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IMPLEMENTATION OF THE HIERARCHICAL APPROACH
IN THE MATHEMATICAL MODELLING
OF ONCE-THROUGH STEAM GENERATORS

H.B. Jlosceunixosa. Peanizamis iepapxiyHoro miaxoay y MaTeMATHYHOMY MOJEIIOBAHHI NPSMOTOYHHX IApOreHepPaTopiB.
ITpoBeieHO KOMIUIEKCHHII CHCTEMHHMI aHali3 NPSIMOTOYHOTO IMaporeHeparopa, po3poOieHa OaraTopiBHEBa CTPYKTypa HOro MOJEi.
3acTocyBaHHS MPOLETYPH JCKOMIIO3HIII CKIaJHOTO 00'€KTa Ha IMOYAaTKOBHX €Talax MOJECTIOBAHHS JO3BOJIMIIO BHIUIMTH 0OaraTOBUMIipHI
migcucteMu crpsiMoBaHoi ail. Ile ae MOXIMBICTH 3aCTOCYBaHHSI PO3BMHEHUX IPOrPaMHHX 3ac00iB KOMIT'IOTEpHOI imiTalii. B otpumaHniit
CTPYKTYPHOI MOJeNi BUIUICH] IiICHCTEMH MaporeHeparopa B LJIOMY, ITIJJCHCTEMH ITapOreHepaTopa, 10 BKIOYAE B cebe eKpaHHi TpyOKH,
cemaparop, 3MinryBad, GUITp, IUPKYIIiHHNE Hacoc, 3'eAHyBanbHI TpyOonpoBoau. OkpeMo OyI0 pO3IIIHYTO 30HH €KPAaHHUX TPYOOK, SKi
BHU3HAYAKOTHCSI CTAHOM POOOYOro cepeoBuIla (30Ha MiAirpiBy 3 oqHO(a3HOI cepeJoBHILEM, 30Ha BUNApOBYBaHHs | i 30Ha BunapoByBaHHs 11
3 1BO(a3HOI CepelOBHILEM); KiHIIEBOMIPHI MOJENI CeKIiif eKpaHHMX TPYOOK 30H MiJirpiBy Ta BUMapoByBaHHS. BcraHoBIIeHO, mo Mojeni
MiZICUCTEM HYJIBOBOTO PiBHSI ONMUCYIOTHCS CUCTEMaMH JTU(EpEHIIANbHUX 1 anreOpaluHuX piBHSIHB, MiXK BHYTPIIIHIMUA 3MIHHUMH SIKUX HEMae
MPUYMHHO-HACIAKOBUX BiHOCHH. Byzp-sika miIcucTeMa MepHIoro i BUIIOTO PiBHA MOXKe OyTH NpeicTaBlieHA MiJIMHOKHHOKO MiJICHCTEM
Oe3rocepeIHbO HIDKYMX PIBHIB i O€3JYUI0 OpiEHTOBAHMX 3B'A3KIB MiXK HUMH. Y 3aj1adi MOJIEIIOBAHHS NPAMOTOYHOTO IaporeHeparopa Oy
peaii3oBaHuil MPUHIUI PEKYPEHTHOTO MOsICHEHHA. /Iy onmucy B3a€MO3B'S3KIB MiCUCTEM BUKOPUCTAHI TEOPETHKO-MHOXKHHHI, MaTpU4HI 1
rpadiyni cnocodu. [lokazaHo, 1m0 iepapxiuHi MOJENi, BUSBISIOTECS (OpMaMH ONMUCY, TOTOBUMH IS peanizaiii B MOBaX MporpamyBaHHS
BHCOKOTO DiBHA. BHKOpPHCTaHHS CHCTEMHOTO aHajli3y IPOILECiB, TEXHOJOTII Ta KOHCTPYKLIl IPSIMOTOYHOIO ITapOreHepaTropa, a TaKOX
nependavyBaHOi METOAOJOTIT JOCIHKEHh B THMYACOBIH 1 4acTOTHIM 00NacTsIX, BUKOPHCTOBYBAaHUX PO3PaxXyHKOBHUX METONIB 1 METOIIB
iMiTawil 103BoJIsIE BUOPATH TUIH 1 KJIACH MaTeMaTUYHUX MoJieNel, popmu IX MoJaHHs, a TAaKOX HPOrpaMHi 3aco0u.

