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DEVELOPMENT OF A COORDINATED
SYSTEM FOR AUTOMATIC CONTROL
OF THE COMBUSTION PROCESS OF
A BOILER UNIT WITH CORRECTION
FOR OXYGEN CONTENT

The object of research is the automatic control system for the boiler-unit combustion process, which coordinates fuel and air supply,
stabilizes furnace draft, and provides slow correction of excess air based on the measured oxygen content in flue gases. The system coordinates
the supply of fuel and air, applying a gradual correction of excess air based on the measured oxygen content in the flue gases. The main
problem is to ensure coordinated control of the fuel, air and draft channels under the conditions of plant inertia, transport delays, actuator
limitations, changes in fuel properties and load effects. To solve this problem, a control structure is proposed with a division into fast and
slow levels, coordinated with each other. In this structure, the fast control level generates a setpoint air flow rate using the fuel flow rate
signal. The slower control level applies a limited correction of the fuel-air ratio coefficient in accordance with the deviation of the oxygen
concentration from its setpoint. The proposed control structure was tested using simulation in MATLAB/Simulink (The MathWorks,
Inc., USA). The obtained transient characteristics demonstrate the system’s response to a change in the set value of the thermal load. The
control signal of the fuel channel remained within the permissible range, which confirms the correct operation of the constraints and the
absence of accumulation of the integral component beyond the physically permissible limits. The system shows effective compensation of
load disturbances and restoration of the required oxygen level without persistent fluctuations. The obtained results demonstrate a clear
separation between fast flow coordination and slow oxygen-based correction. Thanks to this separation, the gas analyzer channel does
not degrade the dynamic characteristics of the faster control loops. The research results can be used for modernization and tuning of
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1. Introduction

Automation of technological processes in thermal power engineer-
ing is one of the main ways to improve the reliability, eficiency, and envi-
ronmental safety of boiler units. Boiler control engineering is examined
in [1] from the perspective of practical implementation. The source gives
examples of controller configuration and tuning, valve sizing, and trans-
mitter specification, which makes it useful for supporting the applied
nature of boiler ACS development. However, the available description
does not make it possible to treat this source as direct evidence for the in-
teraction between fast fuel-air coordination and slow oxygen correction.
For this reason, that issue requires separate simulation-based analysis.

In both classical and modern literature, a boiler unit is described
as a complex multivariable control object. It involves the simultaneous
conversion of the chemical energy of fuel into heat, heat transfer from
combustion products to the working fluid, and mass transfer in the gas
path and steam-water circuit. These processes develop at different rates,
include considerable delays and inertia, and are strongly nonlinear.
Their behavior depends on boiler load, fuel composition, excess-air
coefficient, and the condition of the heating surfaces [1, 2].

In general, stable boiler operation depends on three closely con-
nected control tasks. The first task is regulating the thermal load, usually

through steam pressure or another heat-balance indicator. The second
task is controlling the fuel-air ratio to ensure efficient and complete
combustion. The third task is maintaining draft, or negative pressure,
in the furnace and flue-gas path. These loops inevitably influence one
another through the plant. A change in fuel feed affects not only heat
release, but also air demand, flue-gas composition, and gas-exchange
conditions. Similarly, a change in airflow influences furnace pressure
and heat transfer, while a change in draft alters the flow of combustion
products and therefore affects combustion itself [1, 3].

In industrial boiler systems, combustion ACS is usually designed
as a coordinated group of control loops rather than as a single uni-
versal controller. Traditional control schemes typically use a boiler
master, or load controller, based on steam pressure or another integral
heat-balance variable. This controller generates a fuel-demand signal,
which is then implemented through a subordinate fuel-flow loop. The
required airflow is formed from the fuel signal by means of a ratio sta-
tion, or a ratio/bias module, because this approach helps maintain safe
fuel-air mixing while preserving acceptable dynamic response during
rapid load changes. At the same time, a draft-control loop regulates
the induced-draft fan or damper position to keep furnace pressure
within safe limits and stabilize gas-path flow conditions. This multi-
loop structure is not just a standard design choice. It mirrors the real
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physical behavior of boiler dynamics, where the slow thermal inertia
of the steam-water circuit operates alongside faster acrodynamic, fuel,
and air-actuator responses, as well as transport delays in the gas path
and measurement channels [1-3].

