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The problem of optimal distribution of the current load of a combined heat and power plant
with a complex composition of equipment is considered. A multi-criteria approach is
proposed for parts of graphs with a constant load in time, considering the factors of
economy, reliability and ecology. For sections of the graph with a time-variable load, we
consider the formulation of a dynamic optimization problem. In order to increase the
intelligence of solving the tasks set, we propose a variant of building an intelligent system
that, in addition to a number of intelligent functions, aims to: switch to the principle of
advanced (predictive) control when performing the dispatching schedule of loads; select the
number of criteria under consideration; evaluate the values of unmeasured or poorly
measured parameters; identify the current technical condition of equipment, as well as

Dynamic optimization
Intelligent functions

recommend either a solution available in the database, or perform new calculations.

1. Introduction

This article is a continuation of the work originally presented
at the international conference "Managing the Development of
Large-scale Systems" (MLSD-20) [1]. In this report, the problems
and increasing the intelligence of algorithms for optimal load
distribution at a thermal power plant were considered in the
following conditions:

o the optimal distribution of the time-constant load of the station
with a given composition of generating equipment was
considered, i.e. the problem of static optimization;

e a single-criteria task was solved according to the economic
criterion — the maximum profit of the station from the sale of
electricity in various sectors of the electricity market and
power and heat to the thermal consumer, or minimizing the
total fuel consumption at the station.

The technical capabilities of automation complexes are several
generations ahead of the software implementation of applied
algorithms for optimal control and control of the technological
process of electricity production. It is more rational, in the
conditions of high prices for the work of talented programmers and
technologists, not to try to solve this problem with the old catching-
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up methods, but to approach this problem cardinally, entrusting the
solution of the complex problem of the efficiency of electricity
generation at thermal power plants to artificial intelligence. The
intermediate stage of the transition to the management of the entire
plant by Al is the transition to the management of individual levels,
whether it is the level of the station or the level of the power unit.

[2]-[4].

Determination of the optimal operating mode for power plants
and power systems is an urgent problem in the power industry.
Over time, the solution of this optimization problem is being
improved and at present, in connection with the transition of
energy to market relations, the optimization of power plant
operation modes seeks not only to reduce the cost of electricity
generated, but also to increase reliability and reduce emissions of
harmful fuel combustion products into the environment [4]-[7].

The relevance of considering the reliability factor is due to the
fact that the task of choosing the optimal operating modes of
thermal power plants (TPP) equipment includes two interrelated
tasks: choosing the composition of generating equipment and the
distribution of heat and electric load with a known composition of
generating equipment. Currently, in accordance with the
Regulations of the electricity and power market, the selection of
the composition of generating equipment and its coordination with
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the system operator (SO) of the power system is carried out 2-3
days before the operational day, and the station performs load
distribution per day when preparing an application for entering the
electricity and capacity market "for the day ahead". Due to the fact
that the agreed composition of the equipment during optimization
calculations and execution of the dispatching schedule of loads
cannot be changed, considering the reliability factor in solving the
problem becomes obvious and mandatory. For TPPs located near
urban buildings, the environmental factor is also important. At the
same time, the task is not to ensure emissions within the
permissible regulatory limits, but to minimize them as much as
possible.

In connection with the above, in the development of the report
at the conference, this article discusses the problems and ways to
improve the intelligence of the algorithm for optimal distribution
of thermal and electrical loads of a combined heat and power plant
(CHPP) with a complex composition of equipment with a multi-
criteria problem statement - in terms of efficiency, reliability and
environmental friendliness.

At the same time, in addition to the sections of the load
schedule with a constant electrical load in time, the sections with a
variable load (the stages of unloading and loading) are also
considered. This is due to the fact that the duration of the
unloading/loading processes of the station is several hours, while
the efficiency indicators of the power units vary within a fairly
wide range, which leads to significant additional fuel losses if the
optimal sequence of unloading/loading of the power units involved
in the process of passing the load failure is not observed.