Knouosi crosa: IpsSIMOTOYHIH TaporeHepaTop, MaTeMaTHIHE MOJEITIOBAHHS, i€papXiyHa CTPYKTypa, TEIUIOBE HABAHTaXKCHHSI, TOITKOBA
Kamepa, (iIbTp, 3MilllyBay, Cenaparop, *XMBUIbHUHA HACOC

N. Lozhechnikova. Implementation of the hierarchical approach in the mathematical modelling of once-through steam
generators. A comprehensive system analysis of a once-through steam generator was carried out as well as a multilevel structure of its
model was developed. The application of the procedure of decomposition of a complex object at the initial stages of modeling made it
possible to single out multidimensional subsystems of directed action. This makes it possible to use advanced computer simulation software.
We distinguished the subsystems of the steam generator as a whole, the subsystem of the steam generator, including the screen tubes,
separator, mixer, filter, circulation pump, and connecting pipelines in the resulting structural model. The zones of screen tubes determined by
the state of the working medium (heating zone with a single-phase medium, evaporation zone | and evaporation zone Il with a two-phase
medium), finite-dimensional models of screen tube sections of heating and evaporation zones we considered separately. It was found that the
models of zero-level subsystems are described by systems of differential and algebraic equations, between the internal variables of which
there is no cause-effect relationship. Any subsystem of the first and higher levels can be represented by a subset of subsystems of the
immediately lower levels and a set of oriented connections between them. The principle of recurrent explanation was implemented in the
problem of simulating a once-through steam generator. The set-theoretic, matrix and graphical methods are used to describe the relationships
between subsystems. It is shown that hierarchical models are forms of description, ready for implementation in high-level programming
languages. Systematic analysis of processes, technology and design of a once-through steam generator, as well as the proposed research
methodology in the time and frequency domains, the calculation methods and simulation methods used, allows you to select the types and
classes of mathematical models, forms of their presentation, as well as software.

Keywords: once-through steam generator, mathematical modeling, hierarchical structure, heat load, combustion chamber, filter,
mixer, separator, feed pump

Introduction

Steam generators play an essential role in shaping the dynamic properties of power units. Pro-
gress in the field of automation of heat and power plants, improvement of their economic performance
largely depend on obtaining reliable information on the dynamic properties of steam generators operat-
ing in a unit with a turbine. Modern technical means make it possible to solve many problems of con-
trol and automation of control according to the most complex algorithms. But the question remains
without an exhaustive answer as to the extent to which new information technologies are able to im-
prove the dynamic properties of once-through power steam boilers, and in what cases do it through

DOI: 10.15276/0pu.3.62.2020.09

© 2020 The Authors. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

EHEPTETHUKA



ISSN 2076-2429 (print) 71

ISSN 2223-3814 (online) Proceedings of Odessa Polytechnic University, Issue 3(62), 2020

measures of technical and technological and of a different nature [1]. New knowledge about this class
of control and regulation objects is becoming relevant. In other words, new, more detailed mathemati-
cal models of steam generators are needed that have an extended area of adequacy, i.e., close to reality
for wider ranges of variables and their rates of change.

Hydromechanical instability of a steam generator due to its great practical importance is the subject
of extensive research [2]. In most studies on the dynamics of once-through steam generators, it is as-
sumed that the steam-water mixture is homogeneous, which can lead to significant modeling errors [3].

Common to most of the known models is that they are not sufficiently structured. Analysis based
on such models is in the nature of a statement and does not explain why the system has certain proper-
ties and what needs to be changed to improve them. It is obvious that the practically achievable degree
of adequacy of object models also largely depends on the state of information technology.

In the last decade, powerful universal software tools have become widespread, which make it
possible to carry out a complex analysis of dynamical systems using mathematical models that are
very complex both in structure and in the class of operators and dimensions. Systematical research
carried out on new models of once-through steam generators with the help of modern software and
interactive capabilities of computers can help in the search and scientific substantiation of recommen-
dations for improving the dynamics of power units.

