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This paper is devoted to the development and research of an advanced ap-
proach to automatic control of the heat output of the boiler when compensat-
ing the load disturbances by regulating the composition of the combusted
hydrocarbon fuel mixture. The proposed approach gives the opportunity to
design the boiler’s automatic control system (ACS) with the possibility of
creating the conditions for the formation and determination of the current
calorific value of the gases mixture, which corresponds to the current heat
load of the boiler, as well as determining the flue gas flow and temperature
in the boiler. The implementation of the developed approach of the boiler’s
load control allows for providing a constant nominal flue gas flow at any
level of heat output. The fuel composition control process consists of mixing
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certified and non-certified hydrocarbon gases, which ensures maximum ef-
ficiency and compliance with environmental emission standards. The effec-
tiveness study of the proposed approach is carried out in the development of
the heat output ACS for the GM-50 boiler and conducting a computational
experiment of operating at a power different from the nominal one. The ob-
tained results fully confirm the high efficiency of the developed approach,
as well as the expediency of its application for boilers of various types and
capacities when operating at a power different from the nominal one.

Keywords: boiler, automatic control system, artificial combustible gases,
gas calorific value, flue gas flow.

Introduction

In connection with the global world policy of energy efficiency and energy inde-
pendence, as well as the dynamic change in prices for the extracted hydrocarbon re-
source of certified quality, today the issue of using gas hydrocarbon raw materials at
thermal power plants that have not passed quality certification is particularly relevant
[1-3]. As a rule, this segment of the hydrocarbon market includes secondary energy re-
sources, which include non-certified fuels. Moreover, great prospects have recently
opened up for the use of fuel mixtures at thermal power plants, industrial and heating
boiler houses equipped with steam and especially hot water boilers for the overall re-
duction in the cost of energy carriers [4].

At the same time, the use of different types of fuel together in one mixture signifi-
cantly increases the requirements for the functional characteristics of automatic control
systems (ACS) for thermal power facilities [5]. Such ACSs must control technological
processes both when using certified and non-certified hydrocarbon fuels. In turn, mod-
ern automatic control systems in most cases cannot provide an acceptable quality of
control if both internal and external disturbances occur simultaneously, for example, a
change in the heat load and a change in the composition of the fuel. This causes a sig-
nificant problem when it is necessary to compensate for the disturbance from the heat
load that has arisen at the consumer. This problem can be solved quite successfully by
controlling the composition of the combusted hydrocarbon fuel to provide the set char-
acteristic of the calorific value of the gaseous fuel mixture when regulating the boiler’s
heat output. Such regulation of a combustible fuel mixture, which is a mixture of certi-
fied and non-certified hydrocarbon fuels, with the aim of its most efficient use, deter-
mines the relevance of this study.

This paper proposes an advanced approach to automatic control of the heat output
of the boiler when compensating for the load disturbances by regulating the composi-
tion of the combusted hydrocarbon fuel mixture. The rest of the paper is organized as
follows. Section 1 presents a brief literature review of the studied area and the statement
of the research problem. The development of the mathematical model of the boiler, in
which changing the gas calorific value is considered as the disturbance, is presented in
section 2. Section 3, in turn, describes in detail the proposed approach to automatic con-
trol of the boiler’s heat output. Section 4 shows the effectiveness study of the automatic
control system for a specific steam boiler designed based on the proposed approach. Fi-
nally, section 5 concludes the work and suggests directions for future studies.

1. Related works and problem statement

The problem of optimal fuel combustion in the scientific literature has always re-
ceived great attention. Herewith, the combustion control system is one of the main boil-
er’s control systems. During the use of boilers equipment, a large number of control
schemes for various types of fuel (solid, liquid and gaseous) have been developed and
have already become standard. However, when developing equipment and ACSs for it,
it is assumed that during operation the composition of the fuel will change in a small,
predetermined range.
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Conventional methods of heat load control are discussed in detail in [6, 7]. In turn,
in the considered ACSs, the control task is to maintain the predetermined pressure of the
superheated steam in the control mode or the predetermined flow rate of the superheated
steam when the boiler is operating in the basic mode. Such control systems, as a rule,
are implemented in two modifications: (a) with a fuel consumption signal, when liquid
or gaseous fuel with a constant calorific value is supplied to the burner devices, and (b)
with a heat release signal in the combustion chamber, when the qualitative composition
of a liquid or gaseous fuel is not constant.

In the first method (with a fuel consumption signal), the task can be implemented
only when the boiler is operating in a steady mode and the regulation can be provided
when disturbances are applied within a certain regulation range. In turn, with a signifi-
cant change in the load of the boiler or a change in the calorific value of hydrocarbon
fuel, it is necessary to reconfigure the task for the load (pressure) controller. With a de-
crease in load, the heat flows are redistributed in the volume of the furnace and gas
ducts, which leads to an indefinite decrease in efficiency. Therefore, this method of con-
trolling the heat output in boilers is not used when combusting hydrocarbon fuel of a
random composition that changes over time [6].

In turn, the change in the calorific value is typical for solid fuels. Therefore,
the load ACSs with a «heat» signal are used for the power boilers that operate on
solid fuels [7]. One of the information signals in such ACSs is the rate of pressure
change in the boiler drum. Therefore, the use of such control systems for water heating
boilers operating on gaseous fuels is rather difficult due to the invariance of the water
pressure in the boiler.