To assess the amount of computational procedures required,
we will consider the stages of preparing and entering the power
plant market for electricity and capacity in the market conditions
of the power plant. In accordance with the Regulations of the
electricity and capacity market, the following stages are considered
for managing the operating modes of the CHPP equipment for the
operational day:

e selection and approval of the composition of generating
equipment for the operational day in order to form the optimal
station request for each group of delivery points (GDP);

e drawing up a possible plan for electricity generation with
projected volumes of heat output to form the optimal
application of the station for participation in the competitive
market "for the day ahead" for each GDP conducted by the
administrator of the trading network (ATN);

e operational optimization when performing the dispatching
load schedule for each GDP - optimal distribution of thermal
and electrical loads between the switched-on units with a
known composition of the operating equipment;

e optimization of the dispatching load schedule to generate an
optimal operational price-accepting request for each GDP for
the deviation of the electrical load from the dispatching
schedule in the balancing market controlled by the SO.

2. Statement of a Multi-Criteria Static Problem of Optimal
Load Distribution

Setting a multi-criteria task: for a given total electrical and
thermal loads of a CHPP, it is necessary to determine such loads at
which the total current costs for the production of electrical and
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thermal energy will be minimal with the greatest reliability of the
equipment and the least amount of harmful emissions into the
environment [8].

The mathematical formulation of a static problem with three
criteria is formed as follows: find

n
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where F;(x),F,(x),F5(x) - optimality criteria for efficiency,
reliability and ecology; flj(pj,qj), fzj(pj,qj). f3j(pjvqj) -
energy characteristics of the j-th power unit, reflecting fuel
consumption, average damage for unreliability of operation (due
to emergency downtime and failures) and the amount of emissions
of harmful substances into the environment; p;,q; - electrical

and thermal power of the j-th unit; Ps, Qs- total required electrical
and thermal power set for the entire system;
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The essence of optimization is to achieve a compromise
solution for three criteria, with an optimization horizon of one to
several days when forming an application for the selection of the
composition of the included generating equipment for an
operational day in 2-3 days, applications for the market for a day
ahead, as well as operational applications for the balancing market.
When implementing the dispatching schedule of loads, the number
of considered criteria can be changed both in the direction of
decrease and in the direction of increase

3. Statement of the Dynamic Problem of Optimal Load
Distribution

The need to consider the formulation of a dynamic
optimization problem is due to the following. As a rule, in the
absence of control of the operating modes of power units in
automatic mode, if it is necessary to involve several power units in
changing the load of the station in order to eliminate the likelihood
of non-fulfillment of the specified schedule, all power units begin
the procedure for changing the load almost simultaneously,
without taking into account their individual characteristics. This
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often leads to significant deviations of the total load of the station
from the required one, violation of the required time for the station
to reach the specified load, especially when it is necessary to stop
or start one or more power units. At the same time, in the absence
of a clear schedule of load changes over time at each specific
power unit, as a rule, there is an advanced or delayed load change,
which leads to additional fuel losses, deviations in power
generation from the required dispatch schedule, and other
violations (for example, deviation of the permissible load change
rates during unloading or loading).

To eliminate these disadvantages, it is necessary to organize
such a sequence of unloading/loading of power units from a given
initial state to the required final, also known state. It is assumed
that for these states, with a known equipment composition, the
problem of optimal distribution is solved on the basis of a multi-
criteria approach, and for their docking with each other, the
following conditions must be met:

- the change in the load of the power plant AN pp (7, ) over

time is the sum of the change in the loads of each of the power
units AN (z,,,, ) for the considered time 7, of unloading/loading

the station, taking into account the permissible deviation from the
dispatch schedule a, i.e.

ANpp(zur) = (1 £0) D AN;(zy ), @

i=1
in this case, the condition below is met at each moment of time

n

Nepe = D Nip =D (Njg +AN;, ), (®)
=

i=1

where Npp_ is the power of the station at the moment t; N;q, AN;,

- the power of the i-th block before the change in the power of the
station and its increment in time.

- the rate of load change at each power unit is within the
permissible unloading/loading speed

< yymax (6)

min .
Wiys) SW, up/1 s

up/l

- the capacity of each power unit can vary from the initial N;,
to the required final capacity N in accordance with the

dispatching schedule (it is assumed that the power unit capacity
limits are taken into account when distributing the station load
before and after the load change).

