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Hocmasnena sadaua pospobaenns memooy onmMuUMAILHO-
20 KepyeanHs podomoro HazHimauie NPupooHozo 2asy 3a Kpu-
mepiem, AKUll He MINLKU MIHIMI3YE sumpamy naiueéHozo 2a3y,
aze i 6paxo6ye NOMYNHCHICMb 6UKUOIE 0KCUOY A30MY 6 AMMOC-
Qepy. Ilpu ybomy eé3smi 00 yeazu mexuivni cmanu 2asonepe-
KauyeanvHux azpeamis, 00MeNCeHHsT HA MeXHON0iMHI napa-
Mempu ma eumoza 00 3abe3nevents NIAHO6020 NOKASHUKA HA
nepexauxy 2a3y zpynoro napaieavHo NPaulooUUx HazHimaie.

Texniunuil cman xK034cH020 azpezamy a6o 6yY3J1a OUIHIOEMbCS
3a nesnumu o3naxamu. xuo secmu cnocmepesicenns na npo-
msA3i Ne6H020 nepiody 1acy 3a MAKumMu 03HAKAMU, MO OMPU-
MAEMO MHOINCUHY 03HAK . 3 BUKOPUCMAHHAM WMYHHOT HEelIPOHHOT
Mepesici muny Koxonena muosxcuna osnax (o6pasie) pozouma na
mpu xaacu. Koscrnomy xnacosi npuceoroemocs neéna Kinvkicmo
banie, axa i xapaxmepusye 1020 mexnivnuii cman. 3a naopa-
HOW0 KinbKicmio 6anie eusnauaiomo xoeiyicum 3asanmaicen-
HS KOJHCHO020 HAZHIMAYA, AKUL BPAX0BYEMBCA 6 0OMeHCeHHI Ha
3azanbHy NPOOYKMUGHICMb 2PYNU HAZHIMAYIE.

Dopmanizosanuii 3anuc 3a0a1i ONMUMAILHOZ0 KEPYBAHHS
BMilYE 3ANeHCHOCMI, AKI ANPOKCUMYIOMbCA NOJTHOMOM 3a40a-
HOi cmeneni. Y pesyavmami ompumyiomo emnipuuny mooenn,
cmpyxmypy AKoi eusnauaromev 3 GUKOPUCMAHHAM anapamy
2eHeMUUHUX ATIZOPUMMISE.

3 Uinoz0 pady npumun (noxudKU UMIPIOBAHD MEXHONO02I-
HUX napamempie, noxubxu memooié eumiproeanv, 0is 306HiuL-
HIX 6N1UBI8, 00MeHCEHUL 00CS2 eKCNEePUMEHMAIHOZ20 Mamepia-
Yy ma in.) idenmuixauia 3Haven> NApaAMempie eMnipuMHuUX
Modeneu Tpynmyemocsa Ha nHemouniii ingpopmauii. Tomy napa-
Mempu eMnipuMHUX MoOelell mMpaKmyonvCs K HevimKi 6eu-
yunu. Buxodsuu i3 npuiinamoi xonuenuii, ompumanuii op-
MANi3068aHUT 3aNUC 3a0a4T ONMUMATILHOZO0 KePYEAHHA POGOMOI0
HazHimaie npupoonozo 2asy.

Peanizayis pesynvmamise docaioicens dacno 3mo2y ompu-
Mamu eKOHOMiI0 NAUEHOZ0 2A3Y MA 3IMEHWUMU 00CS2U BUKUOIE
0KCUOY a30my 6 HABGKOJIUUWHE Cepedosuule

Kmouosi caosa: naznimau, npupoonuii 2a3, oxcuo azomy,
MmexHIMHUL cman, wmyuHui iHmeaexm
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1. Introduction

The gas transportation system (GTS) which transports
natural gas from Russian Federation to countries of Central
and Eastern Europe is one of the largest in the world. Part
of this GTS passes through the territory of Ukraine where
underground gas storage facilities are located. According to
Ukrtransgaz JSC, Ukraine, total active capacity of under-
ground gas storage facilities is 31 billion cubic meters.

In 2018, volume of gas transportation through the ter-
ritory of Ukraine from Russian Federation to Moldova and
European countries amounted to 86.8 billion cubic meters.
In order to provide specified volumes of gas pumping, the
Ukrainian GTS is equipped with compressor stations with
centrifugal natural gas superchargers, mostly gas-turbine
driven. Natural gas extracted directly from the GTS serves
as energy resource for gas turbine engines. Ukrtransgaz JSC
spends about 240 million cubic meters of gas monthly for
this purpose.

Copyright © 2019, M. Gorbiychuk, O. Bila, T. Humeniuk, Y. Zaiachuk
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

One of the most promising ways to reduce natural gas
consumption for own needs consists in ensuring optimal
operation of gas pumping units (GPU) taking into account
technological constraints. In addition, optimal GPU oper-
ation mode should not only save fuel gas but also take into
consideration requirements to reduction of harmful emis-
sions into atmosphere.

2. Literature review and problem statement

A concept of an intelligent system for controlling the
process of natural gas compression in a form of a human-ma-
chine structure is proposed in [1]. Such a concept requires
development of a whole set of methods and algorithms, such
as determination of technical conditions of GPU, prevention
of surging phenomena, optimal control of the GPU group, etc.

Effective operation of a GPU is largely dependent on its
technical condition. Therefore, a series of publications [2—4]




are devoted to diagnosing both individual assemblies and a
unit in general. Author of [2] proposes installing additional
sensors of electrical parameters for detecting malfunctions
in centrifugal superchargers with electric drives. According
to readings of the installed sensors and using the developed
algorithms, it is possible to detect malfunctions in individual
assemblies of the supercharger. Installing of additional sensors
increases cost of the system and reduces its reliability. Assess-
ment of impact of technical condition of the supercharger on
its performance is an unresolved issue, which makes impossi-
ble use of the information obtained to effectively control the
supercharger operation.