Along with the potential capabilities of computer technology, which make it possible to build and
use for research very complex models of control objects, new problems also appear. The most im-
portant of them is the choice of the methodology for mathematical description, analysis and computer
simulation of complex systems and its development in relation to the technical objects under study.
Another problem is to assess the adequacy of the models and check the reliability of the results of their
analysis. In addition, multipurpose tools need to be supplemented with a system of algorithms and
programs that provide calculations in a specific subject area.

Thus, the implementation of a multilevel model of a once-through steam generator develops the
ideas of a system analysis of complex technical objects in the direction of their constructivization. The
use of modern computer technologies will significantly complement the methods for analyzing the dy-
namic properties of the power unit during its operation both in the basic and in the regulating modes.

Analysis of recent publications and formulation of the problem

The development of hierarchical mathematical models of direct-flow steam generators of power
units as control objects and the analysis of ways to improve their dynamic properties using modern
means of computer simulation and information processing will solve these problems.

For this, on the basis of the principles of a systematic approach, an analysis of direct-flow steam
generators is carried out as control objects, as well as the effects of the environment and the require-
ments for the functioning of steam generators. The methodology of mathematical description, analysis
and computer simulation is selected and specified. The functional-target decomposition of the object
and the construction of the hierarchical structure of the model formed by the cause-and-effect interac-
tion of multidimensional subsystems (dynamic aggregates) are carried out. Physical processes in once-
through steam generators are studied and the corresponding distributed and concentrated, nonlinear
and linearized mathematical models of subsystems are constructed. Models and methods of analysis of
once-through steam generators are systematized.

With regard to hierarchical models of steam generators, procedures for analyzing dynamic charac-
teristics are developed and the choice of software for simulating and calculating dynamic systems using
hierarchical models is substantiated. The influence of subsystems of various levels and the structure of
their interconnections (topology) on stability is revealed, the sensitivity of the dynamic properties of the
steam generator to variations in the connections between subsystems of different levels is estimated, the
controllability and observability of the steam generator are established, and its properties are estimated
along the channels of suppression of disturbances and reproduction of the setting influences.

Once-through steam generator of power units (Fig. 1) are characterized by many advantages in
comparison with drum boilers. For example, these are the absence of a thick-walled drum in the steam
generator; lower weight and cost of the boiler; smaller water volume of the steam generator.
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These properties make it possible to operate once-through boilers at sub- and supercritical pres-
sures. In addition, changes in the load of once-through boilers can occur at sliding pressure [4].

In the load range from 30 to 85 %, the power unit operates at sliding pressure, while for loads
greater than 85 %, the power unit operates at a constant pressure.

The structure of the once-through steam generator includes: vertical pipes of the steam generator, rep-
resenting the screen of the boiler combustion chamber, separator, mixer, filter, circulation pump and con-
necting pipelines. Screen pipes on separate walls of the combustion chamber are divided into sections con-
taining several tens of pipes in order to properly select the flow rate of the working substance.

499°C/1100°F
258 bar/3748 psig

Steam Turbine

272°C/599°F
8.6 bar/125 psig

HP P LP %
—
r
Generator
1O
L 499°C/1100°F Condenser
59 bar/853 psig
Deaerator
Boiler 154°C/340°F
8.1 bar/118 psig
46°C/101°F
0.067 bar/2.0" HG
O O
HP Heaters LP Heaters
289°C/552°F 177°C/350°F
2.56 mm kg/h/5.67 mm Ib/h 323 bar/4685 psig

Fig. 1. Simplified power plant with once-through steam generator

Consumers and producers of electrical energy, which are connected by electric power grids, con-
stitute a very complex energy system, consisting of a large number of subsystems with complex dy-
namic properties [5]. Such subsystems are, in particular, energy blocks, in which, in turn, a large num-
ber of complex dynamic processes take place.

For a steam generator operating in a power unit, the power system is the environment. During
normal operation, for small deviations of individual values from the steady state values, the boiler is
connected to the environment by the following values: boiler outlet pressure, steam consumption at the
boiler outlet, signal of the set power of the power unit (set value of the amount of fuel). The steam
consumption at the turbine outlet is determined by the sum of the following components: a change in
the amount of fuel supplied to the boiler combustion chamber and a change in the pressure at the boil-
er outlet.

