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HcTopust cratbu AnHortauus. [IpencraBieH MOAU(UIIMPOBAHHBIA AITOPUTM PELICHUS 3a7a4u
Toctynuia B peakuuio: 27 Hos6ps 2024 . COMDKEHU KOCMHUUYECKUX allapaToB Ha OKOJIOKPYroBoil opoure. Paccmorpen
JlopaGotana: 12 (espans 2025 r. pacdeT mapaMeTpoB MaHEBPA, BHIIOIHAEMOT0 HA HECKOJIBKHUX BUTKAaX C UCIIOJb-

Ipunsita K nyGmikaman: 25 despas 2025 r.  30BAHHEM JBUraTeIbHOMR YCTAHOBKHM Maoii Tsru. IIpemonaraercs, 4To akTHB-
HBI KOCMHYECKHUH! anmapar BBINOJIHAET MaHEBPHI B Mpeenax 3aJaHHo oOna-
CTH BOKDYT II€JIEBOI0 KOCMHYECKOI'0 alapaTa, IIpU 3TOM BO3MYIIAIOMUMH (-

3asiBiienue 0 KOHDIMKTE HHTEPECOB (heKTaMH HEIEHTPAIBHOCTU TPABUTAHOHHOTO ITONS 3eMIH M aTMOC(EpHOro
ABTOpBI 3a5BIISIIOT 00 OTCYTCTBUH CONpPOTHBIICHUS IpeHeOperatoT. [t peleHus 3a1aui COMMKEHHUS UCIIONb30-
KOH(IIHKTa HHTEPECOB. BaHBI XOPOIIIO 3aPEKOMEHIOBABIINE Ce0sI IPUOIIIKCHHBIE MATeMaTHYECKHE MO-

JIeN ABWKEHHUs KOCMHMYECKOro amnmapara. MeTo1osorus onpesieneHus napa-
METPOB MaHEBPOB CTPYKTYPHPOBaHa HAa TPH KIIFOUEBBIX ATAIa: Ha IEPBOM U Tpe-
ThEM 3Talax napaMeTpsl UMITyJIbCHOU Nepeaaydu U nepesady Majloi TSArH ompe-
JICIIAIOTCSI C MCIOJb30BAHUEM aHAIUTHYECKUX MeTonoB. Ha Bropom asTane ma-
HEBPBbI pacIpeesssoTcst MEXY AOCTYIHBIMU IIOBOPOTAMH, YTOOBI 00€CIeYUTh
yCIeurHoe COMMKEeHNe 32 CUeT MUHUMU3AIMK BHIOPAHHOW YIPaBIISFOLIEH nepe-
MeHHo#. TIpennaraeMeplii MOAX0/] OTIIMYAETCS CBOCH BBIUHUCIUTEIBHON 3 dek-
TUBHOCTBIO M HAJIE)KHOCTBIO, UTO JIEJAET €ro MPUTrOJHBIM JUIsi OOPTOBOU pea-
JIU3alMM B aBTOHOMHBIX HaBUI'alIMOHHBIX CUCTEMaX KOCMHUYECKHX alllaparos.
B kauecTBe npumepa B cTaThe aHANU3UPYETCA 3aBUCUMOCTh CYMMAapHOH Xapak-
TEPUCTHYECKOH CKOPOCTH, HEOOXOIUMOHN Ul CONMMKEHUS, OT BEIMUIHNHBI TATH
JIBUTATEIIS U IPUBOJIUTCSA CPABHUTEINIbHASI OLIEHKA CYMMAapHOM XapaKTepucThye-
CKOH CKOPOCTH Kak JUIsl CLIEHapHeB UMITYJIbCHOI'O MaHEBPUPOBAHUS, TaK U AJIs
MaHEBPUPOBAHHUS C MAJIOH TATOM.

KiioueBble ci10Ba: cOMDKEHNE KOCMUYECKHX allllapaToB, OKOJIOKPYToBas op-

Oura, npuONIMKEHHBIE MAaTEMaTUYECKHAE MOIEIIH, IBUraTeIbHasl yCTaHOBKA Ma-
JIOW TSTH
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Introduction

The rendezvous of spacecraft (SC) in near-
circular orbits is a highly intricate and technically
demanding problem in astronautics. Its complexity
arises from the interplay of nonlinear orbital dyna-
mics, gravitational perturbations, and control con-
straints, all of which must be carefully managed to
achieve mission success. The precise execution of
spacecraft rendezvous is fundamental to a wide
range of space operations, including satellite ser-
vicing, space station resupply, and autonomous
docking maneuvers.

The choice of methodology for spacecraft ren-
dezvous is strongly influenced by mission-specific
objectives, which can vary significantly depending
on operational requirements. These objectives
dictate the selection of optimal control strategies,
trajectory planning techniques, and guidance algo-
rithms, all of which must balance fuel efficiency,
time constraints, and navigational accuracy.

As advancements in space technology continue
to push the boundaries of autonomous operations,
the development of robust and efficient rendezvous
strategies remains a critical area of research in
astronautics. For instance, the trajectory optimi-
zation strategies used for SC rendezvous in near-
circular orbits differ fundamentally from those
applied in atmospheric observation missions.
These disparities arise from variations in space-
craft modeling and the corresponding control system
architecture.

In the realm of commercial and operational
spaceflight, SC rendezvous problems exhibit notable
similarities. While fundamental rendezvous algo-
rithms have been developed and successfully
implemented, continuous refinement is necessary
to enhance their precision and efficiency. Typically,
rendezvous operations involve two spacecraft:
an active vehicle executing maneuvering proce-
dures and a passive target following a free-flight
trajectory. This paper aims to propose a modified
algorithm for optimizing spacecraft rendezvous in
near-circular orbits, ensuring maximum efficiency
and accuracy while adhering to operational con-
straints.

The problem of spacecraft rendezvous in near-
circular orbits using low-thrust propulsion is of

critical importance in contemporary spaceflight.
It plays a fundamental role in various applications,
including coordinated spacecraft formations,
satellite constellation deployment, active debris
removal, and on-orbit servicing missions. Since
the mid-20th century, electric propulsion systems
have been extensively employed due to their high
specific impulse, which significantly reduces pro-
pellant consumption rate for orbital maneuvers.
However, the inherently low thrust of these systems
results in prolonged maneuver durations, which
must be meticulously accounted for in mission
planning and control strategies.

Optimal low-thrust maneuvering has been ex-
tensively investigated in previous studies [1-12].
Of particular relevance are the contributions in
[3—7], which address trajectory optimization under
stringent constraints. Due to the mathematical com-
plexity of low-thrust trajectory planning, numerical
approaches based on Pontryagin’s Maximum
Principle and the continuation method have been
traditionally employed. More recently, interior point
methods [8] have gained prominence, demonstrat-
ing efficacy in solving largescale maneuvering
problems.

Over the past two decades, spacecraft rendez-
vous has remained an active field of research [3-5;
9; 10]. Initial studies predominantly focused on
high-thrust rendezvous strategies in near-circular
orbits [11; 12], successfully addressing short-
duration rendezvous (within three orbital revolut-
ions) and classical mid-term rendezvous scenarios
in coplanar circular orbits. Given the evolving
landscape of space operations, continued advance-
ments in rendezvous algorithms are essential to
support emerging mission architectures and
operational requirements.

Currently, the problem of multi-impulse space-
craft maneuvers remains one of the central chal-
lenges in astrodynamics, requiring the development
of increasingly efficient and reliable computational
methods. Due to the inherent complexity of this
problem, contemporary approaches typically adopt
a multi-stage resolution framework that combines
analytical and numerical techniques.

The primary difficulty in formulating and
solving these problems arises from the need to
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model space trajectories under multiple dynamic
and operational constraints. To address these
challenges, various algorithms have been proposed
to decompose the solution into structured steps, as
demonstrated in studies [13-21].

Analytical methods, as presented in [13-17],
are widely used to solve orbital maneuvering and
orbital plane rotation problems independently.
Although this approach may lead to an increase
in the total characteristic velocity required for
maneuvers, it is advantageous due to its simplicity
and operational reliability.

Additionally, numerical methods have been
employed to determine optimal solutions in highly
complex multi-impulse scenarios, taking into
account specific constraints, as detailed in [18;
19]. The authors of [20; 21] developed efficient
algo-rithms for maneuver parameter calculations,
which are widely used due to their accuracy and
applicability.

An alternative based on solving Lambert’s
problem was presented in [21]. In this approach,
the parameters corresponding to a two-impulse
trajectory are initially determined, followed by
an analysis of the behavior of the hodograph of
the base vector associated with the solution. If ne-
cessary, additional velocity impulses are introduced
to refine the trajectory and ensure an optimized
solution.

Finally, the studies [4; 22] propose hybrid
numerical-analytical methods for solving multi-
impulse rendezvous problems, aiming to effectively
address contemporary practical challenges. These
approaches integrate the principles established in
previous studies [13-21], providing a more com-
prehensive solution adapted to the demands of
modern astrodynamics.

This paper presents a modified algorithm with
enhanced capabilities for addressing the rendezvous
problem of two SC in near-circular orbits under
low-thrust propulsion. The proposed modification
of this algorithm aims to overcome the limitations
of existing methods, which often fail to obtain
viable solutions in low-thrust regimes, as demon-
strated in study [9]. With the implemented improve-
ments, it becomes possible to successfully execute
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maneuvers even under minimal thrust conditions,
thereby expanding the algorithm’s applicability.

In this study, the SC rendezvous problem is
analyzed both from the perspective of impulsive
maneuvers and considering the continuous opera-
tion of low-thrust propulsion systems. In contrast
to previous studies [3—6; 9], which employed diffe-
rent strategies for solving the rendezvous problem
in coplanar orbits, the proposed algorithm offers
a more comprehensive approach, being applicable
both in ground-based control centers and onboard
satellites, thus enabling greater operational auto-
nomy.

Various specialized mathematical models are
used to describe the relative motion of spacecraft
in near-circular orbits. One of the most widely
employed is the Hill-Clohessy-Wiltshire (HCW)
model [23; 24], which assumes that the separation
between SC is small compared to the orbital
radius. However, in this study, we adopt an alter-
native linearized formulation derived in [25], which
provides greater accuracy and applicability for
maneuver planning in low-thrust regimes.

With the increasing number of SC and the
growing demand for real-time problem-solving,
there is a significant shift toward onboard com-
putation of maneuver parameters. This necessitates
the development of computationally efficient and
highly reliable algorithms. The proposed method
meets these requirements, ensuring computational
robustness and enhancing the feasibility of auto-
nomous execution of orbital maneuvers.

1. Mathematical Formulation
of the Rendezvous Problem

The maneuver planning for a spacecraft trans-
ferring between two closely spaced near-circular
orbits is analyzed within the framework of unper-
turbed Keplerian motion. The problem is approached
using an approximate impulsive model, where the
trajectory is discretized into N velocity impulses
applied over a predefined time horizon. By em-
ploying a linearized approximation, the conditions
governing the transition from an initial orbit to
a target coplanar orbit can be expressed as follows
[26; 27]:
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AV, sina, +2AV, cosa, +...+

+AV, ysinay +2AV,y cosay =Ae,; (1)

—AV,;cosa, +2AV, sina, +...—

—AV,ycosay +2AV,ysinay =Ae,;  (2)

AV, +AV,, + AV +...+
+...+AV,y =Aal2; 3)

20V, (1-cosoy )+ AV, (30, +4sino, ) +...+
+2AV,y (1-cosay )+

+AV,y (“3ay +4sinay ) = At 4)

where Aa:(af—ao)/ro, At = n, (tf —to),

AV, =AV* [ Vy, AV, =AV, 1V,

Here, ar and ao represent semi-major axes of
the orbits. The initial and final time is given by #
and t. The reference circular orbit, characterized
by a radius ro such that ro = a; imposes the
constraints Vo and no, which respectively represent
the orbital velocity and angular velocity of the
spacecraft’s motion. The maneuvering strategy
consists of N discrete velocity impulses, each
applied at an angle ¢; -measured from the line
connecting the spacecraft to the target point in the
direction of motion. The i-th velocity correction is

decomposed into its transverse AV; and radial

AV”.* components, each playing a critical role in
shaping the transfer trajectory.

The maneuver optimization problem is defined
as minimizing the total characteristic velocity AV
associated with the executed maneuvers:

AV =minY " AV, =min} " \JAVZ + AV
under restrictions (1)—(6).
2. Algorithm for Solving
the Rendezvous Problem

The rendezvous problem is solved based on
the resolution of the orbital transfer problem. To
achieve this, an algorithm presented in papers
[9; 27] is employed, where the authors assume that

the correction of the eccentricity vector and the
impulse application angles can be performed by
applying velocity impulses at optimal points along
the trajectory. The determination of these points is
formalized by the following expressions:
Ae,
8% = Ae.’

X

o, =0,, 0,=0,+T,
where ok is the angle defining the optimal direction
for correcting deviations in the eccentricity vector.
The optimization conditions result in three
distinct categories of solutions, as presented in
[4; 27]. The optimal impulse magnitudes can be
obtained from the analysis of the first three equa-
tions of system (1)—(4), following the approach
described below:

AV, =(Aa+Ae)/ 4 5)
AV,, =(Aa—Ae)/ 4. (6)

Once the optimal impulse magnitudes are
determined, they will be used as initial approxi-
mations to solve the rendezvous problem. Sub-
sequently, the velocity impulses AVn and AVz are
distributed over the N available orbital revolutions
designated for maneuver execution [9; 27]:

AVlt:AVm"—AVltz""--"'AVItN; 7
AV, =AVyy + AV +. A AV (8)

The next goal is to determine the distribution
of velocity impulses over the turns in a manner that
satisfies equation (4). We will adopt a significant
simplification, assuming that the wvariation of
velocity impulses over the turns occurs linearly to
make the analysis more tractable, that is, allowing
the approximation to reduce the complexity of the
meeting problem:

AVlzi =AVlt1 +(i_1)(AVltN _AVltl)/(N_l); (9)
AV, =AY, +(i_1)(AVZtN _AVZtl)/(N_l)- (10)

Therefore, substituting the values of the velocity
impulses determined using expressions (9) and (10)
into equations (7) and (8), we will obtain the follow-
ing equations:
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2AV;

AV === AV 3y
2AV.

AVyy = 2= AV, (12)
N

Consequently, substituting the obtained

values AV, ,,AV, , into equations (9) and (10),

we obtain:
AV =[2(i=1)AV; + N(N+1-2i)AV;, [/ N(N-1);  (13)
AV =[2(i=1)AV, + N (N +1-2i)AV,, [/ N(N=1).  (14)

Thus, we found the values of all velocity
impulses expressed only through AVin and AV2a.
Substituting them into equation (3), we obtain a

linear equation with two unknowns AV, ., AV, .

The coefficients of the velocity impulses are
known, since their angles of application are
known:

oy =0, +21(N, - N); (15)
Oy =0, + T+ 21(N; = N). (16)

By iterating the value of the variable AV},
within the specified interval, we determine the
corresponding value of the variable AV,,, for each

case based on equation (3).

Next, the values of all velocity impulses are
calculated based on equations (13) and (14). The
sum of the magnitudes of these impulses defines
the total characteristic velocity for each obtained
solution. The solution corresponding to the lowest
total characteristic velocity is considered the optimal
rendezvous trajectory. If the total characteristic
velocity of the selected solution matches that of the
transfer problem, it can be inferred that the tra-
jectory with the minimum achievable characteristic
velocity has been determined.

In the next step, the duration of each identified
maneuver is estimated using the following formula:

Ap, =L Ap, (17)
w

where ®, is the represents the centripetal accelera-

tion of the reference circular orbit, ® is the
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acceleration generated by the propulsion system,
m denotes the mass of the active SC, T is the thrust
of its engine.

If A@; <200 (the duration of the largest velocity

impulse), the solution can be considered approxi-
mately equivalent to an impulsive-based approach,
and the problem is considered resolved. However,
when the maneuver duration becomes significant,
the solution shifts to one that involves low thrust.

3. Solving the Problem With “Low Thrust”

The velocity impulses applied for each turn re-
sult, in a certain way, in the change in eccentricity
and semi-major axis, so to take these changes into
account we will use the following expressions:

Ae,=2AV,; —2AVy,:; (18)
Aa, =2AV,, +2AV)y,. (19)

Therefore, we calculate the necessary duration
of low-impulse maneuvers that will result in the
same change in these elements [25]:

o, Aa . o, Ae
Ag, = + 2arcsin ;
4on o, Aa
8wn cos
8wn
Aa . o, Ae
Ap, =———2arcsin S . (20)
4o o, Aa
8wncos| ———
8wn

Thus, the duration of each maneuver is
determined iteratively, turn by turn, ensuring the
successful resolution of the low-thrust problem. If
the arcsine argument exceeds unity, no feasible
solution exists under the given thrust constraints
and spacecraft mass for the specified number of
orbital turns.

The computed low-thrust solution exhibits a
similar evolution of the semi-major axis and ec-
centricity vector compared to the corresponding
impulsive transfer. Equation (4) is satisfied with
high accuracy, as the midpoints of the extended-
duration maneuvers coincide with the instants at
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which velocity impulses are applied in the impulsive
case. This alignment ensures a comparable modifi-
cation of the orbit’s major axis and guarantees
arrival at the designated rendezvous point within
the required timeframe.

However, the rendezvous problem has been
solved using linearized equations of motion, which
neglect perturbative effects such as the non-
centrality of the gravitational field, atmospheric
drag, and other external influences. Consequently,
the accuracy in satisfying the terminal conditions
defined in system (1)—(6) remains insufficient. To
enhance precision, an iterative correction scheme
may be necessary [18; 19].

Furthermore, the previously proposed algo-
rithm proved inadequate for rendezvous maneu-
vers involving spacecraft equipped with low-thrust
engines of very small thrust magnitude [9]. As the
thrust level decreases, the duration of certain critical
maneuvers extends beyond the required correction
time for the eccentricity vector. To mitigate this
issue, the duration of these maneuvers is con-
strained to the upper bound at which the eccentri-
city correction remains maximized (180° change),
while increasing the number of intermediate
maneuvers. If these adjustments do not sufficiently
impact the arrival time at the rendezvous point, an
additional velocity impulse can be introduced at
a specific orbital position. To compensate for the
residual trajectory deviation at the rendezvous point
in the absence of impulsive corrections, we sub-
tract the effect of pre-defined discrete impulses
(typically 4, 5, or 6, depending on their influence
on the final arrival time). This approach ensures
amore precise alignment with the target conditions
while maintaining the feasibility of the low-thrust
transfer strategy.

4. Algorithm for Solving the Meeting
Problem When Fixing Velocity Impulses

The formulated rendezvous problem uses an
algorithm that consists of the following stages:

1. For long-term maneuvers, we calculate how
fixed (N impulses) maneuvers on the outer turns
change the eccentricity and major semi-axis;

2. Then we solve the transfer problem for the
remaining misses in eccentricity and major semi-
axis;

3. We calculate the change in arrival time due
to the influence of N impulses;

4. Then we distribute two new calculated
velocity impulses between the remaining turns to
correct the time miss remaining after the fixed
impulses;

5. We determine the change in eccentricity
and major semi-axis on each turn;

6. We take into account the duration of maneu-
vers;

7. If the new internal impulses are also greater
than the permissible value, then the procedure is
repeated, new fixed velocity impulses appear;

8. We calculate the total costs.

5. Examples of Solving the Coplanar
Rendezvous Problem When Recording
Velocity Impulses

Let us analyze the motion of a SC relative to
a reference point O, which follows a near-circular
orbit of radius 6871 km around the Earth, under the
assumption of an unperturbed gravitational field.
The Earth’s gravitational parameter is taken as
3.9860044-1014 m*/s®. The objective is to resolve
the problem of a flight, where the spacecraft
performs N velocity impulses within a fixed time
interval to transition from an initial orbit to a target
location in phase space. The initial conditions are:
ro=(10, 100, -5) km and vr= (0, 0, 0) m/s with the
goal of reaching the origin of the reference frame,
i.e., rr= (0, 0, 0) km and vr= (0, 0, 0) m/s in the
tenth turn N=10. The spacecraft has an initial mass
of 1000 kg, and its propulsion system operates
with a specific impulse of 220 s, corresponding
to an effective exhaust velocity of 2157.463 m/s.
The thrust magnitude varies within the range 0.19
to 0.362 N.

Table 1 presents the parameters of the coplanar
transition maneuvers, where the first velocity
impulse is braking, and the second is accelerating.
This occurs because the orbits intersect.

When addressing the rendezvous problem, the
velocity impulses were not only distributed across
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the turns, as shown in Figure 1, but also optimized
with respect to a single parameter, ensuring com-
pliance with the time constraint.

Solution to the problem with low thrust:

In certain instances, the previous solution algo-
rithm is unavailable because the argument of the
arcsine falls outside the range (—1; 1). Additionally,
as thrust increases, the maneuver duration dec-

—o— AV) (m/s)
0.6 1 —m— AV, (m/s)
—— |AV] (m/s)

Velocity impulses (m/s)

2 2 6 8 10
Turns
Figure 1. Distribution of the two-impulse

optimal maneuvers by turns
Source: made by A.A. Baranov, A.P. Olivio

reases, and the total velocity costs for the low-
thrust solution with thrust entrainment align with
those of the impulse-based solution. Table 2 shows
the correction of eccentricity and semi-major axis
using velocity impulses for each turn.

After correcting the orbital elements, Table 3
shows the calculated results for the problem with
low thrust (7= 0.362N) for N = 10.

Table 1

Results of the calculation the parameters
of coplanar transition maneuvers

AVim/s | |AV|m/s | |AV|m/s | o o’ o’

e

-2.785 1.7 4.485 6.4 186.4 | 366.4

S ource: made by A.A. Baranov, A.P. Olivio

Table 2

Results of the correction of eccentricity
and semi-major axis by turns

N Ae, (10‘4) Aa,, (10—4)
1 -0.5492 0.5485
2 -0.6888 0.3633
3 -0.8285 0.1781
4 -0.9682 -0.00711
5 -1.108 -0.1923
6 -1.248 -0.3775
7 -1.387 -0.5627
8 -1.527 -0.7479
9 -1.667 -0.9331
10 -1.806 -1.118

Source: made by A.A. Baranov, A.P. Olivio

Table 3
Results of calculation of the problem with low thrust “7=0.362 &’ for N=10

N AV, m/s AV, m/s |AV|m/s Ao’ A@,,” |Ag|

1 -0.002 0.211 0.213 -0.342 36.991 37.333
2 -0.064 0.202 0.266 -11.166 35.44 46.606
3 -0.126 0.193 0.319 -22.044 33.944 55.988
4 -0.188 0.186 0.374 -33.029 32.554 65.583
5 -0.252 0.179 0.431 -44.173 31.324 75.497
6 -0.317 0.173 0.49 -55.54 30.317 85.857
7 -0.383 0.169 0.552 -67.2 29.602 96.802
8 -0.452 0.167 0.619 -79.237 29.265 108.502
9 -0.523 0.168 0.691 -91.758 29.412 121.17
10 -0.598 0.172 0.77 -104.902 30.181 135.083
> -2.903 1.818 4.721 -509.392 319.029 828.421
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It can be stated that with such a thrust the
problem is solved optimally and the introduction
of fixed impulses is not required.

Further, in order to move to an algorithm with
fixed maneuvers, it is necessary to solve the
problem with such a low thrust that impulses appear
greater than the permissible value. However, we are
interested in solutions with a thrust of 0.24, 0.22,
0.21, 0.2 and 0.19 N, and thrusts less than 0.19 N
are not interesting.

Figure 2 presents the results of calculating the
problem with low thrusts for 7= 0.24, 0.22, 0.21,
0.2,0.19 N.

It can be seen that there is no solution, since
the first maneuver is larger than permissible.

We can observe the evolution of the velocity
impulses and durations of the maneuvers at the
different thrust levels. With the increase in thrust,
the velocity impulses and durations of the
maneuvers in the last turns will not exist (this is
visualized in the Figures of levels 2 to 5). In these
same figures we can observe the reduction of the
values of N, in reality there was no reduction, but
rather the non-existence of the values of the
velocity impulses and duration of the maneuvers in
the last turns.

Next, we take one of the solutions presented
in Figure 2 and transform it into a solution with
fixed impulses. We fix the impulses on the last
turn. The duration of the first impulse on the turn
is —180 degrees, and the duration of the second
impulse is 72 degrees. It is necessary to calculate
and present in the table the influence of these
impulses on the difference in the orbital elements
(OE), compare the values of the orbital elements
before and after the maneuvers are performed.
After that, the standard algorithm for the first
9 turns presented in [9] can be applied.

Table 4 presents the orbital elements (eccent-
ricity, semi-major axis, and flight time) before and
after applying these fixed impulses. It is important
to note that, to calculate the parameters for co-
planar transfer maneuvers, new orbital elements
must be calculated from the initial orbital elements.
Here and everywhere, deviations (Aa and A¢) will
be presented in dimensionless variables. Afterward,

we need to multiply by 7o and Ao to convert them
back to original units. These updated values will
be defined in Table 5, and so on.

Table 4
Difference of orbital elements
Orbital Difference
elements (OE) OE, OE, of OE
Ae,(1074) -1.806 | -1.655 | -0.151
Aay,(107*) | -1.118 | -09823 | -0.1357
A, (107) 12 ~151 | -0.1049

Note: OE,; = Orbital elements before impulse fixation
and OE, = Orbital elements after impulse fixation.

S ource: made by A.A. Baranov, A.P. Olivio

Table 5

Results of calculation of parameters
of coplanar transfer maneuvers

AVym/s

AV, m/s

|AV|m/s

-2.283

1.572

3.855

Source: made by A.A. Baranov, A.P. Olivio

Subsequently, the changes in eccentricity and
the semi-major axis for each turn are determined to
satisfy the spacecraft's flight time condition, with the
results presented in Table 6.

Table 6

Results of the correction of eccentricity
and semi-major axis by turns

N Ae, (10*4) Ay, (10*4)
1 -0.499 0.4983
2 -0.6554 0.3219
3 -0.8119 0.1454
4 -0.9683 -0.0311
5 -1.125 -0.2074
6 -1.281 -0.3838
7 -1.438 -0.5603
8 -1.594 -0.7368
9 -1.75 -0.9132
10 -1.655 -0.9821

Source: made by A.A. Baranov, A.P. Olivio

Figure 3 shows the parameters of the optimal
solution to the meeting problem for N = 10.
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Source:made by A.A. Baranov, A.P. Olivio

0.8 —e— Avy; (m/s) —A —e— Ly li ot
—m- AV (m)s) e 200 o l‘:‘;z' T
0.6 —#- [aV] (n/s) z _ =i
— s _‘,.——A"“—J“
2 o04d _/_,./0’/ 3 100 _____,‘..--"*’ ______ -
o BT S (i B s S
0 - -m 5
£ 02] FTcma . s °
£
2 0.0 —100
§ -0.2 =200
1 2 3 4 5 6 7 8
Turn
-0.4
-0.6 : F ¥ -
1 2 3 4 5 6 8
Turn
Figure 2. Results of calculation of the problem with low thrust for N= 10 (continuation)
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Figure 3. Distribution of the two-impulse optimal maneuvers
by turns for the rendezvous problem
S ource: made by A.A. Baranov, A.P. Olivio
Table 7
Results of calculation of the problem with low thrust “7=0.22 A’ for N=10
N AVym/s AV, m/s |AV|m/S AQ;; AQ, |Ag
1 -0.004 0.194 0.198 -1.1383 55.898 57.031
2 -0.067 0.19 0.257 -19.414 54.786 74.2
3 -0.132 0.187 0.319 -37.966 53.945 91.911
4 -0.198 0.186 0.384 -57.068 53.654 110.722
5 -0.267 0.188 0.455 -77.076 54.269 131.345
6 -0.341 0.195 0.536 -98.493 56.293 154.786
7 -0.423 0.21 0.633 -122.144 60.551 182.695
8 -0.519 0.238 0.757 -149.693 68.707 218.4
9 -0.645 0.297 0.942 -186.245 85.866 272111
10 -0.623 0.249 0.872 -180 72 252
) -3.219 2.134 5.353 -929.232 615.97 1545.202
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As shown in Figure 2, no solution was found
for the tenth turn, as the maneuver durations
exceeded the permissible limit. However, after
applying the new algorithm, the results presented
in Table 7 show that a solution for the tenth turn is
now available. This indicates that the algorithm
was successful.