Using the theory of reliability, a method was developed
in [3] to optimize periodicity of turbo-compressor mainte-
nance. Total cost of maintenance and optimum time of unit
maintenance are estimated using the proposed criterion.
However, degradation of turbocharger assemblies is gradu-
al over a period of time. Therefore, it is important to have
a strategy for operating a unit during the period between
“good” condition of the supercharger and the condition caus-
ing its shutdown and further scheduled maintenance.

Authors of [2, 3] indicate that change of technical con-
dition significantly affects technical and fuel-and-energy
indicators of the GPU operation.

Based on information about vibration of moving parts of
rotor-type machines, entropy characteristics such as entropy
of the singular spectrum, entropy of the power spectrum and
approximate entropy are obtained in [4]. Using a probabi-
listic neural network, technical condition of the rotor-type
machines is established. Disadvantage of this method con-
sists in that it is impossible to diagnose with its help faults of
GPU assemblies such as a combustion chamber, oil system,
the supercharger setting, etc.

To predict operation of the centrifugal supercharger of
natural gas, a wavelet neural network is used in [5] which,
according to the author, is a simple algorithm, has structural
stability and a high speed of convergence. However, the au-
thor does not specify how the obtained information on predic-
tion of the supercharger efficiency can be used in the system of
optimal control of the natural gas compression process.

Identification of impact of assessment of the GPU tech-
nical condition on solution of the problem of optimal control
of the process of natural gas compression is an important
scientific problem. Assessment of the GPU technical condi-
tion proceeding from the change of technological parameters
and environment-related characteristics using the theory
of fuzzy sets is proposed in [6]. This assessment results in
obtaining of a coefficient of the GPU technical condition
which is introduced into the formalized record of the prob-
lem of optimal GPU control. Disadvantage of this method
consists in that in order to solve the problem it is necessary
to involve experts. This introduces a subjective factor in de-
termining optimal GPU operation mode.

To determine optimal GPU operation mode, criteria
characterized by total energy costs [7] for compression of
natural gas are used. In [8], such costs are defined as con-
sumption of fuel gas to drive gas turbine engines.

In most papers, such as in [7], the problem of optimal
control of the GPU operation is solved in a deterministic
statement. This formalized approach is too simplistic since
the GPU as an object of automatic control is subject to nu-
merous interferences [1] which must be taken into account in
the process of solving the optimization problem.

Gas turbine-driven compressor stations are major pol-
lutants of environment [9]. Therefore, in the process of
controlling the GPU operation, it is necessary to choose an
operation mode that enables minimization of harmful emis-
sions into atmosphere.

Thus, when formalizing the scientific problem of optimal
control of GPU operation, the issues of consideration of
external influences causing inaccuracies in creation of math-
ematical models remain unresolved.

Classification of technical conditions of superchargers
without involvement of experts as well as taking into con-
sideration the GPU effect on environment form another
component of the problem.

3. The aim and objectives of the study

The study objective is development of a method and an
algorithmic support for the system of optimal control of GPU
operation in conditions of uncertainty taking into account
GPU technical condition and power of nitric oxide emission
into environment.

To achieve this goal, the following tasks were set:

— to formalize the problem of optimal control of opera-
tion of centrifugal natural gas superchargers;

— to develop a method of identification of technical con-
dition of centrifugal natural gas superchargers using artifi-
cial neural networks;

—to develop an algorithmic support for the method of
constructing boundary curves between the classes of attri-
butes of the supercharger technical condition;

—to develop a method for minimizing the optimality
criterion which is a function of fuel gas consumption and the
rate of nitrogen oxide emissions into environment based on
the problem formalism taking into account technical con-
dition of the supercharger and limitation of technological
parameters.

4. Formalization of the problem of optimization of
natural gas superchargers

Let us assume that the compressor station has L GPU
groups. There are m natural gas superchargers with gas tur-
bine drive in each group. For driving each i-th supercharger,
G; mass units of natural gas costing ¢ UAH are spent per a
mass unit in a time unit.

When burning natural gas in the GPU combustion
chamber, such harmful substances as nitrogen and carbon
oxides and other compounds are emitted into atmosphere.
Nitrogen oxide has a dominant influence on environment
over other pollutants produced by fuel gas combustion. Ni-
tric oxide not only adversely affect the human body and pol-
lutes environment, it also reduces visibility and slows down
photochemical reactions in atmosphere [10].

In this connection, the controlling authorities of the
Ministry of Environment of Ukraine have tightened control
over the limit emission volumes including that for nitrogen
oxides. Also, an environmental tax on harmful emissions was
introduced [11].

Thus, a problem arises when choosing such optimal mode
of operation of the GPU which would take into account
not only cost of the fuel gas but also penalty payments for



emission of harmful substances into atmosphere subject to
an environmental tax.
Let us solve the following problem. Determine the num-

ber of revolutions 7, i=1,m of rotor of a centrifugal natural
gas supercharger such that the total cost of its operation
taking into consideration the environmental tax, would be
minimal

ZE

R(7)= (cG.(7)+c,/E,, (7)) 1)

i

where ¢y is the environmental tax value; E,; (n;) is the nitric
oxide emission power.

In accordance with technological regulations for nat-
ural gas pumping, gas temperature T) at the outlet of
the i-th supercharger and temperature T of combustion
products at the outlet of the i-th low-pressure turbine are
limited. To prevent phenomena of surge and overload of the
gas turbine drive, the lower 7; ,;, and upper n;,m,y speeds
of the rotor of the centrifugal natural gas supercharger are
limited [6]

T < Tl ©)
T < T ()

i,min < ni s ni,lnax’ (4)
where T . are the maximum permissible values of tem-

0} (i)
peratures T\ and 7.

Each group of parallel-operated superchargers must pro-
vide gas pumping in specified volumes Qg

> ka (1)=Q, )

where k; and ¢g; are the utilization factor and efficiency, re-
spectively, of the i-th natural gas supercharger.

The utilization factor &; is a characteristic of the techni-
cal condition of the i-th natural gas supercharger.