Despite the long enough experience of operation of a large number of steam boil-
ers, the research and improvement of their control systems continue. Particular attention
is paid to load regulation [8, 9]. Also quite relevant is saving resources and improving
the energy efficiency of enterprises both for the economy as a whole [10] and in its sec-
tors [11]. In particular, Richard Heinberg in his book [12] shows that alternative energy
so far cannot ensure the development of industrial production. The main problem with
renewable energy sources is the high losses during conversion from one type of energy
to another, and the fact that most of the energy produced in this way cannot be stored.

In turn, currently, secondary energy resources (SER) are rather widely used in pro-
duction processes. They include thermal, overpressure and combustible SERs [13]. The
first two types should be attributed to the field of increasing energy efficiency of pro-
duction. They are used in the form in which they are received and, as a rule, at the place
of receipt. This is certainly important, but it cannot be the basis for reducing the energy
intensity of production where such resources are not available. The situation with com-
bustible renewables is different. At the moment, they are also usually used at the place
of their production. Most often and in the largest volumes, they are produced in the gas-
eous form: blast furnace gases, open-hearth gases, gases from coke-chemical processing
of coal, oil refining, gases after mine degassing, landfill gases, etc. [13]. These are uni-
versal energy carriers and in this form, they can be used in standard equipment (without
significant additional financial costs) and to produce the types of energy that are needed
in a given place or at a given time. They are easily transported without changing their
energy characteristics (using pipelines). They can be burned in standard boilers to pro-
duce hot process water and steam, which is what happens at metallurgical plants. They
can be used as fuel in engines (pistons or turbines) to generate electricity, etc. In addi-
tion, combustible SERs have a low or even zero cost, since all costs for the feedstock
and the technological process that results in their formation are attributed to the main
product. Thus, the use of combustible SERs can be considered the best option for reduc-
ing the energy intensity (in terms of cost) of the output.
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Papers [14-17] summarize methods for calculating the composition of combustion
products, which allows the modeling of almost all organic compounds that burn in the
air atmosphere. This makes it possible, despite the wide variety of combustibles, to de-
scribe the process of formation of combustion products and determine their temperature
using a uniform model.

The work [18] considers the ACS of the thermal load of a drum boiler with random
changes in the flow rate of blast furnace and coke oven gases and the control effect only
on the flow rate of natural gas. It is envisaged to use a compensator for the main dis-
turbance — blast-furnace gas consumption. Also, the simulation results under the action
of random disturbances in blast-furnace gas consumption are presented. Moreover, in
the given paper, the method for controlling the thermal load of a drum boiler for burn-
ing combustible artificial gases is described. To improve the heat load control system
with a heat signal, using artificial gas as a fuel, a compressor is used, which, by increas-
ing the gas pressure, increases the mass flow and thus compensates for the low density
of the hydrocarbon gas and the calorific value.

The ACS of the thermal load of a drum boiler during the joint-separate combustion
of blast furnace, coke and natural gases with random changes in their consumption
is given [5, 19]. To increase the efficiency of this system, it is proposed to introduce
devices for compensating random disturbances in the flow rates of these gases in
addition to a typical ACS using the «heat» signal. The results of the study of the
combined system are presented and its efficiency is shown under different operating
modes of the boiler.

However, this method only partially solves the problem, since it makes it possible
to regulate the boiler load when using hydrocarbon gas, which is non-certified but has a
constant composition over time. The above method provides a technical implementation
of the supply of non-certified gas to the burner, but not for the method of regulating the
heat output of the boiler. Moreover, providing a given mass flow rate of combustible
gas through the burner devices at elevated pressure immediately leads to throttling of
this flow, which ultimately, with a constant flow area of the boiler, leads to an increase
in the flue gas velocity and an increase in their temperature at the outlet of the boiler,
which leads to a sharp decrease in thermal efficiency.

These shortcomings of the known automatic control systems lead to the impossibil-
ity of obtaining a constant flow of flue gases in the boiler furnace with a change in the
heat output (load) of the boiler. The main technological problem is that with a propor-
tional change in flue gas flow in cases of using certified or non-certified hydrocarbon
gases, the flue gas velocity in the boiler furnace decreases, which leads to a decrease in
the heat transfer coefficient and practically makes it impossible to regulate at low values
of the heat output [20].

Thus, the purpose of this work is the development and study of the advanced ap-
proach to automatic control of the heat output of the boiler when compensating the load
disturbances by regulating the composition of the combusted hydrocarbon fuel mixture
to provide the necessary characteristic of the calorific value of the fuel.

The obtained results of the study will make it possible to implement the boiler’s
load control at any level of the heat output and to ensure a constant nominal flue gas
flow rate regardless of the current power level. The fuel composition control process is
to ensure the current value of the calorific value by mixing certified and non-certified
hydrocarbon gases while maintaining a constant nominal flue gas flow, that will ensure
maximum efficiency and meeting environmental standards for emissions.

To do this, the following tasks should be solved.

1. Development of the mathematical model of the boiler, in which changes in the
gas calorific value act as disturbances, while ensuring the constancy of the flue gas flow
in the boiler furnace.
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2. Development of the system’s structure for the automatic control of the heat out-
put of the boiler by the calorific value of hydrocarbon gas when the boiler is operating
at a power different from the nominal one.

3. Carrying out the computational experiment of the developed ACS with the de-
termination of the control quality indicators.

2. Mathematical model of the boiler with the disturbances in the form
of the calorific value of the fuel

To achieve the set purpose, first of all, it is necessary to improve the mathematical
model of the combustion of non-certified gaseous fuel by taking into account the non-
linear change in the amount of heat supplied to the combustion device and taking into
account the change in heat transfer conditions with significant fluctuations in the flow
of flue gases.

To study the static and dynamic characteristics, the GM-50 steam boiler was cho-
sen, as it is the most common in the communal economy of district boiler houses.