The presented components determine the following dynamic processes characterizing the opera-
tion of a steam boiler: “thermal inertia” determines the temporal changes in the steam flow rate at the
boiler outlet after changing the set value of the amount of fuel supplied to the combustion chamber
and the flow rate of feed water at a constant pressure. These conditions correspond to a situation where
the boiler outlet pressure is regulated by acting on the turbine valves. The accumulation capacity de-
termines the temporary changes in the steam consumption at the boiler outlet after a pressure change
with a constant fuel amount and feed water consumption. The storage capacity of the boiler is deter-
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mined by the time constant T, , which has the meaning of the absorption time of the nominal amount
of steam from the heating capacity of the boiler in order to achieve a pressure change of 1 MPa, with
the remaining values unchanged. For steam boilers operating on fuel oil and gas, T, has values in the
range of 0.5...2 s/MPa, and for boilers operating on coal — 2...12 s/MPa [6].

The thermal inertia of the boiler is determined by a time constant T, . For boilers operating on gas
and fuel oil, the time constant T, takes on values in the range of 15...60 s, at the same time for boilers

operating on coal — 60...120 s [7].
Steam flow through the turbine valves is a function of the steam pressure at the boiler outlet and
the degree of opening of the turbine valves M, = f (P, A). For small deviations from the steady state,

the equation for this dependence takes the form:

AM, (ij iA_P{ﬂj A MA M
M, (P,M, P \oA/,M, A
In the case when the function is close to linear, equation (1) can be written as follows:
AMP ;A_P+A_A_ (2)
M, R A

The storage capacity of the boiler allows significant changes in the mass flow rate of steam at the
boiler outlet, as well as in the power of the power unit with sharp changes in the degree of opening of
the turbine valves. This impact is temporary and enables the power unit to adjust the power and fre-
quency in the power system in the event of rapid changes in energy demand.

The impact on fuel is characterized by slow changes in mass flow rate of steam, which allows the
power unit to regulate the power and frequency in the power system with slow changes in energy demand.

When modeling complex objects and control systems, the method of decomposition into subsystems
is used, the modeling of which is simpler [8]. The decomposition procedure is carried out as long as it is
possible and expedient to determine the models of subsystems of the lowest (zero) level of the hierarchy.
Zero-level subsystem models are described by systems of differential and algebraic equations.

As a result of a systematic approach to the analysis of the considered complex control object and
the environment of its functioning, a decision is made on the consistent application of informal de-
composition in the construction of mathematical and simulation models. Models of an object and its
parts are presented as multidimensional subsystems of directed action (aggregates), which reflects the
information-algorithmic approach adopted in control theory, and also makes it possible to use ad-
vanced software for computer simulation and calculations focused on “causal” models [9].

The purpose and objectives of the study

Models of subsystems of only the Oth level are described by systems of differential and algebraic
equations, between the internal variables of which there is no cause-effect relationship. These equa-
tions reflect the laws of nature that govern the processes occurring in the steam generator. The I-level
model S, (1=1, 2, ...) is described as a set of subsystems (1-1)-th level and a set of connections:

S, =(Si.R), (3)
where B are the connections between subsystems, specified in matrix, set-theoretical or graphical
forms on the sets of variables — the components of the vectors of inputs u; , = (u5u% ....,u7)" and
outputs y, , =(y,% ¥,% ...,y )" of the subsystems i=1,2,...,n,.The description of the O-level subsys-
tems also contains internal variables x;, and the subsystems obtained as a result of topological reduc-

tion in the form of a state space are described using abstract variables v .

Connections of aggregates at this level of the model can be described by the following methods:
block-graph (graphical method of representing the structure of the model); description of the operators of
individual units; list of input and output quantities of individual units; unit-zero matrix of compounds.
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The proposed matrix, set-theoretical and graphical forms of representation of hierarchical struc-
ture models create the prerequisites for the implementation of the principle of recurrent explanation of
systems theory. Hierarchical models turn out to be forms of description, ready for implementation in
high-level programming languages.