Conclusion

The paper proposes a modified algorithm for
calculating the parameters of a multi-turn rendez-
vous. The main advantage of the proposed algo-
rithm is its simplicity and reliability, which allows
it to be used not only in ground control centers, but
also on board a spacecraft. At the same time, this
modification of the algorithm for calculating the
parameters of a multi-turn rendezvous allows us
to obtain a solution to the problem at low thrust.
The examples given in the article confirm the oper-
ability of this modified algorithm and the high
quality of the resulting solution. Furthermore, the
algorithm’s ability to adapt to varying mission
conditions, such as changes in thrust or trajectory,
demonstrates its versatility and potential for broa-
der applications in future space missions. This en-
hancement could significantly contribute to improv-
ing mission efficiency and accuracy, particularly
for long-duration spaceflights requiring precise
maneuvering.
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critically examines the common structural failures in satellites, categorizing them by affected
components such as primary frames, joints, thermal shielding, and deployable mechanisms.
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AHanuTuyeckuii 0630p pacnpoCTpaHEeHHbIX OTKa30B CNYTHUKOBbIX KOHCTPYKLUA:
NPUWUYnHbI, NOCNEeACTBUA U CTPaTerum CMar4eHms nocsieacTteBum

K. Pe3a Kamu 3age™™, C.A. Kynpees”, O.E. CamyceHKo

Poccuiickuii yauBepcuret apyx0s1 HaponoB, Mockea, Poccuiickaa @edepayus
P4 reza-kashi-zade-ka@rudn.ru

Hcropus cratbu AHHoTauus. CIlyTHUKOBBIE KOHCTPYKLIUH ITOIBEPTAIOTCS IKCTPEMAIBLHBIM YCIIO-
BUSM Ha NPOTSHKEHWH BCEr0 CpPOKAa MX OKCIUTyaTallid, BKJIIOYas BBICOKHE
Harpy3KH IpH 3aIyCKe, TeIUIOBbIE IMKJIBI U YAAphl KOCMHYECKOTO MycCOpa, 4TO
JIeNIaeT UX YSA3BUMBIMHU K CTPYKTYPHBIM OTKa3zaM. [loHMMaHue mpu4uH, nociuen-
CTBHH M CTpaTETHi CHIDKEHUS PUCKA TaKMX OTKAa30B UMEET pelarolee 3HaueHue
JUISA TIOBBIIIEHHUS HAJIE)KHOCTH CIIyTHHUKOB U YCHEIIHOCTH MUcCCUil. B nanHOM
0030pe KPUTHYECKU PacCMaTPUBAIOTCS PACIIPOCTPAHEHHBIE CTPYKTYPHBIE OTKA3bI
CIIyTHUKOB, KJIACCU(GHUIUPYEMBIE IO MOPAXKEHHBIM KOMIIOHEHTAaM, TAKUM KaK
ABTOpBI 325BIIAIOT 00 OTCYTCTBHH OCHOBHBIE KapKachl, COCTUHEHHS, TETJIOBAs 3aIllUTa W Pa3BepThIBAEMBIE MeXa-
KOH(IIHKTA HHTEPECOB. HU3MBL. B HccnenoBanuy NpoBOAUTCA BCECTOPOHHUN aHAIN3 UCTOPUUECKUX U
COBPEMEHHBIX OTKa30B C MHTETpaluel JaHHBIX U3 TEMaTHYECKUX HCCIIeIOBaHHH,
9KCIIEPUMEHTATIbHBIX UCCIEIOBAaHUH, a TakKe JOCTIKEHUI B 00JIacTH MaTepHa-
JIOBEJICHHUSI © MOHHUTOPUHIra CTPYKTYPHOH LENOCTHOCTH. [loydeHHbIe pe3yib-
TaThl BBISABIISIIOT OCHOBHBIE MEXAHU3MbI OTKA30B, BKJIIOUYAsl yCTaJIOCTh MaTepHa-
JIOB, BUOPAIIMOHHBIE HarPy3KU U TEIUIOBYIO JETPaJallHio, a TaKXKe Jal0T OLEHKY
UHHOBAI[MOHHBIM PELICHUSM, TAKUM KaK YMHbIE MaT€pHaJIbl U TEXHOJIOTUH pe-
MOHTa Ha opoute. O600Imas COBpeMEHHbIE NCCIIESIOBAHMUS M MPAKTUKH OTPACIIH,
aBTOPBI CHCTEMATU3UPYIOT TEHACHIUHU OTKAa30B M NpPEJIaraloT HepCleKTHBHBIE
HAIpABJIEHUS JJIsI TOBBIIICHUS YCTOWYMBOCTH CIYTHHKOBBIX KOHCTPYKIIHH.
Pe3ynbTaThl HCcIeOBaHUS HAPABJICHb HA pa3BUTHE 00Iee HAAEKHBIX CITyTHU-
KOBBIX apXUTEKTYP, YTO B KOHEUHOM UTOTE CIOCOOCTBYET MOBBIILICHNIO Oe301ac-
HOCTH 1 3PPEKTUBHOCTH KOCMHYECKUX MUCCHH.

[octynuna B pegaxmmro: 17 ssaBapst 2025 r.
Jopaborana: 15 mapra 2025 1.
[punsTa k myonukanuu: 27 mapra 2025 .

3asBileHHE 0 KOH(PJIUKTE HHTEPeCcoB

KuroueBble €j10Ba: CTPYyKTYPHBIC OTKa3bl, MCXaHM3MBbI OTKa3a, MATEPHAIOBE/IC-
HUE, MOHUTOPHUHT COCTOSIHUS, CTPATETUH CHUIKEHHSI PUCKOB
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Introduction missions, and space exploration programs [1].
Satellites must be engineered to withstand a wide

The need for durable and reliable satellite  range of mechanical, thermal, and environmental
structures has grown significantly with the rise of  stresses both during launch and in orbit [2]. Despite
commercial space initiatives, Earth observation advancements, structural failures continue to be
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a major risk, often resulting in reduced functionality
or mission loss. This study provides a comprehensive
overview of common failure modes in satellite
structures and examines their causes, effects, and
mitigation strategies. This review synthesizes the
findings from both industry and academia, focusing
on failure mechanisms and design approaches that
enhance the robustness of satellite structures.

1. Overview of Satellite Structural
Components

Satellite structures include primary and sec-
ondary elements, each tailored for specific roles and
designed to withstand unique stresses [3; 4]. The
key structural components include the following:

Primary Frame (PF): This part provides the
fundamental rigidity and load-bearing structure for
the satellite [3].

Secondary Structures (SS): These support
critical subsystems such as thermal control, pro-
pulsion, and payload interfaces.

Deployable Mechanisms (DM): This includes
solar panels, antennas, and other extendable ele-
ments that activate post-launch.

Thermal Shielding and Insulation (TSI):
Layers designed to manage extreme temperature
changes.

Each of these components has distinct design
requirements and associated failure risks owing to
the environmental and operational factors. Figure 1
shows the satellite structural components with
personal wireless communications [5].
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Figure 1. Diagram of satellite structural components
Source: made by R. Perez [5]

2. Common Causes of Structural
Failures in Satellites

2. 1. Vibrational and Acoustic Loads
During Launch

The launch phase subjects satellites to high
levels of vibration and acoustic energy [6—8].
These forces often lead to structural fatigue and
even catastrophic failure in sensitive areas such as
joints and fasteners [9; 10]. Research has shown
that vibrational frequencies experienced during
launch can amplify stresses in weak points of the
satellite structure, leading to fractures and deta-
chment. Figure 2 demonstrates the vibration and
acoustic testing of the JUPITER 3 satellite [11].

Figure 2. The vibration and acoustic
testing on the JUPITER 3 satellite
S ource: byHughes. Available from:
https://www.hughes.com/resources/insights/inside-hughes/
theres-whole-lot-shakin-going-jupiter-3-undergoes-vibration-and
(accessed: 18.03.2025)

2.2. Thermal Stresses Due
to Orbital Environment

Satellites are exposed to extreme thermal
cycling between the sunlit and shaded sides of the
Earth, causing materials to expand and contract
repeatedly [11; 12]. Thermal cycling can degrade
composite materials, lead to adhesive breakdown,
and create microcracks in metals and polymers [13],
particularly in Low Earth Orbit (LEO) [14; 15].
A schematic of the thermal exchange between
a space-craft and the space environment is pro-
vided below [16], (Figure 3).
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Figure 3. Thermal exchange between spacecraft
(solar array) and space environment
Source:byd.LiS.Yan, R. Cai[16]

2.3. Radiation-Induced Degradation

Radiation from solar and cosmic sources causes
material degradation, leading to embrittlement
and reduced structural integrity over time [17; 18].
Studies on polymer degradation and metal em-
brittlement indicate that radiation exposure signifi-
cantly shortens the lifespan of structural materials
used in satellite construction [19; 20].

2.4. Micrometeoroid and Orbital Debris Impacts

Micrometeoroids and space debris represent
constant hazards in orbit, especially in LEO [21;
22]. Even small impacts can lead to pitting and
localized structural damage, compromising shield-
ing and initiating fatigue. Figure 4 shows the front
and rear sides of the impact feature on a solar array
[23]. In this figure, the diameter of the opening on
both sides is approximately 5 mm, whereas the
central hole has a diameter of 0.5 mm.

2.5. Manufacturing and Assembly Anomalies

Manufacturing inconsistencies and assembly
errors contribute to structural vulnerabilities.
Defects in welding, material inconsistency, and
improper alignment can manifest as significant
structural issues during the operational lifetime of
satellites [24; 25].

3. Types of Structural Failures
in Satellite Components

3. 1. Frame and Panel Failures

The frame and panels form the primary load-
bearing structure of a satellite. Failure modes
include:
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Figure 4. Front and rear sides of impact
feature on HST solar array
Source: byG. Drolshagen [23]

# Buckling and Cracking: Occurring under high
mechanical loads, especially during launch [26; 27].

¢ Corrosion: In LEO, exposure to atomic oxy-
gen causes the surface degradation of metal and
polymer-based components [28—-30].

3.2. Joint and Fastener Failures

Joints and fasteners play a crucial role in main-
taining structural integrity [31]. Common failures
include the following:

® Thermal expansion discrepancies: Caused
by different expansion rates in dissimilar materials,
which can weaken the joints over time.

¢ Cold welding: In a vacuum environment,
metals can bond unintentionally, leading to potential
joint failures.

3.3. Deployable Mechanism Failures

Deployable structures such as solar arrays and
antennas face unique challenges:

* Stuck deployments: Due to binding from debris
or thermal distortions.

¢ Spring and hinge fatigue: Resulting from
thermal cycling leading to impaired deployment
capabilities.
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3.4. Thermal Shielding and Insulation Failures

Thermal management systems are crucial for
satellite operation. Failure modes include:

® [nsulation degradation: Particularly for
multi-layer insulation exposed to prolonged radiation
[32; 33].

¢ Micro-Cracking: In thermal layers due to
extreme expansion and contraction.

4. Case Studies of Structural Failures
in Satellite Missions

4.1. ISS Solar Array Deployment Anomaly

The 2007 tear in the ISS solar array was attri-
buted to fatigue in the deployment mechanism
[34]. This case highlighted the importance of
material durability in deployable structures and led
to the integration of stronger and more resilient
materials in later designs.

4.2. Envisat Gyroscope Mount Failure

The Envisat mission experienced a gyroscope
mount failure, largely due to an under-designed
mounting bracket. This case demonstrated the need
for robust mounting mechanisms for sensitive
instrumentation.

4.3. Orbcomm- 1 Series Vibration Damage

The Orbcomm-1 satellites suffered structural
damage owing to insufficient vibrational damping
during launch. Since then, enhancements in damp-
ing mechanisms have been implemented to mitigate
similar risks.

5. Mitigation Strategies and Emerging
Technologies

5. 1. Advanced Materials and Coatings

In this particular application, research into
advanced composites and coatings aims to increase
resistance to radiation and thermal cycling:

¢ Carbon Fiber Composites (CFC): This type
of composite is used for primary structures owing
to its strength-to-weight ratio [35].

# Radiation-Resistant Polymers (RRP): They
are used to prevent embrittlement and maintain
material integrity over extended missions [36—38].

5.2. Enhanced Testing and Simulation Techniques

It is imperative that vibrational and thermal
testing be conducted under realistic conditions:

® Accelerated Thermal Cycling Tests (ATCT):
It simulates orbital conditions to predict long-term
material performance [39].

® Finite Element Analysis (FEA): It helps
anticipate the points of failure under various load
scenarios [40—44].

5.3. Real-Time Structural Health Monitoring

Incorporating sensors and diagnostic tools
allows for real-time monitoring:

¢ Embedded strain gauges: These are generally
used to detect stress points and initiate predictive
maintenance.

& Sensor-Based predictive maintenance. Data-
driven models use health monitoring to proactively
schedule maintenance or adjustments [45; 46].

5.4. Reinforcement of Joints And Fasteners

Material selection and thermal compatibility
improvements enhance joint performance:

& Thermally compatible alloys: 1t prevents
cold welding and differential expansion in joints.

¢ mproved fastener designs: These were de-
veloped to resist both vibrational and thermal cycling
stresses.

6. Future Directions in Satellite
Structural Design

Emerging research in adaptive structures and
self-healing materials shows promise for reducing
the impact of micrometeorite damage and thermal
stress. Additionally, Al-driven simulations and
autonomous health-monitoring systems are expected
to play a pivotal role in satellite design, enabling
smarter and more resilient structures for long-term
missions.

Conclusion

This study critically examined the common
structural failures in satellite systems, focusing
on their causes, effects, and mitigation strategies.
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The research employed a comprehensive review of
historical and recent satellite failures, integrating
case studies, experimental findings, and advance-
ments in materials science and structural health
monitoring.

Through this analysis, we systematically in-
vestigated the key structural failure modes, includ-
ing vibrational stresses during launch, thermal
cycling effects in orbit, radiation-induced degra-
dation, and micrometeoroid impacts. The study
further evaluated failure-prone components, such as
primary frames, joints, thermal shielding, and de-
ployable mechanisms.

The findings highlight several advancements
that can enhance satellite resilience. Notably, the
adoption of carbon fiber composites, radiation-re-
sistant polymers, and thermally compatible alloys
has shown promise in mitigating structural degra-
dation. Additionally, enhanced testing techniques,
real-time structural health monitoring, and improved
fastener designs have contributed to reducing failure
risks.

By synthesizing current knowledge and emerg-
ing technologies, this study provides valuable in-
sights for the development of more robust satellite
structures. The proposed advancements aim to
enhance the reliability and longevity of space
missions and ensure improved performance under
extreme environmental conditions.
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Yrnoeasi ctrabunusaumsa MynbTUPOTOPHOrO JleTaTesibHOro annapara
B atmocdepe BeHepbl

B.B. PorixkoB

MoOCKOBCKHH aBHAIIMOHHBIA HHCTHTYT (HAIMOHAJIBHBIA HCCIeN0BATEIbCKUI YHUBEPCUTET), Mockea, Poccuiickas ®edepayus
>4 dinozavr.ru@mail.ru

Hcropus cratbu AHHoTauus. PaccmorpeHa mnpoOneMa CTaOMIM3aLHH YIIOBOTO ITOJOKESHUS
TocTynuna B peaxuuio: 7 susaps 2025 T MPJTIA (MyJIBTHPOTOPHOTO JIETATEIBHOTO amiapara) Uil HCCICAOBAaHUS aTMO-
Tlopaborana: 7 pespamns 2025 1. chepbl BeHepsl. AKTyallbHOCTh TEMbI 00YCIIOBIICHA HEOOXOIUMOCTHIO TIOTYUCHHSI

JIETaJIbHBIX JIaHHBIX O HI)KHUX CIIOSIX BEHEPUAHCKOW arMocdepbl, YTO BaXKHO JUIS
[IOHMMaHUs KIMMaTH4yeckux npoueccos B ConHeuHol cucreme B 1enoM. Llens
HCCleIoBaHusd — pa3paboTka CHCTEMbl YIPAaBICHHS HAa OCHOBE IPOIOPIHO-
HAJIbHO-MHTETpabHO-AU (P EpeHIIMATBHOTO PETYIATOPa U 00ECIeYCHNUs yCTOM-
YHUBOCTH W MaHeBpeHHocTH MPJIA B ycnoBusix TypOyineHTHOH aTmocdepsl
Benepsl. B uccienoBanuu mpoBeieHO MaTeMaTH4eckoe MOAEIMPOBaHUE YIVIO-
Boro aBmwxeHuss MPJIA ¢ ydeToM a’spoauHaMUYeCKUX BO3JAEHCTBUII U BETPOBBIX
BO3MYyLICHUH. [ cTabMIM3aly OpUeHTAIUY alllapara UCIOIb30BaH MPOIop-
OUOHAJIBHO-MHTETPATEHO-TH (DD epeHINATBHBIN PETYISATOP, TapaMeTphl KOTOPOTO
ONTUMU3HUPOBATINCH METOAOM Hen;lepa —_— Myma C IPUMEHCHNUEM YUCJIICHHOI'O UH-
TErpupoOBaHMs YpaBHEHUH IBIDKeHUs. B pesynmsrare paspadoTana cucrema aud-
(epeHIMaNbHBIX ypaBHEHMH, OIMUCHIBAIOIIAS JUHAMUKY YIVIOBOTO JBHYKEHHS
MPIJIA. TIpoBeneHa aBToMaTH3anUs MOA00pa KOAGPHUIUEHTOB peryisTopa, odec-
[eYUBAONIAs MUHUMM3ALHUIO OTKIOHCHUI OpUEHTALMH amnmapara MpH BO3/CH-
CTBHUU CITyYalHBIX BETPOBBIX BO3MYIIeHHH. UMCIEHHOE MOIENIWpOBaHUE IIOI-
TBepAWIO ) (HEKTUBHOCTD MPETIOKSHHOTO ANrOpUT™Ma cTadmim3anuu. [Ipemio-
JKEHHBIH ITOAXOJ K aBTOMATH3MPOBAHHOMY IOAOOpY MapaMeTpOB IPOMOPIHO-
HAJIBHO-UHTETPATBbHO-TU(PDEpEeHINATEHOTO PETyIATOpa MO3BOJSAET MHHUMHU3HU-
POBaTh MHTETPAIBHYIO OIIMOKY OPHEHTAIMH U YIy4IINTh JUHAMUYECKUE XapaK-
TEPUCTUKH CHCTEMBI YIPaBJIEHHs JIETAaTEIbHOIO armapara MYyJIbTHKONTEPHOIO
tuna. Pa3paboTaHHBIH alrOpUTM CTaOMIM3AIUN MOXET OBITh HCIIOIB30BaH JUIS
YIpaBJICHHs JICTATEIIbHBIMHU aNllapaTaMH B CIOXKHBIX aTMOC(EpHBIX YCIIOBHSAX,
BKJIIOYasi CUJIbHBIC BOMYILEHHUS, XapaKTepHbIE Ul 00JIa4HOTO ci10st BeHepsl.

[punsTa k myonukamuu: 1 mapra 2025 1.
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Abstract. The study addresses the problem of attitude stabilization of a multirotor aircraft
(MRAC) designed for exploring the atmosphere of Venus. The relevance of this topic is driven
by the need to obtain detailed data on the lower layers of Venus’ atmosphere, which is crucial
for understanding climate processes in the Solar System as a whole. The objective of the study
is to develop a control system based on a proportional-integral-derivative controller to ensure
stability and maneuverability of the MRAC under turbulent atmospheric conditions on Venus.
The research includes mathematical modeling of the angular motion of the MRAC, taking into
account aerodynamic forces and wind disturbances. A PID controller is used for attitude
stabilization, with its parameters optimized using the Nelder-Mead method in combination
with numerical integration of the equations of motion. As a result, a system of differential
equations describing the angular dynamics of the MRLA has been developed. An automated
tuning approach for the controller coefficients is implemented to minimize orientation
deviations under random wind disturbances. Numerical simulations confirm the effectiveness
of the proposed stabilization algorithm. The suggested approach to automated PID parameter
tuning minimizes the integral orientation error and improves the dynamic performance of the
multirotor flight control system. The developed stabilization algorithm can be applied to aerial
vehicles operating in complex atmospheric conditions, including strong disturbances typical
of the Venus cloud layer.

Keywords: flight dynamics, orientation control, wind disturbances, PID controller, mathematical
modeling, atmospheric disturbances, automated parameter tuning
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BBepeHune

HUPOBATh B 00IaYHOM CJI0€ BeHepI:I Ha BBICOTAax

UccnenoBanne armocdepsr Benepsr mmeer
0oJbllIOe 3HAYECHUE NIl MOHMMAHUS KIMMaThu4e-
CKuX mporeccoB B Macimtabax CoylHeYHOH cH-
cremsbl. [InoTHas yrekucnorHast atmocepa, 3Kc-
TpeMaJbHbIE TeMIepaTypbl U MOIIHBIN MapHUKO-
BB 3(deKT nenaT ee yHUKaIbHBIM OOBEKTOM
W3YUYCHHS, MTO3BOJISISI BBIBISTH 3aKOHOMEPHOCTH,
npUMeHHUMbIe U K 3emiie. OpOuTaIbHbIE annaparsl
oOecrneunBaioT 001Ut 0630p, HO HE JAIOT JeTallb-
HBIX JIaHHBIX O HW)KHHX CJOSIX, @ CITyCKaeMbIe
30H/1bI TTO3BOJISIOT MOYYUTh JIOKAJIbHbIE TaHHBIC,
HO UX BO3MOXKHOCTU OIpaHMUYEHBI M3-32 IKCTpe-
MaJIbHBIX yclIoBUi cpensbl (puc. 1) [1; 2].

[lepcneKTUBHBIM pelIeHUEM SIBISIETCS UCTIONb-
30BaHUE MYJIBTHPOTOPHOTO JIETATEIBHOIO ara-
pata (MPJIA), ctocoOHOTO ATUTEIBHO (DYyHKIIHO-
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50-55 kM, T71€ yCIOBHSI OTHOCUTENBHO Oaronpu-
ATHBL. BbICOKass MaHEBPEHHOCTh U YCTOWYUBOCTD
K TypOynenTHocTH nenatoT MPJIA s¢dexTnBHBIM
WHCTPYMEHTOM I UCCIIEOBAaHUS JUHAMUKH aT-
Mocdepsr [3; 4].

Hacrosimiast paboTa rnocpsiieHa aHaJIu3y yIo-
BOIO JIBMKEHUS TAKOTO ammapara ¢ yu4eToM a’3po-
JAHAMWYECKUX BO3JICUCTBUN U BETPOBBIX BO3MY-
menuid. Pa3pabareiBaeTca cuctema ynpaBieHUs
Ha OCHOBE MPONOPIHOHAIBHO-UHTErPaIbHO- A1 ]-
bepenuuansHoro perynsaropa (IIU-perynstopa),
napaMeTpbl KOTOPOTO ONTUMHU3HUPYIOTCS I TO-
BBIIIIEHUS] YCTOMYHUBOCTH [5; 6].

OO0ObexTOM HccienoBanus sasiasercss MPJIA,
MpeIMETOM — €ro JAMHaMHUKa B yCIOBUSX BEHE-
puaHckoi atMocdepsbl. [TomydeHHbIe pe3ynbTaThl
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MO3BOJIAT YJIyYIIHUTh YIPaBJICHHE JIETaTCIbHBIMU
1atpopMaMu U co3ziaTh 6osee 3pPpeKTUBHBIE aB-
TOHOMHBIC CHCTEMBI ISl M3YUCHHUS TUIaHETapPHBIX
atMocdep.

Puc. 1. Mogenb MPJ1A:

7 — Ganka BAHTOMOTOPHOW rpynnbl;
2— BUHTOMOTOPHAas rpynna; 3— waccu; 4 — agantep KpenneHus
Nones3Hon Harpyakn; 5 — NprMBOPHBIN OTCek
M ¢ To4HMK: BbinonHeHo B.B. PbixxkoBbiM, M.1O. AueHko [3]

Figure 1. MRLA model:

7 — beam of the propulsion group;
2— propulsion group; 3— landing gear;
4 — payload mounting adapter; 5— avionics compartment
Source:byV.V. Ryzhkov, M.Yu. Yatsenko [3]

1. Llenb n nocTaHOBKa 3apa4n

L]env uccnedosanus — cTporoe MaTeMaTuye-
CKO€ ONMCAHME 3aJlaui, BKJIIoUaromee GopMysn-
POBKY ypaBHEHHUH IBMXEHUS, pa3pabOTKy ajro-
pHUTMa yIpaBJICHUs U yueT ClIydalHbIX aTMochep-
HBIX BO3MYylIeHUH. Takxe HEOOXOJUMO IpecTa-
BUTDH YMCJICHHBIN METOJ PCUICHUS C IPUMCHCHUCM
QITOPUTMOB YHCJIEHHOTO HMHTerpupoBaHus. [lis
CTaOMIIN3alMM OPUEHTAIUH JICTATeJIbHOTO aIia-
para ucnonssyercs [1IM]/I-perynsaTop, IpudeM ero
TapaMeTphI IMOAOUPAIOTCS aBTOMATHUYECKH [5]. DTO
MO03BOJISIET TOBBICUTH 3()(HEKTUBHOCTH yIpaBie-
HUSI M CHU3UTD BIIMSHHUE CyObEKTUBHBIX HACTPOEK.

B HacrosmeMm ucciael0BaHUU paccMaTpUBa-
eTcd 3aja4a CTa0MIN3aluy YIJIOBOTO MOJIOXKEHUS
MPIJIA, GyHKIHMOHHPYIOIIETO HA BBICOTE OKOJIO
50 kM B 001agHOM ciioe atMocdeps! Benepsi.

B maremaTHuyecKkoM NpeICTaBICHUH CUCTEMA
OITUCBIBAETCS] BEKTOPOM, KOTOPBIN BKITIOUYAET B ce0s
TPU TEPEMEHHBIE, XapaKTepU3yIOIIue MPOCTPaH-
CTBEHHYIO OPUEHTALUIO (YIJIbl KPEHa, TaHTraxa U

PBICKAHMS), @ TAKXKe TPU 3HAYECHUS YTIOBBIX CKO-
pocTell OTHOCUTENBHO KOpIyca anmnapata. /{uHa-
MUKa 3TUX [TapaMeTPOB NOJUUHSAETCS YPAaBHEHUSAM
JIBIKEHUS, B KOTOPBIX YUUTHIBAIOTCS KaK yIpaB-
JAI0IIAE BO3IEUCTBUA co cTopoHbl [N /I-peryns-
TOpA, TaK 1 BHEIIHUE a3POIMHAMHYECKIE MOMEHTHI,
BbI3BaHHBIE aTMOC()EPHBIMU TOTOKAMHU.

MexaHu3M yripaBiieHHsI OCHOBAH Ha IPUHITHIIC
KOPPEKTUPOBKHU YTJIOB amapara OTHOCUTENIBHO 3a-
JAHHBIX LIeNIeBbIX 3HaueHuil. Peanuzauusa ocy-
LIECTBIISIETCS. YEPE3 BBIUUCIECHUE YIIPABIISIOMIMX
MOMEHTOB, 3aBUCAIIMX OT TEKYIIMX OTKJIOHEHUM
OpUEHTAIlMM ¥ WX MPOU3BOIHBIX. ATMOC]EpHBIE
BO3MYILEHUSI TPOSIBIISIIOTCS YEpe3 ClydaiHbIe U3-
MEHEHHS CKOPOCTH BO3AYIIHOIO TOTOKA, YTO MPHU-
BOJUT K JIOMOJHUTEIBHBIM a3pOANHAMUYECKUM
MOMEHTaM, JIEUCTBYIOIINM Ha armapar.

3ajaua yrpaBieHHUs 3aKIII0YAETCSI B TOM, YTOOBI
MUHUMHU3UPOBATh OTKJIOHEHUSI OPUEHTALUHU U yT-
JIOBBIX CKOPOCTEH 3a ONpe/IelIeHHbIN TPOMEKYTOK
BpeMeHH. 111 3TOro MCrosb3yercs: CuelualbHbId
KpUTEpHIA KaueCcTBa, KOTOPbIil yUUTHIBAET CyMMap-
HbIe OIIMOKKA B OPUEHTAIIMM M CKOPOCTU Bpallle-
Hus. Ilonck onTUMalbHBIX MapaMeTpoB perysis-
TOpa BBIMOJHIETCS METOAOM MOCJeI0BaTeIbHOM
KOPPEKTUPOBKH YMPABJISAIOMMX KO3(OUIINEHTOB,
MIPU 3TOM KaXK/IbI AT COMPOBOK/IAETCS Iepecye-
TOM JBW)KEHUS anmapaTa ¢ IOMOIIbIO YUCIEHHOTO
pelieHusl ypaBHEHHI.

Bes cuctema onuceiBaeT Ipouece BOIOLNN
OpHEHTAllMM anmnapaTa BO BPEMEHU I10J BO3ZCH-
CTBUEM KaK CHCTEMBbI yIpaBJICHUS, TaK U CIIydai-
HBIX BO3MYIIEHUN BeTpa. [ maBHas 1menp — moao-
Opath Takue mapametpbl [IM]J[-perynsTopa, npu
KOTOPBIX OTKJIOHEHHSI OpPUEHTAIlMM U YTJIOBBIX
CKOpOCTe# OyayT CBEICHBI K MUHUMYMY, oOecTie-
YUBas YCTOWYMBOE U OBICTPOE BOCCTAHOBJIICHHE
OpUEHTAIlMH B YCIOBUSX TypOyJIEHTHOCTH aTMO-
ctepsl Benepsl.