Automation of the DKVr-10-13 (Monastyryshche Boiler Equip-
ment Plant "Energometmash’, Ukraine) boiler plant for boiler rooms
of food industry enterprises is analyzed in [4]. The authors emphasize
the importance of improving automatic steam-production control in
order to increase energy efficiency and reduce energy consumption.
However, this work is focused on boiler automation for a specific indus-
trial application and does not fully address the coordinated control of
fuel supply, air supply, oxygen correction, and furnace draft in a single
combustion-process ACS.

In the paper [5], a combustion-control approach is proposed that
combines parallel air-fuel control with cross-limiting control. The re-
search shows that such a combination can improve air-fuel ratio control
and reduce problems typical of conventional systems during sudden
load changes. However, the work does not consider slow oxygen-based
correction as a separate supervisory layer and does not analyze its
interaction with the faster air-flow coordination loop.

Recent researches have shown an increasing interest in developing
coordination constraints using modern control methods. For example,
additional air-fuel ratio control based on dynamic matrix control has
been proposed [6]. This approach has led to improved emission-related
performance while maintaining the traditional safety coordination used
in industrial systems. In this method, the base ratio and cross-constraint
logic are treated as hard constraints, while the predictive control layer
provides small corrective changes to improve steady-state operation
without disrupting faster control cycles. This approach is consistent
with the principle underlying the robust design of combustion ACS.
These systems should maintain a robust basic structure built around
fuel and air control cycles and a constant vacuum level in the furnace.
Optimization and control functions should be introduced only as an
add-on, and not replace the entire system with a single, highly model-
dependent controller [1, 3].

In [7], the authors investigate the energy savings in an oxygen-con-
trolled boiler room equipped with a variable-speed fan drive. However,
the research primarily focuses on the energy impact of oxygen control
and fan speed control, while the dynamic structure of the combustion
ACS and its response to load changes are not the main areas of analysis.

One of the most common control mechanisms is oxygen control, or
O, control, where the quality of the combustion process is determined
based on the measured oxygen content in the flue gases. Its main advan-
tage is that oxygen serves as a reliable indicator of excess air. It can also
indirectly capture changes in fuel composition, air leakage, burner wear,
and gas path conditions [1, 2, 7]. However, O, control should be imple-
mented with caution. Gas analyzers often introduce significant delays
and inertia, and if the control loop is set too aggressively, these delays
can weaken the stability of the fuel-air ratio control. Field studies show
that properly designed oxygen control, especially in combination with
improved airflow control, can provide measurable energy savings and
increase the overall efficiency of the boiler plant. Maintaining stability
across operating modes is another important challenge. Boiler subsys-
tems can experience changes in gain and time constants depending on
changes in load and operating conditions. As a result, fixed controller
settings can become less effective and, in some cases, even approach
unstable behavior when operating modes change [4, 8].

As a practical way to maintain acceptable control quality under
such fluctuations, parametric adaptation of controllers has been pro-
posed [9]. It is achieved by adjusting the controller parameters accord-
ing to the observed operating conditions and plant dynamics. The
authors show that the dynamic characteristics of boiler circuits vary
depending on the load of the power unit, and that controller adapta-
tion can improve control efficiency. However, their research focuses

on the steam-water path and temperature control of boiler units with
supercritical parameters.

Analysis of typical combustion control system schemes described
in the literature shows that the most common industrial solution is
a combined control structure. Therefore, a coordinated combustion
control system that includes fuel-air ratio control, oxygen correction
and draft stabilization requires a separate research. In this scheme, the
ratio control station provides the main coordination between the fuel
and air flows. More accurate control of excess air is achieved by cor-
rection based on the measured oxygen content in the flue gases. The
problems considered confirm the feasibility of using coordinated two-
time architectures. A fast control loop for safety and transient response,
and a slower correction loop for efficiency and stability under uncer-
tainty. Additionally, the rarefaction in the furnace is controlled by a draft
loop. To improve transient behavior, a direct or dynamic coupling be-
tween the air and draft control loops can also be introduced [1, 3, 4, 8].

