapting the system to new values. As a result, adaptive systems minimize the negative consequences of external influences while maintaining the dynamic characteristics of the process.
I. Synthesis adaptive control systems based on a reference model into technological plant
From the researches, it can be seen that the use of adaptive control algorithms directly connects the process of determining the parameters of the plant with the automatic adjustment of actuators in feedback-based control systems. In this approach, the actuator settings are dynamically updated in real time in accordance with changes in the parameters of the controlled plant. The use of adaptive control increases the functional flexibility of actuators, significantly increasing the reliability and efficiency of the system [6]. In particular, in recent years, research on the design and optimization of control systems aimed at increasing energy efficiency has been developing rapidly. This area is currently at the center of current scientific and practical research, as adaptive approaches based on automatic tuning of regulators allow for significant reductions in energy consumption [8].
The analysis of the adaptive properties requires, first of all, the definition of the problem of tuning the adaptive control system for the transition process based on the synthesized reference model algorithm in the control system. In this process, it is also important not only to find this solution, but also to assess its reliability in terms of its correctness and practical application. Linear and continuous control systems have been widely studied in many scientific sources [3]. This study is aimed at analyzing the mechanisms that ensure adaptability in the control of linear continuous technological processes, in particular, the complex dynamic properties of control plants with multiple inputs and multiple outputs are studied in depth. In cases where the control plant is linear, even if the adjuster has a general characteristic, it is necessarily based on a specific linear structure.
The equation of a linear control system, presented in the following general matrix form is considered:


						(1)
The vectors of the plant control based on reference model are depicted in the following form:


.						(2)


When assessing the adaptability of the current adjustment algorithms in the plant control system, the difference between the real process coefficients and the reference model is determined depending on whether it is large or small. In plant control, the operating mode coefficients are synthesized based on the approximation of the vectors or matrices of the reference model. That is,  a condition of necessity is determined in connection with the fulfillment of equality. This condition of necessity is expressed using a pseudo-inverse matrix  and has the following form:
, ,		(3)
The result of writing this expression in matrix color form is as follows:

						(4)
When assessing the adaptability of adjustment algorithms to an plant control system, the concept of an error vector is introduced. The error vector is a matrix representation of the difference between the reference model input and the plant input.

						(5)
Using the expressions given above, the first-order derivative of the error vector can be written in full form as follows:
.	(6)
This expression is expressed as a general differential matrix, called the error matrix in the adaptive estimation:

.					(7)
If this equation is written for a system with more than two variables, the expression becomes general as follows:
				(8)
Using the Laplace transform, the above matrix can be transformed into the following system of equations:

, or 				(9)


The solution to this system of equations is expressed by the following equation.

					(10)
From this, it can be concluded that the difference between the real-time plant input value and the value obtained in the reference model is zero. Thus, the adaptiveness of the synthesized adjustment algorithms to the plant control system is assessed as high.
The difference between the output signal of the adjustment algorithms and the output of the reference model when synthesizing them into the plant control system is called the total control error. This control error can be expressed as follows:

						(11)
The condition for optimal synthesis of adjustment algorithms into an plant control system can be stated as follows:

.					(12)
In the stages of synthesizing an adaptive control system based on the benchmark model algorithm for continuous linear dynamic plants, one faces the problem of solving several higher-order differential equations. However, using artificial neural network technologies, this operation is somewhat simplified and leads to an improvement in the quality of the adjustment. In the following sections, neural network technologies and their algorithms for training, control, and error reduction in the synthesis of such adaptive control systems for technological plants will be considered.
II. Determination of transfer function coefficients in adaptive control systems
Let the input and output functions of the plant control equation and the coefficient matrices be given as follows:
					(13)

							(14)
To generalize this space equation of state, the following notations are introduced:

				(15)
The result of expressing the control equation of a linear system in the form of a transfer function is as follows:

					(16)
Here I is the identity matrix. From this we get the following matrix.