2. MaTemaTu4yeckas Mmoaenb YrjioBoro
ABWKEHUS MYJIbTUPOTOPHOIO NIeTaTeNIbHOro
annapara

VYrnosoe nsuwxenne MPJIA noguunsercs ypas-
HEHUsIM Dilsiepa, OIMHUCHIBAIOLUIMM JIUHAMUKY TBEp-
Joro Tena. B naHHOM ciydae OpHEHTalHMs amma-
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parta onpezenseTca TpeMsl yIilaMu: KpeHa, TaHraxa
U phICKaHUs ¢, 0,y . YTIIOBBIE CKOPOCTHU paccMarT-

pHBAIOTCSl B CHUCTEME KOOPJIMHAT, CBSI3aHHON C
KOPITyCOM arnmapara, U MpeACTaBiIsIoT co00i Tpu
KOMIIOHEHTbI, COOTBETCTBYIOIINE BPALIEHUIO BO-
KpyT KaXI0H u3 ocell o,, ®,, 0,.

Jo, =M, ~(J,-J.)o,0,;
Jo, =M, ~(J,~J,)o.0; )
S, =M. ~(J,-J, )00,

rne M., M s M . — cymmapHbIe MOMEHTHI JI€Ta-

TEJILHOTO amapaTa OTHOCUTENIBHO €T0 OCeH.

JluHaMHKa BpalaTelbHOro ABHXKEHUS (op-
MYJIHpYyeTcs 4epe3 CyMMY MOMEHTOB, JI€HCTBYIO-
IIMX Ha anmapar. OTH MOMEHThI BKJIIOYAIOT Kak
yIpaBJIOLIME BO3IEHCTBUSA, CO3aBAEMbIE CHCTE-
MOW YIpaBJ€HHUs, TaK U BHEUIHHE BO3MYIICHMS,
BBI3BAaHHBIE A3POIMTHAMUYECKUMHU 3P deKTaMu, Typ-
OyJIEHTHBIMH [TOTOKAMU BETpa:

Mx :Mux+de;
My:Muy+Mdy; (2)

M. =M, +M,.

W3MmeHeHne opueHTanMM ammapara BO Bpe-
MEHHU OIMCHIBAETCS KUHEMATHYECKHMU COOTHO-
LICHUSMH, KOTOPBIE BBIPAYKAIOT CKOPOCTh U3MEHE-
HUS YTJI0B Yepe3 KOMIIOHEHTBI YIJIOBOM CKOPOCTH.
CrangapTHOE IpPEJCTaBICHUE C HCIOJIB30BAHUEM
yIi0B Diiepa N03BOJISIET CBA3aTh UX C YIJIIOBBIMU
CKOpOCTSIMH, o0ecreunBas MOJHOE MaTreMaTHhde-
CKO€ OIIMCAHME BPAIaTEIbHOIO ABHKEHUS:

1 sin@tan® cos@tand )| o,
—sin@ o

o
0(=|0 1 3)
) 0 singsecO cos@sech )| m,

cos

Tak hopmupyercst cucrema audhepeHnatb-
HBIX ypaBHEHMH, BKIIIOYAIONIAs MIECTh MEPEMEH-
HBIX COCTOSIHUS: TPU yTIJIa OPUEHTAIIMH B TPH KOM-
MOHEHTHI YTIIOBOM CKOPOCTU. DTa CHCTeMa OIpe-
JIeTISICT SBOJIIOLUIO YIIIOBOTO JABMXKSHHS amnmapara
I10JT BO3/ICHICTBHEM KaK YIPaBJISIOMIUX, TaK U BO3-
Mymaronmx ¢pakropos [7—10].
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3. Pa3paboTka 3aKkoHa ynpaBfieHus
Ha ocHoBe MU -perynaTopa

Jns ynepskanus nerarenpHoro anmapara (JIA)
B 3a/IaHHOM OpHUEHTAIMN HEO0OX0IUMO CPOPMHPO-
BaTh YIPABIIIOIUE MOMEHTBI, KOMIIEHCUPYIOIIHE
OTKJIOHEHHS OT LIEJIEBBIX 3HAYEHUH YIJIOB KPEHa,
TaHra)kxa M pbICKaHus. i1 3TOro mpuMeHseTcs
MPOTNOPLMOHAIEHO-UHTETPAIbHO- TP PEepeHITATb-
Hb11 [T ][-perynarop, KOTOPbIN OTAEIBHO PETY-
PYET KOKIYH0 U3 KOOPAUHAT YIIIOBOTO ABUKCHMUSL.

IIponopuronabHas cocrasipsioniast K, ynpas-

JICHUsI OTBEYAET 33 MTHOBEHHYIO PEaKIMIO Ha OT-
KJIOHEHHE, CTPEMSCh BEpHYTh ammapaT B Hy>KHOE
nonoxenue. JubdepenuuanbHas K, -KOMIIO-

HEHTa YYUTHIBAET CKOPOCTb M3MEHEHUS OLIMOKHU,
YTO TIOMOTAeT CIIIAKUBATh KOJIEOAHUS M CHUXKATh
nepeperyapoBanue. MHTerpaibpHas 4acte K, KOM-

NIEHCUPYET HaKOIJICHHBIE OIMOKH, yCTPaHsIsI CMe-
IICHHS, KOTOPBIC MOTJIU ObI COXPAHSTHCS MPH I10-
CTOSIHHBIX BHEIIHMX BO3MYILIEHHSAX, TaKHUX Kak
YCTOMYUBBINA BETED.

DddexTrBHAT paboTa perynsTopa onpeness-
€TCSI KOPPEKTHBIM ITOI00POM €ro KO PHUIIMEHTOB
K,, K;, K;. Otn napamerpbl MOTYT HacTpau-

BaThCsl BPYUYHYIO METOJIOM NPOO M OMIMOOK WK
MOIOMPATHCS C MOMOLIBIO YUCICHHBIX U aHATTUTH-
YEeCKUX METOJIOB ONTUMHU3ALMU. B wacTHOCTH, 114
UX aBTOMAaTH3MPOBAHHOI'O BBIOOpA MPUMEHSETCS
MUHUMU3AIUST KPUTEPUEB KauecTBa, Hampumep,
MHTETpajia KBaJpaTU4YHON OmuOKu, odecrednBa-
IOIIETO OBICTPYIO M TOYHYIO CTaOMIIM3AINIO OPH-
CHTAaLIUU.

OntuManbHbIH HA00p KO3(PPUITUEHTOB Ompe-
JIENSIeTCS. HA OCHOBE 3aJIaHHOTO KpUTEpHs Kade-
CTBa YNpAaBJICHUS, KOTOPBII OTpakaeT CymMMap-
HYI0 OIIMOKY OpHUEHTaluu BO BpeMeHu. J{is mu-
HUMM3ALUN 3TOTO TIOKA3aTels HCIOIb3YIOTCS
YHCIICHHBIC METO/IbI ONITUMH3AINH [5].

Ommbka OpueHTAlMK ISl KpEeHa BBIUMCIIS-
eTCsI KaK

e(p([):(p<l)_(p3aﬂ' (4)

Ynpasnstoiiee BO3JACHCTBHE MO OCH KpeHa
bopMupyeTcs cneayoumm 00pazom:
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de, (¢
M, (t)=-K, e,(t)-K; J.;eq) (t)di-K, e‘:T(). ()
AHAIIOTHYHBIE BBIPAKCHUS HCIIOIB3YIOTCS

JJIA TaHT'aXKa U PbICKAHUA:

t de (t)

M, (t)=-K, e (t)~K, [, e(t)dT-K,, Zt o
t de (t) ?

M, (t)=-K, e, (t)-K, Ioew (t)dt-K, #

IJIe OUIMOKY TI0 TAHTAXY U PHICKAHUIO OTPETIEIs-
roTCst Kak €, (1)=0(1)—=0,,,, e, (1) =Y () = V-

4. dopmMmupoBaHue odLeli CUCTEMbI
anddepeHumanbHbiX ypaBHEHUN
ANS AUHAMUKN MYNIbTUPOTOPHOIO
neTaTeNibHOro annapara

B cymme ¢opmupyercss cuctema M3 IIECTH
OOBIKHOBEHHBIX TU((epeHLInaTbHbIX YPAaBHEHUH,
O00BETUHSIOMUX TUHAMUKY TPEX YTIOBBIX CKOPO-
creit ., O,, (O, ¥ KUHEMaTHKY TPeX SHICPOBBIX

yrinoB ¢, 6, y. [Ipu momonHeHNH 3TOH CHCTEMBI
YpPaBHEHUSIMUA JIJI1 HAKOIUIEHMS] WHTErpajibHOM
omnOku [TN]I-perynaropa mnoiydaeM 3aMKHYTYIO
MaTeMaTHYECKYI0 MOJIENb, TO3BOJISIOUIYIO MOJIe-
JMPOBATh PEAKIIMIO KBAIPOKOIITEPA HA YIIPABIISAIO-
M€ MOMEHTHl M BHEIIHUE BO3MYIIECHHS BETpa.
Takast MOAENb CIyKUT OCHOBOM MJI1 YUCIEHHOH
peanuzanuu, B koTopon anroputm [T /I-peryns-
TOpa PacCUUTHIBACT YIPABJISIOLINE BO3IECUCTBUS

M, M,, M, ,aBo3mylaionme MOMEHTs M,

M,,, M, renepupyiorcs GyHKUMSAMH a3pOJMHA-

MHUYECKOT0 BO3MYILEHHS C yYETOM CIIy4alHBIX OT-
KJIOHEHUH CKOPOCTH BETpa.

M, ~(J,-J.)o,0

z

o, = 7

o _M,~(.=J)o.0,
y J,

o =Mz—(JX—Jy)(ox o, ()
: J

¥4

¢=0,+o, sinetan6+ o, cos@tan

=0, cos@—w,sin@

Y =, sin@secH -+, cos@secH

5. OnTuMmnsauna napameTpoB
NMUA-perynsaTopa ¢ UCMoOJsIb30BaHUEM
YUCJIEHHbIX METOA0B

Pa3paboTka mporpaMMbl BeleTCS Ha S3bIKE
Python ¢ ucnonb3oBanuem Oubamorexu SciPy,
YTO IMO3BOJISIET aBTOMAaTU3UPOBATh MPOLECC MOJI-
6opa napametpoB [IN/[-perynstopa. Buauane ¢op-
MUPYETCsl KpUTEPUI KauecTBa

J(K)= [ (0() = @aa) dt

rne K — Bektop ko3dduuumenros IM1/]-peryns-
TOpa. ITOT (PYHKIMOHAI KaueCTBa OLIEHUBAET CyM-
MapHOE€ OTKJIOHEHHE YTJIOB OPUEHTAIlUH OT 3a/1aH-
HBIX 3HAYE€HUH Ha BCEM INPOMEXYTKE BPEMEHH.
3arem I KaX10ro Habopa KO3 PHIIMEHTOB pery-
JISITOPA BBINIOJHAETCS YUCIEHHOE HHTETPUPOBAHHE
ypaBHEHUH ABMKEHUS, IPUYEM B IIPOLIECCE pacueTa
YUUTBHIBAIOTCS CITyYaiHbIE BHEIITHHE BO3MYIICHHUS,
HanpuMep nopsiBbl BeTpa. [locine 3aBeprienus uH-
TErPUPOBAHUS BBIYUCIIACTCS 3HAUEHUE KPUTEPHS
KayecTBa, OTPAXKAIOIIEr0 CTENEHb PACX0XKICHHS
peadbHON TpaeKTOpUU OT leneBoil. JlampHelias
oNnTUMH3ANNs KO3PPHUIINEHTOB BBIIIOTHACTCS IPU
oMot Merona Hennepa — Muna, KOTopsIi 10o3-
BOJISIET HAMTH Takoi Habop mapamMeTposB, NMPH KO-
TOPOM CyMMapHas OIIMOKa CTAHOBUTCS MUHHU-
ManpHOHN 9. B pe3ynprare cucrtema aBToMaruye-
CKU HaxOJWT onTumanbHble HacTpoiiku [T ]1-pe-
rynstopa, obecnieunBas Y3PPEKTUBHYIO CTAOMITH-
3alMI0 OPUEHTALMH JIETATEIBHOIO anmnapara.

6. MogenuposaHne BO3MYLLAIOLLNX
MOMEHTOB, BbI3BaHHbIX aTMOC(EpPHbIMU
noTokamm

Bo3Mymaromue MOMEHTBI, A€HCTBYIOIINE HA
JeTaTeNbHBIN anmnapaTr, BO3HUKAIOT M3-32 HEpaBs-
HOMEPHOT'0 OOTEKAaHUSI €ro KOpIlyca BO3LYIIHBIM
notokoM. Mx BemunHa 3aBUCHUT OT INIOTHOCTH aT-
Mochepbl, XapaKTEpHbIX pa3MepoB arnmapara u oT-
HOCHUTEIIBHOW CKOPOCTH MOTOKa. B Mozenu npu-
OJMKEHHO UCIIOJIB3YETCsl BhIpA)KEHHE, B KOTOPOM
YUUTBIBAIOTCS Oe3pa3MepHble KO UIMEHTHI a3po-
JMHAMUYECKUX MOMEHTOB, IMHAMUYECKOE JaBlie-
HHE ¥ [TapaMeTpbl KOHCTPYKLIUH.

Koa¢duimenTsl, onpeaesstonye BIUsHAE BO3-
MYILEHHH, TTOJOUPAIOTCS OLIEHOYHO, OCHOBBIBASCH
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Ha JIaHHBIX 10 AHAJOTMYHBIM MAaJIbIM JIETaTEIb-
HBIM amnmnapaTtaM. Berep B Mojenu He paccmaTpu-
BAETCS KAK CTPOrO MOCTOSHHBIN, & €r0 OpU30H-
TaJlbHask CKOPOCTh BKJIIOYAET CIy4allHYyH) COCTaB-
JISIFOILYH0, PABHOMEPHO PacIpeAEICHHYIO B OIpe-
JIEICHHOM MHTepBajle. JTO NMPUBOJAUT K U3MEHe-
HUIO IMHAMUYECKOIO JIaBJICHUS Ha KaXKJIOM I1are
YHCJICHHOTO UHTETPUPOBAHUA U, COOTBETCTBEHHO,
K CllydaliHbIM KoJe0aHMAM BO3MYILAIOUIUX MO-
MeHTOoB [11-13].

[ns ynpomienus MpuHAMAETCS, 4TO BO3JIEH-
CTBHE BETPa OJMHAKOBO II0 BCEM TPEM OCSM.
Ha nanHoM sTane moaenupoBaHus LEIb 3aKII04a-
€TCs HE B ITOJIHOM COOTBETCTBHH PEATIbHBIM yCIIO-
BUSIM, a B OLIEHKE PaOOThI CUCTEMbI CTaOMIHN3AH
IIPYU HAJIMYUH CIIy4alHBIX BHEIIHUX BO3JAECHCTBUIM.

@opMyJIBL, HCIIOIB3YEMBIE B PacyeTax:

Md,- = Cmi qSLchar7 (8)

1
e q:EpVozTH —  MHAMHYECKOE IaBIICHHE,

a C,, — aspoauHaMHuYecKue KOOYPHIHCHTE! MO-
MEHTOB.

['opusoHTanIbHASE CKOPOCTH BETPA MOJCIUPY-
eTcs Kak

4 =V

TOp. CITyd rop

+AV, 9

rae AV — cnyqaﬁHa;I BCJIMYNHA, UMCIOIIAs PaB-

HOMEpHOE paclpeieieHue B auanas3oxe ot —30 1o
+30 m/c.

7. YncneHHbIn MeTo 4 peLlueHus
ypaBHeHUi ABNXeHUSs

Jns pemieHust cucteMsl A depeHaIbHbIX
YPaBHEHUH, ONUCBIBAIOIINX JUHAMUKY JIETATENb-
HOTO anmapara, IPUMEHseTCs] CTaHJapTHBIN Yuc-
JICHHBI METOJ, TAKOM Kak anroput™m PyHre —
KyTTs1, ¢ ananTuBHBIM BEIOOpOM Im1ara. B manHom
HCCIIEIOBAaHUM HCIONb3YETCS €ro peajau3anus B
¢dynkimu solve ivp u3 6ubianoreku scipy.integrate
s3pika Python, 94T0 mO3BOIIIET 0OECTICUNTH YCTOM-
YUBOCThH U TOYHOCTh HHTETrpuUpoBanus [ 14—16].

[Ipouecc ontumuzauuu napamerpos [T /-pe-
IyJsITOpa OCHOBaH HA YUCIIEHHOM ITOMCKE MUHH-
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MyMa IefneBoro (yHKIMOHAJa, XapaKTepU3yro-
IIEro KaueCTBO MEPEXOHOTO Tporecca. B nanHoi
paboTe MpUMEHsAeTCS METOJl MHHUMM3AINH, pea-
JM30BaHHBIA B SCIpy.optimize, KOTOpBIA I103BO-
JSIeT HaXOJIUTh HAWITy4IIHe 3HAYeHUsT K03 HuIm-
€HTOB peryJysTopa. B kauecTBe KpuTepHs KauecTa
paccMaTpuBaeTCs MHTErpal KBajipara OlNOKU OpH-
€HTALMHU BO BPEMEHH, YTO 00ECIIEYNBAET KOPPEKT-
HBII1 BEIOOP MTapaMeTpOB yNPaBICHUSL.

WMunnpanu3anus MoJesId BKIIIOYAET 3aJlaHue
HAYaIbHBIX YCIOBHUH, ONMPEACIISIONINX YIIIbl OpH-
SHTAlLlMH, YTJIOBBIE CKOPOCTHU armapara, a TaKxke
MHTETpaJbHbIE OIUOKN PeTyIHPOBAHMUS, KOTOPBIE
Ha Ha4YaJbHOM JTale HPUHUMAIOTCS PaBHBIMU
Hy0. B mporiecce pacdera Ha KaKJI0M BpEeMeEH-
HOM IIIare BBIYUCIISIOTCS TEKyIIUe OIIUOKU OpH-
SHTAIIH, 3aTeM IPOBOJIUTCS UX MHTEIPHUPOBAHUE
JUISl ydeTa HaKOIICHHBIX OTKJIOHeHHH. Jlanee onpe-
JEJAI0TCS  YNPAaBISIONIMEe MOMEHTBI B COOTBET-
ctBUM ¢ 3akoHOM [T /I-perynsaTopa, a Takke MO-
JeNUPYIOTCS ClTy4daifHble aTMOC(epHBIE BO3MYIIe-
HUS, NPUBOJSIINE K BO3HHUKHOBEHHUIO JOTOJHH-
TENBHBIX a9POJJMHAMHYECKUX MOMEHTOB. DTH Ia-
paMeTpbl TMOACTABIAIOTCS B ypaBHEHHs Diijepa,
Ha OCHOBE KOTOPBIX PACCUMTHIBAIOTCS HOBBIE 3HA-
YeHUsI YIJIOBBIX CKOPOCTeH W OpHEHTALMH aIla-
para.

[ToBTOpEHHE JaHHOTO Hpolecca Ha MPOTKe-
HHUH BCETO BPEMEHHOT'O HHTEpBaJIa MO3BOJISET M0-
JY4YUTh BPEMEHHbIE 3aBUCUMOCTH yTJIIOB OPHEHTA-
UM, UX CKOPOCTEH M IPYTUX MEePEeMEHHBIX, HE00-
XOJMMBIX ISl aHAJIM3a YCTOWYNBOCTH CUCTEMBI U
s dexkTuBHOCTH ynpaBieHus [17; 18].

8. PesynbTatbl

8. 1. CpaBHUTEIbHBIV aHaIN3
cywecreyrowmnx aHanoros MPJIA

Passutne MPJIA 1 ucciaeqoBaHus IJIaHET
ONMMPAETCS] HAa TEXHOJOTHH, TaKUe KaK MapCHaH-
ckuit Ingenuity u aponsr DJI Phantom. OTtu anna-
paTbl paboTarOT B pa3pe:KEHHOW WIIH TUIOTHOM aT-
Mocdepe, HO UMEIOT OTPaHUuYEHUs JJI UCCIE0-
BaHUs Benepsl.

Ingenuity or NASA — mepBbIii BepToJIeT,
COBEPILMBIINN YIPABIAEMbIM MOJET B MapCUaH-
ckoif armocepe. OH OcHaIEH COOCHBIMA BUHTaMH
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1,2 M 1 mATaeTCS OT COIHEUHBIX Oarapeit. OgHaKko
€ro KOHCTPYKIIHS MOAXOAUT JILIb JJIS1 pa3peKeH-
Hoit cpenpt'. Jpons: DJI Phantom 4, ucnons3ye-
Mbl€ JJII a3POCHEMKH, PacCUUTaHbl Ha 3EMHBIC
YCIJIOBUS U HE YCTOMYUBBI K BBICOKUM TEMIIEPATY-
paMm u arpeccuBHOU cpene Benepsi [19].

[Ipeanonaraercs, uto MPJIA nonxoaut mns
Benepsbl. OH agantupoBaH K 3KCTpeMajIbHbIM YCII0-
BUSIM, OCHAIICH XapONpPOYHBIMU MaTepuallaMHu U
AHTUKOPPO3UIHON 3aIIUTON. AJTalITUBHOE YITPaB-
JICHHE MT03BOJISIET eMy (PyHKIIMOHHPOBATH B TypOy-
JICHTHOW aTMocdepe, BBIMOIHSAS TOUHBIE H3Mepe-
Hus. B otnuume ot npyrux annaparoB MPJIA co-
YETAaeT MAaHEBPEHHOCTh, HA/IEKHOCTh U yCTOWYU-
BOCTb, 00OecreurBasi HOBbII yPOBEHb HCCIIEI0BA-
Hus atMochepsl Benepst [3].

8.2. YucneHnHoe mogesmpoBaHne v aHain3
PEe3Y/IbTaroB UHTErprupoBaHns

AHanusz pe3ynbTaToB pabOThl MPOrPaMMBbI 1103~
BOJIWJI OTIPEJICIIUTH ONITUMAJIbHBIE 3HAYECHUS KOA(]-
¢urmentos [T /[-perynsaropa, COOTBETCTBYOIINE

3a/1aHHbBIM ycnoBusM (puc. 2). [lomydyeHHbie napa-
METpBbI 00ECTIEUNBAIOT HAMJTYYIlIee KaueCTBO YIIpaB-
JIEHUSl, MUHUMU3UPYIOT OTKJIIOHEHHSI OPUEHTALUN
anmnapara, MOBbIIIasg €ro yCTOMYMBOCTh IPHU BO3-
JIeWCTBUM BHEIIHUX BO3MYIICHUI:

K, =0.98364438;
K, = 0.30600732;
K, = 0.04938846;
K, =1.02849085;
K;, =0.29888653;

K, =0.04904991;

K, . =1.02307622;

K;.=0.30555037,

K, . =0.05098919.

KoHeuHble 3HaUEHHS yTIIOB!

¢: —0.0013, 06: 0.0006, y: —0.0006, pas.

Koneunsle 3HaYCHNS YTIIOBBIX CKOPOCTEH:
ox: 0.0005, oy: —0.0001, wz: 0.0002, pax/c.

Vbl opueHtamu (ontumusupoBanublid [T [-perynsrop) / Orientation angles (optimized PID control)

03

02

0.1

0.0

— &t
&t
— 0
=== SMAX_ANGLE

VYrom, pan / Angle, rad

0 1 2

Bpewms, ¢ / Time, s

YrioBsle ckopocty / Angular velocities

— wx(t)
wylt)

— w2t

~== £MAX_ANG_VEL

YrnoBas cKopocTs, pau/c /
Angular velocity, rad/s

0 1 2

Bpewms, ¢ / Time, s

Puc. 2. Ctabunuzauus MPJIA c NMUA-perynatopomM npu Ciy4yanHbiX BETPOBbLIX BO3MYLLEHMSX
M € T0O4HMK: BBINONAHEHO B.B. PbIXKoBbIM

Figure 2. MRAC stabilization with a PID controller under random wind disturbances
Source:byV.V. Ryzhkov

' Farrell WM, McLain JL, Marshall JR, Wang A. Will the Martian helicopter cause a local atmospheric breakdown on
Mars? 2021. URL: https://arxiv.org/abs/2102.0418 (accessed: 28.01.2025).
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3aknio4yeHve

AHanu3 NOJIyYeHHBIX PE3yIbTaTOB JEMOH-
CTPUpPYET YCHEIIHOE BBINOJIHEHNE MOCTaBIEHHBIX
3a/1a4, CBA3aHHBIX C ONTHUMM3AlMEed MmapaMeTpoB
MU d-perynstopa i cTabUIN3aluy YIJIOBOTO
nonoxenuss MPJIA. Mcnionbp3oBaHue MeTo1a yuc-
JEHHON ONTHMMM3ALUHU TO3BOJUIO MOA00paTh
Takue Ko3(pQUIUEHTHI peryJssiropa, KoTopble o0ec-
NEYUBAIOT MUHUMAJIbHBIE OTKJIOHEHHUS YTJIOB OpH-
SHTAllUH OT 3a/laHHBIX 3HAYEHUH, a TaKkKe OBICT-
PYIO CTAOMIIN3AIUIO TIPH HAIWYUH BO3MYIIEHUH.

I'paduky TMHAMUKH YTIIOB U YTIOBBIX CKOPO-
cTel (cM. puc. 2) moaTBepKAar0T 3P PEKTUBHOCTH
perysTopa: mocie HadyallbHbIX KoJIeOaHuid cucTemMa
JEMOHCTpUPYET ObICTpOe (MOpsIKA IBYX CEKYH.)
3aTyXaHue OTKJIOHEHUH U CTpEeMJICHHE MapameT-
POB K 1IeJIeBbIM 3HaUeHUsIM. OCcTaTOYHbIE OLIUOKU
HaXOAATCA B IIpelieNnax JOIMyCTUMOrO Juara3oHa,
a yIJIOBBIE CKOPOCTH CTAOMIIM3UPYIOTCS MPaKTH-
YECKU Ha HYJIEBOM YPOBHE, YTO CBHJIETEIILCTBYET
0 BBICOKOW TOYHOCTH YIIPAaBJICHUS.

IIpoBenenHoe nccnenoBaHKUE MOATBEPKIACT,
YTO NPEAJIOKEHHBIN MOAXOA K aBTOMaTU3UpPOBaH-
HOMY Ttof00py napamerpos [TH/I-perynstopa mo3-
BOJIIET MUHUMU3HUPOBATh UHTETPAJIbHYIO OIINOKY
OpHUEHTAILMH U YIyYIIUTh TUHAMUYECKHE XapaKTe-
pucTuku cuctemsl. PazpaboTranHbiil anropuTm cra-
OuIM3alMK MOXKET OBITh UCIIONIB30BAH IS YIIPAB-
JICHHSI JIETaTeIbHBIMU allllapaTaMu B CJIOXKHBIX aT-
MOC(EpHBIX YCIOBHSX, BKJIIOYAsl CHIIbHBIC BO3MY-
LIEHHS, XapaKTepHBbIE A1 001auHOTO c1ost Benepsl.
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OOwmne maTeMmaTuyeckme NPUHLUNbI onpeaesieHUus NHXXeHepHon
KOHL,enuuu MHOrokBapTUPHbIX JOMOB Ha OCHOBE 3KCMNEepPTHO-aHaJIMTU4eCKNX
MEeTOA0B U CUCTEM NOAAEPXKKU NPUHATUS peLlUeHUin

A.A. Mepkyaos*“™, .B. Crenansn®

2 Poccuiickuil yHUBEPCUTET ApYKObI HaponoB, Mocksa, Poccutickas Dedepayus
> Mucrutyt mamunoBeienus uM. A.A. Braronpasosa PAH, Mockea, Poccuiickas @edepayus
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I/ICTOpI{[ﬂ CTaTbH AHHOTalll/IS[. HpaBI/IJ]bHO CIIPOCKTUPOBAaHHAsA WHXXCHEPHAasA KOHLCIIHUA KUIIOTO
HOCTyl'[I/IJIa B PEIAKIIHIO: 15 STHBApS 20251 MHOT'OKBApPTHPHOI'O IOMA IIO3BOJISICT Ha 3TAIC IIOATOTOBKH K CTPOUTEJILCTBY CHH-
I[opa60TaHa: 3 MapTa 2025 r. 3UTh UMCIOIIHECCA PUCKU U YUCCTh (baKTOpLI, KOTOPBIC Ha MMPAKTUKE, BBUAY OI'pa-

Ipunsita K my6muKauuu: 7 Mapra 2025 1. HAYCHHOTO XapaKTepa CHICIHaTH3HPOBAHHEIX SKCIIEPTHBIX 3HaHWH, HHOT/IA OCTa-
10Tcs 6€3 TOKHOIO BHUMaHUs. B kauecTBe METoA0I0rn4eckoil 6a3pl 1 OCHOBO-
noJjrararomux METoA0B UCCIICAOBAaHU BBIABUHYTBI TECOPUS OKCIIEPTHBIX CUCTEM U
3asiBJeHHe 0 KOH(JIHKTE HHTEPECOB MaTeMaTHUYECKHH anmnapaT Ha OCHOBE HeYeTKOH Jioruku. Llens uccnenoBanus —
pa3paboTka MaTeMaTHYEeCKUX MPHUHIMIIOB ONpENeNeHNs] NHKCHEPHOW KOHILIETI-
UM MHOTOKBapTHPHBIX JIOMOB Ha dTaIle OATOTOBKH K CTPOUTEIBCTBY HA OCHOBE
TEOPUH HEYETKMX MHOXKECTB M METOJIOB ITOUICPKKH IIPHHATHS peIIeHUH. 3agada
HCCIIeIOBaHUSl — pa3paboTKa OOLIMX MaTeMaTHYeCKUX IPUHIMIIOB pPEIIeHHS
NpUKJIaJHBIX 3aJa4 C IPUMCHCHUEM CIICIUAIN3UPOBAHHBIX OKCIIEPTHBIX CUCTEM.
B pesynbrate ucciaenoBaHus pa3pad0TaHbl MATEMAaTHYECKAE OCHOBBI MHOTO(YHK-
LMOHAIBHOM SKCIEPTHOH CHCTEMBI U1l (POPMUPOBAHMS KOHLEIIIUK MHOTOKBap-
THPHBIX JJOMOB Ha 3Tare MMOJArOTOBKH K CTPOHMTENILCTBY; CO3/1aHa HeueTKas Oa3a
3HaHUI{; BOCCTAaHOBJIEHA MPOEKIHS MHOTOMEPHON (DYHKIIMH ITOBEPXHOCTH OT-
KJIMKa, OTOOpakaromias 3aBUCUMOCTb JIMHIBUCTHYECKHUX MIEPEMEHHBIX; pa3pado-
TaHbl MAaTCMATUYCCKUEC MPUHIUIIBI ONIPEACIICHU MH)KCHCpHOﬁ KOHLECNIIIUHU MHO-
TOKBapTHPHBIX XKUJIBIX JOMOB Ha JTale MOATOTOBKU K CTPOUTENLCTBY.