The boiler’s mathematical model structure (Fig. 1) consists of 6 components (1, 1, 2',
2, 3, 4) that are described by certain differential equations [21]. In turn, the outputs of
the previous components are the inputs for the subsequent components of the model.
Components 1 and 2 describe the heat exchange processes related to radiation and con-
vective heating surfaces. Components 1' and 2' describe the auxiliary differential equa-
tions relating the input data to heat release by radiation and convection. Component 3
describes the processes that take place in the boiler drum. Component 4, in turn,
describes the pipeline.

I F, !
Qﬂ I 3 _’?\T‘- P,
29—/ @ RN s
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M |2 ||l i I

Fig. 1

In Fig. 1 and the next equations, the following notations are adopted: Q\ﬁv is the

lower calorific value of the working mass of fuel; Mpix is the consumption of a mixture
of hydrocarbon fuels; M, is the airflow; Qp is the amount of heat released during the
fuel combustion; Msg is the flue gas flow; Q1 is the amount of heat transferred to the
working fluid by radiant heat exchange; Q> is the amount of heat transferred to the
working fluid by convective heat exchange; Tsg is the flue gas temperature; Pj, is the
boiler inlet pressure; Pyt is the pressure in the boiler drum; Py is the boiler outlet pres-

sure; Mgyt is the steam flow at the boiler outlet.
First, it is advisable to clarify the model of heat release during the combustion process.
It is known that the heat released during combustion can be calculated using the
equation (1)

Qr =MpmixQl". (1)

Since the combustion model is considered in deviations, we linearize (1) and repre-
sent the expression in deviations in the following form;

Qr +AQe = (Mmix + AMp)(@Q; +4QY"). 0)
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After opening the brackets and taking into account the expression (2), it is possible
to write:

AQe =MmixAQY +Q)' AMpy. ©)

Usually, the second term is rejected as having the second order of smallness. How-
ever, since the deviation of the calorific value of the biogas is so large, in this case, the
calculation in the model is carried out according to expression (3).

Next, we consider and clarify the model of heat transfer by convection. A change
in the ratio of excessive air o in the region of sufficiently large excesses has little effect
on Qr but can have a strong impact on the distribution of heat contribution between in-
dividual heating surfaces. The change in « is associated with a change in the specific
amount of flue gases, and as a result, the gas temperature 9 in the furnace, which, as is
known, strongly affects the heat transfer by radiation. Corresponding changes in heat
transfer, but of the opposite sign, occur in convective heating surfaces.

Next, we consider the mathematical model of a convective gas duct.

Mathematical model of a convective gas duct. In [22, 23] the derivation of dif-
ferential equations and the coefficients included in them is given. Therefore, only the
resulting relations are given here. The amount of heat that is transferred from the flue
gases to the coolant can be described by the system of equations (4)—(6).

In turn, the heat balance on the side of the heating gas is calculated as follows:

dSSG

MsGCsg +Q = MsginCscin¥scin — MscoutCscout Fscout » 4)

where Msg is the consumption of flue gases; mgg is the mass of gas in the element;

Cgg IS the specific heat capacity of gases; 9sg is the gas temperature; Q is the heat flow

from the gas to the wall. Herewith, the indices «in» and «out» denote the corresponding
quantities at the inlet and outlet of the gas duct.

The balance of substance on the flue gas side (with no accumulation of flue gas
mass) is presented by the expression (5)

Msgout = Msgin- ®)

The deviation of the amount of heat AQ3 in the «heating gas-pipe» system by the
convection is as follows

—0,33 95Gin + 9sGout — 20
AQ, =0,33k; M o SGin + JSGout
2M mix

where 0y is the pipe’s metal temperature; kg is the proportional gain.
The dependence of the amount of heat on the consumption of flue gases and the
temperature of the gases in time is described by the differential equation (7)

d dM
T2 %-FAQZ = azAM SG +b2 dtSG +CZASSGin' (7)

Where coefficients T, ap, by and c; are calculated based on expressions (8)—(11).

—0,33
T AMgg +0,5k4 M o™ (A95gin + A9scout ). (6)

_ CscMse )
2=—%a — (8)
k4 M SG + ZCSG M SG

4 —C 0,33(4§SGin — 9sGout -30p,) . 9)
2786 2C5g —0.33 ’
1+—>Mgq

0,33Mec (9sGin — 9 -20
by = Ceg Msg (9sGin — 9sGout m); (10)

— 2Cgg —0,33
M s [l+kSGMSG J
4
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1 1

+ —
M3 2csa M
kgM g sG V1 SG

) - (11)

Next, we consider the mathematical model of the combustion process of the hydro-
carbon gaseous fuel.

Mathematical model of the combustion process of the hydrocarbon gaseous fuel.
The combustion air flow rate, flue gas flow rate and fuel combustion calorific value can
be calculated based on the stoichiometric equations of combustion chemical reactions.
In the proposed model, this is carried out according to the expressions (12)—(26).

In turn, the theoretically required air volume is calculated as follows:

vO =0,O476{0,5CO+0,5H2 +1,5H25+z(m+fjcmHn —oz}, (12)
n

where m and n are the numbers of carbon and hydrogen atoms, respectively, in a mole-
cule of a pure hydrocarbon substance.