.						(17)
Describing the linear model of the control plant in the form of the following transfer function:


; 


;


;.	(18)
Final view transfer function for a linear plant:

.				(19)
To stabilize the developed linear model, the model is described in the form of a suitable adaptive PID tuning system. To simplify the mathematical derivation of the adaptive PID tuner, the expression of the transfer function of the final linear model is written as.

, 					(20)

.	(21)
III. Structural analysis of adaptive control systems based on a reference model in the synthesis of technological plants.
Adaptive system based on a parallel-connected reference module. An optimal reference module is developed for the system. It works by comparing the values in the operating mode to the reference module.
[image: ]
FIGURE 1. Structural diagram of an adaptive system based on a parallel-connected reference module.

An adaptive system based on a series-connected reference module:
[image: ]
FIGURE 2. Structural diagram of an adaptive system based on a series-connected reference module.

The following tasks are relevant in creating an adaptive control system: synthesis of adaptive control systems for multi-channel and multi-mode objects operating under conditions of various types of variable deviations. development and justification of methods for simplifying the structures of adaptive control devices. improvement of the established quality indicators for transient and stable processes.
The purpose of creating an adaptive control system is to control multi-channel and multi-mode objects. At the same time, it is necessary to analyze adaptive control systems and create theoretical foundations for the synthesis of adaptive control systems aimed at improving the quality of work in conditions of uncontrolled variable deviations.
IV. Algorithms of Narma-L2 for identification neural network model.
As in the system informed on the prediction algorithm, the first stage of the Narma-L2 neural network is the identification of the control plant. The Narma-L2 models equation are formed by approximating the “nonlinear autoregressive moving average model” (Narma – nonlinear autoregressive moving average) equation 21.

			(22)


In this model, an additional function is introduced, taking into account the nonlinear characteristics of the plant. figure 6 shows the structural scheme of the Narma-L2 neural network. In the given structure of  and , the functions and are added to the system as separate sub-network blocks.

In the Narma-L2 model, the control signal is calculated by dividing the system output by the control signal . The control signal from the model is calculated using the following expression.

		(23)

In this relationship, the delay time is taken as . Figure 3 shows the structure of the control system modeled after the Narma-L2 neural network.
V. Neural network algorithms based on the reference model in control systems
Another key algorithm that is synthesized into a plant control system using neural network technology is the reference model-based network. This algorithm uses two neural networks. These networks are represented as a control network and a plant model. Figure 3 shows the structural diagram of a reference model-based control system. In the first stage of the algorithm under consideration, a plant model is determined, and then the neural network in the control system is trained on the plant output.
[image: ]
FIGURE 3. Control system rooted in reference model.

A networks modeled after a reference model are synthesized into a plant model as a control system and the minimum error mode is calculated. The control system synthesized into the plant is constantly compared with the reference model. This serves to bring the neural network in the approximated control system closer to the reference network.
In the figure 4, the architectures of the neural network plant model, the control system with the neural network reference model interconnection are demonstrated. There are three sets of networks in the control system. These networks are: the reference model input with delay, the output from the control system model (inputs to the plant), and the output from the plant model. The delay values are chosen separately for all parameters in the system. Typically, the delay values are chosen in relation to the order of the network representing the plant model. The neural network representing the plant model has two input networks: the control network outputs with delay and the plant output.
[image: ]
FIGURE 4. Structural diagram of the synthesis of a system derived from a reference model into a control plant.