To determine value of k;, a universal nonlinear approx-
imator based on a fuzzy inference model is synthesized in
[12] using a hierarchical knowledge base containing data on
technological parameters that characterize technical condi-
tion of a centrifugal supercharger. The process of implemen-
tation of such an approximator requires construction of an
expert knowledge matrix based on the information obtained
from the experts’ opinion survey.

Involvement of experts in the process of synthesis of
the generalized approximator introduces some subjectivity
in assessment of technical condition of the supercharger
and complicates automatic determination of a generalized
indicator of technical condition during the supercharger
operation.

In order to exclude subjectivism from the process of
assessing technical condition of the supercharger, an in-
tegral criterion of technical condition of the supercharger
is proposed in [8]. It is based on the theory of pattern
recognition.

In the process of GPA operation, degradation of its
assemblies occurs. This leads to a change in its technical
condition which manifests itself by the change in techno-
logical indicators characterizing operation of the GPA in its
operating conditions. If operation of the GPA is monitored

for a certain period of time while registering characteristics
of technical condition of its assemblies, many images (signs)
can be built in the attribute space. Each such image is repre-
sented by a vector whose components are indices of technical
condition of individual assemblies. The task is to divide the
resulting space of conditions into separate regions each of
which corresponds to a specific technical condition of the
selected GPA assembly.

Suppose that the space of attributes of the j-th assembly
of the i-th GPU is divided into separate regions and a specif-
ic rating ) is assigned to each of them.

N,
R=3r" (©)
j=1

Calculate factor of technical condition of the i-th GPU
as a ratio of the i-th GPU rating to the total rating of a GPU
in a group

k=i (7

According to the method of determining value of &; for a
GPU group with m units, there is an obvious relation

k=1,

i=1

To provide a specified balance of natural gas pumping,
present formula (5) in the following form:

mz'_": kq, (nz) =Q,

or
zkiq,'(ni)zqm ®)
P

where go=Qo/m is average efficiency of a centrifugal super-
charger determined by the task of gas pumping.

5. Identification of technical conditions of centrifugal
natural gas superchargers using artificial neural networks

The process of dividing the set of attributes of technical
condition of a particular GPU assembly into separate sub-
sets (classes) is carried out on the basis of methods of the
pattern recognition theory.

Suppose that the space of attributes Q and technical
conditions of an object is a set of images o1, y,..., ®,. Attrib-
uting the image ; to a particular class Q,, k=1,N (where N
is the number of classes of division) occurs by means of the
indicator function g(o) (of the recognition rule) [6] which is
unknown to the observer. The problem consists in obtaining
(by the results of observations) an estimate of the indica-
tor function g(®), with the help of which the next image
will be assigned to a particular class. In the general case,
g(m)# g(w). In the case when the space of attributes Q is
characterized by a probabilistic measure, effectiveness of the
dividing rule can be determined as follows:

min: P{g(w) = g(w)}.



Solution of the problem of recognizing technical condi-
tion of the GPU elements is based on availability of prece-
dents that can be obtained by observing the object over time.

Depending on the precedent information, the pattern
recognition methods are divided into two classes: training
with a teacher and training without teacher. In the first case,
correct classification of images divided into classes is known
and it is necessary to attribute the new image to a particular
class according to the results of observations. If proper clas-
sification of images is unknown, then a problem of dividing
the set of attributes into classes by similarity of correspond-
ing attributes arises. This problem is called clustering [13].

The methods used to solve image recognition problems
can be divided into two groups.

The first group is based on statistical processing of ob-
servation results. This group includes the Bayesian method
and the method of minimal average risk [14]. The Bayesian
method requires a priori information about the law of distri-
bution of attributes for each class and the method of mini-
mum average risk gives unsatisfactory results with a small
number of classes of division. For example, if the number of
classes is two, then the probability of correct division is 0.5.
As the number of classes increases, likelihood of dividing
attributes into classes increases.

The clustering problem can be considered as a partial
case of the classification problem when the number of classes
is unknown a priori. Division of a set of attributes into class-
es is made by comparing the attributes according to a certain
criterion with the attributes of different classes and selecting
the closest one.

The second group of methods implements a neural net-
work approach for dividing multiple attributes into classes.
This approach is based on the Hebb associative rule and the
mechanism of competition based on the generalized Ko-
honen rule [15].

For an example, consider division of the plane of attri-
butes of technical condition of a setting in the centrifugal
natural gas supercharger of the GPU using the Kohonen
network. The degree of pressure increase € and the poly-
tropic factor of efficiency n were selected as attributes of this
setting [16].

Technical condition of the centrifugal supercharger will
be characterized by three states: “good”, “acceptable” set and
“permissible” [17].

Fig. 1 shows a set of images represented by vectors
(T)(n, 8) divided into three classes using the Kohonen net-
work. Fig. 1, “1” indicates the first class or “good”, Fig. 1,
“2” indicates the second class or “acceptable” and the Fig. 1,
“3” indicate the third class or “permissible”.

The experimental data were obtained as a result of ob-
servation of operation of the GPU of GT-750-6 type at the
Lubenska compression station No.7 of the Kyivtransgaz
main gas line (Ukraine). The observation was conducted
from 10.05.2018 to 24.09.2018. Polytropic efficiency n and
the degree of pressure increase are components of the X vec-
tor. They were converted into dimensionless units as follows:

Xi — “Yimax

-X

i,max

x; = , =12,

' Xi,min
where X;=n; Xy=¢.

Each class of attributes of technical condition of the
GPU is characterized by its centers of clustering which are
marked by numbers “1”, “2” and “3” (Fig. 1).
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Fig. 1. Division of attribute plane into classes

6. Construction of boundary curves between classes

To attribute technical condition of the centrifugal
natural gas supercharger, which is characterized at the
time of observation by the vector of attributes of division
®(n, €) to one of the three classes, it is necessary to plot a
boundary line.

