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THE PRINCIPLES OF SYNTHESIZING THE COORDINATING
AUTOMATIC CONTROL SYSTEMS

A.A. GURSKIY, A.V. DENISENKO, S.M. DUBNA

Abstract. The problem linked to the model development of the coordinating
automatic control system has been solved in this scientific work. Such a task is
relevant, as it is linked to increase the operational efficiency of the technological
object due to the quality improvement of ratio control. As an object the steam boiler
has been considered, in which it is necessary to maintain the appropriate air-fuel
ratio. The article describes the stages of the model development for the coordinating
automatic control system ensuring the maintenance of a given ratio between
controlled variables in transient modes. The support of the set ratio is ensured by the
implementation of temporal subordination for control processes. Based on the
analysis of modeling results, we have made the conclusion about the expediency of
using the coordinating system of automatic control. Thus, the method of stepwise
synthesis for coordinating control systems was further developed.

Keywords: coordinating automatic control system, ratio control, steam boiler,
stepwise synthesis for the multi-level systems.

INTRODUCTION

Temporal subordination of control processes and coordination of transient is an
important factor in order to increase the operational efficiency of some
technological objects. In this case, increasing the operating efficiency of some
objects is possible by using automatic coordinating control systems [1].

This class of automatic coordinating control systems has a certain feature of
synthesis regarding the motions separation mode. At the same time in the
systems, it must be provided the subordination of control processes according to
temporal priority conditions.

The software development for automated synthesis of coordinating control
systems linked with modern means of automation allows to realize the practical
application of multi-level control systems in order to improve the operating
efficiency of certain objects [2]. In a particular case, we have considered in this
work a steam boiler (the DKVR series) for which it is advisable to synthesize the
coordinating automatic control system. Such a coordinating system has been
developed to improve the quality in control of the air-fuel ratio for efficient
combustion of fuel.
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PROBLEM STATEMENT

The automation of tuning up process for the multi-level automatic control systems
on the temporal subordination of regulation processes is the important task due to
the lack of sufficiently simple methods for development systems of the
appropriate class [1, 3].

Analyzing the well-known works [1, 4], we can conclude that the
calculations are made not based on the appropriate control qualities, but on the
transformation of the original standard control algorithm while synthesizing
automatic coordinating control systems. Thus, the automated implementation for
the tuning up process of coordinating automatic control systems for given control
qualities is a relevant task. Accordingly, in order to solve this problem, it has been
considered the synthesis of a model for the steam boiler control system for which
it is important to improve the quality of regulation for the gas-air ratio in
comparison with a typical traditional control system. In this case, the value of the
integral indicator for the quality of work (the integral performance indicator) J for
the coordinating system ought to be significantly less than the value of the

1+

+|¢(t)/¢max|)dt, o is coefficient indicating the temporal coordination of the

integral indicator J of the typical system. Where J = J.(a -De(t)/ €,
0

control processes; ¢(¢) is deviations from the ratio of the values of regulated
variables; ¢ is maximum deviations from the ratio of the values of regulated

variables; e(?) is the deviation of some variable in time from the given value.

Purpose of work is to increase the operational efficiency of the
technological objects due to automating the synthesis process of multi-level
systems which ensure the temporal subordination of control processes.

To achieve this purpose, it was necessary to conduct a series of experiments
linked to the synthesis of multi-level automatic control systems. Such systems
ensure coordinated change in the values of controlled variables in transient
modes, in the particular case coordinated change of gas consumption and air
consumption to the combustion chamber of the steam boiler.

REVIEW OF THE LITERATURE

Automation of the tuning processes for the systems of automatic control and
coordination was presented in the work [2]. The refrigeration turbocompressor
unit was considered as the control object. For the refrigeration turbocompressor
unit it was necessary to change in a coordinated manner the diffuser blades pitch
angle and the rotation speed of the turbocompressor shaft depending on cooling
water consumption in the condenser.

This paper is considered a steam boiler in which it is necessary to coordinate
the change in air consumption relative to the change in gas consumption in front
of the combustion chamber during the transients.

There are various typical ratio control systems between fuel consumption
and air consumption having both advantages and disadvantages.

The disadvantages of such methods for the regulating of gas-air ratio are that
in order to set a given ratio between the gas and air consumption we have only
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impact on the position of air consumption control element [5, 6]. The frequency
controller can also be used to change the air supply fan performance into the
burner.

The relevant systems use the most common air-fuel ratio control scheme in
boiler units [6—8]. According to this scheme the fuel consumption is determined
depending on the thermal load (steam consumption requirement) and the air
consumption is regulated to provide the appropriate air-fuel ratio.