The general equations for identifying a neural network system derived from a reference model are written using the following equation:

		(24)
This relationship is the general equation for implementing the identification steps of a neural network founded on the two algorithms discussed above: predictive and nonlinear autoregressive average moving average (Narma) models. The synthesis steps of this equation are also implemented in a network rooted in a reference model. However, synthesizing a neural network based on a reference model into a control system is much more complicated.
VI. Synthesis of a control system based on a reference model for controlling the parameters of the absorption technological process.
For this system under study, adaptive control systems of parameters in the technological process of natural gas absorption purification are taken as a dynamic object.
In modern automatic control theory, the synthesis of adaptive systems controlled by scalar outputs is an important category of problems, which leads to theoretical problems in the synthesis of systems [6]. In some special cases, the solution is carried out using several methods. These include shunting, extended errors, and higher-order adaptation methods.
Taking the absorption column structure under study as a control object, a structural scheme is built using a calibration system based on a reference model.
[image: ]
FIGURE 5. Structural scheme of the system for adjusting the pressure in the process of natural gas absorption purification based on the reference model.



A single-loop PI regulator is used for the system for adjusting the pressure of hydrocarbon condensate in a multi-plate absorption column. The coefficients of the PI regulator are calculated using the selected control algorithm. Requirements are set for these coefficients to ensure the quality of adjustment of the transition characteristic of the output parameter of the natural gas pressure inside the structure. The MATLAB 6.1 (Simulink) program performs the structural scheme of the system and calculations  and .
In Figure 9, the initial step signal given by the control object is connected directly to the “Scope” block. In order to assess the quality of the installed PID controller, the transition characteristics are built in one place.
[image: ]
FIGURE 6. Transition characteristics of adjusting the natural gas pressure in the absorption column using a regulator based on the reference model.

In the technological process of natural gas purification by absorption, the output parameters are the temperature of natural gas condensate and water vapor. As additional output parameters, the change in condensate and gas pressure in the structure is taken. In the graph above, the red line represents the natural gas temperature by time transition characteristic. The blue line is the natural gas temperature by time transition characteristic for the control system based on the reference model.
CONCLUSION
The stages of synthesizing adaptive control systems based on the reference model for technological plants were analyzed. The practice of determining the coefficients of the transfer function in adaptive control systems was carried out. Structural analysis was performed in synthesizing adaptive control systems based on the reference model for technological plants. The control system based on the reference model was synthesized in controlling the parameters of the technological process of natural gas purification by absorption, and certain results were obtained.
REFERENCES
1. Sevinov Jasur Usmonovich; Shavkat Abdishukurov Maqsud ogli; Synthesis problem of adaptive control systems for multi-channel and multi-mode plants. Chemical Technology, Control and Management: Vol. 2023: Iss. 5, Article 10.-pp.57-63. DOI: https://doi.org/10.59048/2181-1105.1508.
2. J.U.Sevinov, O.Kh.Boborayimov, Sh.M.Abdishukurov, “Algorithms for synthesis of adaptive control systems based on the neural network approach” Chemical Technology, Control and Management., №4, no. 4, October. 2023. pp. 69-79. Article. DOI: https://doi.org/10.59048/2181-1105.1489.
3. Sychev O.F.; Ivasenko V.L. “Structure effects on reactivity of coordinated NO,” Theoretical and Experimental Chemistry. Published: September 1990. Volume 25, pages 538–541, DOI: https://doi.org/10.1007/BF00529971
4. Alisher Mallayev, Jasur Sevinov, Suban Xusanov, Okhunjon Boborayimov. Algorithms for the synthesis of gradient controllers in a nonlinear control system. AIP Conference Proceedingsthis link is disabled (CAMSTech-II), 2022, 2467, 030003. DOI: https://doi.org/10.1063/5.0093749.
5. Golinko, Igor; Galytska, Iryna. “Mathematical Model of Heat Exchange for Non stationary Mode of Water Heater,” ICCSEEA. March, 2019: Advances in Computer Science for Engineering and Education II pp 58–67. DOI: https://doi.org/10.1007/978-3-030-16621-2_6
6. Lin, Min, Wen, Yan, Luo, Min, Liu, Xingle. “Design and development of the heat-exchanger for strip casing process,” Acta Tabacaria Sinica. 2020, (01). DOI: https://doi.org/10.16472/j.chinatobacco.2018.397
7. Siddikov, Isamiddin Xakimovich. Umurzakova, Dilnoza Maxamadjonovna. “Synthesis of Adaptive Control Systems of a Multidimensional Discrete Dynamic Plant with a Forecasting Model,” International Conference on Information Science and Communications Technologies: Applications, Trends and Opportunities, ICISCT-2019. Tashkent. 4-6 November, 2019. DOI: https://doi.org/10.1109/ICISCT47635.2019.9012033
8. Siddikov, Isamiddin Xakimovich; Umurzakova, Dilnoza Maxamadjonovna. “Mathematical modeling of transient processes of the automatic control system of water level in the steam generator,” Universal Journal of Mechanical Engineering - 7, Pp 139 – 146. 2019. DOI: https://doi.org/10.13189/ujme.2019.070401
9. Zayniddinov B. Kholkhodjaev B.; Abdishukurov Sh.; Zayniddinova Z. “Construction of Structural and Mathematical Model of Water Reservoir,” AIP Conference Proceedings. March 2023. International Scientific Conference Construction Mechanics, Hydraulics and Water Resources Engineering, CONMECHYDRO 2021. Tashkent. September 2021. DOI: https://doi.org/10.1063/5.0116887