Let us consider the more general case where the plane of
attributes is divided into z classes. Then the boundary line
between z; 1 and z; classes will be described by the function
/(@,x), where @ is the vector of parameters of the boundary
line; X is the vector of parameters of dimension control, m;.
Assume that the z;_; class contains N attributes (images) and
the z; class contains Ny attributes. After selection of structure
of the f(@,x), function, it is necessary to identify its param-
eters which are components of the @. vector. To solve the
problem, components of the parameter vector a are proposed
in [18] to be determined by minimizing the functional

e e N
F(a)zN—OlZ::‘(f(x ,a)—i) +Twé(f(x ,a)+1), (€))
where
[(x",a)=1,

if X" belongs to the z;_{ class,

f(x".a)=-1,
if it belongs to the z; class.

Select structure of the f (E, 9?) function from the class of
linear functions with respect to its parameters

a=(apa,.a, ) .

Thus,

@7)-Sa,0, ()

p=0

(10)

Present function (10) as a scalar product of two vectors: a
vector-function @(x) and a vector of parameters a

f(a,x)=a"g(x). (11



Taking into account (11), the criterion for approxima-
tion (9) will be:

;
N,

F(a):Niz(aTa(W)—gﬂ; Az(a (¥ “/)+1) (12)

o i=1 w Jj=1

Minimization of the approximation criterion (12) by the
vector-parameter a will give the following result:

*Za B(x)o(x “’)+*Za B(x7)p(x7)=b, (13)
where
=13 (x)- 155 (7). (14)
No i=1 Nw Jj=t

After multiplying the expressions below the sum signs
in (13), the following is obtained

a'p(x")o(z")=A(x")a, (15)
where
o (F7) oty (57) 0ty ()
N S R
amAn(fw) am41(£”) . QWAMA(EM)
is a matrix with dimensions mxm;
o (7) = 0 (%), (¥7), Rl =0m—1.
By analogy with (15), the following is obtained:
a'p(x)o(x7)=A(x")a, (16)
where
o (F7) oty (57) 0y, ()
o] = ) )

—wj —wj —wj
O‘7,1-1,0(9‘7 ) (xm—1,1(x ) 0‘m-1,m-1(9‘7 )

is a matrix with dimensions mxm;

)=0u(F o, (¥

ot “), kl=0,m—1.

Taking into account the obtained relations (15) and (16),
formula (13) will take the following form:

Aa=b, a7
where
1 N —oi w),
A=or YAx )+— " A(%), (18)
o i=1 zz J=t

Take the equation of the boundary line as a polynomial

(19)

where s, is powers at the arguments that must satisfy the
constraint Zs <r. Then equation of boundary line (19)

will be a polynomlal of order .
The number of terms of polynomial (16) is determined
from the following formula [12]:

Mz(m[+r)!' 20)

m,!r!

Comparison of expressions (10) and (19) allows us to
conclude that

(%)= Hx 1)

Selection of a function in a form of formula (21) leads to
the following result when calculating values:

m
(Jl&k+A,
ay () =[]

v=1

m,

o (79) =TT, k1=0,m—1, (22)
v=1
and the b vector components will be:
N, m,
2]‘[ an , k=0,m-1. (23)
o i=1 v=1 w j=1 v=1

To construct boundary lines (19) between the first and
second and between the second and third classes (Fig. 1),
choose the second-order polynomial (#=2). Since the number
of attributes of technical condition of the centrifugal natural
gas supercharger is two, the number of coefficients to be
determined is calculated by the formula (20). Hence, m=6.

Equation of the boundary line for =2 and m,=2 will take
the form:

2 2_
ay+a,x, +a,x, +a,x; +a,x,.x, +asx, =0.

Parameters of the boundary line a,,i=0,5 are calcu-
lated as solution of the matrix equation (17) where ele-
ments of the matrices Ag-‘ °’) and A( ) were calculated
from formulas (22) and the components of vector b from
formula (23).

Software for the problem of calculating parameters of
boundary curves was developed in the MATLAB environ-
ment and gave the following results:

— between the first and second classes:

ap=-2.9189, a1=-2.2208, a,=8.4892,
a3=3.9045, a;=—0.5160, as=—4.0198;
— between the second and third classes
ap=-2.2962, a;=-19.6479, ay=>5.4134,

a3=12.6974, a;=9.1891, as=-7.5004.



Boundary lines between the first and second and be-
tween the second and third classes were plotted on the plane
of the attributes of technical condition of the centrifugal
natural gas supercharger (Fig. 2).
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Fig. 2. The plane of technical conditions of
the centrifugal natural gas supercharger with the boundary
lines applied

Analysis of the obtained results (Fig. 2) shows that some
of the attributes from the second class went into the first
class, and a part of the attributes from the third class went
to the second class.

It follows from Fig. 2 that 5 out of 572 objects from the
third class were found in the second class which is 0.87 %;
7 of the 686 objects from the second class were assigned to
the first class accounting for 1.02 %.

Efficiency of dividing attributes into classes for data
organized into separate clusters is always higher than
with blurred data [20]. Given that the data presented in
Fig. 2 were blurred, the results of erroneous assigning
the attributes to another class were small and did not
exceed 1 %.

Let us give each of the three classes a certain number
of points (rating). The first class: “good” or 60 points; the
second class: “acceptable” or 40 points; the third class: “per-
missible” or 20 points.

If, for example, condition of a centrifugal natural gas
supercharger is characterized by values (in dimensionless
units) x1=0.91 and x,=0.7, then this condition will be “per-
missible” and have a rating of 60 points.

7. Optimal control of the GPU operation under
conditions of uncertainty

Optimal control of the GPU operation involves deter-
mination of a series of revolutions of the centrifugal super-
charger rotor so that the optimality criterion (1) becomes
minimal when limitations (2) to (4) and (8) are satisfied.

The optimality criterion (1) includes quantities of gas
flow rate G and nitrogen oxide emission power E,,.