ABTOpBI 3asIBISIIOT 00 OTCYTCTBUHU
KOH(IMKTa UHTEPECOB.

KiawueBble €J10Ba: JOTHYCCKHE onepanny, HCUCTKUE MHOXXECTBA, AJITOPUTM
MaleaHn, AJIrOPUTM CyFCHO, HUHTCJUICKTYaJIbHBIC CUCTEMbI
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Abstract. A well-designed engineering blueprint for a residential apartment building can
effectively mitigate potential hazards during the preparatory phase of construction. This
approach enables the consideration of factors that, due to the constraints inherent in specialized
expertise, frequently go unaddressed in practice. The theory of expert systems and mathematical
apparatus based on fuzzy logic are put forward as the methodological basis and fundamental
research methods. The objective of the present study is to formulate mathematical principles
that facilitate the determination of the engineering concept of apartment buildings at the
preparatory stage of construction, based on the theory of fuzzy sets and decision support
methods. The research objective is to develop general mathematical principles for solving
applied problems using specialized expert systems. The research yielded the development of
the mathematical foundations of a multifunctional expert system for the conceptualization of
apartment buildings during the preparatory phase of construction; a fuzzy knowledge base was
created. The projection of a multidimensional response surface function has been restored,
reflecting the dependence of linguistic variables. Mathematical principles for determining the
engineering concept of multi-family residential buildings at the preparatory stage of construction
have been developed.

Keywords: logical operations, fuzzy sets, Mamdani algorithm, Sugeno algorithm, intelligence
systems
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BBepeHune

PazBuTne MareMaTnyecKkor JIOTHKW U TIPUPO-

AKTyanbHOCTb pacCMaTpUBAEMOM TEMBI U BOC-
TpeOOBaHHOCTh COOTBETCTBYIOLIMX TEXHOJOTHH
00yCIIOBJIEHBI TEM, UTO Ha IIPAKTUKE Ha 3TaIe Ipo-

JIOITOIOOHBIX TEXHOJIOTHI CITOCOOCTBOBAJIO 3HAYHM-
TEBPHOMY TIpPOTrpeccy B 007acTH UCKYCCTBEHHOTO
WHTEJJIEKTA, 9TO OTPAKAETCSl HA MHOTUX 00JIacTsIX
JKH3HEACATEILHOCTH OOIECTBA, B YaCTHOCTH Ha
cdepe crpourenscTBa. [Ipn 3TOM CcTaI0 0O4EeBUIHO,
YTO TIOATOTOBKA K BO3BEIEHUIO OOBEKTAa HYKIa-
€TCsl B CHCTEME TOICP)KKH TIPUHSATHS WHKEHEP-
HBIX PEIICHUM.

SKTHPOBAHUS CTPOHUTEIILHBIX OOBEKTOB MTOPOH J10-
MyCKAIOTCSI OMIMOKH, KOTOPBIE TIOPOTO OOXOMATCS
KaK CTPOUTCIBbHBIM OpraHru3anusmMm, TaK U roOpoiay.
B cBsi3u ¢ u3noxkeHHBIM TpeOyeTcs pa3paboTka
MaTeMaTHYeCKUX MPUHIIUIIOB OTPEICIICHUS HHIKE-
HEpPHOI KOHIICTIMA MHOTOKBAapTHPHBIX JOMOB C
1enblo (hopManu3aliy 3HAHUH IS UX MTPUMEHe-
HUSI Ha dTarle MPOCKTUPOBAHHUS H ITOJJICPKKH IIPH-
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HSTHS KJIFOYEBBIX MH)KCHEPHBIX perneHuid. Jlannas
npoOiemMaTuka OTHOCUTCS K c(epe MCKYCCTBEH-
HOTO0 MHTeIuIeKTa. HelfipoceTeBble TeXHOIOTHH 110-
KazaJi CBOIO 3HaYMMOCTb, HO TPeOYIOT HAJIUYUs
oOyyJarormieil BEIOOPKH.

Cy1iecTByroIIe METOAbI HEUETKHUX JKCIIEpT-
HbIX cucteM (DC) OCHOBAaHBI HA MAaTEMaTHYECKHX
OTepanusIX, ONEPUPYIONINX SKCICPTHHIMH 3HAHH-
SMH Ha OCHOBE TEOPUH HEYETKUX MHOXecTB. DC
IPE/ICTABISAIOT COOOH HMHTEIJIEKTyalbHBIE IIPO-
rpaMMbl, OCHOBAaHHBIE Ha AKCIIEPTHBIX 3HAHMUSAX,
CHOCOOHBIE aHAIM3UPOBATh OONBIION 00BEM JTaH-
HBIX C YYETOM 3a/IaHHBIX TapaMeTpOB U (POPMHUPO-
BaTh WH(GOPMAITIIO, HEOOXOAMMYIO JIJISI IPUHSITHS
peutenuid. [lenv uccredosanus — pazpadboTka 00-
IIMX MaTeMaTHYECKUX MPUHIMIIOB OMpPEACTICHUS
WH)KEHEPHOW KOHIENIINNM MHOTOKBapTHPHBIX KH-
JBIX JIOMOB Ha 3Tare MOJATOTOBKH K CTPOUTEIb-
CTBY, a TaKXKe pa3paboTKa Ha UX OCHOBE IKCIIEPTHO-
AQHAJUTHYECKUX METOIOB M CHCTEM IOIIEPKKU
MIPUHATHS PEILICHHUH.

1. Pa3paboTka o0Lmnx MaTeMmaTuieckmnx
MPUHLUNOB NPOEKTUPOBAHUS CUCTEMbI
noanep>XXKv NPUHATUSA UHXXEHEePHbIX
peLueHuii B 061acTn CTpouTenbCcTBa

Cucrema moaiep KKy MPUHSITHS PEIICHUNH —
aBTOMAaTU3MPOBAHHAS WHPOPMAIIMOHHAS CHCTEMA,
NpeHa3HAuYCHHAS ISl OKa3aHUsI TIOMOIIH JINIIaM,
NPUHUMAIONIUM PEHIeHUsI B HEOJIHO3HAYHBIX,
HEUeTKHUX MU CTIOXKHBIX cuTyarmsx' [1-3]. crons-
30BaHUE HEYETKOM JOruKy npu cozaanuu IC mo3-
BOJISICT YYWTHIBaTh HEJIMHEHHYIO 3aBUCUMOCTH
MEX]ly IepEMEHHBIMU 1 UCTIOIBH30BATh MOJICIIH He-
OTpeeTIEHHOCTH B 33ja4axX cTpouTenscTBa. Hever-
Kasg W 4YeTKas JIOTUKa — JIBa Pa3HbIX MOAXO0Aa K
OTMCaHMIO, TIPE/ICTABIICHHUIO U (POpPMaIH3aIiy 3Ha-
Hui. Mxenepus 3nanuii — ob6nactes UM, usyqa-
OIIasi OPTaHU3AIUIO0 XPAaHEHUS U aHATN3a 3HAaHUI
B OKCIIEPTHBIX CHCTEMAax, BKJIFOUAss METOBI TP/~
CTaBJICHUS, TPHUOOPETEHUS, CTPYyKTYpHUPOBAHMUS,
MOMCKA, U3BJICUCHUS U IPUMEHEHMsI 3HaHUH [4].

JIuHrBUCTHYECKHE TIEPEMEHHBIE CITYXKaT IS
0003HaueHUS] 0OBEKTOB, KOTOPBIE MOTYT OBITh HC-

MOJIH30BaHBI B KAYECTBE APTyMEHTOB IPH (PYyHKITH-
onnpoBannu DC. OyHKIMU TPUHAIISKHOCTUH B
HEYETKOM JIOTHYECKOM BBIBOJIE MPECTABIIAIOT CO-
00i1 Mmatemarudeckue GyHKIUU, KOTOPBIMH YI0OHO
OTIEPHPOBATH B YCIOBUSAX HEOIPEICICHHOCTH WIH
HENOJHOTHI HHpopMau. OyHKIUS TpUHAATEK-
HOCTH OTIpeJIeNsIeT, HACKOJIBKO KOHKPETHOE YHCIIO-
BOE 3HAYEHHE MPUHAIICIKUT K ONPE/ICIICHHON JINH-
TBUCTHYECKOM TIEPEMEHHOM (MJTH UX HA0OPY), ¥ BO3-
BpalaeT CTerneHb npuHaieskHoctu (ot 0 mo 1)
3NEMEHTa Kakaou kareropuu. OyHKIINK NPUHA-
JISKHOCTU JIMHTBUCTUYECKUX TEPEMEHHBIX 3aja-
I0TCS B BHJIE€ KPUBBIX, KOTOPBIE MOTYT OBITH Tpe-
YTONBHBIMHU, TPANeMEeBUIHBIMU, TAyCCOBBIMHU U
OPYTHUMU — B 3aBHCUMOCTH OT MOTPEOHOCTEH M
XapaKTepUCTHUK perraeMoi 3a1auu (puc. 1).

KomdopTtro /
Comfortabled

Bonee-menee
xoMmdopTHO /
More or less
comfortable

¢
He ouens xomomHo /' f
Not very cold i
Lo

10 12 14 16 18 20 22 24 26 28 30

Puc. 1. ®yHKUMM NpUHAANEXHOCTN
JINHIBUCTUYECKOW NEPEMEHHON «TemMnepaTtypa»
M ¢ T o4 Huk: BoinonHeHo U.B. CtenansiHom, A.A. MepkynoBbiM

Figure 1. Membership functions
of the linguistic variable “temperature”
Source: byl.V. Stepanyan, A.A. Merkulov

OObeMHEeHne HEYETKUX MHOXKECTB MTO3BOJISIET
00bEAMHUTH J1Ba WK OOJIee HEUETKUX MHOXKECTBA
B 071HO. Pe3ynbratom 00beAnHEH S SIBIISIETCS HOBOE
HEYETKOE MHOXXECTBO, BKJIIOYAIOIIEE AIIEMEHTHI,
KOTOPBIE IPUHAIJICIKAT XOTS ObI OTHOMY U3 HCXO]I-
HBIX MHOXkecTB. Onepauus oovenuneHus (4UB)
OTIpE/IeNIIeTCSl KaK MakCUMyM (DyHKIMU TpHHAM-
JISKHOCTH 3JIEMEHTOB B 3TUX MHO)KECTBAX.

[lepeceuenue HeUETKUX MHOKECTB ITO3BOJISIET
HAWTH 3JIEMEHTHI, 00TIMe IS ABYX WU Ooyee He-

' Cxumep H.H., Kocmuxoea A.B. IHTeNNeKTyalbHbIE CUCTEMBI Ha OCHOBE METO/I0B HEUETHOI JIOTUKH : y4eb. mocobue.
MUHHCTEPCTBO HAYKH U BhICIIEro oopa3oBanus Poccuiickoit @eneparmu. 2020. 64 c. EDN: OGHHXR
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YETKHX MHOKECTB. DTa OTlepaLyst POBOUTCSI, €CIIH
HY>KHO OTIPE/ICIIUTh CTETICHBb MPUHAUICKHOCTH dJIe-
MEHTOB BCEM YKa3aHHBIM HEYETKHM MHOKECTBAM.
Pesynprarom onepanuu nepeceuenus (4NB) sBis-
€TCSl HOBOE HEYETKOE MHOXKECTBO (pHC. 2).

OCHOBHBIMH ¥ HaUOOJIEE PACTIPOCTPAHCHHBIMH
CHCTEMaMH HEYETKOTO JIOTHYECKOTO BBIBOJIA SIBJISI-
torcsi cucremMbl Mamnann (Mamdani) u CyreHo
(TS — Takagi-Sugeno). Ber6op onHoit n3 HUX 115
MOCTPOEHUS SKCIEPTHOM CHCTEMBI 3aBUCHT OT
KOHKpeTHBIX TpeboBanuit C. Anroputm CyreHo
[5] ucrionb3yroT, KOT/Ia UMEIOTCS KOJINYECTBEHHbIE
JTAaHHBIE WJIM MaTeMaTH4eCcKHe MOJIENH JIJIsl BhIpa-
YKCHUS B3aMOCBSI3U MEXJTy BXOIHBIMHU U BBIXOI-
HbIMH JaHHBIMH. Mogienns CyreHo MoxeT oOpaba-
TBIBaTh CJIOXKHBIC OTHOIICHUS C MEHBIIIUM KOJIHYE-
CTBOM IIpaBMJI Oaroapst CBoeH crnocoOHOCTH MO-
JIeTUPOBATh MaTeMaTH4eCKUe OTHOUICHUs. AITo-
putM CyreHO CIOKHEE TOHSITh U HHTEPIPETUPO-
BaTh. Mozienns Mamnanu [6] MoxkeT TpeboBaTh 60-
nee oOmMpHON 0a3bl 3HAHWH, HO oOecleYruBacT
6o0Jiee BBICOKYIO MHTEPIIPETUPYEMOCTD Osarogaps
paboTe ¢ TMHrBUCTUYECKUMH ITePEMEHHBIMH U ITpa-
BUJIAMHU.

Jns mocTpoeHust SKCHEPTHOM CUCTEMBI LIEJIe-
co00pa3HO UCIMONIb30BaTh ANrOpuT™M MamaaHu,
KOTOPBIH aganTUpyeTcs K CTPYKType 6a3bl 3HaHUN
(b3) u cneunguke CTPOUTENBHOM IPETMETHOM 00-
JacTy.

AJTOPUTM JIOTHYECKOTO BBIBOAA Mamianu co-
CTOUT U3 CJICYIOIINX I1aroB:

1) ompenienieHne TMHTBUCTUYCCKUX TEPEMEH-
HBIX U UX HEYETKHX MHOXECTB;

2) coznanue 0a3bl 3HAHHMU, KOTOpasi JIOTHYe-
CKH CBSI3BIBAET BXOJHBIC M BBIXOJHBIC TUHTBUCTH-
Yyeckue nepeMeHHble. Kakaoe mpaBMiIO COCTOUT
U3 yCIOBUS («ECHH...») U pe3ynbrara («To...»).
Jns mepeceueHHs] CTENEHEH NPUHAICKHOCTH,
KaK MPaBUIJIO, UCTIONB3YETCS ONEPALIUS U]

3) arperanus BBIBOJIOB C OOBETMHEHUEM UX B
PE3YNBTHPYIOIIEe HEYETKOE MHOKECTBO ITyTEM
OOBbEIMHEHHS PE3YJIbTATOB IMPABUJ UL KaXKIOU
JIMHTBUCTHYECKON TiepeMeHHOU. [lanee nmpuBeneHa
000011IeHHas cxema anroputMa (puc. 3);

4) nedazzudukanus a1 TpeoOpazoBaHUS
MOJTy4YE€HHOTO HEYETKOTO MHO)KECTBA B YHCIIOBOE
3HAYCHHUE.

HAUB (X) A

Hy (X) Hg(X)

Puc. 2. Onepaunn Hag HEYETKMMU MHOXECTBAMM:
a— obbeanHeHve; 6 — nepeceyeHve
N CTO4HMK: BbINONHEHO A.A. MepKynoBbIM

Figure 2. Operations on fuzzy sets:
a— union; 6 — intersection
Source: byAA. Merkulov

Hedazzudukanus — GyHkuus npeodpa3ona-
HUSI HEUETKOTO MHOXKECTBA B TOUEUHOE YHCIIOBOE
3HaueHue. [lamee mpuBeAEHBI OCHOBHBIE METOJbI
nedazzuduranun. Kaxaplii U3 STHX METOJIOB UMEET
CBOM OCOOCHHOCTH U TIPUMEHSIETCSI B PA3JIMYHBIX
CIICHApHX B 3aBUCHMOCTH OT 33/1aud U TpeOoBa-
HUI HA OCHOBE DKCIIEPUMEHTAIBHBIX JaHHBIX.

1. Lenmp msaocecmu (Center of Gravity, COG,
Centroid): cpeTHEeB3BEIICHHOE 3HAUEHUE BCEX dJIe-
MEHTOB, IPUHAIJICIKAIINX HEYETKOMY MHOXECTBY.
Bec kaxmoro sjieMeHTa paBeH ero CTEIEHH IMpH-
Ha/IJISKHOCTH.

2. Memoo maxcumuna (Max-Min Method) —
BbIOMpAETCsl JEMEHT ¢ HauOOoIbIIeH CTENEeHbIo
NPUHA/UIEKHOCTH K HEYETKOMY MHOXKeCTBY. [ledas-
3uunMpoBaHHOE 3HAYCHUE OyJET PaBHO STOMY
DIIEMEHTY.

3. Memoo e3gewennoeo cpeonezo (Weighted
Average) — Ka)/Iblii 3JIeMEHT, MPUHA KA
HEYETKOMY MHOXKECTBY, B3BEIIUBACTCS B COOTBET-
CTBHH C €r0 CTEICHBIO MPUHAIUIKHOCTH, 3aTeM
9TH B3BEUICHHBIC 3HAYCHUS YCPETHIIOTCS.
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Puc. 3. Arperauusi normieckoro BbIBoAa
metogom MampaHu
M € T 04 HUK: BbINOAHEHO A.A. MepKynoBbIM

Figure 3. Aggregation of logical inference
by the Mamdani method
Source: byAA. Merkulov

4. Mooughuyuposanmulii Memoo yeHmpos cymm
(Modified Center of Sums, MCS) — B3BemeHHoe
Cpe/iHee 3HAYCHUE BCEX DJICMEHTOB, TIPU 3TOM BEC
Ka)XJIOTO AJIEMEHTA OTIPEJIeNIeTCs] KaK CyMMa CTe-
NeHeW MPUHAAJICKHOCTH BCEX DJIEMEHTOB, KOTO-
pbie OombIle TaHHOTO JIEMEHTA WIIN PAaBHBI EMY.

5. Memoo ycpeonenus MaKcumManibHuIX 3HaYe-
nuti (Averaging the Maximum of Maximums,
AMOM) — BBIYUCISIOTCS CPEAHNE 3HAYCHHUSI DJIe-
MEHTOB C MaKCUMAaJIbHOW CTETICHBIO TPUHA]ICHK-
HOCTH Ha K101 utepanuu, aeda3zupuuupoBan-
HO€ 3HAYCHHUE SBJISICTCS PE3YJBTaTOM IMOCICTHEH
UTEpalHH.

6. Memoo maxcumyma uz maxcumymos (Larg-
est of Maxima, LOM) — BwIOHpaeTcsi IEeMEHT
C HauOOJIbIICH CTENEeHbI0 MPUHAIICHKHOCTH BO
MHOXkecTBe. [ledazsudunmpoBannoe 3HaueHue OY-
JIET PaBHO ATOMY JJIEMEHTY.

7. Memoo HaumeHbwie20 U3 MAKCUMYMOS
(Smallest of Maxima, SOM) — BbiOupaercs ane-
MEHT C HaMMEHBIIIEH CTENEeHBIO MPUHAIIC)KHOCTH
BO MHOXecTBe. [ledhazsudunupoBanHoe 3HAYCHUE
OyZeT paBHO 3TOMY JJIEMEHTY.

8. Memoo oucexyuu (Bisector method) — ae-
MEHT, KOTOPBIH JCTTUT HEUETKOE MHOXKECTBO Ha JIBE
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paBHble yacTH (nedaz3uuuupoBaHHOE 3HAUYCHHE
HAXO/IUTCSI TOYHO B CEPETMHE MHOXKECTBA).

Bri6op merona nedassudukannm 3aBUCUT OT
KOHKPETHOW MpoOIeMHOM 00acTh, 0a3bl 3HAHHIMA
HKCIIEPTHON CHCTEMBI U TPEOOBaHUH, MPEIbSIBIIS-
€MBIX K pe3yJbTaTaM HEYETKOTO JIOTHYECKOTO BbI-
Boja (puc. 4).

08 .
cenfroid
06 .

02 .

-10 -8 -6 —4 -2 0 2 4 6 8 10

Puc. 4. Nnnioctpaums kK metogam npuBeneHns
K YeTKOCTU: som, centroid, mom, lom
M € T 04 HMK: BbINOAHEHO A.A. MepKynoBbIM

Figure 4. lllustration of the methods
of defuzzification: som, centroid, mom, lom
Source:byAA. Merkulov

OnHUM U3 KIIIOYEBBIX ACIEKTOB HCCIIENOBA-
HUS SIBIISICTCSI PEKOHCTPYKIHMS (PYHKLIUMU HOBEPX-
HOCTH OTKJIMKA, KOTOpas IPOEHUpYyeT T'MIIEepPIIO-
BEPXHOCTh B N-MEPHOE IPOCTPAHCTBO, TAE 7
OTpa)kaeT KOJIUYECTBO JIMHTBUCTUYECKUX IEpe-
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MeHHbIX [7]. [IpocTpaHCcTBO, B KOTOPOM MHOCTPO-
€Ha MOBEPXHOCTh OTKJIMKA, CONEPKUT YHCIIOBBIE
3HaYeHUA nepeMeHHbIX (pakTopoB). [loBepxHOCTH
OTKJIMKA HEYETKON SKCIEePTHOW CUCTEMBI SBIIS-
€TCsl MHCTPYMEHTOM BepUpHUKAIMU U Trpaduye-
CKUM TPEICTABICHHEM PE3yNIbTaToB (DYHKIIMOHU-
poBaHUSI MOAYJEH Iormueckoro BbiBoaa [7; 8].
JlaHHasi MOBEPXHOCTh — MHOTOMEPHBIH OOBEKT,
JUIs1 aHAJIN3a KOTOPOTO 11e71eCO00pa3HO IPUMEHSTh
npoekuuu. Busyanuzanusi TpeXMepHBIX MpPOeK-
LUI NOBEPXHOCTEH OTKIIMKA MO3BOJSAET OIpese-
JHUTH B3aMMOCBSI3b MEXAY BXOTHBIMH IEpEeMEH-
HBIMH M pe3yJbTaTaMH padOThl SKCIIEPTHOU CH-
CTEeMBI U BBIPa0OTAaTh pPEKOMEHIAIMH IO Hac-
TpoiiKke (YHKIIMOHUPOBAHUSA, BKJIIOUas TOA00D
MeTon0B Aeda3zzudukanuu, GpopM KpUBBIX (YHK-
UM OPUHAJICKHOCTH W JAPYTUX MapaMeTpoB.
[Ipumenenue u pa3BUTHE MHCTPYMEHTOB HEYET-
KOW JIOTMKM /Jisi PEIIeHUs aKTyalbHBIX 3a1ad
CTPOUTENIFHOM OTpaciu mpeacTaBieHo B [9—12].
B [10; 13] paccmarpuBaercs CpaBHUTENbHBINA aHa-
a3 3((EeKTUBHOCTH TNPUMEHEHHS aJrOPUTMOB

HEUYETKOM JIOTMKM M MCKYCCTBEHHBIX HEMPOHHBIX
CeTeil B CTPOUTENHCTBE VIS CUCTEM MOIICPKKU
MPUHATUS PELLIECHUH.

ApXUTEKTYpa HEYETKOU SKCIIEPTHON CUCTEMBI
NOJ/ICP>KKU MPUHATHS PEIICHUN B CTPOUTEIHHOU
oOmactu BKIIO4aeT 0a3y 3HAHUH, KOTOpas Mpej-
cTaBisieT coboi Habop (opMaTu30BaHHBIX TIpa-
BwI. Ha BX0J cHCTEMBI NOAAIOTCS YETKUE 3HA-
YEHHUs BXOIHBIX MEPEMEHHBIX, Ha BBIXOJE UMEEM
neda33uuuupoBaHHbIe 3HAUEHHUS] PACCUMTAHHBIX
HEYETKHX TePEMEHHBIX B BUJE UX YETKUX 3Haye-
Hui (puc. 5).

OKclepTHas CUCTEMa Ha BXOJIE U BBIXOJIE OIle-
pUpPYET YHCIOBBIMU 3HAYEHHUSAMHU M IIO3BOJISET
dbopmabHEIM MeTonoM (6e3 mpumeHeHwst nud de-
PEHIIMAILHBIX YPABHEHUH, OCHOBBIBASICH HA TEO-
pUM HEYETKUX MHOXKECTB) (hopMasIn30BaTh 10CTa-
TOYHO CJIOKHYIO B3aUMOCBSI3b MEXAY KOHILEH-
TaMmU B TOM WA MHOM CIIeIMaTU3UPOBAHHOM MTpE-
METHOW 00JIaCTH ONpeeeHHs] HHXEHEPHON KOH-
LN MHOTOKBapTUPHBIX JOMOB Ha 3Tare Moj-
TOTOBKH K CTPOUTEIIbCTBY.

Baza sHAHHH
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Puc. 5. B3anmocBsi3b OCHOBHbIX PYHKLMOHANBHbIX 6/10k0B SC NOAAEPXKKM NPUHATUS PELLEHNI
N cT04HMK: BbINONHEHO A.A. MepKynoBbIM
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Figure 5. The relationship of the main functional blocks of the decision support system
Source: byAA. Merkulov
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2. PeaynbTtaTbl u 06CyXaeHune
3KcnepuMeHTaNbHbIX UCCNIeAO0BaHU
M OLLleHKa XapaKTepuUCTUK 3KCNepTHOM
cucTeMbl

B 0aze 3HaHWi OBUIM YCTaHOBIICHBI JIOTHYE-
CKHE€ B3aMMOCBSI3U MEXIy BXOIHBIMH M BBIXOJ-
HBIMH [I€PEMEHHBIMH, YTO MO3BOJIUIO OCYIIECTB-
JSTh BBIBOA M MPUHUMAaTh 00OCHOBAaHHBIE pelle-
Hus [14]. DkcniepuMeHTaNbHBIE MCCIIEOBAHUS C
pacueToM xapakTeprcTHK b3 HeoOXxoauMbl 1S aHa-
JM3a U HACTPOMKHU SKCHEPTHHIX (QYHKIIHM, a TaKxKe
JUISL TaJIbHEHILEro pa3BUTUS M COBEPIIEHCTBOBA-
HUsl pazpaboTaHHOro MHCTpymeHrtapus. Co3nan-
Has 0a3a 3HaHUI YKCTIEPTHOM CHCTEMBI TTOIICPIKKH
MIPUHATHS NHKEHEPHBIX PEIIeHUI B 001aCTH CTPO-
UTETHCTBA COCTOUT U3 CISIYIOIINX MOMYJICH:

¢ OC as pacyeTa KOJIMIeCTBa TH(PTOB B MHO-
TOKBAPTHPHBIX JI0MaX;

¢ OC 1t pacueTa HHBECTUIIMOHHOW MpUBIIe-
KaTeJIbHOCTH MHOTOKBAapPTUPHBIX TOMOB;

¢ OC ni1s pacyera 3Ta>KHOCTH MHOTOKBapTHP-
HBIX JIOMOB;

¢ OC s pacyeTa OpUEHTHPOBAHUS MHOIO-
KBapTUPHBIX JOMOB I10 ITapaMeTpaM UHCOJISLINN;

¢ OC U1 OLEHKH TEXHUYECKOTO COCTOSIHMS
MHOTOKBApTHUPHBIX JOMOB.

B xone mpoBeneHus JaHHOTO MCCIIENOBAaHUS
ObuIa pa3paboTaHa CTPyKTypa 0a3bl 3HAHUH, COCTO-
siasi U3 OTACNIbHBIX MOJIYJEH, KaXKIblii U3 KOTO-
PBIX OTBEYAET 3a ONPECIICHHYO TPOOJIEMHYIO 00-
nactb. Takas B3aMMOCBSI3aHHAs CTPYKTypa MO3BO-
JISIET pelaTh CMEXHbIE HHKEHEPHBIE 33/1a4U B pa3-
JMYHBIX O00JacTSAX TOATOTOBKA MHOTOKBApTHP-
HOTO JToMa K CTpOHUTEIhCTBY. Ha ocHOBe pa3pabo-
TaHHOW CTPYKTypbl 0a3bl 3HAHWH, BHIOpAHHBIX
JMHTBUCTUYECKUX TMMEPEMEHHBIX U WX 3HAYCHHIH,
a TaKKe BXOIHBIX M BBIXOJAHBIX NMEPEMEHHBIX IS
Ka)XJI0 MOACHUCTEMBI JIOTHUECKOTO BBIBOAA OBLIH
OTIpeNIeTICHBI U OMMCaHbl BCE HEOOXOAMMBIE TIepe-
MEHHBIE.