image3.wmf
Es

s

E

E

x

x

x

x

x

x

=

=

=

,

....

,

,

2

2

1

1


oleObject3.bin

image4.wmf
+

H


oleObject4.bin

image5.wmf
)

,

(

E

H

H

rang

rangH

=


oleObject5.bin

image6.wmf
ú

û

ù

ê

ë

é

-

-

=

ú

û

ù

ê

ë

é

2

2

1

1

2

1

E

E

x

x

x

x

w

w


oleObject6.bin

image7.wmf
ú

û

ù

ê

ë

é

×

ú

û

ù

ê

ë

é

=

ú

û

ù

ê

ë

é

2

1

22

21

11

2

1

0

w

w

w

w

E

E

E

&

&


oleObject7.bin

image8.wmf
ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

×

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

=

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ë

é

)

(

...

)

(

)

(

...

...

...

...

...

...

...

)

(

...

)

(

)

(

2

1

2

1

2

22

21

1

12

11

2

1

s

s

s

E

E

E

E

E

E

E

E

E

s

s

s

s

s

s

s

sk

s

s

k

k

s

w

w

w

w

w

w


oleObject8.bin

image9.wmf
ï

ï

î

ï

ï

í

ì

=

-

+

+

-

+

-

=

-

+

+

-

+

-

=

-

+

+

-

+

-

0

)

)(

(

....

)

)(

(

)

)(

(

0

)

)(

(

....

)

)(

(

)

)(

(

0

)

)(

(

....

)

)(

(

)

)(

(

2

2

1

1

2

22

2

21

1

1

12

2

11

1

sk

s

s

s

k

s

k

s

E

s

s

E

s

s

E

s

s

E

s

s

E

s

s

E

s

s

E

s

s

E

s

s

E

s

s

w

w

w

w

w

w

w

w

w


oleObject9.bin

image10.wmf
0

....

2

1

=

=

=

=

E

w

w

w


oleObject10.bin

image11.wmf
E

y

y

t

-

=

¶

)

(


oleObject11.bin

image12.wmf
0

)

(

lim

=

-

=

¶

¥

®

E

t

y

y


oleObject12.bin

image13.wmf
ú

û

ù

ê

ë

é

×

=

2

1

]

1

0

[

x

x

y


oleObject13.bin

image14.wmf
.