Several important problems still remain in modern automatic
combustion control systems for boilers. One of the main problems
is the uncertainty and variability of fuel properties and combustion
conditions, which makes it difficult to maintain efficiency indicators
under load changes [4]. Another important factor is the presence of
strong cross-coupling between the air and draft channels. During tran-
sient operating conditions, these interactions can lead to air-fuel ratios
exceeding safe limits. For this reason, the literature supports the use of
cross-constraint-based consistent loop control [5], as well as methods
for representing these constraints in optimal or predictive control for-
mulations [6].

Overall, the reviewed sources confirm that boiler combustion con-
trol is practically important and technically complex. Existing research
covers classical boiler control structures, air-fuel ratio coordination,
cross-limiting methods, oxygen control efficiency, predictive supple-
mentary control, and PI-controller adaptation. However, the litera-
ture does not fully address the development and formal description of
a coordinated combustion ACS that combines fast fuel-air coordina-
tion, slow oxygen correction, draft stabilization, and simulation-based
transient behavior assessment.

The object of research is the automatic control system for the boiler-
unit combustion process, which coordinates fuel and air supply, stabi-
lizes furnace draft, and provides slow correction of excess air based on
the measured oxygen content in flue gases.

The aim of research is to develop a coordinated automatic control
system for the boiler-unit combustion process that ensures thermal-load
stabilization, economically justified excess-air control, and draft stabi-
lization while accounting for cross-couplings and dynamic properties
of the controlled plant.

To achieve this aim, the following objectives were set:

1. To analyze the boiler-unit combustion process and determine
its main variables, disturbances, and cross-couplings.

2. To substantiate the structure of coordinated fuel-air control with
slow oxygen-based correction and furnace draft stabilization.

3. To develop a simulation model of the combustion-process ACS.

4. To evaluate the transient behavior of the proposed ACS under
load setpoint changes and disturbances.

2. Materials and Methods

The research was conducted using simulation modeling in
MATLAB/Simulink (The MathWorks, Inc., USA). During the research,
ablock diagram of the control object and the automatic control system
was developed.

The control object was represented using simplified dynamic ele-
ments that describe the basic behavior of the fuel and air paths. The
model also reflects how changes in the air-fuel ratio affect the oxygen
concentration in the flue gases. This level of detail is sufficient to study
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the interaction between control loops and assess the effectiveness of
coordination between control channels.

The automatic control system consists of fast and slow control
loops. The fast loop generates an air flow rate set point based on the
measured fuel flow rate. The slow loop corrects the air flow rate based
on the oxygen values in the flue gases.

The subordinate fuel- and air-flow loops were controlled using
PI controllers. The oxygen-correction loop was also Pl-based, but it
was intentionally tuned to operate much more slowly in order to avoid
destabilizing interaction with the faster coordination dynamics.

To ensure physically feasible control actions and stable recovery after
constraint activation, amplitude limiting and, where required, rate limit-
ing was applied to the supervisory correction signals. Anti-windup pro-
tection was also included for PI controllers operating under saturation.

The evaluation procedure involved simulating typical operating
scenarios, including load setpoint changes and disturbances. During
the simulations, the time responses of the main variables were recorded.
The transient behavior, coordination quality, and compliance with
constraints were then assessed under identical test conditions.

3. Results and Discussion

3.1. Analysis of the boiler-unit combustion process and deter-
mination of its main variables, disturbances, and cross-couplings

The controlled object is a drum-type boiler unit viewed through
the combustion process taking place in the furnace and the adjoining
sections of the flue-gas path. This is the area where heat is produced
and combustion products are carried toward the heating surfaces. The
boiler unit includes a furnace chamber fitted with burners or nozzle de-
vices, along with systems for fuel supply and air supply. The air-supply
system consists of forced-draft fans and air ducts, while the combustion-
product removal system includes gas ducts and induced-draft fans.
Heat-exchange surfaces are also part of the unit, allowing heat to be
transferred to the working fluid.

From the standpoint of automatic control theory, the boiler unit
can be regarded as a multivariable plant with distributed parameters.
Its main characteristic features are high thermal storage capacity, which
results in slow dynamic behavior; transport and transient delays in the
gas path and measurement channels, including the O,-measurement
channel; nonlinear steady-state characteristics under changing load
conditions; actuator limitations; and cross-couplings between indi-
vidual control subchannels.