Fuel gas consumption is a function of such operation
mode parameters [6] as temperature Tj, and pressure P, at
the outlet of the supercharger, a degree of pressure increase
g, pressure P, and ambient temperature T,

G, = 1 (1,

P T8, P T,). (24)

The authors of [21] have found that power of nitrogen
oxide emissions depends on both technological and design
parameters of the combustion chamber. During operation of
the combustion chamber, its design parameters practically
do not change. Therefore, the nitric oxide emission power
is a function of such mode parameters as pressure P,.; and
temperature Ty; at the outlet of the axial compressor, tem-
perature Tj,; at the outlet of the high-pressure turbine and
the fuel gas flow rate G,

E,=fsi(PesTeisTiGo)-

ac,i’~ ac,i’” hti?

(25)

It was shown in [6] that conditions (2) and (3) correct
constraint (4). To this end, the following dependences are
determined:

T:J(uiL)z o(uit)(ni’l)in’];n’s’})v’];)’ (26)
1) = [ (n,P,.&,P.T,). (27)

Functional dependence of the fuel gas flow rate on the
mode factors will take the form:

q.=f"(n,P,.T,,&.P,T,). (28)

The degree of pressure growth is determined from the
following formula [22]:

=2
I)iﬂ
where P;,, P, are absolute pressures.

Since the centrifugal superchargers operate in parallel
for the common manifold, pressure P;, and temperature T,
at the supercharger inlet, pressure P, at the supercharger
outlet, pressure P, and ambient temperature T, are assumed
to be the same.

The dependences (24) and (25) to (28) will be approx-
imated by a polynomial of order » which in its structure
coincides with polynomial (19).

To select optimal structure of the polynomial, a genetic
approach is applied [3]. Suppose that the polynomial or-
der (19) is selected. A part of coefficients of the empirical
model (19) may have zero values and the other part is non-ze-
ro. An ordered sequence of units and zeros of length M (20) is
formed. If the i-th coefficient of polynomial (19) is non-zero,
then a unit will be at the i-th position of the ordered se-
quence and if the j-th coefficient of polynomial (19) is zero,
then zero will be at the j-th position in the ordered sequence.
Such an ordered sequence is called a chromosome in the
theory of genetic algorithms. A set of chromosomes forms
a population [23]. The most “adapted” chromosome should
be selected from the formed population by the method of
natural selection. Such selection is carried out by means of
an adaptation function using the operators of crossing and
mutation [6]. To select the best chromosome, a set of all
possible experimental values used to construct the empiri-
cal models (24) and (26) to (28) is divided into two parts:
training and checking. The training part of the total set is
used to calculate the model parameters. The model structure
is determined by the chromosome selected from the formed
population using a certain algorithm. The checking part of
the total set serves to select the best chromosome from the
population by means of an adaptation function which is a cri-



terion for regularity or shift [24]. The chromosome selected
by one of two criteria determines structure of the empirical
model of optimal complexity.

Once the empirical model structure is selected, its
parameters are recalculated over the entire set of experi-
mental data.

Analysis of dependence (25) shows that power of nitro-
gen oxide emissions, besides other factors, depends on the
fuel gas flow rate. On the other hand, as dependence (24)
shows, fuel gas flow rate is a function (besides other factors)
of the rotor speed. Therefore, write relation (25) in the fol-
lowing form:

Ep,i:fE,i(”i’P T, Tht,i)’ i:m

ac,i’ " ac,i’

(29)

Empirical dependence (29) shall be searched for in the
form of polynomial (19) of order 7 To determine optimal
structure of the empirical model (19), the method [25] based
on the idea of genetic algorithms should be used. Each factor
of the model (19) shall be set in correspondence to “1” or “0”.
These measures result in an ordered sequence which is called
a chromosome in the theory of genetic algorithms. Such a
chromosome of length M (20) determines structure of the
empirical model. In order to select optimal structure of the
model (19), a set of chromosomes is randomly generated.
This set forms a population. A new population is formed from
the initial population using better “adapted” chromosomes
by the use of cross-breeding and mutation operators that
mimic natural selection. Chromosomes for a new population
are selected by one of the criteria: regularity or shift [26].
To select the best chromosome, the set of experimental data
is divided into two parts: training and checking in a certain
proportion [24]. The training part is used to determine
parameters of model (19) whose structure depends on the
next chromosome. Adaptation criterion is calculated in
the checking part using the model obtained. The process
of forming new populations from the best chromosomes is
repeated cyclically until the minimum value of one of the ad-
aptation criteria is reached. The chromosome that minimizes
the function of adaptation determines structure of empirical
model (19) of optimal complexity.

The experimental data obtained at the Lyubny compres-
sor station of the Kyivtransgaz main gas line by observing
operation of the GPU of GT-750-6 type were approximated
by polynomial (19) of order 7. Arguments of the functional
dependence (19) are given in dimensionless form by the fol-
lowing formula:

Xi_Xima -
X, =—=""— i=1.4

=3 (30)

i,max i,min

where Xi=P,¢; Xo=T,¢; X3=T}; X;=n.

The following parameters of the algorithm of synthesis of
empirical models of optimal complexity were selected:

— the highest polynomial order: r=3;

— the number of chromosomes in the population: £,=20;

— the number of observation points: N,,,=12;

— the number of chromosomes in a subgroup (selection
method: tournament [23]): N,=4;

— the probability of crossing: P,=0.9;

— the probability of mutation: P,,=0.1;

— the training set of experimental data: N4=[0.7N,];

— the checking set of experimental data: Ng=N,,—[0.7N,,,];

— the selection criterion: regularity criterion.

The following structure of dependence (28) was ob-
tained and chosen as a polynomial (19):
— 2
E, =a+ax +ayx,+a.x,+asx; +
FAGX X5 + Q20,05 + A X, + AgXy X, + Ay XX, +
3 2 3 2
+a,, X} + QXX+ QX+ A X X+

2 2 2
FA XXy + QXXX + A XX, + A X, X,

3D
where
a1=1.2583; a,=2.7995; a3=7.8450;
a;=—13.9777; a5=34.7126; ag=—26.1026;
a7=-76.1143; ag=65.5680; ag=—16.9500;
a190=34.4158; a11=—84.8591; a1,=168.0457,
a13=—25.1591; a4,=27.4411; a;5=—13.8948;
a16=-169.4052; a7=99.1393; a15=—18.5229.