The flue gas volume is determined in the following way. With the complete com-
bustion of fuel under theoretical conditions the combustion products are formed, which

are a gas mixture consisting of CO», SO, N2 and H20. The carbon dioxide and sulfur
dioxide are usually combined and called «dry triatomic gases», denoting through RO»
ie.
RO, =CO, +S0,. (13)
Herewith, the theoretical volume of nitrogen in combustion products is calculated
by equation (14)

VY =0,79V° +0,01N,. (14)
2

The presence of water vapor in the combustion products is due to the combustion
of hydrogen and the evaporation of the moisture contained in the fuel, as well as mois-
ture coming with air. When combusting gaseous fuels, the theoretical volume of tria-
tomic gases is

0
VRo, =0.01{C0O; +CO +HyS+ ¥ mCpHy]. (15)
In turn, the theoretical volume of water vapor is
vgzo =0, 01[H2 + H28+chmHn +0,124dgp }+0,0161V0, (16)

where dgr is the moisture content of gaseous fuel, referred to as 1 m® of dry fuel, g/m3.
In real combustion chambers, for economical combustion of fuel, it is necessary to
supply more air than is theoretically necessary. The excess air ratio « that is the ratio of

the actual amount of air VX supplied for combustion to the theoretically required amount
of air V7 is calculated by the expression (17)

VR

=0 (17)

(04

Then the total volume of combustion products Vsg taking into account the above
equations is

0 0 0 0
Vs =Vio, +VR, *Vii,0 +10161(a -1V °. (18)
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The heat of combustion of gaseous fuel is determined in the following way. For
analytical calculations of the heat of combustion of all types of solid and liquid fuels,
the formula of D.I. Mendeleev (kJ/nm®) is used:

Q! = 35818CH, + 637,48C,Hg + 912,3C3Hg + 1186,46C4H;q + 1460, 77

(19)
XC5H12 +126,44CO+ 107,6H2 + 358,18CH4 + 586,99C2H4 + 231,11H28

In calculations of fuel combustion, conventional units of gas volume are used, re-
duced to normal conditions (0°C and 101,325 kPa), denoted by «nm’».

These dependencies are used to calculate the combustion process of both one type
of fuel and when burning a mixture of combustible gases. In general, even natural gas is
a mixture of combustible gases, the composition of which is considered constant. Then
the admixture of some artificial gas, such as blast furnace gas, simply changes the com-
position of the main gas. Therefore, simple ratios can be used to determine the charac-
teristics of a mixture of gases.

Thus, the calorific value of the mixture Q\lfvmix is calculated by the expression (20)

W W
w _ QineMnG +QLacMac
QLmix = : (20)
MnG +Mag

where Qs and Q!'Yys are the calorific values of the natural gas (NG) and artificial

gas (AG), respectively; Myg and Mag are the consumption values of NG and AG.
The specific flow of the flue gases Vsgmix is calculated as follows;

V N MN +V, A MA
VSGmix _ YSGNG G SGAG G , (21)

MnG +Mag

where Vsgng and Vsgag are the flow values of the natural gas and artificial gas, respectively.

The specific amount of air V2, required for combustion is determined as

0 0
vo _YneMnG +VAcMac 22)
mix — y
Mng +Mag

where V35 and V25 are the specific amount of air required for combustion of the nat-

ural gas and artificial gas, respectively.

However, when modeling, no specific values are used, but deviations from abso-
lute ones. Therefore, expressions (20)—-(22) must be multiplied by the consumption of
gas supplied to the combustion.

Thus, the amount of heat Qf released during fuel combustion is
W W W
Qr =QLmix(Mng +Mag) =QlngMnG + QLacM ac- (23)
The flow of the flue gases Mg is calculated as follows;
Mse =Vsemix(MnG +Mag) =VseneMnG +VscacMac: (24)

The air consumption G, required for combustion is determined as
0 0 0
Gair =Vmix(Mng +Mag) =VngMng +VagMac- (25)

Thus, the deviation of the flue gas flow AMsg, which is included in equations (6)
and (7), is described by the dependence (26)

82 ISSN 2786-6491



0 0 0
AMsg = M iy 0AV iy + M pixVimix Aot + atViix AM iy +

(26)
+M mixAVn(w)ixAO‘ +oAM mixAVrgix +Vr2iXAM mixA(X.

Based on the above mathematical description, a static calculation of the GM-50
boiler was carried out for various load values and various ratios of the main fuel (natural
gas) and low-calorie fuel (blast furnace gas or biogas). The calculation results are sum-
marized in Table 1.

The analysis of data given in Table 1(Calculation results of the boiler operating
modes for a fuels mixture) shows that by forming a mixture of basic (high-calorie) and
artificial (low-calorie) fuels, it is possible to achieve a reduction in boiler power at a
constant flue gas flow rate. However, the higher the calorific value of artificial fuel is,
the greater the lower power limit to which the load can be reduced without a significant
reduction in flue gas flow.

So, for biogas, this is generally not possible due to the lower specific volume of
flue gases. Namely, the decrease in the calorific value of the fuel mixture is compen-
sated by a decrease in the volume of flue gases with a slight increase in fuel consump-
tion. For blast-furnace gas, it is possible to reduce the power to 75-70% without a sig-
nificant reduction in flue gas consumption.