Therefore, the aim of the work is to develop a hierarchical aggregate model of a once-through
steam generator of a power unit based on the principles of a systematic approach to the analysis of
once-through steam generators and requirements for their operation. And carrying out the functional-
target decomposition of the object will allow to build a hierarchical structure of the model formed by
the cause-and-effect interaction of multidimensional subsystems (dynamic aggregates).

Hierarchical formalization of the mathematical model of a once-through steam generator

The diagram of the hierarchical structure of the once-through steam generator model, in which
special attention is paid to the model of the steam generator, at level 3 is connected with the models of
the rest of the boiler devices. The description of the operator of the steam generator unit is as follows:

[P T Hsep ! Peko ]T = Steamgenerator ([qN ! M sl hweko’ M weko ! M P]T) : (4)

sep? "sep!?

To formalize the description of the model of a once-through steam generator, its structure con-
tains the following subsystems: a mixer, a screen of a combustion chamber, a separator, a supply unit
for injection desuperheaters, and connecting pipelines (Fig. 2).
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Fig. 2. Simplified diagram of a once-through steam generator

The individual subsystems of the steam generator model can be described by listing the input U,
and output vectors Y, , as well as the definition of operators describing the subsystems F, :
— combustion chamber screen:
[M°,.h",,P,T = steamgenerator.screen ((M",,q",h,,P,1T); (5)

sep !
— separator:
[H

P ] = Steamgenerator.separator ((M",,,,M " ,h",M"T'); (6)
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— mixer:
[h,,M",..]" = steamgenerator.mixer ([M" ., M .00 PeT) (7
— filter:
h, = steamgenerator. filter (M~ ,h,..); (8)
— circulation pump:
M~ = steamgenerator.pump ([P,,,P,,H M .1); 9)
— injection desuperheater feed unit:
M’ = steamgenerator.injection (M~ , M T"); (10)
— connecting pipelines:
h,., = steamgenerator.pipingl(h,), h, = steamgenerator.piping?2 (h,). (11)

The structure of the connections of the subsystems in the steam generator model can also be writ-
ten as a list of the input and output quantities of individual units and the indication of the output quan-
tities that are connected to the individual inputs. These input quantities, to which one of the output
quantities is connected, are “internal” variables at this level of the model. The rest of the input quanti-
ties form a vector of the model input quantities at this level.

In the case when for the input vectors of individual subsystems it is possible to separate the com-

ponents originating from the input vectors of other subsystems u, , from the components originating

from the environment c| ,:

Y, =F.Lu,.c,), (12)
the configuration of connections of subsystems at a given level of the hierarchical model can be de-
scribed using the matrix H, containing the values zero and one [10]. Matrix H has size n*m, where n is
the sum of the dimensions of the input vectors of all subsystems, m is the sum of the dimensions of the
output vectors of all subsystems.

Subsystems of the steam generator model: mixer, separator, circulation pump, connecting pipe-
lines do not contain subsystems of the lower levels.

Three subsystems with different properties are distinguished in the model of screen tubes of a once-
through steam generator: a heating zone located between the inlet section of screen tubes and the section
in which the volumetric boiling of water begins (the enthalpy of water takes on a value h'(P)) — a sec-

tion with a coordinate Z, ; zone of evaporation | with a high heat load, in which intensive steam gen-
eration occurs; the zone extends between the section with the coordinate Z, and the place where the

wall tubes are covered with a wall-mounted superheater; evaporation zone Il with a low heat load is
located between the wall-mounted superheater and the upper collectors of the wall tubes.
The boundary section between the heating and evaporation zone Z, moves with speed U, . The de-

scription of the subsystems of the steam generator wall tubes takes the following form: heating zone:
[ZI ’UI ! I:>NI ' hNI ! M NI’®NI ’VNI ' PW]T =
— steamgenerator.screen.heating ((M,,q",h,,©,,..,P,..1")

IRR YR}

(13)

evaporation zone I:
M I lhn ) PNI+1]T = . (14)
= steamgenerator screen.evaporationl ([q",Z,,U,,P,,h,.M,0,.V,,P,T)’

evaporation zone II:
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[M,,.h",.P, T =steamgenerator.screen.evaporationll ([q",M .,h,,PT), (15)

sep !