To improve the quality of regulation and liquidate the deviation from the set
ratio we need to use not only one control action, as implemented in the standard
control schemes. In this case it is necessary to implement an automatic system of
coordinating control.

For example, a well-known scheme of the coordinating control system is
presented in the scientific work by L.M. Boychuk [9]. This work shows the need
to transform typical control schemes during the regulation of ratios and the need
to decompose systems at the level when tuning up on the subordination of control
processes. The disadvantage is that the coordinating system was not considered
for the regulation of ratio between gas consumption and air consumption in the
boiler unit. Also, in scientific work by L.M. Boychuk [9] it has not been
considered in order to improve the ratio control quality due to simultaneous
additional coordinating links between control actions with automatic optimization
of the operating modes of objects.

Thus, we have developed in this work a model of the control system for the
steam boiler, which has the appropriate coordinating links between the control
loops, taking into account the correction of the ratio and optimization of the
operating mode of the boiler unit.

MAIN PART

It is known that in fairly frequent cases we strive for autonomy of control loops
through dynamic decoupling of control channels. However, independence (i.e.,
the dynamic decoupling) of control channels from each other may be
unnecessary, in particular when ensuring coordination of controlled variables
during transients. The term “coordination” is found not only in the field of
automatic control and in the field of control the term “coordination” is ambiguous
in turn. But in this case coordination is a type of control, along with stabilization
and tracking which is associated with the coordination of transients. We are
talking exclusively about the coordinating automatic control systems.

The example of various transients is shown in Fig. 1 [1]. Such processes
presented in Fig. 1, b are difficult to receive in the class of tracking automatic
control systems or program system. It is obvious that the transient processes
presented in Fig. 1, & can occur with a coordinating automatic control system.
Such transients in the system can occur if there is a subordination of control
processes or a motions separation mode. The different motion trajectory of
systems in the space of controlled variables X; and X> is shown in Fig. 1, c. In the
motions separation mode at first from the initial point X, there is a mode of fast
motions to the manifold m; and then in a mode of slow motions to the end point
X In this case the manifold m; is determined by the ratio between the variables
X ] and Xz.
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Fig. 1. Examples of transients in a typical automatic control system and in the coordi-
nating automatic control system

It is shown in Fig. 2 the classic (typical) diagram of an automatic control
system in which is implemented maintenance the ratio between the controlled
variables X; and X>. But the coordinated change of controlled variables X; and X
is impossible to carry out in the dynamically unconnected system. In order to
implement the subordination of control processes and ensure the motions
separation mode we need availability cross-links between the control loops shown

by the dotted lines in Fig. 2.
o Plant/ Eﬁ)

" process 1
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Fig. 2. Structural diagram of the typical control system and geometric formalization of the
control task

In such a system we can possess two or more given ratios represented by
equations of the form: X, =k-X,+b, where b is a constant. Accordingly,

deviations from the ratio is ¢ =k- X, — X, +b or in vector formis ¢=A" - X +b,

where A" is the matrix of ratio coefficients. As shown in Fig. 2, in the space of
variables X; and X the ratios are presented in the form of straight lines possessing
one common intersection point M. In such a system (in a system with cross-links)
we can distinguish two subsystems. One system is named varying and the other
system is stabilizing. One system is linked to elimination of deviations ¢; from
the ratio, the other is connected to deviation ¢,. Herewith the control vector U, of
the varying system is directed towards Manifold One m; and the vector U, of the
stabilizing subsystem is directed towards Manifold Two m., of regulated ratios.
Then the composition of these two subsystems and the addition of these two
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vectors lead to the emergence vector U directed to the point for intersection M of
the lines. When adding two vectors U, + U, we cannot to obtain the subordination
of control processes, therefore we need to add coefficient @ with this operation.
So, in a system configured for the motions separation mode we can show
U=Up+a-Ug, where a is the coefficient which the temporal subordination of

control processes and respectively the motions separation mode.

As an example, we have considered the classic scheme of the automatic air-
fuel ratio control system in the steam boiler while stabilizing the pressure of
steam in the boiler drum (shown in Fig. 3).

The parameters of the steam boiler control channel are known. The control
channel “control action u;, by gas consumption — steam pressure Prn” is described

ke
(T-s+D)-(T,-s+1)
where 7 is time delay; T/, T2 are the time constants for the boiler. The dynamic
properties of the boiler we can also describe by transfer function of the 1st order

by the 2nd order transfer function in this form W, (s)=

aperiodic link with a delay Wup(s)sz, where, T = 200-300 sec.,

s+1
©/T = 0.025 [10-12]. Accordingly, the inertia of the air consumption control
channel is significantly less than the inertia of the steam pressure control channel. The
air consumption control channel is “the control action u,y on the air consumption
linked with a change in the angle of the guide blades for the blower fan — the air
consumption Gy before the economizer and the boiler furnace”. This channel is
described by the nonlinear static characteristic of a blowing centrifugal fan.