The result of work of software of the problem of synthe-
sis of models of optimal complexity is reflected in Fig. 3,
where “+” denotes experimental data and “o” denotes the
data obtained by calculation using formula (31).

Analysis of Fig. 3 shows that there is a fairly high conver-
gence of experimental data and data obtained by calculation
with the help of empirical model (31). The coefficient of
correlation between these data is close to one.

3.5

9
) wn w
T T

Power of NOx emissions, g/s

[
T

Observation points

Fig. 3. Dependence of nitric oxide emission power on
technological factors

The empirical models (24) and (26) to (28) were con-
structed using the same algorithm as model (29). As an
example, Fig. 4 shows a graph of dependence of temperature
at the outlet of the natural gas supercharger on the techno-
logical factors that are arguments of function (26).

Adequacy of the empirical model obtained was ver-
ified by constructing confidence intervals (Fig.5) and
calculating the coefficient of correlation [27] between the
experimental data and the data obtained in calculations
using formula (19). The calculated value of the correlation
coefficient K,=0.9896. Analysis of Fig. 5 and the value of the
correlation coefficient close to one indicate adequacy of the
empirical model obtained.
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Fig. 4. Dependence of gas temperature at the outlet of
the supercharger on technological factors
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Fig. 5. Confidence intervals for functional dependence (26)

The formula of conversion of dimensionless units into
physical units of temperature is simply derived from expres-
sion (30)

T =A x +T

out out™” out out,min?

(32)

where Aoy =Tt max—Tout,min; Xour 1S the value of temperature at
the supercharger outlet in dimensionless units; Ty max» Tour,min
are minimum and maximum values of temperature at the su-
percharger outlet in the generated array of experimental data.

Constraints (2) and (3) must be taken into account to
solve the problem of optimal control of operation of centrifu-
gal natural gas superchargers. Constraints (2), (3) are taken
into consideration by the procedure from [28]. For a certain
technological mode, the values that are arguments of func-
tional dependences (26), (27) will acquire concrete values.
Their conversion to the dimensionless form by formula (30)
and substitution of the obtained values in the corresponding
empirical models of optimal complexity give the following
polynomial dependences:

i=12 (33)

- () 55tz
v =2 ax,

keR;

where y; and y, are the natural gas temperature at the su-
percharger outlet and the combustion product temperature

at the outlet of the low pressure turbine; a{” is non-zero

coefficients of polynomial (33); %, is the set of nonzero
coefficients of dependence (33); s is elements of the matrix
of polynomial exponents (19); z is the number of column of
the matrix of polynomial exponents with which the »; value
is associated.

The matrix of polynomial exponents (19) takes the fol-
lowing form:

Sit S Tt S,
= Sor Son Sy,
Swmi Sm2 Sitm,

Obviously, the sum of elements of each row of the matrix,
S, satisfies the following condition:

m;
Zskv <r, v=1m,.

v=1

Since the value of yq is dimensionless, transition to the
dimensional T, is carried out by formula (32). The same
conversion of the dimensionless value of y- is used. As a re-
sult, dimensional value of T}, is obtained.

Write formula (32) in the general form

Tj = Ajyj + Tj,minr (34)
where

]1 :nut; 7; = ];ur;

Aj = 7Ti,max - T},min; j= 172

Substitute the value of y,; from (33) in (34). As a result,
the following is obtained:

Ti=4; 3, %) + T, (35)
keR;
Let us denote maximum values of temperatures defined
by relations (2) and (3) as T,,,,, where

T =

1,max out,max’?

b

t

2,max tur,max *

Note that in the general case, ijmax will differ from the

values of Ty max and Trypmax Which are fixed as the corre-

sponding maximum values in the temperature arrays.
When substituting the value ijma into formula (35), the

following equation is obtained:

X

- T_},max

4; k;‘ a %, + T,y =0. (36)

Here is an example of application of the developed
method of taking into account constraint (2). According
to the results of observations of the supercharger opera-
tion, an empirical model of dependence (26) in a form of a
polynomial of third order is obtained on the basis of genetic
algorithms (Fig. 4):



Yy = A, + QX+ AgXy + QX0 + QXX+

2
+aG X5 + A X, X + QXX + X X5 +
0,505 + Ay X, X + XX+ A, X +
3 2 2

0, X5 + QX Xy F QX XX + A XX +

3 2 2
Ay + QX100+ Agg Xy X5 + Ao X X500, +
F gy, X325 + Qo X2 5 + Qg Xy, X5 +
F g X105 + Qo X X0 + Qg X + Aoy XX +
F gy X + Ay Xy X X + gy Xy X X + A X2 +
Flyy X, X0 + Qg Xy X, + AygX. 37

Note that according to formula (20), a complete polyno-
mial of six variables and of third order would have 84 terms.
Application of the developed method of constructing empir-
ical models of optimal complexity has made it possible to re-
duce number of terms of empirical model (19) from 84 to 36.