The features of solving this dynamic problem are as follows:

- the composition of the equipment before and after changing
the load of the station is identical, and therefore it makes no sense
to consider the criteria of reliability and environmental
friendliness, so a single-criteria task is considered,;

- as a criterion of two possible functions used in solving similar
problems — the total fuel loss or the total fuel consumption during
the load change at the station, it is advisable to use the function of
fuel consumption during the load change;
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- in contrast to the previously adopted methods in this paper, in
addition to the fuel costs calculated from the consumption
characteristics of each power unit, it is also necessary to take into
account the additional fuel costs not taken into account by these
characteristics in the unloading/loading processes associated with
the unsteadiness of heat exchange processes in heat exchangers,
unstable operation of regulators, etc. in transients in the equipment
of the unit [9].

Taking into account the additional costs, the optimization
criterion is presented in the form:

n
= i
i=1 7o

TulHil
AN;
Bep (Nppuyis7un )= Z JBi167+ABPPi(N—m“'Wiu/I] ()

where Bpp (Nppy;1.7,,1) - the total fuel consumption at the
station during the load change; N pp,;, - the magnitude of the load
change at the station; z,,,, - the duration of the load change; B; -
the function of fuel consumption on the i-th block when the load
ANy

changes; ABPPi[ Wi, ”J - the function of additional costs
in the unloading/loading processes, depending on the depth and
speed of the load change on the i-th block.

The initial data of the task are: the initial and final power of the
station, the duration of the load change 7, , hour (min.); the rate

of load change at the station Wpp =ANP% ; the energy
u/l

characteristics of the units in the form of a dependence [8]; the
functions of the dependence of additional fuel costs in the
unloading/loading processes, the initial and final load distribution
of the station before and after the load change between the
generating equipment, the permissible unloading/loading speeds
of the power units.

The desired (variable) values are: the moment of the beginning
of unloading/loading of each power unit in relation to the
beginning of the load change at the station; the dynamics of the
load change of each power unit during the transition from the
initial state of the station to the final state.

To solve this problem, it is proposed to use a dynamic
programming algorithm (Bellman's method) [8], which is used to
optimize the management of multi-stage processes or to optimize
multi-link systems, when it is necessary to find the control action
(or the state of each link of the system) at each stage, so that the
general control criterion reaches the optimal value. At the same
time, at each next stage, the result of optimization at the previous
stage is taken into account. The peculiarity of the method consists
in a sequential, step-by-step solution of the optimization problem,
so that at each stage only a relative number of possible options are
selected that provide the optimal values of the selected criterion.

4. Ways to Increase Intelligence in Solving the Optimal
Distribution ~ Problem Based on  Multi-criteria
Optimization

The analysis of the above statements of static and dynamic
optimization shows the complexity of their solution by traditional
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methods and it becomes obvious that their practical
implementation will require the use of modern information and
digital technologies. Below are some, far from exhaustive, ways to
increase the intelligence of the automated control system in solving
the tasks set.

- Transition to the principle of advanced (predictive) control
when performing the dispatching schedule of loads. The essence
of the proposal: first, based on the analysis of previous
optimization calculations, to estimate the required delay time
between the start of the optimization calculation and before the
formation of the impact on the power units. There are two possible
ways to implement it: 1) calculate it based on the average data in
the chain — the task, the preparation of the source data, the solution,
the solution check, the signal generation, the controller, the
actuator; 2) create a database at the specified time and, if necessary,
taking into account the dimension of the current optimization
problem, find a suitable lead time;

- Before performing optimization calculations, determine the
feasibility and necessity of selecting the number of criteria and, if
there is more than one criterion, the priority of the criteria. The
assessment can be carried out on the basis of expert assessments,
based on the current load area on the daily schedule according to
pre-accepted conditions (the significance of the criteria at different
hours of the day, or by the amount of load). For example, when
passing through the failures of load schedules, the environmental
criterion can either be excluded from consideration, or can be taken
into account as a restriction, while the significance of the
remaining two criteria (efficiency and reliability) depends on the
redundancy mode: if all units are in generation mode, then the
efficiency criterion is more significant; if there are stopped units,
then the reliability criterion. When passing the maximum load, the
efficiency criterion plays a secondary role, because all units
operate in an economical mode.