The tuning parameters for the boiler PID controller we can determine
based on the parameters of the control channels and optimize by the appropriate
criterion for the quality of system operation.

pSteam
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L
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Fig. 3. Structural and technological diagram of the steam boiler
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Thus, in the MATLAB\Simulink 5.2 software environment we have
optimized the steam pressure PID controller parameters, then we have carried out
optimization of the parameters for the ratio controller according to such integral

criterion of system quality: J,, = Iow|e(t)|dt , where e(?) is the difference

between the actual and set values of the controlled variable (Fig. 4).
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Fig. 4. The optimization results of parameters for the PID steam pressure controller in the
boiler drum (a) and the ratio controller (b)

In order to synthesize such coordinating automatic control system, we can
decompose the coordinating system into two systems. System one is the single-
level coordinating automatic control system presented in Fig. 5. System
Two is the stabilizing system and also the 2nd level of the coordinating system.
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Fig. 5. Block diagram of the model for a single-level coordinating automatic control
system presented by using MATLAB\Simulink
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As shown in Fig. 5, two PID controllers are used simultaneously to process
the deviation from the ratio of controlled variables. This is a distinctive feature of
systems for this class. It is obvious that if one of the controllers (PID2 or PID3) is
excluded from the system and one of the control actions is fixed at a certain value,
then the quality of the ratio control will noticeably deteriorate. In this case such
system will convert from a coordinating system into a tracking one or into a
regular stabilization one. But when two PID-controllers operate simultaneously
and the values of two controlled variables change towards decreasing of deviation
from the given ratio, then the quality of control ratio is noticeably higher.

The control law of a single-level coordinating system is as follows:

ﬁq:|:”q1:|:|:k1‘(1+(k11/p)+k12‘p:|.¢’ (1)

Up kz‘(1+(k21/p)+k22‘p

where ¢p=A"-X+b, A" = [-1 k], X = {xl} is a vector of controlled
X
variables, ki, k2, k12, ki1, k21, k22 are the tuning parameters of PID controllers.

The tuning parameters for the PID2 controller are determined as in the
previous case based on the parameters of the control channel u, — X3, and the
tuning parameters for the PID3 are determined based on the parameters of the
channel u; — Xo.

As a result of modeling for a single-level coordinating system we have
determined that depending on the initial conditions or under the various actions
“*u, ,**u, , deviations from the ratio are eliminated for 12—15 seconds and whilst

various steady-state values of the controlled variables are implemented. We can
see it in Fig. 6 showing the graphs of various transients by the deviation ¢ from

the ratio and by air consumption XG.

In order to ensure stabilization of the controlled variables at the specified
value, it is necessary to add to the system an extra stabilizing level, in which the
deviations from another specified ratio can be processed.
P ; ; . ;

400 -

200 H -

0

-200

i i I
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Fig. 6. Curves of transients by deviation from the specified ratio between the controlled
variables (@) and step responses curves of the controlled variable X3 ()
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The structural diagram of the stabilization system model is presented in Fig.
7. In the stabilizing system of this model we can see some additional connection
in addition to the PID controller. This connection sets the required value of the
controlled variable X; (air consumption), relative to the control action u; on the
controlled variable X> (gas consumption). Such additional cross-link with the
transmission coefficient (k, ) improves the quality of control by steam pressure in

the boiler drum (according to the variable X;).
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Fig. 7. Block diagram of the model for a single-level stabilizing control system presented
by using MATLAB\Simulink

The systems shown in Figs. 5 and 7 have the same control object (plant or
process) therefore we can combine them into one system. The structural diagram
for the model of such a combined system is presented in Fig. 8.

To synthesize such a system and to move from the coordinating level of the
system to the stabilizing level we need to select the leading control variable and,
respectively the slave control one. In this case, X> is as the leading control
variable and, respectively X3 is the slave control one. Thus, another control loop
appears in order to stabilize the variables at a set value. By Fig. 8, such a control
loop appears when the switch KL1 is closed. But with such a system the control
loop of steam pressure with the PID controller is the stabilizing subsystem, and
when the KLL1 contact is closed, we can see an additional internal control loop to
stabilize the variable X>.