Within the combustion process, the key manipulated variables (in-
puts) are defined as: fuel feed to the furnace, air flow supplied to the
furnace, and the intensity of combustion-products removal (action on
the induced-draft fan or damper).

The main controlled variables of the combustion ACS are steam
pressure, oxygen content in the flue gases, and furnace negative pres-
sure. Steam pressure is used as an integral parameter of the boiler ther-
mal balance. Oxygen content characterizes the excess-air level. Furnace
negative pressure reflects the consistency of the draft and forced-draft
operating modes.

Disturbances are divided into external and internal. External dis-
turbances include changes in consumer load (steam take-off ) and varia-
tions in air parameters. Internal disturbances include changes in fuel
quality, instability of fuel feeding, air in-leakage, and changes in the
draft/forced-draft operating mode. Variability of fuel composition and
its lower heating value is a determining factor that justifies correction
of the "fuel-air" ratio based on O,.

Control challenges are driven by the simultaneous action of two
groups of requirements: ensuring safe operating modes (flame stability,
prevention of hazardous mixtures, and compliance with constraints)
and ensuring efficiency (minimization of stack losses and losses due to
incomplete combustion).

Maintaining the specified "fuel-air” ratio is a necessary condition
for complete combustion; however, the optimal excess-air level changes
with load and fuel properties. Direct stabilization during transients is
complicated by the inertia of the gas path and measurement delays;
therefore, a combined approach is practically justified: fast coordination
of flow rates and slow trim adjustment under steady-state conditions.

The furnace negative-pressure loop must ensure draft constancy
when air and fuel flows change. Since a change in forced draft alters
the flue-gas flow rate, it is advisable to provide the option of a feedfor-
ward (dynamic) action from the air loop to the draft loop.

The obtained result indicates that the combustion process should
be treated as a multivariable object with interconnected fuel, air, and
draft channels. In contrast to simplified approaches that describe the
system as a set of independent local control loops, this representation
highlights the cross-couplings that occur during transient operation.
However, this result is limited by the fact that the object is described
using dominant dynamic relationships rather than a detailed spatial
model of the furnace. Further research should therefore focus on ex-
perimentally identifying these relationships under different boiler loads
and for various fuel types.

3.2. Substantiation of the structure of coordinated fuel-air control
with slow oxygen-based correction and furnace draft stabilization

The ACS synthesis is performed by constructing a coordinated
control structure for fuel and air flow rates with O, correction. The
starting point is the concept of decomposing the problem into two time
scales. The fast layer provides coordination of the air flow rate F, with
the current/set fuel feed Fy. The slow layer performs correction based
on the deviation of oxygen content O, in the flue gases (O3 ), which
compensates for uncertainties in fuel composition, air in-leakage, and
changes in mixing conditions.

Fig. 1 shows a generalized model of the closed-loop air-flow control
as part of the controller, actuator, and measurement channel.

fi fa

= W, (p) W.(p) W,y (p)

WFI'IEEIS( p)

Fig. 1. Generalized single-loop ACS diagram

The diagram represents a generalized closed-loop air-flow control
system for F, in operator form. The summing junction receives the
air-flow setpoint F, o, generated by the flow-coordination module, and
the feedback signal from the measurement channel. The additional
summing-junction inputs frand f;, are interpreted as equivalent distur-
bances that account for the influence of changes in fuel flow rate (the
"fuel-air" cross-coupling) and changes in thermal load/process con-
ditions (changes in acrodynamic resistance, air density, forced-draft
mode, etc.) on the controlled variable.

The error signal is processed by the controller W;(p), after which
the control action is applied to the actuator W,.(p) (a damper, a vari-
able-frequency fan drive, or another final control element). The plant
dynamics Wy, (p) describe the transformation of the control signal into
the air flow rate in the air duct/at the furnace inlet, taking into account
inertia and possible transport delay. The measurement block W,,,.5(p)
models the inertia and filtering of the flow sensor and transmitter, form-
ing the measured signal F, ;s in the feedback path. Thus, the loop
provides setpoint tracking for F, and suppression of equivalent distur-
bances due to negative feedback.

s
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Fig. 2 presents a functional diagram of fuel-air coordination with
slow O, correction. The diagram reflects the functional organization of
coordinated control in the "fuel-air" subsystem with correction based
on the oxygen content in the flue gases.