The development of the library module of the intelligent
controller is inseparable from the problem of verification and
validation of the results obtained. We can get an ideal imitator of a
traditional PID controller, we can get an auto-tuning blog
simulator based on linear regression models, or we can just get an
intelligent controller with a defect in a hidden area of knowledge.
The flaws in the training of the received intelligent controller may
be hidden from us for many years of operation, and then, for
reasons that we do not understand, the optimizer will go into this
dark area of uncalculated or incorrectly calculated.

Developers are already presenting many options for really
working intelligent controllers based on deep neural networks and
machine learning principles, and technical capabilities allow you
to scale and launch impressive neural network controllers in terms
of complexity. But so far, there are problems of proving that these
regulators find and follow the global extremum, which is an
uncritical problem at this stage, and the problem of proving the
stability and reliability of the operation of this intelligent regulator
in the time and operational areas of determination.

So far, they are trying to hide the problem of this fundamental
limitation behind the no less cumbersome problem of creating a
digital twin of a power plant. It is assumed that we will have a
mathematical model similar to a full-scale simulator of the station.
And on this model, we will first, but in real time, check the
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solutions of the intelligent controller before making adjustments to
the controller of areal object. This is an interesting, but not entirely
honest approach. Removing the issue of validation and verification
of a developed and trained intelligent controller by justifying that
everything is checked through a digital double generates, with due
responsibility, questions about the validation and verification of a
digital double. And if we take into account that the power plant as
a control object changes over time — and here we get the problem
of the impossibility of building a working model of a digital double
without using artificial neural network technology. This again
leads us to the problem of trust and the implication of the module's
operation and proves the dead-end nature of this way of solving
the problem.

At this stage, the solution will be a hierarchical distribution of
the entire control object into functional groups, and then a
distribution according to the importance and danger of violations
of the technological process in each group. From this partition, we
will get the area of permissible rights for the intelligent controller
module. All these rights should be limited from above by the
control of the human operator. [10, 11].

To implement the interaction described above, the software
that runs the optimal load balancing algorithm must support a
number of functions and features, which are presented below:

e  Support multiple standard data transfer protocols: OPC UA,
OPC DA, HART, Modbus, etc.

e Buffering, storing and analyzing information in a separate
archive according to the selected parameters for a specified
period of time. This information includes: key parameters of
the unit operation, digitized consumption characteristics
obtained online and via the regulatory and technical
documentation.

e The ability to automatically obtain approved dispatch
schedules that serve as similar data for the implementation of
the calculation.

e Generation of reports and graphs based on the received data
with an assessment of the degree of accuracy of the problem
solution.

e Implementation of the authentication process, with login only
for registered accounts. This is necessary to restrict access and
prevent unauthorized changes to the logic of the program.

e Development taking into account cross-platform, in
connection with the current trends in the industrial market.

The requirements described above are currently met by most
modern PTCs, including domestic ones. This means that for the
technical implementation of this algorithm and its integration into
the automated process control system of the station will not require
the purchase and adjustment of new equipment. It is enough to
virtually isolate the unused power of the PTC, creating a virtual
functional node for solving intellectual tasks. In this node,
everything is also virtual, that is, without spending money on the
purchase and laying of new cable connections, to bring existing
signals from sensors and programs from the PTC. The output
signals from the intelligent optimization node can be easily
connected both directly with additional signals in the automated
regulation systems routines of the block capacities, and in the form
of recommendation information on the mnemonic circuits to the
operator.
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5. Problems of Integration of the Optimal Load Distribution
Algorithm into the PTC Application Software and
Possible Solutions

The analysis of the functional capabilities of modern
automated control systems (ACS) of TPP built on the basis of PTC
of both domestic and foreign production shows that the
improvement of the quality of technological processes,
optimization of their modes and parameters, based on new
technical and software tools and achievements of the modern
theory of automatic control of technological processes, occurs
mainly at the level of equipment and power unit, and to a much
lesser extent — at the level of power plants. It is obvious that the
further development of the ACS through the intellectualization of
power plant process control systems should be aimed at creating a
single system for optimal control of technological and production
processes in all operating modes of equipment, power units and the
plant as a whole. The analysis of the current state of use in the
design of ACS of domestic software and hardware complexes,
their information and functional capabilities in terms of the
possibility of integration into their application software of the
proposed optimal distribution algorithm revealed the problems that
arise in this case, both from the point of view of technical and
information support. When considering the problems that arise, it
is assumed that in the future, in addition to the optimal distribution
algorithm, a number of other station-level control algorithms will
be integrated into the application software of PTC, the
implementation of which will significantly increase the overall
level of intelligence of the automated control system as a whole.