Table 1
The content of Volume of
e - Steam W Fuel con- . Flue gases
artificial gas in Load Power Qr - combustion -
flow sumption consumption
natural products
Fuel type | % % kg/s MW | MJ/m® mé/s mé/m? m¥s
100 13,89 32,92 37,56 0,96 11,67 11,24
Estimated | O 85 | 11,81 | 27,98 | 37,56 0,82 11,67 9,96
fuel 0 75 | 1042 | 24,69 | 37,56 0,72 11,67 8,79
55 7,64 18,11 37,56 0,53 11,67 6,16
Biogas, 60 75 10,42 24,69 27,42 0,99 8,80 9,07
Q".=20,63 80 75 10,42 24,69 24,02 1,13 7,84 9,22
MI/m® 100 75 10,42 24,69 20,63 1,32 6,88 9,42
17 85 11,81 27,98 31,93 0,96 9,99 10,03
100 85 11,81 27,98 411 7,48 1,69 12,64
Blast- 28 | 75 | 1042 | 2469 | 2817 0,96 8,87 8,90
furnace
gas 50 75 10,42 24,69 20,71 1,31 6,64 9,05
“.=4,11 | 100 75 10,42 24,69 411 6,60 1,69 11,44
3
MIm™ - T5o5 | 55 | 764 | 1811 | 20,66 0,96 6,63 6,64
100 55 7,64 18,11 4,11 4,84 1,69 8,39

Next, consider the proposed authors’ advanced approach to automatic control
of the heat output of the boiler when compensating the load disturbances by regulating
the composition of the combusted hydrocarbon fuel mixture

3. Approach to automatic control of the heat output of the boiler by regulating the
composition of the combusted hydrocarbon fuel mixture

According to the proposed approach, the automatic control system for the boiler’s
heat output in terms of the calorific value of the gas different from the nominal one
should include 3 main control subsystems:

— ACS for the thermal load of a drum boiler — for maintaining a set flow rate of
superheated steam in stationary mode using a stabilizing fuel flow controller and main-
taining a set value of steam pressure in the line in a regulating mode using a corrective
heat load controller;
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— ACS for the fuel economy — for maintaining such a ratio between the supply of
fuel and air, which ensures maximum efficiency of the combustion process;

— calorific value ACS — for maintaining the required calorific value of the fuel
mixture to provide the necessary heat output of the boiler and ensuring the specified pa-
rameters of the heat carrier at a constant flue gas flow rate, which corresponds to the
flow rate when burning certified hydrocarbon fuel at nominal load.

In view of the foregoing, to implement the developed approach, the control system
of the boiler’s heat output should be designed based on the structure shown in Fig. 2.
The Structure of the ACS for the boiler’s heat output by the calorific value of the gas
when operating at a power different from the nominal is shown in Fig. 2 as well. In turn,
in Fig. 2 the following notations are adopted: 1 is the boiler furnace; 2 is the boiler
burner; 3 is the boiler heat exchange surface for heating the coolant; 4 is the boiler air
heating heat exchange surface; 5 is the boiler drum; 6 is the duct fan; 7 is the smoke ex-
tractor; 8 is the pipeline of certified hydrocarbon gas; 9 is the pipeline of uncertified hy-
drocarbon gas; 10 is the air supply pipeline; 11 is the gas pipe from the boiler to the
smoke extractor; 12 is the flow measuring transducer for certified hydrocarbon gas; 13
is the flow measuring transducer for non-certified hydrocarbon gas; 14 is the tempera-
ture measuring transducer for gas mixture combustion; 15 is the measuring transducer
for pressure in the drum of the boiler; 16 is the measuring transducer for the flow of the
heat carrier heated in the boiler; 17 is the measuring transducer for the pressure of the
heat carrier steam; 18 is the regulating body for the supply of certified hydrocarbon gas;
19 is the regulating body for the supply of uncertified hydrocarbon gas; 20 is the instal-
lation for determining the composition of the fuel gas during its combustion [24]; 21 is
the calorific value controller; 22 is the controller with heat load setting function; 23 is
the differentiator; 24 is the controller with fuel flow setting function; 25 is the correct-
ing device; 26 is the fuel economy controller; 27 is the transmission line of the infor-
mation signal for the flow of certified hydrocarbon gas; 28 is the transmission line of
the information signal for the coolant pressure in the main line; 29 is the transmission
line of the information signal for the flow of the coolant; 30 is the transmission line of
the information signal for the steam pressure in the boiler drum; 31 is the transmission
line of the information signal for the temperature in the furnace; 32 is the transmission
line of the control signal for the regulating body of certified hydrocarbon gas supply; 33
is the transmission line of the control signal for the regulating body of non-certified hy-
drocarbon gas supply; 34 is the transmission line of the information signal for the calo-
rific value of non-certified hydrocarbon gas; 35 is the transmission line of the infor-
mation signal for the air pressure drop on the floor air heaters (air consumption); 36 is
the transmission line of the control signal for the directional device of the air supply fan;
37 is the transmission line of the information signal for the flue gas pressure drop on the
air heaters (flue gas consumption); 38 is the transmission line of the information signal
for the change in the consumption of uncertified hydrocarbon gas; 39 is the device that
sets the heat load; 40 is the device that sets the fuel consumption; 41 is the measuring
transducer of the flue gases pressure drop; 42 is the pulse line for measuring the pres-
sure of the flue gases in front of the air heater; 43 is the pulse line for measuring the
pressure of the flue gases after the air heater; 44 is the pulse line for measuring the air
pressure after the air heater; 45 is the pulse line for measuring the air pressure before the
air heater; 46 is the air pressure drop measuring transducer; 47 is the steam pipeline; 48
is the adder; 49 is the calculating device for determining the calorific value of a mixture
of gases; 50 is the information transmission line of the signal of theoretically necessary
air flow for burning 1 m® of gas mixture; 51 is the transmission line of the information
signal for the calorific value of the gas mixture; 52 is the transmission line of the correc-
tion signal from the heat load controller; 53 is the transmission line of the information

84 ISSN 2786-6491



signal for the rate of change of steam pressure in the drum; 54 is the transmission line of
the information signal by «heat».