The control law of this coordinating system is two-level and it can be
represented as follows:

k.(1+(k + k., -
S :{u1:|:ﬁq+ 5 ( (31/1’) 2 P) (X, - X,),
u, kul—uz'k3(1+(k31/p)+k32'p)

where u, is the control vector of the Ist level, according to expression (1), ks, ksi,

k3> are the tuning parameters of the 2nd level, where &3, k; k2 are the parameters
of the 1st control level, according to expression (1). They determine the time
subordination of the control processes and, respectively, the mode separation of
motions in the system.
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Fig. 8. Block diagram of the model for a two-level coordinated automatic control system
presented by using the MATLAB\Simulink environment

In such a system the tuning parameters of the PID and PID2 controllers
have already optimized at the previous stage during the synthesis of the classical
(typical) system. At the next stage the tuning parameters of the PID 3 controller
have optimized by the following integral criterion of quality for system operation:

Jy = I:(|¢(t)| +a -|e(t)|)dt, where o is the weighting factor.

The results of the optimization for the PID 3 controller parameters are
presented in Fig. 9. The presented transient process (Fig. 9) demonstrates how
significant the quality of the air-gas ratio control has improved when comparing
with the results presented in Fig. 4.

At the last stage the value of the coefficient £

ul-u2

of the cross-link between

the control actions u; and u» has optimized by the previous integral criterion,
which has provided an extra improvement in the quality of control.
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Fig. 9. The parameter optimizing results for the coordinating level of the system
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RESEARCH RESULTS

In this scientific article it has been carried out the modeling of various automatic
control systems in the MATLAB\Simulink 5.2 software environment. The
simulation results are presented in Fig. 10. It is evident from Fig. 10, b that in
terms of the quality of ratio ¢ regulation the typical automatic control system

(graph 1) functions significantly worse than the coordinating system (curves 2, 3),
which contains additional cross-links between the control loops. However, the
quality of steam pressure control is insignificantly worse while coordinating the
controlled variables, unlike the typical control system. It is noticeable by
comparing curves 1 and 3 in Fig. 10, a.

X1,
WPa 1.2
11

0.3

500k

-800

1000

1500

i i i i i i i i i
0 200 400 B0 BOD 1000 1200 1400 1600 1800 Time (s)
b.
Fig. 10. The transients in various control systems, 1 is dynamic characteristic in the
traditional control system; 2, 3 are dynamic characteristics in coordinating automatic
control systems

The motions separation mode is clearly seen when considering motion of the
system in space of the controlled variables X>, X; (gas-air) shown in Fig. 11, a, b.
The motion trajectory of the coordinating system is shown in Fig. 11, a. As shown
in Fig. 11, a as per the motions separation mode at first the mode of fast motions
comes from point A to point B located on the manifold m submitted by the dashed
line. Then in the m ode of slow motions along the manifold m of the controlled
ratio we can see the movement from point B to point C representing the final
steady state. Due to the disturbing effect in such system the movement occurs
from point C to point D along the manifold m. In Fig. 10 we have indicated points
C and D in the graphs of the transients appropriating to steady conditions.

The motions separation mode is absent in a typical system of the steam
boiler control. This is noticeable when considering the movement of the system in
the space of controlled variables X2, Xs. It is presented in Fig. 11, 5. As shown in
Fig. 11, b, any transients and, hence, any movement of the system is associated
with away from the manifold m (submitted by the dashed line) which represents
the set of optimal states for gas combustion in the boiler furnace.
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Fig. 11. Movement of the coordinating (@) and typical systems (b) in the space of
controlled variables

DISCUSSION

As a result of studies and based on simulation results, we have determined that
during the coordinating automatic control system the quality of regulation for the
gas-air ratio is significantly higher. But at the same time the coordinated change
of gas consumption relative to air consumption and vice versa has not worsened
significantly the regulation quality of steam pressure in the boiler drum with
appropriate cross-link. This cross-link exists with the transfer coefficient &,

between the control actions for gas and air consumption control. Thus, as per the
optimization results presented in Fig. 9, a, b we have the cross-link with the
coefficient & allowing reducing significantly the value of the appropriate

ul-u2
integral indicator for quality of system operation.

Ultimately, we have got the structural diagram of automatic control system
shown in Fig. 12 as per the diagram of a model for the coordinating system
presented by means of MATLAB\Simulink 5.2 (Fig. 8). In Fig. 12 we can see
such a system differing mainly from the typical control system of the steam boiler
by the presence of cross-links with links 3 and 4 and the peculiarity of tuning on
the temporal subordination of control processes appropriate the motions
separation mode. The diagram is also shown the automatic optimizer (AO)
correcting the gas-air ratio.