The main requirements for the technical part, in which the
intelligent algorithm will be directly implemented, are: sufficient
server power, in which the software complexes will work; high
speed of the server and the algorithms; the software must be able
to transmit data according to the OPC UA specification, which is
the newest and most advanced specification for information
transmission (for the first time in the OPC family of technologies,
the possibility of cross-platform compatibility was implemented).
OPC UA also has the highest level of security in the OPC family
of technologies. Its main advantage is the transmission of data over
the Internet.

There are also basic requirements for systems that are imposed
regardless of the software and hardware complex used, such as:

requirements for the protection of system information, including
the protection of the system from the penetration of external
software and technical influences that are made over the data
transmission network;

o all changes to the system access settings must be logged in the
system status log;

e access to the system should be divided into roles, for example:
engineer, operator, etc.;

o the system should be able to restore databases after failures,
failures and accidents.

e  Some requirements for storing calculated data:

e  Storing parameter values for a period specified by the user or
the system;
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e  Full description of the database where parameter values are
stored;

e Long-term storage of information;

e  The user should be able to run algorithms and generate reports
for any period (hours, minutes, seconds, etc.);

e  The system should be able to observe changes in parameters
in real time.

According to the prediction of parameters for calculating the
power unit's technical and economic indicators (TEI) and carrying
out optimal load distribution, the system should be able to select
the past periods from the system's database, in the case when the
equipment used coincides with the composition of the forecast
period. Forecasting allows you to save a lot of time on entering the
initial data. If it is impossible to predict the technological
parameters of the system, it should be possible to manually enter
the initial data by the operator.

The analysis showed that the above requirements are currently
met by the majority of modern PTC, including domestic ones. This
means that the technical implementation of the proposed
algorithms and their integration into the automated process control
system of the station will not require the purchase and adjustment
of new equipment. It is enough to virtually isolate the unused
power of the PTC, creating a virtual functional node for solving
intellectual tasks. The output signals from the intelligent
optimization node can be easily connected directly as additional
signals to the ACS routines of the block capacities, or as
recommendation information to the mnemonic circuits to the
operator.

The technical difficulties of integrating the developed artificial
intelligence modules into the existing software and hardware
complexes at the stations do not require, with the proper level of
qualification of the station personnel, a planned shutdown of the
entire station for repair. Individual modules for adjusting the
settings of existing regulators can be exported and activated on
running equipment, since initially these modules only give
recommendations. The subsequent switching of the output ports of
these modules with the input ports of the controller settings can
occur both in manual mode and in automatic mode, when the
convergence of the expected and received results of the operation
of the bundle of the intelligent controller and the digital double of
the station is achieved.

And at the stage of a planned shutdown, it is recommended
transfer some of the design functions of the automated process
control system from the block level to the station level — those tasks
that are associated with general station services (for example,
calculation and analysis of the power units TEI, selection of the
optimal pressure in the condenser), which will significantly relieve
the information load of the block level controllers.

6. Conclusion

e  The studied formulation of a multi-criteria static problem for
sections of the load schedule with a constant and a single-
criteria dynamic problem for sections with a variable load
with an optimal distribution of the current load at a thermal
power plant with a complex composition of equipment.
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e To increase the intelligence of algorithms for optimal load
distribution, a number of methods are proposed, including
using machine learning and artificial intelligence methods.
Approaches to the use of modern machine learning methods
to the specifics of the tasks of power distribution of thermal
power plants are proposed.

e Possible approaches to the methodology and practical
approaches to the technical implementation of the integration
of optimization problem algorithms into the PTC application
software, their information and technical support, provided
that all existing functions of the automated control system are
performed simultaneously, are developed.
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