(the values with the index N, determine the parameters of boiling water in the boundary section be-

tween the zones, the values with the index Il are associated with the entrance to the evaporation zone
11, sep — with the entrance to the separator and w — with the entrance to the wall tubes).

At the first level of the steam generator model, there are models of individual zones, determined
by different types of flow of the working substance in the wall tubes of the once-through steam gener-
ator. The individual subsystems of the wall tubes of the steam generator are systems with distributed
parameters along one spatial variable (the length of the wall tubes). In the lumped model, the individu-
al zones are divided into finite elements (sections). These sections are described by systems of ordi-
nary differential equations.

The description of individual sections of the heating zone takes the following form: section No. 1

[P,h,M,,®,,P ]=steamgenerator.screen.heating.s, ([Z,,U,,h,,q",M ,,0,,P]); (16)
section No. k
[Pl<’hk’Mk’®k]= (17)
= steamgenerator.screen.heating.s, ([Z,,U,,h,,q",P_,,h ,,M, ,,0,,,0, ,,R..T);
section No. |
[z,,U,,R,.h,,M,,0,]=steamgenerator.screen.heating.s,, 17)
([ZI 'U 1 hw’qN ! I:)Nl—l’ hNI—l’ M NI—1’®NI—1’ ®NI+1’ I:>NI+1]T )

The description of the individual sections of the evaporation zone | takes the following form: sec-
tion No. 1

[P N M1, O, W2, ] = (18)
= steam.screen.evaporl.s, ([q°,Z,,U,,R,;,h,;,,M,,0,,,0,,P.,]);
section No. k
[P Nges M i, O W 2, ] = steam.screen.evaporl s, (19)
(a7, Z,,U,,Py .y oMy 100 W20 1O as P )s
section No. N,
[h,,M, W2, ,0,_.., P,.,]=steam.screen.evaporl.s,, (20)

([qN 1 Z| ’UI ! PodNZ—l’ hodNZ—l’ ModNZ—l’ ®0dN2—1’W 2N2—1' I:>II ]) .
Description of individual sections of evaporation zone Il takes the following form: section No. 1

[R,,h,,M,,, W2, ]=steam.screen.evaporll.s ([q°,P,,.h, .M, ,R.]D; (21)
section No. k
[R..h, M, W2 ]=steam.screenevaporll.s, ([q",h,, .M, , W2, ,,P...D; (22)
section No. N
[h*sep ' Msep W 2sep ’ PIIN3] = (23)

= steam.screen.evaporll.s,, ([q7, 0., M5, W 2,055, P, D) '

Mathematical models of once-through steam generators as systems with distributed parameters
can be obtained only analytically — on the basis of a priori information about the structure of the ob-
ject, the physical characteristics of the working means, as well as the laws of mechanics, thermody-
namics, etc., written in the form of the so-called balance equations. At the same time, there are very
limited possibilities for verifying object models. In particular, using empirical measurement data ob-
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tained from a real object in normal operation. Mathematical models of once-through steam generators
can be represented in the form of systems of nonlinear differential equations in partial derivatives of
hyperbolic type. Currently, there are no general analytical methods for studying this class of models.

Analysis of the results of formalization of the structural elements of a once-through
steam generator

Computer simulation is still a universal tool for analyzing the dynamic properties of objects and
systems described by nonlinear partial differential equations. This is a powerful research tool applica-
ble to a wide class of models. The fundamental drawback of simulation studies is the extreme con-
creteness of individual results. From the set of numerical solutions obtained for various initial condi-
tions and external excitations, it is difficult to derive generalizing judgments about the dynamic prop-
erties. In addition, numerical methods for integrating nonlinear partial differential equations are based
on the discretization of time and space variables, which leads to inevitable errors.

It should be noted that it is not always possible to find ready-made computer simulation programs for
mathematical models constructed by the researcher. The development of specialized programs is associated
with huge labor costs and is an independent problem. In many practical cases, the use of existing programs
for simulating dynamic systems requires modification of the original models. First, the modification can be
associated with bringing the systems of differential and algebraic equations into a causal form, which
makes it possible to build block diagrams formed by the oriented interaction of directional action elements.
Second, the modification may consist in reducing the complexity of a class of models, for example, discre-
tizing spatial variables to obtain systems of ordinary differential equations.