B xone nccnenoBanus ObUIH MOI00paHbl PyHK-
LMY MIPUHAJIEKHOCTHU C YYETOM KCIIEPTHBIX 3HA-
HUI 0 KXo nipenMeTHOM obmactu. Kaxknast muHT-
BHUCTHUYECKAsl TMIEpEMEHHas MpOaHAIN3UpOBaHa C
LEJIbI0 ONpEeNICHNs Juarna3oHa ee 3HaYeHH u
(¢hopmMbl PyHKIMNA TPUHAJISKHOCTH A1 000CHO-
BaHHOTI'0 JIOT'MYECKOro BeiBozia. Kpome toro, paspa-
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00TaHbl BXOJHbBIE M BBIXOIHBIE NEPEMEHHBIC IS
Ka)XJIOM TOJICUCTEMBI JIOTMYECKOTO BBIBOJA, YTO
olecreunio nepeady CTpyKTyprupOBaHHONW HH(OP-
MalH MEX]Ty pa3IHYHBIMU MOAYISIMH. Takum 00-
pa3omM, GyHKIIHOHAIEHBIE BO3MOKHOCTH 0a3bl 3Ha-
HUHA TO3BOJMJIM PpeIarh Y3KOCHelHnaIn3UpOBaH-
HBIE 33]1a91 B 00JIACTH CTPOUTEIHCTBA MHOTOKBAP-
THUPHBIX JIOMOB.

B pesynbrare npoBeneHus CEpUH YNCICHHBIX
AKCTIEPUMEHTOB U JIETAJIBHOTO aHAN3a PA3IHYHbBIX
npoOJIEeMHBIX 00IacTel CTPOUTENBCTBA, CBA3aHHBIX
C MOCAJIKOM 3JaHHS M ONIPEACTICHUEM ero TeXHHYe-
CKUX U DKOHOMHYECKHUX IMOKa3arenel, Oblia ycra-
HOBJICHA JIOTMUYECKasi B3aUMOCBS3b, PEKOHCTPY-
MPOBaHbI MOBEPXHOCTH OTKIIMKA M OMpEJesieHa
3aBUCUMOCTh MEXIY BXOJIHBIMH U BBIXOJIHBIMHU
NEPEMEHHBIMH B BUZE 0a3bl 3HAaHWH IKCIIEPTHOU
cucrembl. Metozb! Aedas3uduranuy nogoupatuch
JUTSI TIOJTy9eHUsT TpeOyeMbIx (GOopM TOBEPXHOCTEH
OTKJIMKA, OMMCBHIBAIOIINX COOTBETCTBYIOIINE TIPE-
METHBbIE 00J1acTH.

Maremaruueckast MOZIENb MOCA/IKU KHJIBIX 3/1a-
HHIA Ha 33/IaHHOM 3€MEJIBHOM Y4acTKE CTPOUTEIb-
CTBa TPEACTABISAET COOOH CHCTEMY IMOIJIEPKKU
NPUHATHUS PEIICHUH MpU MOcaaKe 3aCTPOUKH Ha
3eMENIbHBIH y4YacTOK M BKJIIOYAET I10JICUCTEMBI
OILIEHKU KOJIMYECTBAa ATaXKei (MHOTOKBAapPTHUPHBIC
JKUJIBIC JIOMA, CMEIIaHHAs JKHUjasi 3aCTPOWKa JUIst
KHMJIBIX pailOHOB, MHOTOKBAapTHUPHBIE KHUJIbIE JOMA,
CMeEIIaHHas! JKUJIast 3aCTpOrKa JUIsl KBapTaJIoB, OJ10-
KUPOBaHHBIE KUJIbIE JJOMa JUIsl KBapTalloB, OJIOKH-
POBaHHBIC JKWJIBIE JOMa Ul JKUJIBIX PaiiOHOB),
a TaK)Ke CHCTEMY OPHUEHTUPOBAHUS 3aHUS 110 Ta-
paMeTpaM WHCOJISINY U TeorpaduaecKoi IHUPOTHI
CTPOMTENBHOTO OOBEKTa. YUHUTHIBACTCS MOBEPX-
HOCTh OTKJIMKA MEPEMEHHBIX «KOJIMYECTBO KOM-
HaT», «reorpaduueckas IIMPOTay, «HAMpaBICHUE
OCH OKHA B CEKTOpax ¢ a3UMyTOM.

PaspaboranHast skcniepTHasi cucTeMa TpejiHa-
3HaueHa /IS aHalM3a Pa3JIMYHbIX TPagoCTPOH-
TEJBHBIX, TPOEKTHBIX, MPOAYKTOBBIX U IPYTUX Ha-
paMeTpoB 3€MENbHOr0 ydYacTKa, paccMaTpuBae-
MOTO JUTsl IpUoOpeTeHHs O/ 3acTpoiiKy. Cucrema
aHAJIM3UPYET UX U BBIIAET MapaMeTpsl A7 rpadu-
YeCKOIo MOJIEJIMPOBAHUS [TOCAJIKU 3/1aHUS HA JIaH-
HOM Y4YaCTKe 4epe3 COOTBETCTBYIOIIUI OJIOK IKC-
nepTHo# cuctembl. [locanka MOXKET U3MEHSTHCS B
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3aBUCHUMOCTH OT 3HAY€HHMH BBOAMMBIX IapameT-
POB: «BBICOTA 3/IaHU», «KOJIMYECTBO KBAPTHP Ha
JTaXe», «WIOHalb KBapTUp» U T. 1. Cucremy
MO>KHO MCIIOJIb30BaTh KaK JJIsl T0A00pa BapUaHTOB
3aHUN JUIsI KOHKPETHOTO 3€MEJIbHOTO Y4acTKa,
TaK ¥ JUIS OIIGHKH COOTBETCTBHSI BEIOPAHHOTO 3/1a-
HUS IPaJOCTPOUTEIBHBIM, IPOEKTHBIM, IPOAYKTO-
BBIM M [IPOYMM ITapaMeTpam.

ITpu pacyere konuuyecTBa JUPTOB, KOMHAT U
STaXel pe3yJabTUPYIOLIUHN MapaMeTp OKPYIJISIICS
10 1enoro yucina. [IpaBuibHOE KOIUYECTBO JTH -
TOB CHOCOOCTBYET CO3/IaHUIO OJIArOMpHUATHOH aT-
Mocdepsl B 3IaHHH, TOBBIIMICHHIO MPOU3BOIU-
TEJIFHOCTU TPYy/Ja M YIIyUIIEHUIO KadecTBa 00CITy-
JKABAHUS KATEIICH.

OnuH 13 pacuyeTHBIX MOJYJIEH BbIJIAET 3HAUE-
HUE UHBECTUIIMOHHOM MPUBIEKATEILHOCTH B MUJI-
JMOHAaX pyoOiaeil. DTo 3HaYeHHEe MOXKET ObITh HC-
M0JIb30BaHO KaK Ha ATalle NHBECTUIIMOHHOM OLICHKH
MOTEHIUAIIBHOTO 3€MEIBHOI0 yYacTKa JJIsl 3aCTpOu-
IIMKa, TaK U JJI OLEHKH TEXHHKO-DKOHOMHUYE-
CKHX TOKa3aresiel Oyayiero >Kuiaoro KOMIIeKca.

2-3 4-5

0,5+

Cucrema NprUHAMAET Ha BXOJI TApaMETPhI: «KOJIH-
YEeCTBO KBapTHUP B JOME)», «KOJIHMUYECTBO KBAPTHP
Ha ATaXE», «IUIOMAJb KOMHATBD, «CPEIHSS TUIO-
maab KyXHW», «BBICOTA MOTOJIKOBY (pucC. 6).

Pazpaborannas OC MoxeT ObITH pacuIpeHa
JUISL aHAJIN3a CIISAYIOIINX MapaMeTPOB 3eMeTbHOTO
y4acTKa: MECTOIOJIOKEHUs, pazmepa, (HopMbI, pe-
nbeda, KOJIOTUIECKOH OOCTAaHOBKH, OKpPYXKaro-
mux ¢axropos u ap. Ha ocHoBanuu 3toit uH(pOp-
MallM{ pacIIUpeHHass CHCTEMa MOXET MpeaocTa-
BUTh IrpaUuecKyI0 BU3yaIU3alUI0 MMOCAIKH 3/1a-
HUS Ha 33JJAHHOM Y4acTKe. JTO IIOMOKET 3aCTPOii-
MIMKY TPUHATH O0Jiee 000CHOBAaHHOE PEIIeHHE MTPU
BBIOOpE 3€MENBHOTO y4acTKa JUIsl CTPOUTEIHCTBA
’KHJIOTO KOMITJIEKCa.

KonmuecTBeHHBbIE B3aUMOCBSI3U MEKIY JIMHT-
BUCTHYECKUMH TIEPEMEHHBIMU OOJIaJar0T BBIpa-
YKCHHBIM HEJIMHEHHBIM XapaKTepOM, MOXKHO HaOITrO-
JaTh JIOKAJIbHbIE SKCTpeMyMbl QyHKIUH (puc. 7).
DTO CBA3aHO C MapaMeTpaMu KPHUBBIX, KOTOpBIC
3a1a10T QYHKIUHN TPUHAICKHOCTH JIMHTBUCTHYE-
CKHUX TEPEMEHHBIX.

5-6 6-8

Puc. 6. dyHKUMM NPUHAANEXHOCTU BXOLHOW NIMHIBUCTUHECKOM MEPEMEHHOWN «KONMYECTBO KBAPTUP HA 9Taxe», LUT.
N CcTO4HMK: BbINONHEHO A.A. MepKynoBbIM

Figure 6. Membership functions of the output linguistic variable “number of apartments per floor”, pcs.
Source: byAA. Merkulov
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Puc. 7. [NoBEPXHOCTb OTK/INKA NEPEMEHHbIX «KOMHATHOCTb», LUT.; «lUMPOTa», rpag,.;
«HanpasJiIEHNe OCY OKHa B CEeKTOpax C asuMyToM», rpag,.
M cT04HMK: BbINONHEHO A.A. MepKyoBbIM

Figure 7. Response surface of the variables “room size”, pcs.; “latitude”, deg.;
“direction of the window axis in sectors with azimuth”, deg.
Source: byAA. Merkulov

JlaHHBIE PKCTPEMYMBI MO)KHO OTHECTH K apTe-
(hakTaM JIOTUYECKOTO BBIBOJIA, CBSI3aHHBIM C (hop-
MO#l QyHKuui nmpuHagiexkHocTH. ClenayeT oTMme-
THUTb, YTO B pa3pabOTaHHOM MIPOTOTHUIIE HE BCE JIO-
KaJbHbIE OSKCTPEMYMBI MOBEPXHOCTEH OTKJIHMKA
MOJTHOCTBIO OTpaswiiM crenu(uKy MpoOIeMHOI
00J1acTH, YTO CBHUJIETENILCTBYET O HEOOXOAMMOCTH
nomnoiHeHus: b3 6osee TOYHBIMM IIPaBUIAMH, OT-
paKaIOIIMMU SKCTIEPTHBIE 3HAHMS.

[1pu sxBUBaneHTHOM Habope npasui B b3 pas-
paboTaHHasT MHOTOMOAYNbHast apxuTekrypa IC
SBJIsIeTCs O0Jiee BBHITOHOM 110 CPABHEHUIO C OHO-
MOIYJTHHOH, TJIe 0a3a 3HAHUH MPEICTABISIET COOO0M
eIMHBINA HAaOOp MPaBUII AJIS JIOTHYECKOTO BHIBOAA,
MMOCKOJIBbKY B MHOTOMOJYJIBHOM TTOJIXO/I€ KaXK bl
MOJyJIb MMEET WHAMBHIYAIbHBIH AJTOPUTM JIe-
¢daz3udukanuu. Takum 00pa3oM, MHOTOMOIYIb-
Has apxuTekTypa b3 mo3Bomsier 6osee rudko mos-
CTpauBaTh BHIXOAHbIC 3HAYEHHS IO/ KXKIYIO TPO-
OneMHYyI0 0071acTh B c(hepe CTPOUTEITHCTBA.

B nmanHoii paboTe paccMOTpeHBI MaTeMaTude-
CKHE MOJIENId M METOJ0JIOTUYECKUE MPUHIIUIIBI,

152

KOTOpBIE B JAJIbHEHIIIEM MOTYT ObITh pacIIMPEHbBI
C IPUMEHEHHEM CUCTEM MAIIMHHOTO OOy4YEeHHS U
HeHpoHHBIX ceTelt [15; 16] mia pemenus 3a1a4d no
MPOEKTHPOBAHUIO MHKCHEPHOH KOHIICTIIIUH MHO-
TOKBapTHPHBIX JOMOB Ha 3Tame MOATOTOBKH K
CTPOMTENBCTBY, a TAKXKE JUISI PEIICHHSI CMEXHBIX
3aj1a4, YaCTUYHO PACCMOTPEHHBIX B ITyOIMKAIMSIX
[17-19].

3aknioyeHve

[Tpumenenune pa3paboTaHHOM SKCIIEPTHOM CH-
CTEMBI JJIs OTIpEACIICHHUS MH)KEHEPHOI KOHLIETIIINHI
MHOT'OKBApPTHUPHBIX JJOMOB Ha 3Tall€ IMMOATOTOBKHU K
CTPOHTENBCTBY CIIOCOOCTBYET IMOBBILIICHUIO Kaye-
CTBa IPUHUMAEMBIX PEUIEHUH, YCKOPEHUIO pa3pa-
OOTKM M BHEIPEHUIO MPOEKTOB, a TAKXKE CHIKeE-
HUIO MaTepuajbHbIX 3arpar. MeTogoaoruyeckoi
OCHOBOM HCCIIEIOBaHUS CIYXKaT TEOPUS HEUETKUX
MHOYECTB U QJITOPUTMbI HEYETKOI'O JIOTHYECKOTO
BBIBOJIA.

B xone mpoBeeHHOro ucClie0BaHus paspa-
0oTaHbl 0011Ie MaTeMaTHYECKHE IPUHIHUIIBI OIpe-



Mepkysnos A.A., CrenaHsH U1.B. BectHuk PYH. Cepusi: UHxeHepHble nccnenosanus. 2025. T. 26. Ne 2. C. 144-154

JIeJICHUS] MHKEHEPHOW KOHIEIINYA MHOTOKBAPTHP-
HBIX JJOMOB Ha 3Tarle MOATOTOBKU K CTPOUTEIIbCTBY
Ha OCHOBE 3KCIIEPTHBIX METOJIOB M CHUCTEM TMOJI-
JIEpKKU TpuHATHs pernerunil. [IpuBeaenHsr ocHOB-
HBIC ITOHATHUA U3 O6JIaCTI/I HG‘ICTKOIZ JIOTHUKH, BKJIIO-
yasi TUHTBUCTHUYECKUE TIEPEMEHHBIE M HEYETKUI
JIOTUYECKUI BBIBOJI, OTIepaIiiu ¢ (PyHKIUSIMU MTPU-
HaIJICKHOCTH JIJII CHCTEM HEUETKOTO JIOTHUECKOTO
BBOMa. PaccMoTpensr anroput™mel aedaszzuduka-
O HCUCTKUX MHOXKCECTB IJIA ynpaBHeHI/IH BBIBO-
JIOM HEYETKOW JIOTUYECKOW CHUCTEMBI MOINEPKKH
MPUHATHS pelieHud B 00NacTH CTPOUTETLCTBA.
IIpennoxkeHa cxemMa MHTEIUIEKTYyalbHON CHCTEMBI
TOJIICPYKKHU MIPUHSATHS PEIICHUHA B 00JIaCTH CTPOH-
TeNbCcTBA Ha 0asze anroputMa MamaaHu.
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OGecne4yeHne XXNBY4eCTU CJZI0XKHON TEXHUYECKON CUCTEMDbI
B cneuuasnbHbIX YCNOBUNAX
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Hcropust cratbu AnnoTtauus. Llens uccnenoBanus — pazpadoTKa anropuT™Ma 00ecreueHus Ku-
BYYECTH CIIOKHOM TEXHUYECKOW CUCTEMBI B CIIEIIUANIbHBIX yciIoBUaX. [Ipu mpo-
BEJICHUM MCCIICAOBaHMS OBUIM MPUMEHEHBI MPUHIUIBI H METO/bI CUCTEMHOTO
a”anu3a, GopmaapHON BepHUKAIMY 1 MATEMAaTHUECKUH armapar TeMIIopallb-
HOM JIOTHKY AelcTBUA. B pe3ynbprare uccinenoBanus Obu1 pa3paboTaH alropuTM
MIOMCKa JIOTHYECKUX OUIMOOK B IPOEKTHOM PELIEHUH U IPOrpaMMHOM odecrie-
3asiBienne 0 KOH}IMKTE HHTEPECOB YEHUU CJIOKHON TEXHUYECKOW CHCTEMBI, 0a3MPYIOLIUIICS Ha TEMIIOPAJIbHOM
joruke. OTIMYUTEIBHBIMA OCOOCHHOCTSIMH QJITOPUTMa SIBIISIFOTCSI BO3MOXK-
HOCTB (hOpMaJIbHOH BepH(UKALUK TPOSKTHOTO PELICHUSI [T0 CUCTEME M HATNIHUE
MeXaHHU3Ma 00eCeYeHUs COrTIacCOBAHHOCTH MPOEKTHOTO PEIICHHS M pean3a-
IUU. AITOPUTM 11e7ec000pa3Ho MPUMEHSTD U 00eCIeueHHs )KUBYYECTH KaK
BHOBb pa3pabaThIBaMbIX CHCTEM Ha dTanax MPOCKTUPOBAHMS M BBOJA B JCH-
CTBUE, TaK U YK€ CYLIECTBYIOLINX CUCTEM Ha 3TaIle COIPOBOXKICHUSI.

IMoctynuna B pegakuuto: 3 suaps 2025 1.
Jopaborana: 21 mapta 2025 .
IMpunsara k myoaukanuu: 5 anpens 2025 r.

ABTODBI 3asIBJISIOT 00 OTCYTCTBHH
KOH()JIMKTa HHTEPECOB.

KioueBble cji0Ba: aroput™, Bepudukanms, HHGOPMAIMOHHBIA MOTOK, TEM-
NopajibHas JIOTUKa, COOTBETCTBUE IIPOEKTHOMY PELICHUIO
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Anexcees B.B. — oOuiast KOHUENIMS Hccaen0BaHus; Poiorcos M.I. — aHanu3 Hay4HOU JTUTEpaTyPhl, BBIBOABI M PEKOMEH 1a-
LUH, pa3paboTKa alropurMa IMoucKa JOrH4eCKUX OIMOOK B IPOSKTHOM PEUICHUH U MPOrpaMMHOM O0ECIeYeHNH, HalMCaHUE
Tekcra; Meanos /[.A. — MeTolIbl CUCTEMHOTO aHalIu3a JUIst 00ECIICYCHHUS )KUBYUYECTH CIOKHOM TEXHUUECKOW CHCTEMBI.

Baaronapaoctu

ABTOpBI BEIpaKaroOT OaroapHocTh TUMaKOBY AJleKcelo AHATOMbEBUYY, KAHIUIATY TEXHHUECKAX HAYK, TOLCHTY, 32 OKa3aH-
HYIO [TOMOILb IPH OPOBEICHUU JAHHOTO HCCaeaoBanus u JMurpruenko Muxawty BinaiuMupoBudy 32 3HAYNTEIBHBIN BKIIA/
B pa3paboTKy si3bika crieruduranuii TIFL.
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Ensuring the Survivability of a Complex Technical System
Under Special Conditions
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Article history Abstract. The objective of the research presented in this article was to develop an algorithm
for ensuring the survivability of a complex technical system under special conditions.
The principles and methods of system analysis, formal verification and mathematical apparatus
of temporal logic of actions were applied in the research. As a result of the study, an algorithm
for searching logical errors in the design solution and software of a complex technical system
based on temporal logic was developed. The distinguishing features of the algorithm include
the capacity for formal verification of the design solution within the system and the
incorporation of a mechanism to ensure the consistency of the design solution and implementation.
The application of this algorithm is recommended for the assurance of survivability,
encompassing both newly developed systems during the design and commissioning stages, and
existing systems during the maintenance stage.
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BBepeHue

B nacrosimiee BpeMs Tpy1HO IPECTaBUThH BbI-
MOJTHEHHE CIOKHOM TEXHUYECKOM CHCTEMOU
(CTC) dyHKIIMOHATBLHBIX 3a7a4 0€3 WCIOJIh30Ba-
HUSI ”HPOPMALIMOHHBIX TeXHOJIOrHH. OTKa3bI TeX-
HAYECKHMX W KOMMYHHUKAIIMOHHBIX CPEICTB, a
TaKk)Ke OMIMOKM B MPOEKTHOM pPEIICHUU MO CH-
cTeme u nporpaMMHoM obecrieueHnu (I10) moryt
TIPUBECTH K HAPYIIECHUIO KauecTBa (PyHKIIMOHUPO-
BaHMS CHCTEMBbl B CHENUaIbHBIX ycnoBusx. [log
CHEIHATbHBIMU YCIIOBUSIMU TIOHUMAETCS BBICOKAs
BeposiTHOCTH BozzaevcTBusi Ha CTC mecTpyKTHB-
HBIX BHEIITHUX ()aKTOPOB B Iporiecce ee GpyHKIno-
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HUPOBAHUS, PUBOIAIINX K HAPYIICHUIO (QYHKIIH-
onupoBanus CTC B 11eJI0M U, KaK CIEJCTBUE, CHU-
KEHUIO KUBYUECTH.

Ha naHHBI MOMEHT CYIIECTBYET MHOYKECTBO
Hay4HBIX PabOT, MOCBAIIEHHBIX BOCCTAHOBIICHUIO
3JIEMEHTOB CHCTEMBI U MX CBs3eli mmocie cOoeB U
OTKa30B, BBI3BAaHHBIX BHYTPCHHHMH (DaKTOpaMH.
Pesynbrarhl, TipecTaBIeHHBIE B 3THX ITyOJIMKa-
LMAX, HE BXOAST B paMKH HAIIEro UCCIeOBaHUsI.
Bonbmioit mHTEpEC ¢ TOYKH 3peHHUsT 00eCIIeYCHUS
xkuBydectd CTC mpencraBisitoT UCCIEAOBaHUS,
HAaIleJICHHBIC Ha 0OHapy)KEeHNE OIMTMOOK B MPOEKT-
HOM pemiernu u [10, BO30OHOBIEHHE paOOThI CH-
CT€MBI B COOTBETCTBUH C MPEIBABISIEMBIMU TpE-


https://orcid.org/0000-0002-0398-4426
https://orcid.org/0009-0004-0182-5095
https://orcid.org/0000-0001-6014-6982

Anekcees B.B., VIsaHos [.A., Pbixos U.I. BectHuk PYIH. Cepus: UHxeHepHble nccneposaHus. 2025. T. 26. Ne 2. C. 155-167

OOBaHMSIMU TOCJIE BO3JCHCTBUS JECTPYKTHBHBIX
BHEIIHUX (haKTOPOB.

CoBpeMeHHbBIM HalpaBJIE€HUEM UCCIIEOBAHUN
sBigercs obecneuenue xupydectu CTC, 3Hauu-
TEJNIHYI0 POJb B (DYHKIIMOHUPOBAHHH KOTOPBIX
UTparoT UHPOPMAIMOHHO-YIIPABISAIONINE IT0JICH-
crembl (MVYII) [1]. UYII ympaBnser 00beKTOM C
MOMOIIIBIO TPOrPAMMHO PeaTM30BAHHBIX alITOPUT-
MOB, M3 4YE€ro Cjenyer, 4To (hyHKIIMOHUPOBAHUE
NVYII CTC 3aBucut ot kauectsa [10 1 koppekTHO-
CTH anropuT™moB. LleHa ommoOoK, 1OMyIeHHbIX Ha
stanax npoexkrupoBanust CTC (10 HenocpeacTBeH-
HOW peaym3annn), o0cOOEHHO BBICOKa [2].

Ha ocHoBe anamm3a cucTeMaTH3MpPOBAaHHBIX
B [3] npuunH HeKoppekTHOH padoTts! I10 meneco-
00pa3HO BBIACIUTH B OTEIbHYIO TPYIILY JOTHYE-
ckue ommoOku. [lon mormueckumu ommOKamMu B
JTAHHOM HCCIIeZIOBaHUH OyZeM NOHUMATh OLIHNOKU
B MOCTaHOBKE WM (opmaln3alnuu TpeOOoBaHUIA,
a TaKXKe B UX pealH3alliy, M0CJie BOSHUKHOBEHUS
KOTOPBIX B pe3ylbTare (QyHKIMOHHUPOBAHUS CH-
CTeMbl MapaMeTpbl HH()OPMALMOHHBIX MOTOKOB
U3MEHSIOTCS HE TaK, KaK OMpeAesieHO KOHCTPYK-
TOPCKOW, TPOTPAMMHOM U 3KCIUTYaTAl[MOHHOM 10-
KyMeHTausiMu. CieayeT OTMETHTb, YTO JIOTHYe-
CKasi OIIMOKa MOXXET OBITh BBI3BAHA JIECTPYKTUB-
HbIM BHemHUM Bo3zaeiictBueM Ha CTC kak co
CTOPOHBI 3JIOYMBIIIJICHHUKA, TaK U JCHCTBHIMU
JIETUTUMHOTO TIOJIL30BATENSI CUCTEMBI.

[Tpu mpoBeaeHNH UCCIeIOBaHUS YUTEHO, YTO
MH(QOPMALMOHHBIN MTpOIecC MpeCTaBIIsAeT coO0H
UEPAPXUYECKU YIOPSJAOYCHHYIO CTPYKTYpY HH-
(hopMaMOHHBIX MPOIECCOB U OIIMOKA HAa HU3ILIEM
YPOBHE HEPAPXUU MOKET PacHpOCTPAHUTHCS Ha
BbIcIIME YpoBHU. OHIMOKM MOTYT TPUBECTH K
(YHKIMOHAIBHOMY OTKa3y CHCTEMBI CaMOCTOS-
TEJIFHO WJIM CTaTh MPUYMHOM MOJTy4EHUS HEKOp-
PEKTHOM WM HENPEyCMOTPEHHOM IS TIOJIh30Ba-
TeJst *HPOPMAITUH, TIOCIIE YET0 YXKE MOJIb30BaTeNb
MOXKET COBEPILUTH OMIMOKY U BBI3BaTh (PyHKLINO-
HaJIbHBIA OTKa3 CHCTEMHI [1].

OOHapy>keHre TOAABISIONIET0 OOJBIINHCTBA
gornyeckux om0k B [10 Ha mpakTHKE BHITTOJIHS-
€Tcs C IPUMEHEHHUEM TEXHOJOTUH CTaTHYECKOTrO

1 JUHAMHYECKOTO aHaiu3a [4; 5]. 3To 00bsCHS-
€TCsl OTHOCUTEIIHHO BHICOKOW TOYHOCTHIO U HE3HA-
YUTENBHBIMU TPEOOBAHUSIMHU K Pecypcam, HeoOXo-
JIMMBIM JIJI UX UCTIOJIb30BaHMS.

B [6] mokazaHo, 4TO MpUMEHEHUE CTaTH4e-
CKHX M IMTHAMUYECKUX aHAJIN3aTOPOB ISl BHISIBIIE-
HUS JIOTHYECKUX OIIMOOK, MPUBOMANINX K HApy-
MICHUIO TTapaMeTPOB WH()OPMAITMOHHBIX TOTOKOB,
He sBisieTcss 3G QGEeKTUBHBIM. ABTOp IpeJylaraer
MeXaHU3M (GopMaTbLHOU BepH(PUKAIUUA IS KOH-
TPOJIS TIapaMeTpOB WH(OPMAIMOHHBIX IMMOTOKOB,
B OCHOBE KOTOPOTO JIGKUT MaTeMaTHIECKHUH ara-
paT TemMnopaibHOM JToruku. CyIIeCTBEeHHBIM Orpa-
HUYCHHUEM TPEIJIOKEHHOTO B paboTe MeXaHHW3Ma
BUIUTCSI OPUEHTUPOBAHHOCTh Ha paboTy ¢ XpaHH-
MBIMH TIpoIlelypaMu 0a3 JaHHBIX U T03/1Hee (I0-
cie pa3pabotku [10) BeIsSIBICHHE OMTHOOK.