Fg
02
02 meas 02 trim
S Ff
Boiler Pt ness
Fa neas Controller

O< < @
Fig. 2. Structure of the fuel-air coordination system with O, correction

The fuel flow rate Fy(signal Fyy,eqs) is used as the leading variable
for generating the air-flow setpoint F, according to a coordination
law, which ensures rapid compliance with a safe "fuel-air" ratio during
load transients.

The air flow rate F, (signal F ,.¢45) in a fast subordinate loop imple-
mented by the air-path controller (block Controller), which drives the
forced-draft final control element (damper/fan drive).

The proposed scheme includes a slow oxygen correction loop to
increase efficiency and take into account changes in fuel composition
and air leakage. The oxygen content in the flue gases is measured by
the Oy yyeqs block and compared with a setpoint value. Based on the
deviation, the O; 445 block generates a setpoint correction. Since the
gas analyzer has a significant transport delay and inertia, the O, 3, loop
is configured as a slow control loop. Its corrective action is limited in
magnitude and, if necessary, in speed, so as not to reduce the stability
margin of the fast control loop.

The coordinated operation of these two loops performs two com-
plementary functions. First, it provides a fast response to changes in
fuel feed by forming the air-flow setpoint F s, in proportion to the fuel
flow Fy Second, it stabilizes the excess-air indicator under quasi-steady
operating conditions by using the measured O, concentration to gradu-
ally adjust the ratio coefficient.

When a fast internal loop, such as an air flow loop, tracks a set-
point generated by an external coordination or correction mecha-
nism, the internal loop must be several times faster and sufficiently
aperiodic. Under these conditions, it can be considered as a quasi-
static element from the perspective of the external loop [10]. This
requirement is particularly important in combustion control, because
the oxygen-measurement channel usually adds extra phase lag due to
transport delay and analyzer inertia. If the oxygen feedback loop is
closed with a bandwidth similar to that of the air-flow loop, delayed
feedback is effectively introduced into the setpoint-generation path,
increasing the risk of oscillatory behavior [3, 9]. For this reason, the
O,-trim function in the proposed structure is deliberately imple-
mented as a slow supervisory correction with a limited influence on
the fast coordination dynamics.

The use of PI controllers in subordinate flow loops and in the
O,-correction loop is consistent with the widespread industrial ap-
plication of PID-family controllers in process control. Their use is also
supported by well-established tuning approaches for systems affected
by delay, actuator constraints, and external disturbances. In flow-control

loops, PI control is often sufficient because flow measurements are
generally less noisy than composition measurements. Moreover, the
dynamics of controlled flow channels can usually be approximated by
low-order inertial models, sometimes with an effective delay.

PI control can also be applied to the oxygen-correction loop, as
long as its bandwidth is kept low and its output is properly limited.
In practical boiler-control systems, constraints are an inherent part of
operation. Final control elements, including dampers, fan drives, and
valves, are limited in both amplitude and rate of movement. In coordi-
nated combustion-control schemes, additional selector logic, such as
cross-limiting, may also change the effective setpoints to preserve safe
operating conditions.

Integral tuning is an important factor that can degrade control per-
formance. When an actuator or selector element reaches saturation, the
controller integrator can continue to accumulate a control demand that
is physically unfeasible. Once the limit is removed, this accumulated
integral action can lead to overshoot, longer transients, and slower
recovery. For this reason, the controller implementation should include
tuning protection and explicit limits on the correction signals [9, 10].
The nominal ratio factor ky provides a direct relationship between air
demand and fuel consumption. The correction term A(p), generated
by the O, tuning loop, acts as a slow offset control. Its purpose is to
compensate for changes in fuel quality and air leakage.