The proposed approach to control the heat output of the boiler by the calorific val-
ue of the gas when the boiler is operating at a power different from the nominal is im-
plemented as follows. The pipelines of certified and non-certified gases as well as the
air duct are connected to the burner 2 of the boiler and the installation 20 for determin-
ing the composition of combustible gas in the process of its combustion. The regulating
bodies and the duct fan form such a flow rate of a mixture of gases and air to provide a
fuel gross formula that has a calorific value and temperature mixture combusting, which
will provide the current heat load of the coolant. In turn, blocks 22, 23 and 24, based on
the signals of pressure in the boiler drum and at the boiler outlet as well as the coolant
flow rate, form a control signal for fuel consumption to provide a given boiler load. The
control signal from the fuel flow controller 24 is applied to the regulating body 19 for
the supply of certified hydrocarbon gas. In turn, the calculating device 49 for determin-
ing the calorific value of the gas mixture is supplied with the measurement signals of
pressure differences of air in heater 37 and the flue gases 35, the combustion tempera-
ture of the air-fuel mixture 31, flow rates of certified 27 and non-certified 38 hydrocar-

bon gases. The calorific value QKVAG is applied to the calorific value controller 21 from

the installation for determining the composition of the combustible gas 20 and the flow
rates of certified and non-certified hydrocarbon gases are determined. In turn, the con-
trol signal Uag from the calorific value controller 21 is applied to the regulating body of
non-certified hydrocarbon gas supply 19.

The correcting device 25 and the fuel economy controller 26 are supplied with the
values of the theoretically required airflow for combustion of 1 m® of gas mixture (by
the transmission line 50) and the value of the air pressure drop across the air heater (by
the transmission line 35). The control signal Uy, is supplied from the economy control-
ler 26, which forms the air flow rate that ensures the economical mode of the boiler op-
eration during the combustion of the current mixture.

When the boiler load changes, the controllers form the corresponding change in the
certified gas flow rate. As a result, the gross formula of the gas mixture changes.

Fil

Fig. 2
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To do this, the value of the current calorific value of the mixture is determined, and
the calorific value controller changes the amount of supplied non-certified gas so that
the resulting mixture of gases provides the calorific value to provide a new balance. If
the composition of the non-certified gas deviates, the calculating device 49 determines a
new calorific value of the gas mixture. By applying this signal to the calorific value
controller 21, a control action is formed in the form of a certified gas flow so that in the
resulting gas mixture its gross formula corresponds to such a calorific value that, when
the gas mixture is combusted, the necessary energy release will be provided.

Thus, at the moment of formation of the current mixture of gases, the current calo-
rific value of this mixture is formed. Regulation of the heat load ensures the equality be-
tween the release of heat energy after the combustion of gas of a given calorific value,
the heat transfer by the formed flue gases through the heat exchange surfaces to the heat
carrier and providing the heat carrier with the specified energy parameters. To ensure
the constancy of the heat transfer coefficient, the flow rates of energy carriers must be
constant, that is, in this case, the constancy of the speed of flue gases and coolant. To
ensure the balance at a heat load less than the nominal one, such a mixture of gases is
formed from certified and non-certified hydrocarbon gases, in which the enthalpy of the
gross formula will correspond to such a calorific value that will ensure the release of the
required amount of energy during combustion and at the same time the flue gas flow
rate will remain unchanged, but there will be a change in the combustion temperature of
the mixture of gases. If the energy balance is disturbed (in the event of any disturb-
ances), the calorific value controller, based on a certain imbalance of energy flows, will
calculate the new composition of the mixture and the regulating bodies will ensure the
formation of this mixture of hydrocarbon gases, which will provide a new balance.

To study the effectiveness of the proposed approach, in this paper, we have devel-
oped the appropriate heat output ACS for the GM-50 boiler and carried out the compu-
tational experiment for operating at a power different from the nominal one.

4. Effectiveness study of the approach to automatic control of the boiler’s heat
output by regulating the composition of the fuel mixture

The dynamic properties of the boiler are described by the transfer functions con-
necting inputs and outputs of the boiler’s model presented in Table 2 [21]. The leftmost
column of Table 2 (Table of transfer functions, which connect inputs and outputs of the
boiler’s model) lists the main variables of the boiler’s model shown in Fig. 1. Moreover,
the top line of Table 2 shows the main control signals for the consumption of natural

gas Ung, artificial gas Uag, and air Ugjy.

In turn, the following designations are adopted in Table 2: Kq(Uajr) and
Koa(Une + Uag) are the «gas flow — temperature» transmission ratios, that are functions
of the flow rates; Tong, Toac and Tajr are the «gas flow — temperature» and «air —
temperature» time constants; Kpp and Tpp are the «gas flow — boiler drum steam pres-
sure» transmission ratio and time constant; Kps, T1ps and Tops are the «gas flow —
steam pressure at the boiler outlet» transmission ratio and time constants; Ksg1, Tsg1,
T1rs and Tofs are the «natural gas flow — boiler steam flow» transmission ratios and
time constants; Ksg2 and Tsg2 are the «artificial gas flow — boiler steam flow» trans-
mission ratio and time constant; Ksga and Tsga are the «air flow — boiler steam flow

rate» transmission ratio and time constant; Kegy (Qf U air) and Tsgp (Ql .U air) are
the «natural gas flow — flue gas flow» transmission ratio and time constant, that are
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functions of natural gas calorific value and air flow rate; KSGA(Q,b,UAir) and

TSGA(QVI\'/ ,Ujr) are the «natural gas flow — flue gas flow» transmission ratio and
time constant, that are functions of artificial gas calorific value and air flow rate;
Ksg Ung»Uag: Qimix) and Tsg Ung.Uag, Qlimix) are the «air flow rate — flue

gas flow» transmission ratio and time constant, that are function of gases flow rates and
mixture gas calorific value.