0

],

1

0

[

,

0

,

0

1

22

21

11

=

=

ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

ú

û

ù

ê

ë

é

=

D

C

A

k

B

T

T

T

A


oleObject14.bin

image15.wmf
D

B

A

pI

C

p

X

p

Y

p

TrF

+

-

=

=

-

1

)

(

)

(

)

(

)

(


oleObject15.bin

image16.wmf
ú

û

ù

ê

ë

é

=

p

p

pI

0

0


oleObject16.bin

image17.wmf
ú

ú

û

ù

ê

ê

ë

é

×

÷

÷

ø

ö

ç

ç

è

æ

ú

û

ù

ê

ë

é

-

ú

û

ù

ê

ë

é

×

=

-

0

0

0

0

]

1

0

[

)

(

1

1

22

21

11

A

k

T

T

T

p

p

p

TrF


oleObject17.bin

image18.wmf
ú

ú

û

ù

ê

ê

ë

é

×

÷

÷

ø

ö

ç

ç

è

æ

ú

û

ù

ê

ë

é

-

-

-

×

=

-

0

0

]

1

0

[

)

(

1

1

22

21

11

A

k

T

p

T

T

p

p

TrF


oleObject18.bin

image19.wmf
ú

ú

û

ù

ê

ê

ë

é

×

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

-

-

-

ú

û

ù

ê

ë

é

-

-

-

×

=

0

0

0

]

1

0

[

)

(

1

22

21

11

22

21

11

A

k

T

p

T

T

p

T

p

T

T

p

adj

p

TrF


oleObject19.bin

image20.wmf
ú

ú

û

ù

ê

ê

ë

é

×

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

è

æ

+

-

-

+

ú

û

ù

ê

ë

é

-

-

-

×

=

0

)

(

0

]

1

0

[

)

(

1

22

11

22

11

2

11

21

22

A

k

T

T

p

T

T

p

T

p

T

T

p

p

TrF


oleObject20.bin

image21.wmf
]

22

11

)

22

11

(

2

1

21

1

)

22

(

[

]

1

0

[

)

(

T

T

p

T

T

p

A

k

T

A

k

T

p

p

TrF

+

-

-

+

ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

=


oleObject21.bin

image22.wmf
ú

ú

ú

ú

ú

û

ù

ê

ê

ê

ê

ê

ë

é

+

-

-

+

÷

÷

ø

ö

ç

ç

è

æ

×

+

÷

÷

ø

ö

ç

ç

è

æ

×

-

×

=

22

11

22

11

2

1

21

1

22

)

(

)

1

(

)

(

)

0

(

)

(

T

T

p

T

T

p

A

k

T

A

k

T

p

p

TrF


oleObject22.bin

image23.wmf
22

11

22

11

2

1

21

)

(

)

(

T

T

p

T

T

p

A

k

T

p

TrF

+

-

-

+

÷

÷

ø

ö

ç

ç

è

æ

=


oleObject23.bin

image24.wmf
2

1

2

0

3

)

(

k

p

k

p

k

k

p

W

+

+

=


oleObject24.bin

image25.wmf
÷

÷

ø

ö

ç

ç

è

æ

=

=

-

-

=

=

=

1

21

3

22

11

2

22

11

1

0

;

);

(

;

1

);

(

)

(

A

k

T

k

T

T

k

T

T

k

k

p

W

p

TrF


oleObject25.bin

image26.png
ss<—_(¥)

EM





image27.png
— EM,

L

CO

> EM,





image28.wmf
)

(

)]

1

(

),...,

1

(

),

(

),

1

(

),...,

1

(

),

(

[

)]

1

(

),...,

1

(

),

(

),

1

(

),...,

1

(

),

(

[

)

(

t

u

n

t

x

t

x

t

x

a

t

y

t

y

t

y

g

n

t

x

t

x

t

x

a

t

y

t

y

t

y

f

t

y

×

+

-

-

+

-

-

+

+

-

-

+

-

-

=

+

t

)


oleObject26.bin

image1.wmf
[

]

ú

û

ù

ê

ë

é

×

=

2

1

2

1

x

x

C

C

y


image29.wmf
)

(

x

f


oleObject27.bin

image30.wmf
)