[IpoTUBOMONOXKHBIN, C TOYKH 3PEHUS] CTAUH
MPOEKTUPOBAHMUS, TTOAXO/T ITpeicTaBieH B [7]. Onu-
CHIBA€TCS TIOMCK JIOTMUECKHUX OIMUOOK B MPOEKT-
HOM pEIIEHWH € TOoMoIbI mnocTpoeHus DFD
(Data Flow Diagram) nuarpammsbl ¢ HCIIOJIb30Ba-
HUEM pacuMpeHHol Hotauuu Jlemapko [8] u 3a-
MPOCOB K JIOTHUECKor Oa3e 3Hanmii. Hemocrarkom
JIAHHOTO TOAXOJa SBISETCS CIO0XHOCTh HHTEP-
MpeTanuu pe3yjbTaTa U HEMPUMEHUMOCTh TOJI-
X0J/ia Ha dTare MPOBEPOK COOTBETCTBUS pean3a-
LUK TEXHUYECKOMY 3aJ1aHHIO .

ITpoBeneHHBIN aHAIU3 JTOKA3bIBAET AKTyallb-
HOCTb Pa3pabOTKH alropuTMa 00eCTeUeHUS KH-
Bydectn CTC B crnenualbHBIX YCIOBHUSX Ha OC-
HOBE MaTeMaTHYECKOT0 anmnapara TeMIOpaIbHOM
JIOTHKHU, K TOCTOMHCTBAM KOTOPOT'O MOXHO OTHE-
cTH (QopMaTHU3aIUI0 3aBUCAIINX OT BPEMEHHU
CBOWCTB, TPUMEHUMOCTD JJISI MOJICTTUPOBAHMUSI T10-
BEJICHHS CUCTEMBbI, HAJIMYMEe MHCTPYMEHTOB aBTO-
MaTHYECKON TMPOBEPKH MOJEIH U BU3yaIU3alUN
MOCJIEIOBATEILHOCTH TPUHUMACMBIX COCTOSIHUM
MOJIETH CUCTEMBI.

1. MaTepuansi u meToAbI

B [7] npencraBneHa mMeTouka MPUMEHEHHUS
MeToJla eAYKTUBHON BepUpUKAIIUU I TIOUCKA
omuOOK Ha ATane MPOSKTHPOBAHUS CHCTEMBI.

"'Cm.: TOCT P 59793-2021. UndopManuonHble TeXHOIOrMU. KOMILIEKC CTAHAAPTOB HA ABTOMATU3UPOBAHHBIE CHCTEMBL.
ABTomaTH3upoBaHHBIE cicTeMbl. Ctamun coznanus. Mocksa : Poccuiickuit maCcTUTYT cTanmaptm3anmn, 2021. 8 c.; [9].
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OCOoOEHHOCTB ATOM METOMKHU 3aKIIIOYAETCS B TO-
ctpoeHnn DFD-auarpaMMbl ¢ HCIOJIB30BaHHEM
pacmupenHoi Hotauu [{emapko [8], koTopas 3a-
TEM TPaHCJIUPYETCs B IPOrpaMMy Ha SI3bIKE JIOTH-
YecKoro nmporpammupoBanus Prolog [9]. Bepudu-
KallKs BBIIOIHAETCA IIOCPEACTBOM 3aIIPOCOB K JIO-
rudeckoi 6asze 3Hanuil. B mporecce Bepuduxarmm
CTPOUTCS CETh PACHPOCTPAHEHHSI OCOOBIX METOK,
MIPUCBOEHHBIX JIaHHBIM, U IPOBOJIUTCS aHAJIU3 CO-
OTBETCTBHUS METOK B CETH TpeOOBaHMUSIM K CH-
creMe. Pe3ynpTaToM SIBISIETCS] CIIMCOK BCEX OOHA-
PY’KEHHBIX HapyILIEHUH.

B [10] npencraBieH moaxonx AJis aHaiu3a
HaJIMYUs JIOTHUECKUX OMIMOOK, MPUMEHsAEMBbIN Ha
srane npoekrtupoBanus CTC, B ocHOBE KOTOPOTro
nexxuT cratmdyeckuil ananu3 DFD-guarpamm. B
CTaTh€ NPEAJIOKeHO ucnosb3oBaTh SecDFD
(Security Data Flow Diagram), pacmupenue DFD
JUISL TIOCTPOEHUSI MOJIETIN CUCTEMBI. AHAJIOTHYHO
[7] naHHBIM NpHUCBaNBaOTCS METKH, OCHOBBIBASICh
Ha TpeboBaHusx k cucreme. Ilo nmarpamme
SecDFD ctpoutcs rpad, B y3iax KOTOPOro Xpa-
HATCSA METKH JaHHBIX. KOHTpOJIb MapaMeTpoB MH-
(OpMaLMOHHBIX MTOTOKOB BBINOJHSETCSA 3a CUET
CTaTUYECKOM IMPOBEPKH COOTBETCTBUS IpadoBOH
Mojenu TpeboBaHUsAM K cucteme. COOTBETCTBHE
MOXeT OBITh YCTAHOBJIEHO IIOCJIE€ paclpocTpaHe-
HHSI METOK C TIOMOIIbI0 00X0/a B HIMPHUHY rpada
COIIACHO CEMAHTHUKE Y3JI0B.

A M. KanHep npoaeMOHCTpUPOBAI IPEUMY-
11eCTBA IPUMEHEHHS MATEMAaTUYECKOIO armapara
TEMIIOPAIbHOM JIOTMKM M HHCTPYMEHTAJIbHBIX
CpEeICTB aBTOMaTHUYECKON BepU(UKAIIUN MOieIen
(B myOiMKaIMK 3TO MOJIENIH 0€301acCHOCTH ), chop-
MYJIMPOBAaHHBIX Ha ()OPMAIBHOM SI3bIKE, IPUTO/-
HOM /U151 BepH(pUKaLny, 1711 TOUCKA OIIHOOK B MO-
nenu [11]. Ilpu Bepudukanum Moaenn B Ka4ecTBe
¢opmanbpHOro si3bika B [11] Mcronb30BaH SI3BIK
cnerpdukamuii TLA™ (Temporal Logic of Actions)
[12] u meTox model checking [13].

TemnopaiibHas 1I0ruKa — 3T0 JOT'MKa, B KOTO-
PO HCTMHHOE 3HaYEHHE JIOTHYeCKUX (HOopMyII 3a-
BUCHUT OT MOMEHTa BPEMEHH, B KOTOPOM BBIYHCIISI-
I0TCSl 3HaueHus 3TUX Qgopmyn. OcHoBHas upaes
TEeMITOPaJIbHOM JIOTMKH COCTOUT B TOM, YTOOBI (PHK-
CHPOBATh TOJILKO OTHOCUTENIBbHBIN HOPSIIOK COOBI-
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TUH — (PaKTHYECKH TeKyIIee, Oy myIee u mpore/I-
mee Bpemst [13].

B [6] npencTaBneH anropuTM KOHTPOJIS Tapa-
METPOB MH()OPMAIIMOHHBIX TOTOKOB, TPOBEPSIO-
AN MOJIENIb BEIYMCIICHUN B CUCTEME, BBITIOJIHS-
embix ¢ momombio Oracle/PLSQL 61okoB. Bepu-
¢dukanus MoAeTH MPOMCXOIUT ABTOMATUYECKHU
C WCTOJIb30BaHWEM HHCTpyMeHTa Tuma model
checker — TLC (Temporal Logic Checker) [12].
[Ipennoxennsiii A.A. THUMaKOBBIM aITOPUTM BbI-
SBJISIET 3aIIPEIICHHBIE TIOUTHKAMH O€301IaCHOCTH
MH(POPMALMOHHBIE TOTOKH. AHATN3 TPACKTOPHN
(YHKIMOHUPOBAHUSI CUCTEMBI, TIOyYEHHBIX B pe-
synbrare padorel TLC, mo3Bomsier chopmymmupo-
BaTh PEKOMEHJAINU M0 KOPPEKTUPOBKE KOAA U
M3MEHEHHUIO TOJUTUKN 0€30MacHOCTH ISl yCTpa-
HEHUS HapylieHWd. J|aHHBI alrOPUTM CIIOCOOCH
0OHapYXHUTh JIOTHUECKHE OMMOKHA KaK Ha CTaJuu
BBOJIa B JCWCTBHE, TaK M IPU CONPOBOXKICHUU
CTC [8].

Paznenenne aHanmm3a HaIM4YUS JIOTHYECKUX
omMOOK Ha aHaJW3 Ha 3Tare MPOSKTUPOBAHUS U
aHaJIM3 Ha dTare peaau3ally MO3BOJSEeT JOCTHYb
kommosunroHHocty [10]. Omnako paszjeneHue
aHau3a MOPOXKAAET MPOOIEMY COTIACOBAaHHOCTU
peayiM3zanuu 1 NpoekTHoro pemienus. B [14] npen-
CTaBJICH TOAXOJI, OCHOBAHHBI HA JBYXdTaITHOM
aHaM3e HAJMYUS JIOTHYECKUX OIIMOOK, BKIIIOYA-
IOIMI B ce0s MeXaHU3M OOECIeueHUs] COrJiaco-
BAaHHOCTU pEAJM3alMM U TPOCKTHOTO PEIICHHS.
MogenupoBaHue CHCTEMBI M IPOBEPKAa MOJIEIN
npoucxoaut aHaioruyHo [10]. 3arem crpoutcs
porpaMMHasi MOJIENIb ¢ TIOMOINBIO (ppeiiMBOpKa
GRaViTY [16] u BBIMONHSETCS aBTOMATHU3HPO-
BaHHOE COITIOCTABJICHHUE DJIEMEHTOB MPOTPaMMBI C
aneMmeHTamu SecDFD, ¢ nocnenyromuMm cratuge-
CKUM aHaJM30M COOTBETCTBUS PEATM3ALUU CH-
CTEMBbI €€ MOJICIIH.

Onucannsiii B [15] ¢peitmBopk GRaViTY
Croco0EeH BBITIONHSATH MPOBEPKY apTe(haKTOB pas-
paboOTKM CHUCTEMBI, a Takke OOecreuynBaTh CHH-
XPOHM3ALMIO U3BMEHEHUN Mexx Ay HUMU. [lox apTe-
¢dakTramu pa3pabOTKH B MyOIMKAIIMHA TTIOHUMAIOTCS
MOJIETI CUCTEMBI Pa3jIMYHOM CTETeHHU a0CTpak-
MU U TIporpaMMHas peanmsanus. Clieyer oTMe-
tuTh mpocrory uuTerpauuun GRaViTY B cymie-
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CTBYIOIIHNE CHCTEMBI, B KOTOPBIX OTCYTCTBYIOT aK-
TyaJbHbIE MOJIENH, C MOMOIIBI0 aBTOMAaTH3UPO-
BaHHOTO TOJYYEHHUS MOJENEW W3 NPOrpaMMHOU
peanuzanmu. [{ng aHanu3a HaJIWYMS JIOTUYECKUX
omuOOK B apredakrax pa3pabOTKH CHUCTEMBI B
(peliMBOpKE UCIIOTIB3YIOTCS CTATHUECKUE U TUHA-
MHYECKHE IPOBEPKH.

[TpoBeneHHBII aHATTN3 COBPEMEHHOTO COCTOSI-
HUS MCCIIeIOBaHUM B 00J1aCTH KOHTPOJIS IapameT-
POB MHGOPMAITMOHHBIX MTOTOKOB JUIS 00SCTICUCHUS
xuByuecT CTC B cnenuanbHbIX yCI0BHIX 000C-
HOBBIBACT NPEATIONIOKEHHE O IeNIeCO00Pa3HOCTH
npuMeHeHus anroputma B cocrase UVYII, obnana-
OIIETO CIEAYIOIIMMU OCOOCHHOCTSAMMU:

— B OCHOBE QJITOpUTMa JIEKUT MaTeMaTuye-
CKHH aIapaTr TeMIOPaIbHOW JIOTHKY;

— peanm3aiys aJIropuT™Ma J0JDKHA TIpuMe-
HATHCA Ha dTanax MPOeKTUPOBAHUSA, BBOJA B JCH-
ctBue u conpoBoxaenust CTC;

— QJITOPUTM CIIOCOOEH KOHTPOJIUPOBATH Mapa-
MeTpbl THPOpMaUOHHBIX TOTOKOB CTC;

— QITOPUTM BBISIBIISIET HECOTJIACOBAHHOCTH
peanuzanuu [10 CTC u mpoeKTHOro perieHwusl.

2. Pe3ynbTathl

B xadecTBe moaxoxaa s odoecreueHus )KUBY-
yectn CTC B crienuanbHBIX YCIOBHIX PACCMOT-
PHUM JITOPHUTM TOKMCKA JIOTUYECKUX OITHOOK B TIPO-
€KTHOM DPEUICHUH U MPOTrpaMMHOM OOecrieueHUn
CTC (puc. 1), 6a3upyromuiics Ha TEMIIOpaIbLHON
JIOTHKE.

J1st oOHapyKeHuUs TOTMYECKUX OMIUOOK B PO-
€KTHOM PEIIEHUU M HECOOTBETCTBHS MPOTPAMM-
HOM peanmu3anuu mnpoektHomy pemenuto CTC
HEO00XOUMO BBIMOJIHUTH MOJICTUPOBAHUE B BUJIC
DFD-auarpammsl ¢pynkuuit CTC, paboTtaroniux ¢
Ham0Oosee 4yBCTBUTENIBbHON HMH(pOpMaLuel Hemo-
CPEICTBEHHO WJIM Yepe3 MCIOJb30BaHUE JIPYTUX
GyHKIUi.

ITon wyBcTBUTENBbHOM HH(pOpMaIen Oynem
MMOHUMATh UH(POPMAITUIO, TOCTYI K KOTOPOI orpa-
HUYEH U PaCKpPBITHE KOTOPOM MOXKET MPUBECTH CH-
CTeMY K CHIDKEHHUIO 3 (HEeKTUBHOCTH (DYHKITHOHH-
poBanust cuctemsl [ 16]. [Touck pynkuunit u o0bex-
TOB, COJIEPKAIINX YyBCTBUTEIbHYIO HH(OPMAIIHIO,

OCYLIECTBIISICTCS] aHATUTUKAMH CUCTEMBI MCXOJS
U3 TIOHUMaHUs O0COOEHHOCTEH ee (pyHKIMOHHPO-
BaHUS.

IIo momywyennoil Ha mpouuioMm mare DFD-
JuarpaMme HeoOXOJMMO Hamucath TLA*-crienu-
¢ukanuro. IIpouecc nanucanus TLA -cnenundu-
Kalui ABISIETCA TPYIOEMKON M BECbMa HETPHUBU-
aJIbHOM 3aadeii. DTo 00bsicHseTCs TeM, uTo TLA™
OPUEHTHPOBAH Ha OMMCAHWE MOBEIACHMSI CHUCTEM,
HO HE Ha ONUCcaHue WH(OPMAITMOHHBIX TOTOKOB.

Jna pemenust 3TOM MpoOJIEeMbl B allTOPUTM
ObUT 100aBJIEH 1Iar COCTaBJICHUS CIielU(pUKaLUN
Ha si3b1ke TIFL (TIFL-cnenmduxamnmm), onvceiBa-
fo1el HHPOPMAIMOHHBIE IOTOKU B CHCTEME.

SAszeik  TIFL (Trivial Information Flow
Language) o6namaeT npoCcThIM JJIsl OMUCAHUS UH-
(OpMaIIMOHHBIX MOTOKOB CHHTAKCHCOM W SBIISI-
eTcsl JIOMEeHHO-cnenn(puuHbM s3bikoM (DSL —
Domain Specific Language). JlomenHo-cieruduy-
HBIE SI3BIKM — 9TO S3bIKH, OPUEHTUPOBAHHBIE HA
pernIeHus mpobyieM B KOHKPETHBIX 00J1acTsIX B OT-
JIMYHE OT S3BIKOB 0011ero HazHauenus [ 17]. Odoc-
HOBaHHeM pa3paboTku s3bika TIFL cimyxut mpo-
BEJICHHBIN aHaIM3 UCCIIEIOBaHMS, OMyOIMKOBaH-
Horo B [18]. Cpenu npesicTaBIE€HHbBIX aBTOPOM J10-
MEHHO-CHEIM(PUYHBIX S3IKOB B KaTErOpUU KOH-
TpOJIA TapaMeTpoB WHGOPMALMOHHBIX MOTOKOB
(IFC — Information Flow Control) He OblIO BBI-
SIBJICHO CYIIIECTBYIOLIETO SI3bIKA, KOTOPBI MOKHO
ObUTIO OBl MPUMEHUTH AJis1 3P (HEKTUBHOTO OnHca-
HUSl ”HPOPMAIIMOHHBIX TOTOKOB U MOCEIyIOIIeH
tpancisiunn B TLA -crienuduxkarnuto.

TIFL-cnerudukarus spisercs GopMaaIbHbIM
npencraBienneM DFD-guarpammel, HeoOXomw-
MBIM IS IPOBECHUS BepH(PHUKALIMU TapaMeTPOB
MH(POPMALMOHHBIX TOTOKOB (0OHAPY>KEHUS MTOTO-
KOB MH(pOpMAIMU, HE COOTBETCTBYIOUIUX 3aJaH-
HBIM KPHUTEpPHsIM) B aBTOMAaTHUYECKOM pPEXKHUME.
B xonrtekcre Bepudukanmu napameTpoB uH)OP-
MAaIMOHHBIX IOTOKOB HAC HHTEPECYIOT HCTOUHUKN
U TIoNydaTeny MH(OpMAINH, a TaKkKe YCIOBUS
BO3HHKHOBEHHSI HH(POPMALIMOHHBIX TIOTOKOB.

[Iposepka TIFL-crenudukanuym BbIMTOTHS-
€TCs IOCPEICTBOM TPAHCIISAINY criel(pUKaIK Ha
sspike TIFL B cnenmduranuio Ha s3pike TLA'
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¢ moMompo yTHuTH tifl2tla’ u mociemyromero
3amycka ytuiautsl TLC.

[Ipu npourpsiBannu Mozaenu ¢ nomorpto TLC
MIPOBEPSETCS, YTO HAOIIOJaeMble PE3yIbTaThI BHI-
nostHsieMbIX CTC GyHKIMI He TPOTUBOpEYAT Ipa-
BUJIAM pa3TpaHUueHUs JOCTyMa K WH(OPMaIMOH-
HBIM pecypcaM, TpeAbsSBISIEMBIM K CHCTEME.
Jlanee mpoBepsiemMoe ycioBue OyZeM Ha3bIBaTh
nHBapuaHToM. Eciu B KOHIIE MPOBEPKU MOJIENH
00OHapyKUBAETCS, UTO OOBEKT CUCTEMbl HAUMHAET
coziepxaTh 0oJiee IyBCTBUTEILHYO HH(POPMAIIHIO,

< Hawano anmroparya >

Co371aTe aKTyaTBHYI
DFD-guarpasy

B mpoekTHOM pemeHEH
NpEACTAETEHA AKTYATEHAT
DFD-muarpayma?

IToayueHne
TIFL-cnemmdmxanmm,
COOTEBETCTEVIOIEH
DFD-guarpamme

}

Ipoeepra TIFL-
CrenHHEATHE

Brok mpHHEATHA

Hapymerne
peIIeHHE IO

TO CJIENYyEeT MOBTOPUTH IPOUTIPBIBAHHE MOJEIH,
CYHTasA, YTO AaHHBIA OOBEKT B HAYAJILHOM COCTO-
SIHUU COJAEPKUT HUH(OpPMALIMIO, Yeil YPOBEHb UyB-
CTBUTEJIbHOCTH COOTBETCTBYET YPOBHIO TEKYILETO
KOHEYHOT'O COCTOSIHMSL.

[ToBTOPSTH IPOUTPHIBAHKUE MOJCIICH 1IETIECO-
00pa3Ho 70 TeX MOp, TIOKa IPH 0OYEPETHOM TTPOUT-
PBIBAHUM MOJICJICH HE BBISBUTCS HapyIICHUE WH-
BapyaHTa WM HE NEPECTAHET MCHATHCS YPOBEHD
YYBCTBUTEIHHOCTH MH(POPMAIIUHA B O0BEKTaX CH-
CTEMBI.

Pazpadorare II0 B
COOTBETCTEHH C
TIPOSKTHEIM
pemeHEEM

T10 yxe paspaboTano?

<—ro HHEapHAaHTa
HCTIPARTEHHIO 31,155.1&}10 2
HapyIIeHHR :

HET TIpaskH BHOCHTHCE [

Toasko B [107

TIpHEEIEHHE PEaTHIANHHE B
COOTESTCTEHE MPOSKTHOMY
PEIIEHHIO

HET

Tparcamposars [10 &
TIFL-cnenndmxarmmo

TIFL-cnemnduramma
NPOSKTHOIC PeIleHHT CONOCTABHMA C
TIFL-cnenadmkanmeit
pPeATHIATHET?

i
( KoHel anropuTMa )

Puc. 1. Cxema anropntma nomcka form4eckmx olmnbok B NPOEKTHOM PeLLEeHNM 1 nporpaMmMHoM obecnedeHun CTC
N ¢ T0o4HMK: BbiNoNHeHO B.B. AnekceesbiM, [.A. MiBaHOBbIM, U.I". PbiXOBbIM

2 Trivial Information Flow Language (TIFL). URL: https://github.com/IlyaRyzhov/tifl2tla (accessed: 27.11.2024).
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( Start of the algorithm >

Create an up-to-date DFD
diagram

Does the design solution
include an up-to-date DFD
diagram?

Obtaining a TIFL specification
corresponding to a DFD
diagram

i

Checking TIFL
specification

Violation of the
invariant
detected?

Decision-making block
for correcting violations

Develop software in
accordance with the
design solution

Iz the software already
developed?

no : : yes
Were the edits made only
to the software?

Bringing the implementation
into line with the design
solution

Translate software into TIFL
specification

Is the TIFL specification of the
design solution comparable to the TIFL
specification of the
implementation’.

v
< End of algorithm )

Figure 1. Flowchart of the algorithm for identifying logical errors in the design solution
and software of a complex technical system
Source:byV.V. Alekseev, D.A. lvanov, I.G. Ryzhov

B crmyuyae HapymieHus HHBapHaHTa MO TPaek-
TOpUU TIEepeMelIeHHs] HHPOpMAaIMH, MOJTy4YeHHOM
B pe3ynbTare pabotsl TLC, MOKHO OTCII€AUTS JI0-
rudeckne omuoku B mpoekTHoM pemennu CTC. B
Ka4yecTBE PEIICHHI 10 UCIPABJICHUIO HAPYIICHUIA,
UCXO/s U3 TPEANONIOKEHUS O KOPPEKTHOCTH pPa-
00Tel yTHIUTHI TpaHcisamuu tifl2tla m coorBet-
ctBuss DFD-muarpammel  TIFL-cnienmdukanmu,
MOXET ObITh BHECEHUE MPABOK B MPOEKTHOE pe-
IICHUE WU B crienuduKaIuyio (B cirydae JIOKHO-

MOJIOKUTEIIBHOIO HapyLIEHHUsT WHBApHAHTA) U
cooTBeTcTBYOIY €1 DFD-nuarpammy. Ecnu
W3MEHEHUSIM MOABEPIIOCh MPOEKTHOE pPellIeHHUE,
TO HEO0OXOAUMO MPOU3BECTH akTyanm3anuio DFD-
JarpaMMsl ¢ TIOCJIENYIOIIEeH reHepamuei crnenu-
¢bukanuii. [locne momudpukanum crenupuranui
BHE 3aBUCHUMOCTH OT IPHUHITOTO PEIIeHUs] HeoO-
XOJIMMO BBIIIOJTHUTH MOBTOPHBIN 3amyck TLC.
Ecnu xe HapylieHui MHBapuaHTa HE BbISB-
JIEHO, TO IPOEKTHOE PEIIECHUE CUCTEMBI HE COAEP-
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KHUT JIOTHYECKUX OIIMOOK, MPUBOIAMINX K Hapy-
HICHUIO TTapaMeTPOB WH(OPMAIIMOHHBIX TTOTOKOB.
B Takom ciydae st cucteM, B KOTOPBIX OTCYT-
ctByer [1O, cooTBeTCTBYyIOLIEE MPOEKTHOMY pe-
LIEHUI0, pa3peniaeTcs NPUCTYNHUTh K €ro paspa-
0oTKe.

PazpaboranHoe (1 aHaTM3a BHOBB CO3/1aBa-
€MBIX CHUCTEM) WJIHM CYIIECTBYIOIIEE (JIJIs1 aHAIn3a
sKkcIuTyatupyembix  cucreM) [IO  Heobxomumo
tpancaupoBaTh B TIFL-cnenundukanuro.

Oco0eHHOCTRIO 3Tama NepeBoAa Ha S3bIK
TIFL sBsieTcst TO, YTO OH MPOUCXOJTUT C YUETOM
abcTparupoBaHus OT PeaJbHBIX BEIYUCIEHUH B CH-
creme. [Ipu onucannu MHGOPMAIMOHHBIX MOTO-
k0B Ha a3b1ke TIFL pexoMeHnmyeTcs Henob30BaTh
KaK MOKHO MEHbIIIEE YUCIIO JIOKAJIbHBIX MTEPEMEH-
HbIX. Tak, HampuMep, BMECTO 3aHECEHUS CYMMBI
MEPEMEHHBIX @ U b B JIOKAJIbHYIO IEPEMEHHYIO C
A TOCIENyIoIlel mepefadyn 3TOW NepeMEeHHOH
MOJTyYaTeo HHPOPMALIMOHHOTO OTOKA 7 MOYKHO
cpasy omucarb nepefady UH(GOPMAIMOHHOMY I10-
TOKY 7 TIOCJIEIOBATEILHOCTH TIEPEMEHHBIX a U b.
Tem He MeHee HEOOXOIUMO C OCTOPOKHOCTBHIO
MOAXOIUTh K OOBbEIMHEHUIO0 HH(OPMALMOHHBIX
MOTOKOB U YYUTBIBATH JJOIMYCTUMOCTh OTCYTCTBHS

IncomeLevel -> {

aTOMapHOCTH IpoIecca, KOTOPBIH OyaeT MMeThb
00BbEeTMHEHHBIN BBIXOIHON HH(OPMALMOHHBIN 110-
TOK, B peaJM30BaHHOM cucTeMe. Bo3mokHoe Bu-
STHUE TIOJJOOHBIX CIIOCOO0B OMUcaHus crienuduka-
IMI Ha TOYHOCTh aHaJIM3a HAJIMYHUS JIOTUYECKUX
om0k B mporpammHoM obecneuennu CTC u
paspernieHHbIe peoOpa3oBaHus HaJ CHEIH(IKa-
LIUSAMU ISl IPUBEACHHUS UX K HEKOTOPOMY HOP-
MaJbHOMY BUJY (TIpoIIelypa HOpMaJU3alluu) Tpe-
OyIOT OT/EIbHBIX MCCIEAOBAaHUHN U B IaHHOM cTa-
Th€ HE pacCMaTpPUBAIOTCA.

[IpencraBiaeHHbIl 11l JEMOHCTPALUU BbIpa-
surenabHOCTH s3bika TIFL dparmMeHT mporpammsr
(puc. 2) monydeH u3 parMeHTa mporpaMMbl Ha
si3bike Oracle/PLSQL (puc. 3):

— UCKJITIOYCHHEM CHHTAKCHYECKUX KOHCTPYK-
LU, KOTOpPBIE HE MOPOXKJIAIOT UHPOPMAIIHOHHBIE
MOTOKHU U HE J100aBIISAIOT YCIOBUS JIs1 UX BO3HUK-
HOBEHHS;

— 3aMEHOU OMUCAaHUM BBIYUCIEHUN HaJ CTPO-
KOBBIMU U YMCJIOBBIMU TUITAMH JIaHHBIX ONUCAHU-
AMH WH(DOPMAIIMOHHBIX MOTOKOB, MPEICTaBICH-
HBIX C TIOMOIIIbIO METOK, COOTBETCTBYIOILIUX TIepe-
MEHHBIM M JUTEpajiaM, YYaCTBYIOLUIUM B BBbIUHC-
JEHUSX.

<q::employees.monthly_income><g: :employees.name, p::name_in>?-><1::monthly_value>:

(1::monthly_value, const) ? {
<const> -> <L::Ilevel>:

}: (L::monthly_value, const) ? {
<const> -> <L::Ilevel>:

} & (L::monthly_valve, const) ? {
<const> -> <L::Ilevel>:

b
<const> -> <L.:Ilevel>:

b

->L::Ilevel;

Puc. 2. ®parmeHT nporpammsl Ha s13bike TIFL, COOTBETCTBYIOLLMIA KOAY Ha puC. 3
M ¢ T0o4HwMK: BbinoNHeHO B.B. AnekceeBbiM, [.A. MiIBaHOBbIM, U.I". PbIXXOBbIM
Figure 2. Program excerpt in the TIFL language corresponding to the code in Figure 3
Source:byV.V. Alekseev, D.A. lvanov, |I.G. Ryzhov
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CREATE OR REPLACE Function IncomelLevel ( name_in IN varchar2 ) RETURN varchar2

IS
monthly_value number(6);
ILevel varchar2(20);

cursor ¢l is SELECT monthly_income FROM employees WHERE name = name_in;

BEGIN

open cl1;

fetch c1 into monthly_value;
close c1;

IF monthly_value <= 4000 THEN
ILevel := 'Low Income';

ELSIF monthly_value > 4000 and monthly_value <= 7000 THEN

ILevel := "Avg Income';

ELSIF monthly_value > 7000 and monthly_value <= 15000 THEN

ILevel := 'Moderate Income';
ELSE

ILevel := 'High Income’;

END IF;

RETURN IlLevel;

END;

Puc. 3. ®parmeHT nporpammel Ha a3bike Oracle/PLSQL
M cTo4Hwuk: coctaBneHo no Oracle/PLSQL

Figure 3. Program excerpt in Oracle/PLSQL language
Source: compiled by Oracle/PL SQL

ORACLE PL/SQL. Ba3sbl aaHHbix. IF-THEN-ELSE OMNMEPATOP. URL: https://oracleplsql.ru/if-then-else.html (accessed: 27.11.2024).