Table 2
Ung Uac Uair
Ko (U ai Ko (U A Ko, (Ung +U
TSG W(S): Q( A|r) W(S): Q( Alr) W(S): Qa( NG AG)
TQNGs+1 TQAGs+1 TQAirs+1
K K K
Pout W (s)=—FD_ W (s)=—FD W (s)=—FD_
Tpps+1 Tpps+1 Tpps+1
Kpse ™ Kpse™ ™ Kpse ™
P W= e T e e
TspsS” +TipsS +1 TspgS” +Typgs+1 TspsS” +TipsS+1
TegoS+K _
TsoS+Ksar  ws | W(s)=—5822 3562 ¢ Tscas+Ksea -
Moy W) =5 ——2—e ™ © Tiess? +Tpss +1 W= et
TopsS™ +Tipgs+1 TopsS™ +Tipgs+1
L L L
Msg [W(S)= Kson (Qw .U air) W(s) = Ksea(Qw Y air) W(s)= Kse Ung:Yac: Qimix)
Toon (Q U ir)s +1 Tsoa(Q U air)s +1 Tso (Une U ac: Qimix)S +1

The dependence of the combustion temperature (flue gases) Tsg on flow rates is
extreme and has a maximum value when the ratio of fuel and airflow rates is close to
stoichiometric, calculated by the expressions (20)—(25). The dependence of flue gas
flow rate Msg on fuel and airflow rates is also nonlinear and is calculated using equa-
tions (6) and (7). Moreover, the linear part of the boiler model is calculated according to
the relationships given in [21].

The transfer functions indicated in the table correspond to the general structure of
the boiler model shown in Fig. 1. They are obtained in the identification process of the
control plant and are used for adjusting the parameters of the controllers for the corre-
sponding ACSs. In turn, the controllers for all ACS coordinates have the proportional-
integral control law with automatic adjustment of the coefficients. This adjustment is
carried out during the system’s operation using devices 20, 25 and 49 (Fig. 2).

In the process of simulating the described ACS, a certain contradiction was re-
vealed. When the boiler load decreases, the heat load controller reduces the fuel con-
sumption which leads to a reduction of the flue gas flow. At the same time, the gas calo-
rific value controller generates a control action to increase the consumption of non-
certified gas. However, an increase in the consumption of non-certified gas leads to an
increase in the calorific value of the mixture. Thus there is a so-called «race of control-
lers», as a result of which undesirable fluctuations in technological parameters occur in
the system. To eliminate this phenomenon, it is proposed to introduce an interconnec-
tion compensator into the system which is a proportional link.

The initial data for the ACS simulation are the boiler load setpoint Qg and the flue gas

flow setpoint Mg which are calculated based on the system of equations (23) and (24).
As the coefficients of these equations, the calorific values of the mixture components
Q‘,{VNG , QKVAG , and the specific flue gas flow rates Vsgng, Vscac are used. The output
values are the target flow rates for certified and non-certified gases. In matrix form,
these equations take the form (27)
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When solving equation (27), it is possible to obtain negative values of flow rates,
which is physically impossible. In this case, the corresponding controller is given a ban
on the development of the control action. That is, the corresponding gas flow is re-

duced to zero and the load of the boiler
: Kosd cf boter is ensured by the consumption of only
one of the gases. The flue gas flow, in
this case, is not regulated.

The simulation results in the form
of transients graphs of the boiler’s
ACS when operating at a power different
P from the nominal one are shown in Fig. 3—
e 5. In turn, in Fig. 4, a and Fig. 5, a —
PRS0 s without a flue gas flow regulating, in

Fig. 4, b and Fig. 5, b — with a flue gas
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Fig. 5

The analysis of the computational experiment results shows that the control system
ensures that the boiler load follows the given schedule with enough high accuracy.
In this case, there are no differences between the conventional and the proposed
ACS (Fig. 3).

The certified fuel consumption controller was set to the aperiodic character of tran-
sients for maintaining the set power. At the same time, some damped fluctuations in
fuel consumption were observed (Fig. 4, a).
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After including a flue gas flow controller into the circuit and introducing a cross-
coupling between the controllers, it was possible to achieve an aperiodic change in the
flow rates of natural and artificial gases (Fig. 4, b).

Following the change in fuel consumption, the flow rates of air and flue gases
change, as shown in Fig. 5. Their fluctuations are observed when only natural gas is
burned. When the flue gas flow controller is turned on, there are practically no fluctua-
tions in air and flue gas flow rates (Fig. 5, b).

Thus, the obtained results of the computational experiment in the form of presented
transients (Fig. 3-5) show that the proposed by the authors approach allows the imple-
mentation of automatic control of the boiler’s heat output with sufficiently high accura-
cy and fuel economy when compensating the load disturbances by regulating the com-
position of the combusted hydrocarbon fuel mixture. This fully confirms the high effi-
ciency of the developed approach, as well as the expediency of its application for
boilers of various types and capacities when operating at a power different from the
nominal one.

To further improve the accuracy and other quality indicators for the main con-
trolled coordinates of the boiler’s ACS, it is quite promising to use the control principles
based on artificial intelligence [25]. In this case, fuzzy, neural network and neuro-fuzzy
controllers can be applied quite successfully to control the certified and non-certified
gases consumptions, as well as the calorific value [26, 27]. Moreover, bioinspired evo-
lutionary and multi-agent methods can be used to adjust and optimize these control de-
vices [28, 29].

Conclusion

The development and research of an advanced approach to automatic control of the
heat output of the boiler when compensating the load disturbances by regulating the
composition of the combusted hydrocarbon fuel mixture are presented in this paper.