(

x

g


oleObject28.bin

image31.wmf
)

(

)

(

t

t

+

=

+

t

y

t

y

r


oleObject29.bin

image32.wmf
)]

1

(

),...,

1

(

),

(

),

1

(

),...,

1

(

),

(

[

)]

1

(

),...,

1

(

),

(

),

1

(

),...,

1

(

),

(

[

)

(

)

(

+

-

-

+

-

-

+

-

-

+

-

-

-

+

=

n

t

x

t

x

t

x

a

t

y

t

y

t

y

g

n

t

x

t

x

t

x

a

t

y

t

y

t

y

f

t

y

t

u

r

t


oleObject30.bin

image33.wmf
1

³

t


oleObject31.bin

oleObject1.bin

image34.png
40. Neural Network for C oxit PDF Reader

File Home Comment View Form Protect Share Help Q

DT B B QRE® T 2 2 RN B B & ¢

Hand Select SnapShot Clipboard Zoom  Fit Reflow Rotate Typewriter Highlight  Link Bookmark File Image Audio Fill &
e e v Page~ View~ Attachment Annotation & Video  Sign

Free PDF to Word | PDE

Start 40. Neural Network for C... X M Converter oW

Figure 24 CSTR response and control action using the NARMA-L2 Controller

5.3. Model Reference Control
The third neural control architecture we will discuss in this paper is model reference control.!® This architecture uses two neural
networks: a controller network and a plant model network, as shown in Figure 25. The plant model is identified first, and then
the controller is trained so that the plant output follows the reference model output

) -
.| Reference N L
Model !
< LT control
NN Error
™| Plant Model Model
2 *Y_ Emor
Command Plant
Input -4 Output
@ NN > Plant - >
Controller
™ Control
% Input

Figure 25 Model Reference Control Architecture

18

[EREENEERS O + 100% 58

& < 18/23 > »IE EE
13:18

17/04/202!





image35.png
40. Neural Network for Co - Foxit PDF Reader

File  Home Comment View Form Protect Share Help Q - Q
DT & 8@ alhead T 2 2 W b B & &
Hand Select SnapShot Clipboard Zoom  Fit Reflow Rotate Typewriter Highlight Link  Bookmark File Image Audio Fill &
e e v Page~ View~ Attachment Annotation & Video  Sign
Start 40. Neural Network for C... X N
-
A~
=2} e
:
< H
2
@
p
A
Figure 26 Detailed Model Reference Conirol Structuce
v
& < 19723 > »IE BB B8-—0 + 66.67% b





image36.wmf
)]

1

(

),...,

1

(

),

(

),

1

(

),...,

1

(

),

(

[

)

(

+

-

-

+

-

-

=

+

n

t

x

t

x

t

x

a

t

y

t

y

t

y

A

t

y

p

t


oleObject32.bin

image37.png
WH untitled * - X

File Edit View Simulation Format Tools Help

DeE&E &8 =) BREL®| Normal |

1 1
o
2015+1 1152541
Transfer Fon  Transfer Fon2
T
= — i+ 1
0.255+1 — s [ Py
+
Ge'::'::w Disgete  |ensferFont o 1 Transfer Fon &
[l 9 cope
Pl Controller b T E%{
Transfer Fon3  Transfer Foné  Transport
Delay
T
2.2s+1
Transfer Feng
B
.
1 1
Lo F»! ol Ry

12541 2.01s+1

Transfer Fon®  Transfer Fon10  Transport
Delsy1

Read 100% oded5

Qo o B =

19/11/2025





image38.wmf
4

.

0

=

P

K


oleObject33.bin

image39.wmf
1

.

0

=

I

K


oleObject34.bin

image40.png
84

83

82

81

80

==

»

t, sek




image2.wmf
[

]

ú

û

ù

ê

ë

é

×

=

2

1

2

1

E

E

E

E

E

x

x

C

C

y


oleObject2.bin