Finally, since boiler characteristics change with operating condi-
tions, the proposed architecture is also suitable for gradual adaptation of
controller parameters across different load ranges. Parametric adapta-
tion methods for PI controllers in boiler units have been reported as an
effective way to maintain stable and acceptable dynamic behavior when
process gain and time constants vary with load or operating mode [11].
Within the present framework, such adaptation can be introduced
without redesigning the entire control structure. It may be applied to
the subordinate flow-control loops or to the steam-pressure loop, while
the overall coordination logic and the slow supervisory role of oxygen
correction remain unchanged.

The air-flow setpoint F, s,(p) is formed as a function of the cur-
rent (or commanded) fuel flow rate

E,(p)=k(p)F(p). (1)

The fuel-air ratio coeflicient k,(p) is defined as

k.(p)=k,+4k(p), )

where ko — the nominal value of the coeflicient; Ak(p) — the coeflicient
correction generated based on the oxygen meter (O, analyzer) signal.

The O i loop is intended to compensate for uncertainties associ-
ated with changes in fuel composition, air in-leakage, drift of the base
coeflicient kg, burner wear, and changes in mixing conditions. The
oxygen control error ¢o,(p) is defined as

¢, (P)=0.,()-0.(p). (3)

where Oy(p) - the specified value (setpoint) of the oxygen volumetric
fraction in the flue gases; O,(p) — the measured oxygen value at the
gas analyzer output, taking into account the inertia and delay of the
measurement channel.

The ratio-coefficient correction is generated according to a PI law
with small gains [9, 12]

T, p+1
ak(p) =K., S, (p). @

where Ky, — the loop gain (proportional component) of the O; 4, loop;
Tirim — the integration time constant in the O, 4, loop.
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Given the substantial delay and inertia of the gas analyzer, it is
advisable to apply preliminary filtering of the signal using a first-
order (inertial) element [10]

W, (p)=—

- , 5
Tip+1 o

where T~ the filter time constant.

For analysis and tuning of the subordinate air-flow loop F,, the gen-
eralized block diagram (Fig. 1) is used.

Then, the closed-loop transfer function for the setpoint channel is
given by the expression

(r)

(p)+1

W)W ()W,
D= (W (W

act meas

W,

o

(6)

The plant transfer function can be represented by a FOPDT model

W, (p)

=", 7
Tp+1€ @

Tuning is expedient to perform sequen-

The Controller subsystem implements the combustion-control
algorithms and generates the control actions uy(fuel path) and u, (air
path). The air-flow setpoint F, s, is formed based on the "fuel-air” ratio
and the oxygen correction O g

The BoilerPlant subsystem models the boiler unit dynamics as the
controlled plant for the combustion process. It accounts for the inertia
of the final control elements in the fuel and air paths. It also describes
the formation of the process outputs P; and O,. The model considers
the "fuel-air" cross-couplings between the main combustion-con-
trol channels. It also accounts for disturbances, including changes
in fuel quality f, and an external influence or draft disturbance f;.
In addition, the model includes load changes d; as a separate distur-
bance input.

The simulation model made it possible to test the proposed control
structure under the same operating conditions. Its main distinguish-
ing feature is that it includes actuator saturation, rate limits, oxygen-
channel inertia, and fuel-air cross-couplings. Compared with ideal-
ized simulation schemes, this model provides a closer representation
of practical ACS implementation conditions. However, its limitation
is that the model parameters were not identified using data from
a specific industrial boiler unit. Further research should therefore
focus on validating the model with experimental or operational data.

tially. First, sufficiently fast and aperiodic, or

non-oscillatory, setpoint tracking is ensured
in the subordinate air-flow loop F,. This is
achieved by selecting a target transient time
noticeably smaller than the characteristic
time of boiler thermal-state changes. The
target transient time is also smaller than the
effective time constant of the O, channel.
After that, O-trim is introduced as a slow
supervisory layer. Its dynamics are set
several times slower than the dynamics of
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lations caused by the gas analyzer delay.