The developed dynamic mathematical model of the boiler, taking into account the
processes of heat transfer in the convective heating surfaces of the boiler, makes it pos-
sible to stabilize the flue gas flow in the flow path with time-varying calorific value of
the combusted gas. This is achieved due to the convergence of the iterative process in
determining the energy balance between the current composition of the combusted hy-
drocarbon gas and ensuring the specified parameters of the coolant at a constant flue gas
flow. The current value of the flue gas flow corresponds to its flow during the combus-
tion of certified hydrocarbon fuel at the nominal load of the boiler.

The development of an automatic control approach became possible due to the in-
troduction in the ACS of the possibility of creating the conditions for the formation and
determination of the current calorific value of the gases mixture, the calorific value of
which corresponds to the current heat load of the boiler, determining the flue gas flow
by measuring its pressure drop on the heat exchange surface and determining the tem-
perature of flue gas formation in the boiler. The proposed approach of boiler load con-
trol at any level of heat output will provide a constant nominal flue gas flow regardless
of the current power level. The fuel composition control process consists of mixing cer-
tified and non-certified hydrocarbon gases, which ensures maximum efficiency and
compliance with environmental emission standards.

The computational experiment showed that the developed ACS according to the
proposed approach gives the opportunity to perform fully and efficiently the assigned
task. Namely, it keeps the flue flow rate constant when the boiler load changes over a
wide range from 100 % to 40 %. Also, flue gas flow and boiler heat output remains un-
changed when the calorific value of non-certified hydrocarbon gas changes. Moreover,
in the course of the experiment, the effect of the «race of controllers» was revealed.
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In particular, the controllers of heat load and calorific value of the fuel influence each
other due to the dependence of the volume of flue gases on the composition of the fuel.
To eliminate this phenomenon, a compensator of interconnections was introduced into
the system which is a proportional link. The main function of the compensator is to set
the controllers to the appropriate flow rates of certified and non-certified gases.

The possibility of operation of the proposed ACS is shown in the example of load
jump compensation. Natural gas was used as the certified gas, and blast furnace gas as
the non-certified gas, with the current boiler capacity of 24,69 MW, which corresponds
to 75 % of the nominal capacity. Regulation of calorific value by such ACS formed
a mixture of gases, which ensured the necessary value of current boiler power when
compensating for a loaded jump in the range from — 20 % to + 10 % of current power.
In addition, such an ACS allows compensating for a jump in the calorific value of un-
certified gas, which is shown by the example of compensating the change in the calorif-
ic value from 20,63 MJ/m? (biogas) to 4,11 MJ/m® (blast gas) in a mixture with certified
(natural) gas with a calorific value of 37,56 MJ/m3. This ensured the redistribution of
uncertified gas consumption at an unchanged constant current boiler power of
24,69 MW and 18,11 MW, which corresponds to 75 % and 55 % of the nominal power,
respectively.
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10.

11.

12.

MPOEKTYBaHHS cucTeMu aBToMaTndHoro kepyBaHHs (CAK) koTioM 3 MOX-
JIMBICTIO CTBOPEHHS YMOB I (JOPMYBAaHHS Ta BU3HAYECHHS ITOTOYHOI TeIl-
JIOTBOPHOI 3[IaTHOCTI CyMillli ra3iB, sKa BiJNIOBiIa€ MOTOYHOMY TEILIOBOMY
HaBaHTAKEHHIO KOTJIA, a TAKOXX BU3HAUCHHS BUTPATH 1 TEMIEPATypu IUMO-
BHX rasiB y KoTJi. Peanizaliist po3po0sIeHOro miaxony 10 KepyBaHHS HaBaH-
TaXEHHAM KOTJIa J03BOJIsE 3a0e3ledyBaTH IOCTIHHY HOMIHAIBHY BHTPATY
JMMOBUX Ia3iB Npu OyAb-IKOMY PiBHI TeIIOBOi NOTYXxHOCTIi. IIpouec KoHT-
POIIO CKJIany IajKBa HOJATaE y 3MillyBaHHI cepTH(]ikoBaHUX 1 HecepTHdi-
KOBAaHUX BYIJIEBOJHEBUX I'a3iB, 110 3a0e3leuye MaKCUMalbHY €(heKTUBHICTh
1 BIIMOBIHICTH €KOJIOTIYHUM HOpMaM BHUKUAIB. JlociikeHHs eeKTHBHOC-
Ti 3aIpONIOHOBAHOrO MiAXoAy IpoBeneHO Ipu po3pobui CAK rtemnosoro
HNOTyXHicTI0 kKoTia I'M-50 Ta npoBelieHHI 00UUCIIIOBAIBHOIO EKCIIEPUMEH-
Ty poOOTH Ha HNOTY)KHOCTI, BiIMiHHi} Bif HOMiHanbHOI. OTpUMaHi pe3yib-
TaTH TOBHICTIO MIATBEP/PKYIOTh BHCOKY €(DEKTHBHICTH pO3pOOIEHOTrO Mij-
X0y, @ TAKOXK OLIBHICTh HOTO 3aCTOCYBAHHS Ul KOTJIIB PI3HOTO THITY Ta
MOTY>KHOCTI IpH poOOTI Ha MOTY>KHOCTI, BIIMIHHIN BiJi HOMiHAJILHOI.

Kuio4oBi cjoBa: koren, ciucTeMa aBTOMAaTHYHOTO KEPYBaHHs, LITYYHI ro-
PprOdi rasu, TEIUIOTa 3TOPSHHS r'a3y, BATpaTa JMMOBHX I'a3iB.
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