For a given mode of operation of the centrifugal super-
charger, the technological parameters are converted to di-
mensionless units. These are parameters such as pressure
P;, and gas temperature Tj, at the supercharger inlet, the
degree of natural gas pressure increase g, ambient pressure
P, and temperature T,. Substitution of values of dimen-
sionless parameters x», x3, x4, x5 and xg in the empirical
model (37) gives the following algebraic equation with
respect to variable xy:

Axl+ Ax, + A, =0, (38)

where

Ay =(a,+ a0, +agx, ) x;

4 [az Fa,X, + QX5+ a4, X+ QXX +J
= 1;

2
Ty X3 X, + A3 X3 X5+ Agy X5+ Ay X

A, =+ A2y + 0,0 + AgXs + A, X, +

F X35 + A,y Xy X+ Ay X + A X +
FAy X oKy + QXS + A X3 X, + Ay X2 X5 +

F s 0y X X F g XX + Qo X, X + Ay Xa X +
Flyg o X + oy Xy X X + Ay Xy X X + Aag X2 g +

2 3 7
T35 X5 + A + (Tmin T ) /A

Solution of the square trinomial (38) and extraction of
its positive root gives the variable xy. The variable x; found
in this way corresponds to a certain number of revolutions
of the supercharger rotor which should be converted to a
dimensional form by the formula similar to (32):

ny=Ax +n .. (39)
where Ap=11 max—"1,min-

The found value of 7, guarantees meeting the inequal-
ity (2).

A similar procedure of 7, determination will guarantee
satisfaction of condition (3). Then the upper limit of max-
imum speed of the supercharger rotor will be determined
from the following relation [8]:

(40)

}7[ ax = minl(npnz’nmax)'

m;

Since there are no analytical expressions for functions (24)
and (28), the dependences (24) and (28) will be approximated
by polynomials of (19) type whose structure is determined on
the basis of genetic algorithms.

Dependences (24), (28) and (29) included in the cri-
terion of optimality (1) and the constraint (5) will be just
functions of the variable n; for the specified technological
parameters Piy, Tin, €, Pe, Tty Pacyiy Tuci and Thy;.

Assume that z=1 in formula (33) and the corresponding
variables Pj,, Tiy, €, P, Ty, Paciy Tac,i and Ty ; are converted
to a dimensionless form. Fuel gas flow rate and nitrogen
oxide emission power will be measured in m®/s and kg/s,
respectively. Then the optimality criterion (1) and the con-
straint (8) will depend on the functions that are polynomi-
als of certain orders. The following is obtained:

m
R(x“)):CZ( Y alx i+ Y af)x J (41)
J=L\ keRy ; keRy ;
U .
k| Y adx (= an (42)
j=1 keR ;

c
where 7 =-%; R
c
cients at the orders of the corresponding polynomials.
In view of condition (40), the restriction (4) on the su-

percharger rotor speed will take the following form:

cir Re;p R, is the set of nonzero coeffi

My S0, <A, j=1m. (43)

j,min

Write condition (43) in dimensionless units. To do this,
use formula (40) in the following form:
j=1m.

n=Ax, +n (44)

's,min’

If the value of n; determined by formula (44) is taken into
account, the following is obtained:

o,<x, <P, j=Lm, (45)
where
0‘,~ - nj,min _ns,min : Bj — nj,max B ns,min , ]-= 1,m~
A A

s s

In a general case, the same set of observations is used to
construct empirical models (24) and (28) and another set of
observations can be taken to construct empirical model (25).
In this case, A, e{qu, AE} and 7, €M s Mo |-

In accordance with RD 52.04-186-89 normative docu-
ment, nitric oxide concentrations are measured 4 times a day.
To construct an empirical dependence (29), it is necessary to
use an interpolation procedure, for example, by interpolation
splines [29] for obtaining intermediate points in the observa-
tion interval, Therefore, values of the polynomial coefficients
ay) will be inaccurate but belong to some interval.

In order to measure flow rate of natural gas being trans-
ported by a group of superchargers, a confuser is installed on
the inlet line to measure volumetric flow rate of natural gas
according to the given pressure differential [22].

Studies carried out by the author of [30] have shown that
measurement of flow rate of natural gas by means of a pres-
sure differential in the confuser gives an error of up to 20 %.



Thus, coefficients ay) and a<) should be considered
fuzzy numbers with a trlangular membership function [6]
described by the following relation:

2x —0)+Lxelx—A/2 %),

-
h0=1 , “6)
01+t xelxn,+a/2],
where X, is the model value of the membership function.
The triangular membership function p(y) is an isosceles
triangle with a height of 1 (u(xo) = 1) and a base width of A.
Since the function p(y) is piecewise continuous and there is
no p(y) derivative at points p(y, —1), w(x,) and p(x,+1),
this function is inconvenient for practical use. Therefore,
it is proposed in [6] to approximate the function u(y) by a
Gaussian function

(X‘Xo)z],

w(x)= exp[— 5o?

u

(47)

where o, is the ratio of concentration of the fuzzy quantity y.
As shown in [25], choice of the parameter ou provides a

minimal error of approximation of the triangular member-

ship function (46) by the Gaussian function if that member-

ship funcition (47) passes through the point with coordinates

A
Xo 49

Then

6, = kA, (48)

where ks=(32In2)~1/2.

Thus, it is supposed that the fuzzy quantities ay) and
a$}) have a membership function similar to (47) where the
concentration ratio is calculated by formula (48).

Proceeding from the fact that ay) is a fuzzy quantity, the
other addend of the optimality criterion will also be a fuzzy
quantity (41). Denote it as Oy, that is

— () oSk
Oy =r, 2 ag x5 -
keRy ;

(49)

Let us find the membership function u(Oy) of the fuzzy
quantity Oy. In the case where there is a sum of fuzzy
quantities with a Gaussian membership function and each
of them is multiplied by a constant exact quantity, a fuzzy
quantity whose membership function is also Gaussian [31]
is obtained. Thus,

M(ON) = exp[—

- 50
267, ©0)

2
(Oy —my) ]
To find parameters of the membership function, use the
rules of fuzzy algebra [31] which determines arithmetic ac-
tions over fuzzy quantities of (L—R) type in a Gaussian basis.
It can be shown [32] that

my=1, Y, a’x, (51)
keRy ;

o,=1>Y oL, (52)
keRp

where @, is the modal value of fuzzy quantity ay).

Let us consider that csu is determined from formula (48).
Then relation (52) takes the following form:

ol =1k Y (A;f,g) xbe j=1m. (53)

keRp ;

Let us take a y-slice for the membership function (49).
The following equation is obtained:

Oy —-m ’
exp[_( VZ(%O) JY

Solution of the last equation relative to Oy gives

Oy =0, /lniz+m0,
Y

where 0<y<1.