Teneps, korna nosrydensl nposepenHas TIFL-
cnerdukaiys npoektaoro pemeans CTC u He-
nposepeHHast TIFL-cnenudukanus hakruyeckoit
peammzamu 110, HeoOxomumo yOeaWThCs, HYTO
MporpaMMHasl peaju3alusi COOTBETCTBYET IHpO-
extHOMY permteHuto CTC. [l 3Toro BeIOIHAETCS
conoctaBiienne TIFL-cnemmdukanmii, BKirogaro-
iee MpoLecc HOpMaJIM3aluu CreHpUKaIHii.

Ecnu cnemmduxanun Ha s3pike TIFL como-
CTaBUMBI, TO CYUTAETCS, YTO Peau3alis COOTBET-
ctByeT npoexktHomy pemenuto CTC u He conep-
KHUT JIOTHYECKUX OIIMOOK, NPUBOIAIIUX K Hapy-
LICHUIO MTapaMeTPOB HH(OPMAIIMOHHBIX TOTOKOB.
B npotuBHOM cityuae HE0OX0IUMO TIPUBECTHU pea-
JU3aLUI0 B COOTBETCTBHE IIPOEKTHOMY PELICHHUIO.

Ha stane npuBeaenus peannsauuu B COOTBET-
CTBHE NPOEKTHOMY PELICHUIO MOTYT KakK H3Me-
HATBHCS MPOTrpaMMHas peanu3alus, Tak U KOppeK-
tupoBatbcsi npoekTHoe pemenne CTC. Ecnm
IpaBKU BHOCWJIMCH TOJIBKO B IIO, TO HyXHO 3a-
HOBO TpaHciupoBats [10 B TIFL-crenudukanuto
¥ TIOBTOpUTH mmar conoctasienus: TIFL-cnienndu-
Kaluii.

OpHako eciy B X0/1€ MPUBEICHUS pealln3alun
B COOTBETCTBUE MPOEKTHOMY PELIEHUIO MOABEp-

IJIOCh U3MEHEHUSIM IIPOEKTHOE PELIEHHE, TO HE0O-
XOIMMO IepelTH K mary akryanuszanuu DFD-
JMarpammsl.

PaGora anropurma 3aBepraercs, korna TIFL-
cneuuukanuy npoektHoro pemenus u [10 Oyayt
CUMTATHCS COMOCTABUMBIMHU.

3.006cyxpeHne

PazpaboTraHHbIif aroOpuT™ MOUCKA JTIOTUYECKUX
OIIMOOK B MPOEKTHOM PEIIEHUH U IPOrpaMMHOM
obecnieuenun CTC pexomeHIyeTcs NPUMEHATH
JUIst 00ecreveHusl )KUBY4eCTH COBMECTHO C Jpy-
TUMH CYIIECTBYIOIIMMHU IOAXO0JaMH, 0Oecredn-
BAIOIIMMHU KUBYYECTh, TO3BOJISIOLIUMU O0OHApPY-
KUBaTh Jornueckue omuoOku B 1O (Hampumep,
CTaTHMYECKUN M TUHAMHYECKUU aHanmusbl [4; 5]),
Y 1I0J1X0/1aMU, C(POKYyCHUPOBaHHBIMU Ha MOMCK OLIH-
OOK B MPOEKTHBIX pEHICHUAX (Hampumep, JeayK-
TUBHON Bepu]UKanMel MOTOKOB, MpPEICTaBIICH-
Heix B DFD [7]).

Jlns aBromarusaumu Hanucanus TLA'-cre-
nudukanuit B [6] ucnonp3oBaHa ytuiura [19],
OpUEHTHpPOBaHHasi Ha pabOTy C MPOrpaMMHBIMU
Onmokamu 0a3 JaHHBIX, HAKMCAHHBIMU Ha S3bIKE
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Oracle/PLSQL, 9TO NOTIOJHUATENBHO OTPAaHUYH-
BAE€T COBEPIICHCTBOBAHME IOAXOJA Pa3BUTHEM
BEHIOPCKOW TeXHOJOruu. Mcnonbs3oBanue n0-
MeHHo-crieruaaoro si3bika TIFL m yTummTer
tpancisaun tifl2tla B anroputme, mpeacraBieH-
HOM B JIaHHOM CTaThe, M03BOJISIET HE TOJIBKO yIPO-
ctuth npornece nmoayuenus TLA-cnenudukanmii,
HO ¥ a0CTparupoBaThCs OT UCTIOIB30BAaHHBIX B pe-
ammzarun CTC Texnomnormii. Takoe abcTparmnposa-
HHUE J1a€T BO3MO>KHOCTb HE3aBUCHMO Pa3BHBATHCS
YTHIIUTAM TPAHCISAINHU, JOMEHHO-CIICIM(PUIHOMY
s3piky TIFL m camoMy moaxomy kK oOecriedeHnto
xkuBydect CTC.

AJTOPUTM MOWCKA JIOTHYECKUX OUIMOOK B
MIPOEKTHOM PEILICHUH U NMPOrpaMMHOM obecreue-
Hun CTC, KaK ¥ OAX0/Ibl, TPEICTABICHHBIE B [ 14;
15], oOHapy)uBaeT OMMOKHA B TIPOCKTHOM perie-
HUU U iporpammHoM obecnieuennn CTC, a Takxke
o0ecreynBaeT COrIacOBAHHOCTh MPOEKTHOTO pe-
LIEHWs] U BapUaHTa pealn3allid CUCTEMBI, HO OT-
JMYaeTCs UCIIOJIb30BaHUEM METO0/1a BepUpHUKAIINN
Moaeneit model checking, jexarero B ocHOBE aj-
TFOPUTMa, KOTOPBI HCUEPNBIBAIOLIE IPOBEPSET
MIPOCTPAHCTBO COCTOSIHUN MOleNd cucteMsl [13].

Onpenenenne 3PpPEeKTUBHOCTH TPEIIIOKEH-
HOTO B IaHHOM CTaThe aJrOpUTMa TpeOyeT OEHKU
xkuBydectd CTC. C ToUKku 3peHHs] MPOBEIACHUS
OLICHKH KUBYUYECTH MHTEPEC MPEICTABIIAIOT MOJ-
XO0HblI, oncanHbie B [20-23].

CHMXEHUS CII0KHOCTH BHEJPEHUSI alITOpUTMA
B IIPOIIECC CO3/IaHUS CHCTEM M MOBBIIICHUS Y00-
CTBa MCIIOJIb30BAHUS AITOPUTMA MOKHO JIOCTHYb
3a CUeT aBTOMATW3allMU LIaroB ajroputma. AB-
TOPBI BUIAT HanOoJIee MPUOPUTETHBIMH JJIS1 aBTO-
MaTU3alMu Iaru co3fanus akryanbHou DFD-
muarpammbl 1 TIFL-cnemmdukanmii, cooTBeT-
ctBytomux DFD-auarpamme u T10.

Hns apromaruzamuum co3ganus DFD-maua-
rpamMM, COOTBETCTBYIOIIMX CIOBECHO CPOPMYJIH-
POBaHHBIM TPEOOBAHUSIM, IEPCTIEKTUBHBIM BBITJIS-
JUT UCTIOJIb30BaHUE OONBIINX S3bIKOBBIX MOJIEICH
¢ momortisto Mmetoga RAG [24].

Aptomatuzarusi co3aanus TIFL-cnenmduka-
uuu, cootTBercTBytomeid DFD-auarpamme, MoxeT
OBITh BBITIOJIHEHA MTOCPEJICTBOM CIICIIHAILHO Pa3-
pabaTbhiBaeMOro pefakTopa, COXpaHSIOLIEro Mo-
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cTpoeHHble amarpamMmbl B Buae TIFL-cnemmdu-
Kalluil ¥ TIO3BOJIAIONIETO OTOOPa3UTh BU3YalIbHO
TIFL-cnenudukanuu.

TIFL-criermdukarwto, coorercTByromtyto 110,
cilenyeT Mojay4yaThb aBTOMAaTH3MPOBAHHO, MpHMe-
HSIS1 YTHJIUTBI TPAHCISINH, To100HbIe [ 19], mist mc-
XOJIHBIX KOJIOB, HAIMCAHHBIX Ha Pa3JIMYHBIX SI3bI-
Kax MpOrpaMMUPOBAHHUSL.

3aknyeHve

OmnpefeneH MoAXo/ U CO3/1aH alrOpUTM, M03-
BOJITIOIINH oOecrieunBaTh xkuBydecth CTC B crie-
MAITBHBIX yCIOBUSX. B Xone uccnenoBanus ycra-
HOBJICHO, YTO MPOOJIeMaMHU ¢ TOYKH 3peHust odec-
neuenus sxuByudectr 1yt CTC sBusrores goruye-
CKue OIMOKK B TpPeOOBaHMAX U UX peau3aliH.
B pesynbraTe Ha OCHOBE aHajH3a CYLIECTBYIO-
HIMX TOJXO0JI0B K OOHAPYKEHUIO JIOTUIECKUX OIITH-
00K pa3paboTaH anropuT™, Oa3HUPYIOUIMHCS Ha
TEMIIOpPAbHOM JIOTUKE, KOTOPBIH MO3BOJISET CBOE-
BPEMEHHO OOHApY)KMBATh TaKHe ONIMOKH M CITO-
coOCTBYeT UX JaJIbHEHIIeMy yCTPAaHEHHIO, TEM Ca-
MBIM O0€CTIeunBasi )KUBYUECTh CUCTEMBI. JlaHHBIIA
QITOPUTM LIEJIecO00pa3HO MPUMEHSITh Ha 3Tamax
MPOEKTHPOBAHUS, BBOA B ICUCTBHE U COIPOBOXK-
JICHUS CUCTEM.

JanpHelne ucciie1oBaHusl aBTOPbl BUAST
B CJICAYIOIICH OYepeTHOCTH:

1) ompenenenrie HEOOXOAMMOI cTeneHu abd-
CTpaKIUH MPOBEPSEMBIX MOJIENEH U BIHSIHAE KOM-
MMO3HIIMHU MOJICJIeH Ha TOYHOCTh aHAJIN3a;

2) Be100p moaxonsmeir DFD-HoTamuu s
HOCTPOEHUsl MoJiesiell U pa3paboTKa aaropurMma
comoctaBienus TIFL-cnemudukarmii;

3) pa3paboTka aropuT™Ma MoICPKKU MPHHS-
THS PEMICHA 10 HCTIPABJIEHUIO HAPYIIEHU NHBA-
pHaHTa U yCTPaHEHHIO HECOOTBETCTBHSI peajn3a-
IIUH TPOEKTHOMY PEIICHUIO;

4) onpenenenue 3p(HEKTUBHOCTH MpeJiarae-
MOTO B CTaThe€ aJIrOpuTMa MOCPEJACTBOM CpaBHE-
HUS OIICHOK JKUBYUYECTH JIO U TIOCIIE €0 MPUMEHe-
HUS;
5) moBBIlIIEHNE YPOBHS aBTOMATHU3ALUH IIa-
T'OB JITOPUTMA, TIPOCTOTHI BHEIPE-HUS AJITOPUTMA
1 ya00CTBa €ro UCTIOIb30BaHUS.
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a ROC-AUC score of 0.844, while the Random Forest showed a score of 0.88. The confusion
matrices revealed the strengths and weaknesses of each model in terms of forecasting.
Logistic Regression and Random Forest were identified as the most reliable models for
predicting heart disease in this dataset. Future work will explore hyperparameter tuning and
ensemble methods to further enhance model performance, providing valuable insights for
early diagnosis and treatment of cardiovascular diseases.

Conflicts of interest

The authors declare that there
is no conflict of interest.

Keywords: Random Forest, support vector machine, gradient boosting, decision tree,
Logistic Regression, accuracy

Authors’ contribution

Temirbayeva A.B. — writing — original draft, visualization, validation; Altybay A. — methodology, investigation, validation.

For citation

Temirbayeva AB, Altybay A. Machine learning methods for predicting cardiovascular diseases: A comparative analysis. RUDN
Journal of Engineering Research. 2025;26(2):168—180. http://doi.org/10.22363/2312-8143-2025-26-2-168-180

© Temirbayeva A.B., Altybay A., 2025

This work is licensed under a Creative Commons Attribution 4.0 International License
AT https://creativecommons.org/licenses/by-nc/4.0/legalcode

168


https://orcid.org/0009-0003-6131-2884
https://orcid.org/0000-0003-4939-8876

Temupbaesa A.b., Antwibari A. BectHnk PYOH. Cepusi: iHxeHepHble nccnegoarus. 2025. T. 26. Ne 2. C. 168-180

MeToAbl MalWWMHHOIO 06y4YeHus AN NPorHo3npoBaHus
cepae4YyHo-CoCyaUCTbIX 3a00s1eBaHNiA: CpaBHUTEJIbHbIA aHaNu3

A.B. Temup6aeBa™™, A. Anrbibaii

ActanuHckuit IT-ynuBepeurer, Acmana, Pecnyonuxa Kazaxcman

P4 aiymtemirbaeva@gmail.com

HcTopust cratbu

[Mocrynuna B penakuuto: 11 nexabps 2024 r.

Jopaborana: 14 ¢espans 2025 r.

IMpunsara k my6aukamuu: 25 despanst 2025 T.

3asBileHHE 0 KOH(PJIUKTE HHTEPeCcoB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBHHU
KOH(IMKTa UHTEPECOB.

AHHoTanus. Llenp uccnenoBaHus — TOYHOE MpeACKa3aHHe HAIMYUS Cep-
JIEYHO-COCYZIMCTHIX 3a00/1€BaHUI ¢ TOMOIIbIO MOJIEIEeH MAIIMHHOIO 00yue-
Hust. OLCHUBATIACH U CPAaBHUBANIACH d()(EKTUBHOCTS ISITH AITOPUTMOB: JIOTH-
CTHYECKON pPerpeccuu, MalliHbl OMIOPHBIX BEKTOPOB, JepeBa PELICHH, CITy-
4allHOTO Jieca M IpaJldeHTHOro OyCTHHra Ha Habope MaHHBIX, COoAeprKalleM
KIMHUYECKHE XapaKTePUCTUKU MalueHToB. Ompenensuiocs, Kakoi U3 aiuro-
PUTMOB AEMOHCTPUPYET HAWITYUIINE IPOTHOCTHYECKUE XapaKTEePUCTHKH JUIs
JIMarHOCTUKM 3a0oneBaHuil cepaua. Mcnonb3oBan Habop faHHBIX 270 mamnu-
eHTOB ¢ 13 KIMHHYEeCKMMU Tpu3Hakamu. [JaHHbIe ObUIM MPEIBAPUTEIHHO
00paboTaHbl, a LieNeBble IepeMeHHbIE TPeoOpa30BaHbl B OMHAPHBIE 3HAUCHHS
Uit knaccudukanuu. Habop naHHBIX ObUT paszesneH Ha 00ydJaronui U TeCTo-
BbIii B cootHomenuu 70-30. [TaTh Mozesel MalmMHHOTO 00yUYeHHs ObLIH 00Y-
YEHBI U OLICHEHBI C TIOMOIIBI0 TAKUX METPHK, KaK TOYHOCTB, recall, precision,
F1-score u ROC-AUC. []ns nosy4eHust 10NOJTHUTENBHON HHOpMAaLIUK O Ipo-
W3BOJIMTEIILHOCTH MOJENe ObUIM MpPOAaHAIM3UPOBAHBI MATPUIBI OLIHOOK.
B pe3ynbTare IOrHCTHYESCKAs PErpeccHs U CITyJalHbIH Jiec MOKa3aiy HauTy -
LIME pe3yJbTaThl Cpein Bcex Mozenei ¢ Tounoctsio 86,4 u 80,2 %, cooTBer-
crtBeHHO. Jloructuueckas perpeccust mpoaemonctpupoBana ROC-AUC Ha
yposHe 0,844, a cmyuaitasiii 1ec — 0,88. C momMoImpi0 MaTpuIl MyTaHUIIBI
BBISIBJICHBI IPOTHOCTHYECKHE JOCTOMHCTBA U HEAOCTATKU KaXJOW MOJEINH.
ABTOpaMu cenaHbl CIEAYONINE BBIBOBL: JOTUCTHYECKAs perpeccus u ciy-
YaiHbIH Jiec ObUTH OIpEeeNieHbl KaKk Hanbolee HaJAeKHbIE MOJCIH IS TPO-
THO3MPOBAHMS CEPIIEYHO-COCYIUCTHIX 3a00JI€BaHUI B 3TOM HabOpe JaHHBIX.
B nanpHeinieM maHupyeTcst H3yYeHne METOA0B HaCTPOMKH THIleprIapaMeT-
POB M aHcaMOJisl Uil MOBBIMICHUS S(PEKTUBHOCTH MOJEICH, YTO TIO3BOJIUT
MOJTy4aTh [eHHBIE CBEICHUS ISl PaHHEH TUarHOCTHKU U JICUSHUS CepACHHO-
COCYIUCTBIX 3a00JICBaHH.

KiroueBble ci10Ba: ciy4aiiHbli Jiec, MalllMHa OTIOPHBIX BEKTOPOB, TPAJHUEHT-
HO€ YCWJIEHHE, 1ePEBO PELICHUH, IOTUCTUYECKasl pErpeccHsl, TOUHOCTh
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Introduction

in 2019 [1]. This translates to one person dying
every 34 s because of CVD. In Kazakhstan, the

Cardiovascular diseases (CVDs) cast a long  situation is similar, with a high prevalence of CVDs.
shadow around the world, claiming millions of lives =~ The prevalence of CVDs among the popu-lation
every year. CVDs are the leading cause of death  increased from 1845.4 per 100,000 people in 2004
worldwide, claiming an estimated 17.9 million lives  to 2597.5 per 100,000 people by 2017 [2]. These
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statistics emphasize the urgent need for improved
methods of diagnosis, treatment, and prevention.
Fortunately, advances in artificial intelligence (Al)
have offered promising solutions that may prove
particularly effective. Traditional diagnostic me-
thods for heart disease can be subjective and prone
to human error. Al algorithms excel at analyzing
complex medical images, such as echocardiograms,
potentially leading to more accurate diagnosis.
A recent study published in Nature demonstrated
an Al framework’s ability to effectively classify
cardiac diseases using audio signals [3]. Al can be
used to analyze an individual’s specific medical
data, including demographics, lifestyle factors,
and genetic information. This personalized approach
allows for tailored risk assessments and treatment
plans, potentially leading to better patient out-
comes. Early detection is crucial for improving the
outcome of heart disease. The Al-powered analysis
of various data points, including electrocardio-
grams (ECGs), heart sounds, and electronic health
records, has shown promise in identifying patterns
and predicting the likelihood of developing heart
disease. Studies suggest that machine learning (ML)
models, particularly Random Forests (RF), can
achieve high accuracy rates (approximately 90%)
in heart disease prediction [4]. This research hypo-
thesizes that ML algorithms, when trained on a
diverse dataset of patient attributes, can effectively
learn patterns associated with heart disease risk
and achieve high levels of predictive accuracy.
Additionally, it is hypothesized that certain algo-
rithms may outperform others in terms of pre-
dictive performance depending on the characteristics
of the dataset and the complexity of the underlying
relationships. Therefore, the purpose of this study
is to investigate the effectiveness of ML algo-
rithms in predicting the risk of heart disease based
on various patient attributes. By analyzing a dataset
containing features related to patient demographics,
medical history, and diagnostic tests, the aim is to
develop models that can accurately classify indi-
viduals as either having a high risk of heart
disease. The objectives of this research were to
preprocess and analyze a dataset containing features
relevant to heart disease prediction and evaluate
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multiple ML algorithms for heart disease classifi-
cation. The performance of the developed models
was assessed using key performance indicators,
such as accuracy, recall, and ROC AUC, to compare
the effectiveness of different ML algorithms in
predicting heart disease risk. In conclusion, with
heart disease statistics painting a concerning picture,
Al-powered methods for analysis and classification
offer significant potential. Early detection, improved
diagnostics, and personalized medicine facilitated
by ML hold the promise of revolutionizing cardiac
care, ultimately saving lives, and improving overall
heart health.

Background and Related Work. Heart disease,
which includes a variety of disorders affecting the
heart and blood arteries, continues to be a major
global health problem owing to its high prevalence,
morbidity, and mortality rates. Early identification
and precise risk assessment are critical for the
effective prevention and management of cardio-
vascular disorders. In recent years, ML techniques
have received increased attention in the healthcare
profession due to their potential to aid in disease
prediction and diagnosis. Several researchers have
investigated the use of ML algorithms to forecast
the risk of heart disease using various datasets and
approaches. For instance, [5] aimed to create a novel
end-to-end technique for detecting and classifying
heart-sound abnormalities that can be applied to a
variety of heart-sound diagnosis activities. They
created a Multi-feature Decision Fusion Network
(MDFNet) composed of two modules: Multi-di-
mensional Feature Extraction (MFE) and Multi-
dimensional Decision Fusion (MDF). This approach
was applied to two datasets, which are open-access
databases of heart-sound recordings. There were
four experiments with an overall accuracy of
94.44% and an F1-score of 86.90% for the binary
classification task and 99.30% for the five-classifi-
cation task. This technology surpassed other cutting-
edge methods and showed promising therapeutic
applications. CVDs remain a constant threat in areas
with low resources and moderate incomes. [6] Other
researchers have used deep learning techniques
to reveal a model that is enhanced by bispectrum-
inspired feature extraction and the Vision Trans-
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former (ViT) model’s cutting-edge capabilities.
This paradigm leads to the binary classification
of cardiac sounds as ‘normal’ or ‘abnormal.’ Their
algorithm relies on data from the PhysioNet Chal-
lenge 2022 database, which contains 3163 data
points from 942 patients. The model demonstrates
an excellent classification process with impressive
consistency, particularly when distinguishing bet-
ween pregnant and non-pregnant individuals” heart
sounds. The model described in this work, which
employs bispectrum for feature extraction and the
ViT model for classification, achieves an accuracy
of 0.91 and an AUC of 0.98 in the test set drawn
from the PhysioNet Challenge 2016 and 2022
databases. This study [7] applied ML to classify
cardiovascular disorders accurately. The authors
used Naive Bayes, RF, Decision Tree, and Multi-
layer Perceptron algorithms to combine predictions
using the Bagging process, which is being in-
vestigated as a way to improve the accuracy of less
accurate algorithms. Bagging, boosting, voting,
and stacking are among the ensemble methods
employed. The study used UCI’s Cleveland heart
dataset (CHD) for people with heart disease.
This dataset contained 303 occurrences and only
14 attributes. Consequently, the accuracy of the
ensemble approach utilizing boosting and bagging
was superior to that of the individual classifiers.
The initial accuracy of the RF algorithm was
81.53%. Upon incorporating the feature selection,
the accuracy increased to a maximum of 90.52%.
The Multilayer Perceptron method increased sig-
nificantly from 78.52 to 96.18%. The findings
highlight the importance of critical feature
selection in increasing the accuracy of the models.
They were able to reduce noise and concentrate on
the main risk factors for cardiovascular disease by
choosing the most pertinent attributes, which led
to more precise forecasts. The study demonstrates
that feature selection and ensemble classification
algorithms can greatly increase the accuracy of
cardiac disease risk prediction. [8] employed the
K-nearest neighbors (KNN) algorithm to handle
classification problems related to coronary heart
disease. There are six forms of coronary heart
disease, however only two were selected for classi-

fication. These include angina pectoris (AP) and
acute myocardial infarction (AMI). The CHD data-
set was obtained from the National Center for
Health Statistics (NCHS) and reviewed by the me-
dical team at the Center for Specialty Cardiology.
The dataset for this study consisted of 100 case
histories of CHD patients. Following the analysis,
the data was separated into training and test
data-sets, with the training features containing
80 records (80% of the data) and the test features
containing 20 records (20% of the data). Two dis-
tinct datasets were created: Boolean values (D1),
and values consisting of twos within a certain
range (D2). The primary goal is to compare the
Fl-score diagnostic levels and choose the most
appropriate one.

As a result, by selecting a random value of
k equal to 5 for D1 data, the k-nearest neighbors
algorithm achieves an accuracy of 93%, outper-
forming some experiments with ML methods, such
as RF, Support Vector Machine (SVM), Naive
Bayes (NB), and Logistic Regression. However,
the same k value for D2 data resulted in a lower
accuracy of 76%. The experimental results showed
that for coronary heart disease classification, the D1
dataset produced better F1-score results of 92 and
94% compared to the D2 dataset of 70 and 81%,
respectively, using the KNN algorithm. This shows
that Boolean attributes can be an effective data-
set for categorization. As technology and medical
diagnostics become more integrated, data mining
and the storage of medical information can improve
patient care. Therefore, it is critical to investigate
the interrelation of risk factors in patients’ medical
histories and comprehend their individual contri-
butions to cardiovascular disease prognosis. Ano-
ther study aimed to analyze numerous components
of patient data to accurately forecast heart ill-
nesses [9]. The most important qualities for pre-
dicting heart disease were discovered utilizing
a correlation-based subset feature selection and
a best-fit search approach. Age, sex, smoking,
obesity, food, physical activity, stress, type of chest
pain, previous chest pain, diastolic blood pressure,
diabetes, tro-ponin, ECG, and aim were identified
as the most important factors in the diagnosis of
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heart disease. Consequently, data were gathered
from hospitals, diagnostic centers, and clinics
throughout Bangla-desh. The patients were
questioned, analytical results were evaluated, and
information on essential cha-racteristics was
gathered. The dataset consisted of test results from
59 patients and their responses to various
questionnaires. The data were separated into two
parts: training data (67%) and test data (33%).
Various Al approaches (e.g., Logistic Regression,
Naive Bayes, K-NN, SVM, decision tree, RF, and
MLP) were tested for two types of heart disease
datasets (all and chosen features). RF with selected
features achieved 90% accuracy, 90.91% precision,
100% recall, 90.91% F1-score, and 89.90% ROC-
AUC, the highest among the Al approaches. The
proposed method can be utilized to assist in the
early diagnosis of heart disease. Audio-based heart
disease detection is an exciting research topic that
uses the audio signals produced by the heart
to detect and diagnose cardiovascular disorders.
ML and deep learning (DL) are important tech-
niques for classifying and identifying cardiac
disorders using acoustic inputs [3]. Evaluated ML
and DL algorithms for detecting cardiac disorders
using noisy audio input. This study used two
subsets of the Pascal Challenge datasets, which
contained real cardiac audio signals from 400 par-
ticipants. Spectrograms and Mel-Frequency
Cepstral Coefficients (MFCCs) were used to pro-
cess and visualize the signals throughout the study.
To improve the model performance, we used data
aug-mentation, which involves inserting synthetic
noise into heartbeat signals. In addition, a feature
en-semble was created to combine various sound
feature extraction approaches. Several machine-
learning and deep-learning classifiers have been
used to diagnose cardiac diseases. The multilayer
perceptron model outperformed the other models
and earlier experiments with an accuracy of 95.65%.
This study revealed how this technology can
accurately diagnose cardiac problems using acoustic
signals. This study [10] evaluated the performance
of seven machine-learning algorithms for heart
disease diagnosis using a dataset consisting of 4,238
records and 16 patient characteristics. The algo-
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rithms tested were Naive Bayes, decision trees
(DT), RF, SVM, artificial neural networks (ANN),
KNN, and Logistic Regression (LR). The results
showed a significant difference in accuracy between
the models. The LR model showed the highest
accuracy (85.5%), followed by RF (83.9%) and
artificial neural networks (83.7%). The K-nearest
neighbors algorithm also performed well, with an
accuracy of 83.4%, but its accuracy was slightly
lower than that of the RF and ANN models. The
decision tree models achieved an accuracy of
79.9%, surpassing Naive Bayes and SVM, which
showed lower accuracy values of 78.9% and
70.9%, respectively. These results highlight the
potential of ML algorithms for improving the
diagnosis of heart disease, with the LR, RF, and
ANN models performing the best for accurate
predictions. It is evident that the KNN and DT
models hold some value in this context, though it
should be noted that their performance lags slightly
behind that of the most effective algorithms.