The obtained result confirms that it is
feasible to separate fast fuel-air coordina-
tion from slower oxygen-based correction.
A distinctive feature of the proposed struc-
ture is that the oxygen channel is used only
as a bounded supervisory correction and
does not replace the faster air-flow control
loop. Compared with conventional ratio-
control schemes, the proposed structure
also compensates for gradual changes in
fuel quality and air-path conditions. How-

>
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Fig. 3. Overall simulation model of the combustion-process ACS in Simulink
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ever, the draft loop is considered only at
a functional level, which limits the com-
pleteness of the model. Further work should
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3.3. Development of a simulation

model of the combustion-process ACS
The ACS was simulated in the MAT-
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1
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LAB/Simulink environment. The overall
ACS diagram is shown in Fig. 3. The overall
simulation model is built as two intercon-
nected subsystems: the Controller subsys-
tem (Fig. 4), which contains the controllers,
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-
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and the BoilerPlant subsystem (Fig. 5), which
reproduces the dynamics of fuel and air sup-
ply as well as the effect of disturbances.

Fig. 4. Controller subsystem
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formed by the ratio loop and changes in a co-
ordinated manner with the fuel-feed mode,
while O5 4, performs only fine trimming.

255+ 1

The obtained dependencies demon-
strate tracking of the steam-pressure set-
point change P, with a finite overshoot

W_P

and subsequent settling of the steam pres-
sure P near the specified value. At the mo-
ment when the load disturbance dj is ap-
plied, a deviation of P; is observed, which

. is compensated by the controller action via
mix_02

a change in the control signal applied to the

3.5 fuel final control element g At the same

(D

02_base

02 time, uy does not exceed the range [0, 1],
which confirms the absence of incorrect

acceleration (windup) of the integral com-

ponent beyond physically feasible control.

A

155 +1

In contrast to simplified schemes,

k_f

num(s) 1 num(s)
den(s) 6s+1 e den(s)
u a F a
W _air_act W_air_obj W_meas

Fig. 5. BoilerPlant subsystem

3.4. Evaluation of the transient behavior of the proposed ACS
under load setpoint changes and disturbances

Two plots corresponding to the key ACS loops are presented be-
low: correction of the fuel-air ratio based on oxygen content (Fig. 6)
and steam-pressure control (Fig. 7).

According to the simulation results, the oxygen volumetric fraction in
the flue gases O, deviates from the oxygen setpoint O, y, after a change in
operating mode, but returns to the specified level without loss of stability
and without long-lasting oscillations. The correction signal AF, 4, has
alimited amplitude. It also varies slowly relative to the fast steam-pressure,
or load, loop. This behavior satisfies the requirements for gas-analyzer-
based correction. It also prevents the overall control dynamics from being
shifted toward the slower oxygen channel. The air-flow setpoint F, , is

w_o2

O, correction may be applied relatively fast
or without explicit consideration of ana-
lyzer delay. In this work, O,-trim is treated
as a slow supervisory loop. This loop oper-
ates on a separate time scale. Such separa-
tion reduces the risk of undesirable interac-
tion with the ratio, or coordination, loop.

In addition, unlike idealized models, the simulations explicitly
account for saturation and rate limiting of control actions, making
the results closer to typical industrial implementation conditions.

The transient responses demonstrate stable behavior of the proposed
ACS under both a setpoint change and a load disturbance. Steam pressure
reaches approximately 0.79 for a setpoint of 0.70, which corresponds to an
overshoot of about 13-14%. After the load disturbance of 0.1 is applied
at 160 s, the steam pressure returns close to 0.70 by around 220-230 s.
The oxygen content decreases to about 3.03 and then gradually returns
toward the setpoint level without persistent oscillations. However, these
results are limited by the fact that they were obtained through simulation.
Further research should therefore compare the proposed structure with
conventional control methods and validate the results on real equipment.

0z
F_a_sp

———dF_a_trim

02 sp

50 100

150 200 250

Time (seconds)

Fig. 6. Transient responses in the oxygen-correction loop
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Fig. 7. Transient responses in the steam-pressure (load) loop

The proposed structure can be used for modernization and tuning
of boiler combustion ACS in thermal power plants and boiler houses
where both transient safety and steady-state efhiciency are required.
Fuel-air coordination via a ratio station combined with slow O,-trim
is well suited for DCS/PLC implementation: the fast layer prevents
hazardous mixture deviations during load changes, while the slow trim
helps maintain a more appropriate excess-air level under changes in fuel
properties and air-path conditions. A further practical benefit is the
explicit treatment of actuator constraints, which facilitates transferring
tuning concepts from simulation to a real plant and reduces the risk of
incorrect behavior under saturation.