Linearization of nonlinear models makes it possible to apply analytical methods for analyzing
dynamic properties, which allow one to obtain general conclusions, although, as a rule, only for local
behavior (for example, a judgment about the stability of an equilibrium state).

Modern approaches to modeling complex technical systems combine simulation and analytical
calculation methods. Approximation of a distributed model by a system of interconnected lumped el-
ements described by ordinary nonlinear differential equations opens the way to the use of a number of
simulation programs. Most of these programs are oriented towards the description language in the
form of structural diagrams (directed graphs), i.e. on the so-called causal model. Therefore, the sys-
tems of ordinary and algebraic equations obtained as a result of the discretization of the spatial varia-
ble must be written in causal form. To determine steady states, that is, equilibrium positions, a system
of algebraic equations is written using a nonlinear system, which is solved by numerical methods.

Models with lumped parameters linearized for small deviations from the equilibrium positions
make it possible to apply powerful computational methods for analysis, to construct time and frequen-
cy characteristics, to calculate the eigenvalues of matrices, to study the controllability and observabil-
ity of objects, the sensitivity of characteristics, etc.

By equating to zero the time derivatives in the original differential equations of the evaporator,
ordinary equations are obtained for a single spatial variable. This makes it possible to construct a time-
stable distribution of variables along the tubes of the evaporator screen. For the solution, you can use
the MATLAB/Simulink program, supplementing it with the procedure for matching the bounda-
ry conditions.

Linearized lumped models can also be obtained by discretizing the spatial variable from linear-
ized distributed parameter models.

Comparison of the equilibrium positions (at zero frequency), frequency and time characteristics,
as well as the locations of the eigenvalues of matrices according to particular models obtained in dif-
ferent ways, increases the reliability of models, numerical integration methods and simulation parame-
ters, calculation methods, allows you to select the number of finite-dimensional elements when discre-
tizing distributed models.

Conclusions

A systematic analysis of a once-through steam generator, the effects of the environment on it and
the requirements for its dynamic characteristics, as well as an analysis of the potential for information
processing with the help of modern computers and software, made it possible to develop a multi-level
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structure of models of this most important technical object of the power industry. The hierarchical
structures of the steam generator models are the result of the sequential application of the decomposi-
tion procedure for a complex object at the initial stages of modeling.

Models of an object and its parts are presented as multidimensional subsystems of directed action,
which reflects the informational-algorithmic approach adopted in control theory. It also makes possible
to use advanced software for computer simulation and calculations focused on *“causal” models.

In the resulting structural model, subsystems of the following causal levels (from top to bottom)
are identified: 3 — steam generator as a whole, 2 — steam generator subsystems (screen tubes, separa-
tor, mixer, filter, circulation pump, connecting pipelines); 1 — zones of screen tubes determined by the
state of the working medium (heating zone with a single-phase medium, evaporation zone | and evap-
oration zone Il with a two-phase medium); 0 — finite-dimensional models of screen tube sections of
heating and evaporation zones.

Models of subsystems of only the zero level are described by systems of differential and algebra-
ic equations, between the internal variables of which there is no cause-effect relationship. Any subsys-
tem of the first and higher levels is described as a subset of subsystems of immediately lower levels
and a set of oriented connections between them. Thus, in the problem of modeling a complex object,
one of the principles of the systems approach is implemented. It is the principle of recurrent explana-
tion. To describe the interconnections of subsystems, in the terminology of “aggregate conjugation
operators™, one can use set-theoretical, matrix and graphical methods. The resulting block graphs have
a shape close to the graphical images of the model editors of software such as MATLAB/Simulink.
Essentially, hierarchical models turn out to be forms of description, ready for implementation in high-
level programming languages.

A systematic analysis of the processes, technology and design of the steam generator, as well as
the proposed research methodology in the time and frequency domains, the calculation methods and
simulation methods used, makes it possible to select the types and classes of mathematical models, the
forms of their presentation, as well as software.
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