Hence, the coefficient of the gas-air ratio (determining the required air flow
depending on the G, gas consumption) can be correcting through the signal u,
which has come from the output of the automatic optimizer 8. The automatic
optimizer 8 forms the u, correction signal depending on the oxygen content v, in
the flue gases and in the indicator of gas (fuel) combustion efficiency. So
automatic optimizer 8 is contained in the optimization level of the system, PID
controller 2 and unit 3 are contained in the stabilization level, and PID 4 and 5
controllers are contained in the coordination level of the system.

Notably, as per the structural diagram presented in Fig. 12, the complete
composition of the control system must contain the underpressure Py control
loops in the boiler furnace and the control loops of water level in the boiler drum.
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Such control loops cause certain disturbances in the considered system for the air
and gas consumption in the boiler furnace taken into account during the synthesis
of system models.

2
PID P
Process
Vo
- 8
Ug
Y
Gg- Gvz 10
> ° Baais:
1 | & -l
AGv

Fig. 12. Block diagram of the coordinating automatic control system
CONCLUSIONS

This article focuses on the development of a stepwise synthesis for the multi-level
coordinating system providing the air-gas (air-fuel) ratio control in the steam
boiler. It has been considered this stepwise synthesis of the control system, which
is necessary for subsequent verification of the automation for tuning process of
the appropriate systems. So, the method of synthesizing the coordinating
automatic control systems has been further developed.

These conducted studies have confirmed the fundamental suitability of the
algorithms for step-by-step tuning of the coordinating systems on the motions
separation mode. The developed models allow approaching the definite solution
of a practical problem linked to the automated tuning of control systems based on
the up-to-date programs connected with the latest automation tools.

Thus, the further research should be directly related to the automation for
tuning process of the coordinating automatic control systems.
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MNPUHIUIIA CUHTE3Y KOOPIUHYBAJIBHUX CUCTEM ABTOMATHUYHOI' O
YIPABJIIHHSA / O.0. I'ypepkmii, A.B. [denncenko, C.M. JlyoHa

AHoTanif. BupimeHo 3aBAaHHs, OO0 TOB’s3aHE 3 PO3POOJICHHSM MOZETEH
KOOPAWHYBAJIBHUX CHUCTEM aBTOMATHYHOTO YIpaBmiHHS. lle 3aBIaHHS akTyanbHe,
OCKITBKM CIPSIMOBaHE HA IMiJBHUINECHHSA E()EeKTHBHOCTI (YHKI[IOHYBAaHHS TEXHO-
JIOTIYHUX 00’€KTIB 3aBASKH MOKPAIICHHIO SIKOCTI PErYIIOBAHHS CIIiBBiIXHOIICHHS
MiX peryIbOBaHUMH 3MIHHUMH. SIK MPUKIIAJ PO3MIISHYTO MApOBUH KOTEN, Y SKOMY
HEeoOXiJHO MiATPUMYBATH BiJIIOBIIHE CITiBBiAHOMEHHS ra3—ToBiTps. [Ipencrasieno
eTanmy po3poOJIEHHS MOZENi KOOPAMHYBAIBGHO! CHCTEMH AaBTOMAaTHYHOIO YIPaB-
JmiHHA, sfKa 3a0e3medye MiATPUMAHHS 3aJaHOTO CITBBIJHOIICHHS MDK PEryiabo-
BaHNMH 3MIHHHMH Yy TEpeXiJHUX pexuMmax. [liaTpuMaHHS 3a7aHOro CHiBBiI-
HOIICHHS 3a0e3MedyeThesl depe3 pealizalfiio  MiANOpSAAKOBAHOCTI  IPOLECIB
perymoBanHs. IIpoBemeHi EKCIIEpUMEHTH IOKa3aJd MHPUHIUIIOBY NPHUAATHICTH
BHU3HAYCHOTO ITOETAITHOTO AJTOPUTMY CHHTE3Y, SIKMH MOXHA IIOKJIACTH B OCHOBY
aBTOMATH3aIl] NPOIEeCy HaJAIITyBAaHHSA CHCTEM Ha IIiIOPSIKOBAHICTH IIPOLECIB
PpETYITIOBaHHSI.

KiouoBi c1oBa: koopIuHyBaIbHA CHCTEMa aBTOMaTHYHOTO YIPABIIIHHS, PETYIIIO-
BaHHS CIIiBBIJHOIICHHS, TAPOBUH KOTEJ, ITOSTAITHE HANAIITYBAaHHS OaraToOpiBHEBHX
CHCTEM YIIPaBITiHHSL.
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