Wartime conditions in Ukraine affected the organization and exe-
cution of the research, primarily by limiting access to industrial facilities
and measurement infrastructure, complicating full-scale experimental
testing, and introducing disruptions in power supply and communi-
cations. Consequently, the work relied on simulation modeling and
analysis of typical operating scenarios, while incorporating realistic
actuator constraints and measurement delays.

3.5. Limitations and directions for further research

The conducted research has a number of limitations that deter-
mine the limits of application of the obtained results and show what
issues need to be resolved before the practical implementation of the
proposed system.

The first limitation is related to the fact that the boiler unit model
is built in a simplified form. It takes into account the main dynamic
properties of the fuel and air channels, the inertia of measurement,
the limitations of the actuators and the mutual influence of the fuel-
air channels. However, the model does not consider in detail the heat
transfer in the gas ducts, the change in aerodynamic resistance and
the spatial distribution of temperature and oxygen concentration.

Another limitation concerns the rarefaction circuit in the fur-
nace. In this work, it is considered at the functional level, as part of
the general structure of coordinated control. At the same time, the
dynamics of the gas path are not described in sufficient detail. In
the future, it is necessary to expand the model and investigate how
the change in air supply affects the rarefaction in the furnace during
transient regimes.

The next limitation is that the model parameters were not obtained
from the experimental data of a specific boiler unit. The results were ob-
tained by simulation modeling. Experimental tests were not conducted
due to limited access to industrial facilities, measuring infrastructure
and conditions for long-term tests on operating equipment. The pa-
rameters used allow to verify the operability of the proposed control
structure, but they cannot fully describe the behavior of a real object.

In conclusion, further development of the work should be directed
to the refinement of the mathematical model of the boiler unit, experi-
mental identification of parameters and more detailed modeling of the
traction path. Further work should extend the model toward a more de-
tailed representation of the draft/forced-draft operating mode, validate
block parameters using experimental data, and investigate the scheme
performance for different fuel types and load ranges.

4. Conclusions

1. The combustion process of the boiler unit was examined as
a multivariable control object involving fuel, air, draft, steam-pressure,
and oxygen-content channels. The main manipulated variables are
fuel flow, air flow, and induced-draft control action, while the primary
controlled variables are steam pressure, oxygen content, and furnace
negative pressure. The analysis showed that there are significant cross-
couplings between the fuel, air, and draft channels. This explains why
tuning each control loop independently is not sufficient, especially
during load transients.

2. Acoordinated control structure was justified, combining fast fuel-
air coordination with slower oxygen-based correction. The air-flow set-
point reached its maximum normalized value of 1.0 at approximately 50s.
After the transient period, it settled near 0.82-0.85 by about 120-150 s.
The oxygen-trim signal remained relatively small, ranging approxi-
mately from -0.03 to +0.04, which confirms that it performs a supervi-
sory function rather than acting as a direct fast-control signal. The key
result is the clear separation between fast flow coordination and slow
oxygen correction.

3. A simulation model of the automatic control system was de-
veloped in MATLAB/Simulink. The model includes the control-
ler, plant dynamics, actuator limits, oxygen-channel inertia, fuel-air
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cross-couplings, and a load disturbance. In the steam-pressure loop,
the fuel control signal reached its upper limit of 1.0 at around 52-58 .
It then decreased and stabilized near 0.77 by the end of the simulation.
This demonstrates that the model takes physically feasible control limits
into account.

4. The transient behavior of the system was evaluated under
a setpoint change and a load disturbance of 0.1 applied at 160 s. Steam
pressure reached a maximum value of about 0.79 with a setpoint
0f 0.70, corresponding to an overshoot of approximately 13-14% rela-
tive to the final setpoint. After the disturbance, steam pressure dropped
to around 0.68, but recovered to approximately 0.70 by 220-230 s.
Oxygen content decreased from 3.5 to about 3.03 near 85 s, then
rose to approximately 3.85 at around 165-170 s. By 250-260 s, it
approached the range of 3.55-3.60. The plotted responses show no
persistent oscillations. Therefore, the proposed automatic control
system maintained stability and restored the main controlled vari-
ables after disturbances.
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