Determine some quantity 0<8;<1 for each factor ay)
included in formula (49) so that AY) =8 ,a}”,. Taking into
account the last relation, the following is obtained

(54)

2 _ 252 ) () 2s
o =1k, Z (8 #9E, k) x5t

keRy ;

(55)

Taking into consideration the mp and oo values deter-
mined from formulas (51) and (55), the following is obtained:

(56)

1/2
0N=1<E( Y (50,a2,) f;k'] +r, Y ala,

keRy ; keRy ;

where

K,=rk, lniz.
Y

After taking into account the Oy value given by expres-
sion (56), the optimality criterion (41) becomes:

z a(l)x Sm +7, z ai])kxsm +
keR, keRy ;

1/2
D (5<L;)ka<n) xfj“]

keRp

R(E®)=cY, . [

57

j=1

In contrast to (41), the optimality criterion (57) contains
an additional component which is a kind of “pay” for the in-
ability to know precisely the dependence (49).

Since the coefficients a), j= 1,m, are fuzzy quantities
with the triangular membershlp function to be approx-
imated by the Gaussian function (47), then, repeating
the calculations made earlier, the following conclusion is
obtained:

) 4 Sk
Y alx i+
keR ;

ikj 2 1=qq,
K [2 (Sé'f)ka;;?k) xfj“]

(58)

keR

)
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K, =k, ,1n7; 0<87, <1 a)

are modal values of coefficients of the empirical model.

Now, formulate the problem of optimal control of op-
eration of centrifugal natural gas superchargers as follows.
At the compressor station, there are m parallel-working gas
pumping units including centrifugal superchargers with
gas turbine drive. For the current technological mode, it is
necessary to determine values of the rotor speed for each
supercharger so that the optimality criterion (57) acquires a
minimum value on condition that constraints (45) and (58)
are met.

Optimality criterion (57) together with constraints (45)
and (58) form a problem of nonlinear programming. Its solu-
tion can be found by one of numerical methods [33].

Solution of this problem will make it possible to deter-
mine value of the rotor speed x1j, j=1,m in dimensionless
units. In order to turn from dimensionless values xy; to
values nj, j=1,m in dimensional units, formula (44) should
be used.

8. Discussion of results obtained in the study of
optimal control of operation of centrifugal natural gas
superchargers

There are two aspects to be learned from the study
findings. Firstly, it is assessment of technical condition of
the supercharger executed by dividing the set of attributes
into three classes and constructing boundary curves be-
tween classes (Fig. 2). This approach, unlike the method
proposed in [12], eliminates subjective opinion of experts in
assessment of technical condition of the supercharger. When
implementing the proposed method, there may be some dif-
ficulties in a case when the next image characterizing the
current state of the supercharger falls into the region close
to the boundary curve. In this case, a decision is made on the
principle of a “lesser evil”.

Secondly, the optimality criterion has two components.
The first one describes the fuel gas flow rate to drive the
turbine engine. The second component is power of nitrogen
oxide emissions into atmosphere.

Formalized statement of the problem of optimal con-
trol of operation of centrifugal natural gas superchargers
requires construction of empirical models. The process of
constructing such models is realized using the developed
method which is based on the theory of genetic algorithms.
Application of the developed method has shown that empiri-
cal models have optimal complexity and are adequate to the
experimental data.

It should be noted that the developed algorithms of eval-
uation of technical condition of superchargers and construc-
tion of empirical models based on genetic algorithms are
adequate experimental data, which confirms their efficiency
and convergence.

The authors will continue their study towards develop-
ment of algorithmic and software support of the computer
system for optimal control of operation of centrifugal natural
gas superchargers.

9. Conclusions

1. The problem of optimal control of operation of natural
gas superchargers was formalized. This problem includes the
criterion of optimality, restrictions on technological param-
eters and the condition of fulfilling the planned tasks of gas
transportation by a group of parallel-operating supercharg-
ers. A criterion for optimal control of operation of centrifugal
natural gas superchargers was developed. Unlike the known
ones, it takes into account both the fuel gas flow rates for
driving superchargers and emissions of harmful substances
into atmosphere. Availability of such a criterion in the for-
malized formulation of the problem of optimal control of op-
eration of natural gas superchargers will make it possible to
reduce both gas consumption and nitrogen oxide emissions
into atmosphere.

2. To identify technical condition of natural gas super-
chargers, attributes of technical condition of individual
assemblies forming a set of images have been found. With
the help of an artificial neural network, a set of images is
divided into three classes, each characterizing one of techni-
cal conditions of the supercharger: “good”, “acceptable” and
“permissible”. A definite rating was assigned to each class
which has made it possible to determine utilization of the
parallel-operating superchargers.

3.One class was separated from another by means of
boundary lines constructed with the use of a functional whose
value is determined by the boundary line equation and image
coordinates. Algorithmic support of the problem has been de-
veloped. It enables determination of parameters of the bound-
ary line equation according to the chosen order of polynomial.
Parameters of the selected polynomial were determined by
finding solution of the matrix equation obtained by minimiz-
ing the criterion of separation of two classes.

4. The problem of optimal control of operation of centrifu-
gal natural gas superchargers includes a criterion of optimal-
ity that takes into account both energy costs and the power
of nitrogen oxide emissions into atmosphere and constraints
on technological parameters. Uncertainty in operation of
the superchargers manifests itself by inability of error-free
determination of values of the regression equation coefficients
which are interpreted as fuzzy quantities. Using the rules of
fuzzy arithmetic, values of the optimality criterion and the
limitation of the number of revolutions of the supercharger
rotor and technological parameters, such as temperature at
the supercharger outlet and temperature of the combustion
products at the outlet of the low-pressure turbine, which take
into account uncertainty conditions were obtained. As a re-
sult, a nonlinear programming problem was obtained. It can
be solved by one of numerical methods.
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