1. Implemented Algorithm

This study compares the performance of
Logistic Regression SVM decision tree, RF and
gradient boosting techniques. Decision trees are
tree-like structures used to make predictions. They
divide the feature space into discrete regions based
on feature tests, with each leaf node representing
a class label or goal value. Decision trees are simple
and easy to understand. RF is an evolution of this
concept, which uses several decision trees to in-
crease prediction accuracy and generalization.
It generates an ensemble of decision trees from
arbitrary subsets of training data and features.
Individual tree findings are combined to yield the
final prediction [8]. The RF approach extends the
summarizing method by combining summarization
and feature randomness to generate an uncorrelated
forest of decision trees. The randomized feature
approach, also known as the bag-of-features method
or the “random subspace method” creates a random
subset of features with low correlation between
decision trees. This is an important distinction bet-
ween decision trees and RF. While decision trees
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analyze all possible feature partitions, RF only
select a subset of these features [11]. In contrast,
SVM is an efficient algorithm for both classificat-
ion and regression. SVM is a sophisticated ML
technique that can address linear or nonlinear clas-
sification, regression, and even outlier identification
problems. SVM can be used for a variety of
applications, including text classification, picture
classification, spam detection, handwriting identi-
fication, gene expression analysis, face and anomaly
detection [12]. SVMs are versatile and useful in
various applications because they can handle high-
dimensional data and nonlinear dependencies.
SVM algorithms are particularly effective because
they attempt to find the largest separation hyper-
plane among the many classes present in the target
feature. LR is a supervised ML algorithm used in
classification problems to predict whether an
instance belongs to a specific class or not. LR is
a statistical procedure that is used to determine the
relationship between two data points. It is used for
binary classification with a sigmoidal function that
treats the input data as independent variables and
returns a probability value between 0 and 1 [13].
Gradient boosting is a powerful boosting approach
that combines numerous weak training models into
strong training models by training each new model

to minimize a loss function, such as the prior
model’s mean square error or cross-entropy, with
gradient descent. At each iteration, the approach
calculates the gradient of the loss function with
respect to the predictions of the current ensemble,
and then trains a new weak model to minimize this
gradient. The predictions of the new model are
added to the ensemble, and the procedure is repeated
until a stopping requirement is met [14].

2. Methodology
2.1. Dataset

This study used a dataset from the University
of California Irvine’s Machine Learning Repository.
It consists of different attributes that are used to
predict patients at high risk of heart disease.

The dataset' consists of 14 columns and
270 rows. Thirteen of them have integer and
decimal data types, whereas only one column is in
the string data type. The details of the columns are
summarized in Table 1 according to the original
data source’. After analyzing the dataset, we
replaced the values of the “Heart Disease” column
with integer values. Thus, the value of “Absence”
is 0 and “Presence” is 1. It is necessary to compare
the ML methods that focus on this column.

Table 1
Description of dataset
Variable Name Role Type Description
Age Feature Integer Age of the patient
Sex Feature Integer 1=male, 0 = female
Chest Pain Type Feature Integer 1=_typ|cal angma; 2 - atzlpmal angina, .
3 = non-anginal pain; 4 = asymptomatic
BP Feature Integer Resting blood pressure
Cholesterol Feature Integer Serum cholestoral
FBS over 120 Feature Integer Fasting blood sugar > 120 mg/dl
O=normal; 1=having ST-T wave abnormality;
EKG results Feature Integer 2 =showing probable or definite left ventricular
hypertrophy by Estes’ criteria
Max HR Feature Integer Maximum heart rate achieved

! Damarla R. Heart Disease Prediction. Predicting probability of heart disease in patients. Kaggle. Available from: https://
www.kaggle.com/datasets/rishidamarla/heart-disease-prediction/data (accessed: 12.09.2024).
2 UCI Machine Learning Repository. (n.d.). Available from: https://archive.ics.uci.edu/dataset/45/heart+disease (accessed:

12.09.2024).
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Ending of the Table 1

Variable Name Role Type Description
Exercise Angina Feature Integer Exercise induced angina (1 = yes; 0 = no)
ST Depression Feature Decimal ST depression induced by exercise relative to rest
Slope of ST Feature Integer t1hi jg’gi;;;ﬁzzeﬁgfge:ﬂzaigg’gggent
Number of Vessels Fluro Feature Integer Number of major vessels (0-3) colored by flourosopy
Thallium Feature Integer 3 =normal; 6 = fixed defect; 7 = reversable defect
Heart Disease Target String Presence, absence of heart disease

Source: byA.B. Temirbayeva

2.2. Algorithms

The following ML algorithms were implemented
and tested to predict the risk of heart disease:

1) Logistic Regression: LR is the most common
modeling strategy for binary outcomes in epidemio-
logy and medicine®. LR uses a logistic function to
calculate the likelihood that an observation belongs
to one of two classes.

2) Support vector machine (SVM): The Support
Vector Machine algorithm is based on finding the
best way to separate hyperplanes between multiple
classes. The best hyperplane is often determined
by determining the optimal curvature of the hyper-
plane and maximizing the separation distance bet-
ween the nearest data points from each class [15].

3) Decision Tree: Decision Trees are a set of
computational heuristics that solve problems by
creating binary splitting rules on data features based
on the criterion of maximizing the information
acquired from the split [16].

4) Random Forest: RF is an ensemble tech-
nique that mixes multiple classification trees to
generate a prediction based on the majority vote of
a single tree. A random subset of the dataset is used
to fit each constituent tree with predictors selected
at random [17].

5) Gradient Boosting: Gradient boosting is an
iterative approach for fitting simple statistical
models to data. GB models the data using classifier
trees, which are simple statistical models. Iteratively,

GB examines the current model’s performance,
adds another tree to the previous errors, and up-
dates the model by adding the regression tree to the
ensemble [18].

Each model was implemented using the scikit-
learn library in Python. For each model, hyperpara-
meters were tuned using cross-validation and Grid
Search to select the best parameters for training.

2.3. Code

This section consists of the following stages.

1) Data preparation: The first step is data
cleaning. Raw data often contains noise, errors, or
missing values, which can negatively impact the
performance of machine-learning models. In our
case, we started by loading an initial dataset con-
taining 270 observations and 14 traits, each pro-
viding information about the patient’s health such
as age, sex, cholesterol levels, and other measures.
Following data loading, we conducted a check for
missing values, which turned out to be non-existent.
The column which indicates the presence or absence
of cardiovascular disease, was then converted from
its original string format (“Absence “Presence”)
to a numeric format (0 and 1 respectively). This
conversion is a crucial step for the ML algorithms
to effectively handle the target variable. Figure 1
shows the actual values of the healthy and unhealthy
patients.

3 UCI Machine Learning Repository. (n.d.). Available from: https:/archive.ics.uci.edu/dataset/45/heart+disease (accessed:

12.09.2024).
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Absense
44.4%

Presense
55.6%

Heart Disease

Figure 1. Patients with absense/presense of heart disease
Source: byA.B. Temirbayeva

After these initial steps, we identified the “Heart
Disease” column as the target value, the one we aim
to predict, and the remaining columns as features
that will be used to make those predictions.

2) Modeling: After data preparation, the data-
set was divided into training and test samples at a
ratio of 70:30. The training sample accounted for
70% of the total data and was used to build ML
models. The test sample, which accounted for 30%
of the data, was used to evaluate the performance
of the trained models.

Training set dimension: 189, 13.

Test set dimension: 81, 13.

This separation allowed us to test how well the
models could generalize their predictions to new,
unseen data. To ensure a comprehensive approach,
five diverse ML algorithms were selected and
trained to predict the risk of heart disease: Logistic
Regression, Support Vector Machine, Decision Tree,
Random Forest, and Gradient Boosting. Each model
was trained using a training data sample.

3) Evaluation: Key accuracy measures were
used to evaluate the performance of the trained
models. The Confusion Matrix (Confusion Matrix)
was used for a more detailed analysis of the model
performance. The results were compared after these
metrics were obtained.

2.4. Key Performance Indicators

The following Key Performance Indicators
were used to evaluate the performance of the trained
models:

¢ Accuracy: Accuracy was evaluated as the
number of correct heart disease predictions divided

by the total number of datasets. The accuracy com-
parison was based on the performance of the four
classification methods.

¢ Recall: The proportion of correctly classified
positive observations out of the total number of
positive observations. Completeness is essential in
medical applications, where missed cases must be
minimized.

¢ F'[ Score: Harmonic mean accuracy and
completeness. A high F1 score indicated perfect
precision and recall of the proposed model.

¢ The Area Under the Receiver Operating
Characteristic Curve (AUC-ROC) is an efficiency
metric for classification. Utilization of the AUC-ROC
metric is a method for evaluating the predictive
capacity of the model. The model performs better
when the AUC is larger. It can be calculated
quantitatively by comparing the True Positive Rate
(TPR) against the False Positive Rate (FPR) at
various threshold values.

A Confusion Matrix was used to analyze the
performance of the models in more detail. The
error matrix allows us to visualize how often the
model makes mistakes when classifying each
class. This includes the following elements:

¢ True Positives (TP): Number of correctly
predicted positive cases (cardiac patients correctly
classified as sick).

¢ True Negatives (TN): Number of correctly
predicted negative cases (patients without heart
disease correctly classified as healthy).

® False Positives (FP): Number of false pre-
dictions of positive cases (patients without heart
disease incorrectly classified as sick).

¢ False Negatives (FN): Number of incorrect
predictions of negative cases (heart disease patients
misclassified as healthy).

3. Results and Discussions

After training the models, key performance
indicators were identified for each model. Logistic
regression 0.827 and Random Forest 0.79 exhibited
the highest accuracy values, indicating their pro-
ficiency in accurately classifying most of the samples
(Tables 2 and 3).
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In particular, logistic regression had the hig-
hest ROC AUC 0.844, signifying its superior ability
to distinguish between the healthy and diseased
classes. The precision, Recall, and F1-Score metrics
further support the superiority of Logistic Reg-
ression and RF, with both models consistently out-
performing the other models. Of note, Logistic
Regression achieved a remarkable F1-Score for
class 1 (0.81), a key metric in balancing Precision
and Recall when identifying patients, underscoring
its importance in our analysis.

Gradient boosting (Table 4) had the highest
accuracy 0.777 among the three models, followed
by the Decision Tree 0.765 and SVM 0.641. The
highest ROC AUC 0.75 indicated a superior ability
to distinguish between classes compared to the
Decision Tree 0.741 and SVM 0.595. With values
of Precision 0.78, Recall 0.88, and F1-Score 0.83,
it demonstrated a lower performance in predicting
healthy patients. The decision tree, while showing
comparable results, lagged with Precision 0.78,
Recall 0.86 and F1-Score 0.82.

Unfortunately, SVM (Table 5) showed the
worst results for class 0, with Precision 0.67,
Recall 0.82, and F1-Score 0.73. For class 1, gra-
dient boosting continued to lead with Precision
0.57, Recall 0.38, and F1-Score 0.45, indicating
its superior performance in predicting patients
with heart disease. As demonstrated in Table 6, the
decision tree exhibited lower values for class 1,
with Precision 0.75, Recall 0.62 and F1-Score 0.68.
SVM showed the worst results for class 1, with
Precision 0.57, Recall 0.38, and F1-Score 0.45.

The results of each model were compared
across all the key metrics. The graph below sum-
marizes the accuracy scores of each model.

The ROC curve for SVM, but significantly
lower than that of Logistic Regression, still de-
monstrated moderate performance with an AUC
of 0.73. The position of the curve further from the
top-left corner reflects a lower actual positive rate
and a higher false positive rate than the other
models. This suggests that SVM, although less
effective in distinguishing between patients with
and without heart disease, still provides valuable
insights.
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Table 2
Classification for Logistic Regression
Target | Precision | Recall | F1-Score | Support
0 0.81 0.94 0.87 49
1 0.88 0.66 0.75 32
Accuracy 0.827
ROC AUC 0.797
Source: byA.B. Temirbayeva
Table 3
Classification for RF
Target | Precision | Recall | F1-Score | Support
0 0.78 0.92 0.84 49
1 0.83 0.59 0.69 32
Accuracy 0.790
ROC AUC 0.756
Source:byA.B. Temirbayeva
Table 4
Classification for gradient boosting
Target Precision | Recall | F1-Score | Support
0 0.78 0.88 0.83 49
1 0.77 0.62 0.69 32
Accuracy 0.777
ROC AUC 0.751
Source: byA.B. Temirbayeva
Table 5
Classification for SVM
Target |Precision |Recall | F1-Score | Support
0 0.67 0.82 0.73 49
1 0.57 0.38 0.45 32
Accuracv 0.641
ROC AUC 0.595
Source: byA.B. Temirbayeva
Table 6
Classification for decision tree
Target | Precision | Recall | F1-Score | Support
0 0.78 0.86 0.82 49
1 0.74 0.62 0.68 32
Accuracy 0.7658
ROC AUC 0.741

Source: byA.B. Temirbayeva
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The ROC curve for the Decision Tree model,
slightly below that of the SVM, with an AUC
of 0.74, indicates a similar performance. This ba-
lanced comparison suggests that the Decision Tree
performs similarly but is slightly worse than the
SVM.

The ROC curve for the RF model, a model that
consistently shows a high ability to distinguish
between classes, with an AUC of 0.89, is a
testament to its robust performance. The proximity
of the curve to the top left corner indicated good
performance in terms of sensitivity and specificity.
RF, therefore, not only demonstrates a robust
performance but also provides a high level of
reliability in predicting heart disease. The ROC
curve for Gradient Boosting was similar to that of
the RF, with an AUC of 0.88. The model, with its
high actual positive rate and low false positive rate,
is another strong performer in distinguishing bet-
ween patients with and without heart disease. The
graph of this curve is shown in Figure 2. The error
matrix for each model was also calculated and

Comparison of accuracy of models

used to visualize the classification errors. Logistic
Regression and RF, with their high performance
and low FP and FN values, demonstrated a practical
balance between identifying healthy individuals
and those with heart disease. Therefore, these
models are reliable tools for real-world applicat-
ions in predicting heart diseases. Gradient Boost-
ing performs well but has slightly higher FP and
FN than Logistic Regression and RF. Decision Tree
provides moderate performance, with a higher
number of FP and FN, indicating it is less reliable
than the top models. While SVM shows the weakest
performance, with high FP and FN; it is important
to note that it may not be suitable for this specific
task. This acknowledgement of the limitations
of the models underscores the transparency and
honesty of our research. Through a comprehensive
analysis of the confusion matrix, Logistic Reg-
ression and RF have emerged as the top-performing
models for predicting heart disease. This com-
parative approach underscores the credibility and
robustness of the findings (Figures 3, 4.)

ROC Curve

0.8

0.79

0.6

0.51

Accuracy

0.3 1

0.2 4

0.14

0.0

Model

Figure 2. Comparison of accuracy
Source:byA.B. Temirbayeva
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Figure 3. ROC curve for all models
Source: byA.B. Temirbayeva
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Logistic Regression

True Label

Predicted Label
Decision Tree

True Label

Predicted Label

Gradient Boosting

True Label

Predicted Label

True Label

True Label

SVM

Predicted Label
Random Forest

Predicted Label

Figure 4. Confusion Matrices for Models

Source: byA.B. Temirbayeva

Conclusion

After careful evaluation of the results pre-
sented in the tables above, it becomes clear that the
Logistic Regression model is the best choice for
this dataset and for predicting CVDs. Its perfor-
mance, as reflected in the estimates, leaves no
room for doubt. The Logistic Regression model
demonstrated high accuracy and ROC AUC
values, indicating its ability to distinguish between
patients with and without heart disease.

¢ Precision: shows the proportion of correctly
predicted positive cases among all cases predicted
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as positive. For class 1 (patients with heart disease),
the Precision was 0.88, meaning that 89% of the
“with heart disease” predictions were correct.

& Recall (Completeness): shows the proportion
of correctly predicted positive cases among all true
positive cases. The completeness of class 1 was
0.75, indicating that the model correctly identified
75% of all cardiac patients.

¢ F'[-Score: is the Harmonic mean of accuracy
and completeness. For class 1, the Fl-score was
0.79, indicating a balance between accuracy and
completeness.
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¢ ROC AUC: evaluates the classification
quality based on the curve of “positive false classi-
fication rate” vs. “negative false classification rate”.
A value of 0.79 means that the model has a good
ability to discriminate between classes.

¢ AUC of 0.88, the highest among all the
models, is a significant indicator of the superior
performance of Logistic Regression in predicting
heart disease in this dataset.

Therefore, it is clear that Logistic Regression
is the optimal model for this dataset and the task
of predicting heart diseases. Its high-performance
evaluation metrics and balanced ratio between ac-
curacy and completeness underscore its superiority.
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HcTopust cratbu AnHoranus. Kurait HaxonuTcs B mpouecce TpancopMaiii SHepreTHuecKon
CUCTEMBI, HATIPABJIICHHOW Ha JOCTIKEHHE LIeIel CHIKEHHs BBIOPOCOB 3arpss-
HAIOLINX BEIIECTB U YINIEPOIHOH HEHTPaNbHOCTH. AKTYalbHOMU SBJISETCS MPO-
01eMa MHTerpanyy BO30OHOBISIEMBIX HCTOYHHKOB DHEPTHH B CYLIECTBYIOIIYIO
SHEPreTUYecKyro cucreMy. B cBsA3u ¢ 3TUM B IepBOii YacTH UCCiIen0BaHUs pa3-
paboTraHa KapTa ¢ MOTEHIUAIBHO MOAXOMIIIMMH MECTaMU IS pa3MeIleHHS
BETPOBBIX AIEKTPOCTAHIMH. B pesynrsrare ObUIH onpenenaeHs MecTa ¢ HanOoub-
MM M HaMMEHBUIMM MOTEHIMAJIOM BETPOBOi sHepruu. Ha ocHoBe aHanmu3za
TEKYILEro COCTOSIHUS SHEpreTU4eckoi cucreMbl Kurast 1 moTeHIuana BeTpoBoi
SHEpPruu BO BTOPOH YaCTH MCCIIEJOBAaHHUS PACCMOTPEHa MOZEIb HHTETPUPOBaH-
HOT'O SHEPTreTHYECKOTO KOMIUIEKCA, COYETAIONIET0 BETPOBBIE 3JIEKTPOCTAHIINH
Y YTOJIBHBIE TEIUIOBBHIE AJIEKTPOCTaHIMH. s pa3pabOTKH TAKOro KOMILIEKCa
HEOOXOMMO, YTOOBI MAKCUMAJIbHOE YHEPronoTpeOlieHHEe MOKPHIBAJIOCH C yue-
TOM HECTaOMJIbHBIX PEKMMOB paOOThI BETPOBBIX IEKTPOCTAHLUH. Pe3yabrars
HCCIIEIOBaHU MTOKA3bIBAOT, YTO TAKOH KOMIUIEKC MOXKET UTPATh 3HAYUTEIIBHYIO
pOJb B ONTUMH3ALMH CTPYKTYPbl SHEPreTUKH, MOBBIIICHUH CTaOWIBHOCTH
CeTH U CHIDKCHUH BBHIOPOCOB 3arps3HSIOIINX BEIIECTB, MPEIOCTaBILI d(dexk-
THUBHOE pELICHHE IS pealn3aluy SHepreTuueckoi crparerun Kuras.
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Introduction the “carbon peaking and carbon neutrality” strategy,
aiming to peak carbon emissions by 2030 and
achieve carbon neutrality by 2060. This goal has
accelerated the development of renewable energy
in China with wind power owing to its environ-
mental benefits and renewability and has become
a key focus in China’s energy transition.

The intermittency and instability of wind power

As the world’s second-largest economy, China’s
energy consumption continues to increase, exacer-
bating the conflict between energy security and
environmental sustainability. In 2023, China’s total
energy consumption exceeded 5.5 billion tons of
standard coal, with fossil fuels, particularly coal,
dominating the energy mix. However, the extensive

use of coal has led to severe air pollution and
green-house gas emissions.

To address climate change and achieve sus-
tainable development goals, China has proposed
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make it difficult to solely undertake the base load
power supply. Wind energy power generation
fluctuates significantly owing to natural conditions,
whereas the grid requires a high level of real-time
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supply and demand balance. This contradiction
is particularly evident in regions with a high pro-
portion of wind power.

Thermal power, especially coal-fired power,
with its stable operation and strong peak-shaving
capability, is an important means of compensating
for fluctuations in wind power. By implementing
flexibility retrofits to coal-fired units, power out-
put can be more efficiently regulated, thus achiev-
ing complementary integration of wind and thermal
power and providing reliability support to the grid.

Therefore, this study aims to explore how to
effectively integrate wind farms and coal thermal
power plants under Chinese conditions to:

1) improve the stability and flexibility of the
energy systems;

2) optimize the energy structure and reduce
carbon emissions;

3) provide a scientific basis and technical sup-
port for China’s energy strategy.

1. Overview of China energy system structure

China’s energy system is predominantly coal-
based, but it also includes various forms of energy,
such as wind, hydro, solar, and nuclear power.
In recent years, the installed capacities of wind
and solar power have increased significantly.
As of 2023, China’s total installed capacity for
wind and photovoltaic power has reached 400 GW
and 360 GW, respectively, accounting for appro-
ximately 40% of the global total and sustainability
(Figure 1).

Below is brief information about various types
of large power plants in the Chinese energy
system.

Coal Thermal power plant. Tuoketuo Power
Station is the largest coal-fired power plant in
China and the world. The plant has a nameplate
capacity of 6,720 MW. It consists of eight 600 MW
units, two 300 MW units, and two 660 MW ultra-
supercritical units. The power plant sources its
coal from the Junggar Coalfield, which is approxi-
mately 50 km away. It meets its water require-
ments by pumping from the Yellow River, which
is located 12 km away. Tuoketuo Power Station is
one of the ten most carbon-emitting coal-fired

power plants in the world. In 2018, it emitted
approximately 29.46 million tons of carbon dioxide,
with relative emissions estimated at 1.45 kg per
kWh. The electricity generated at the plant is
delivered to Beijing via 500-kV transmission lines.
The plant includes ultra-supercritical units, which
are more efficient and produce lower emissions
than traditional coal-fired units. Tuoketuo Power
Station plays a significant role in China’s energy
landscape, providing substantial power output
while also facing challenges related to environ-
mental impact and sustainability [1].

@ Coal o Oil © Natural gas © Nuclear © Hydro
o Tide © Biofuels O Waste o Wind o Solar PV
o Solar thermal O Geothermal
6 000 000 GWh
o
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8 g
T T I | g
2000 2005 2010 2015 2022

Figure 1. Evolution of electricity generation
sources in China since 2000

Source:byEIA. Available from: https://www.iea.org/
countries/china (accessed: 18.07.2024)

Oil power plants. China has several oil-fired
power plants, although they are not as prominent
as coal or hydroelectric plants. For example,
Penny’s Bay Power Station, Lantau Island, Hong
Kong 300 MW, is primarily used as a peaking
power plant, meaning that it operates during
periods of high electricity demand. Shunde Power
Station Shunde, Guangdong Province 278 MW,
also serves as a peaking power plant, providing
additional power during peak demand times.
Wuhan Zhuankou Power Station Wuhan, Hubei
Province 180 MW, is used for backup power
and during periods of high demand. Coloane A
Power Station Macau 271 MW, Companhia de
Electricidade de Macau, This plant provides power
to the Macau region and is used as a backup and
peaking power plant.
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These oil-fired power plants play a crucial role
in providing backup power and meeting peak
electricity demand, although their use is declining
due to environmental concerns and the shift towards
cleaner energy sources [2].

Natural gas power plants. China has several
natural gas power plants, such as Guangdong
Huizhou Natural Gas Power Plant, Huizhou, Guang-
dong Province (2.400 MW). It is one of the largest
natural gas power plants in China and provides
significant power to the Guangdong region. It uses
advanced combined-cycle gas turbine technology
to achieve high efficiency and lower emissions.
Shanghai Caojing Natural Gas Power Plant
(2.000 MW). This plant is a key part of Shanghai’s
energy infrastructure, utilizing natural gas to
produce electricity with a reduced environmental
impact compared to coal-fired plants. Beijing
Jingneng Gas Power Plant (1.800 MW). This plant
plays a crucial role in providing electricity to
Beijing, particularly during peak demand periods.
It is known for its high efficiency and low
emissions. Tianjin Binhai Natural Gas Power Plant
(1.500 MW), This plant supports the energy needs
of the Tianjin region, contributing to the reduction
of air pollution by using cleaner natural gas instead
of coal. Zhejiang Ningbo Natural Gas Power Plant
(1.200 MW) is part of Zhejiang’s efforts to diversify
its energy mix and reduce reliance on coal. It uses
state-of-the-art technology to maximize efficiency
and minimize emissions.

These natural gas power plants are part of
China’s broader strategy to reduce air pollution
and greenhouse gas emissions by increasing the
use of cleaner energy sources [3].

Nuclear power plants. China has several
nuclear power plants, For example: Yangjiang
Nuclear Power Plant Guangdong Province
(6.000 MW). The Yangjiang Nuclear Power Plant
is the largest in China, featuring six 1 GW CPR-
1000 pressurized water reactors (PWRs). The plant
is operated by the Yangjiang Nuclear Power
Company, a sub-sidiary of the China General
Nuclear Power Group (CGN). The first unit was
commissioned in 2014, and the sixth unit became
operational in 2019. Hongyanhe Nuclear Power
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Plant Liaoning Province (4.500 MW) consists
of four | GW PWRs and two additional reactors
under construction. It is operated by the Liaoning
Hongyanhe Nuclear Power Company, a joint ven-
ture between CGN and China Power Investment
Corporation. Qinshan Nuclear Power Plant
Zhejiang Province (4.500 MW) is one of the oldest
and largest nuclear power plants in China, with
multiple reactors, including PWRs and heavy
water reactors. It is operated by the China National
Nuclear Corporation (CNNC). Tianwan Nuclear
Power Plant Jiangsu Province (3.000 MW) features
four 1 GW PWRs, with two additional reactors
under construction. It is operated by the Jiangsu
Nuclear Power Corporation, a subsidiary of the
CNNC. Fuqging Nuclear Power Plant Fujian Pro-
vince (6.000 MW) operates six PWRs, including
two Hualong One reactors, which are China’s
indigenous third-generation nuclear reactors. It is
operated by the Fujian Fuqing Nuclear Power
Company, a subsidiary of CNNC [4].

The primary challenge for nuclear power
plants is to manage radioactive waste and ensure
safety. Although nuclear power is a low-carbon
energy source, potential accidents and long-term
storage of radioactive waste pose significant risks.
Additionally, the high costs and long construction
times of nuclear plants can be barriers to their
development.

Hydro power plants. China has several hydro
power plants, for example, Three Gorges Dam
Hubei Province (22.500 MW). The Three Gorges
Dam is the largest hydroelectric power station in
the world, owing to its installed capacity. It spans
the Yangtze River and was completed in 2008.
The dam generates approximately 98.8 TWh of
electricity annually.

The construction of the Three Gorges Dam has
led to significant environmental and social issues,
including the displacement of over 1.3 million
people and the submergence of numerous archaeo-
logical and cultural sites. Additionally, the dam
has altered the ecosystem of the Yangtze River,
affecting fish populations and sediment flow.

Baihetan Dam Yunnan and Sichuan Provinces
(16.000 MW). The Baihetan Dam is the second-
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largest hydroelectric power station in China. It spans
the Jinsha River and was completed in 2021.
The dam generates approximately 60.24 TWh
of electricity annually.

Similar to the Three Gorges Dam, the Baihetan
Dam has caused environmental concerns, includ-
ing habitat disruption and changes in river flow
patterns. Construction also required the relocation
of local communities.

Xiluodu Dam Sichuan Province (13.860 MW),
The Xiluodu Dam is the third-largest hydroelectric
power station in China. It spans the Jinsha River
and was completed in 2014. The dam generates
approximately 55.2 TWh of electricity annually.

The construction of the Xiluodu Dam has led
to environmental impacts, such as changes in
river flow and sediment transport. Additionally,
the project required the relocation of thousands of
residents [5].

Wudongde Dam Yunnan and Sichuan Pro-
vinces (10.200 MW), The Wudongde Dam is the
fourth-largest hydroelectric power station in China.
It spans the Jinsha River and was completed in
2020.

The Wudongde Dam has caused environmental
concerns, including habitat disruption and changes
in river flow patterns. Construction also required
the relocation of local communities.

Xiangjiaba Dam Sichuan Province (6.400 MW).
The Xiangjiaba Dam is the fifth-largest hydro-
electric power station in China. It spans the Jinsha
River and was completed in 2012.

The construction of the Xiangjiaba Dam has
led to environmental impacts such as changes in
river flow and sediment transport. Additionally, the
project required the relocation of thousands of resi-
dents.

These hydro power plants play a crucial role
in China’s energy landscape, providing substantial
power output while also facing challenges related
to environmental impact and sustainability.

Other power plant types. Power plants can
be classified into various types based on their
energy source. Some common types of power
plants are as follows:

Solar Power Plants: These plants convert sun-
light into electricity using photovoltaic (PV) panels

or solar-thermal systems. Solar power plants are
known for their low environmental impact and
renewability. They are often used in regions with
high solar insolation [6].

Wind Power Plants: Wind turbines convert the
kinetic energy of wind into electricity. Wind power
plants are clean and renewable energy sources with
minimal environmental impact. They are commonly
found in areas with consistent and strong wind.

Geothermal Power Plants: These plants use
heat from Earth’s interior to generate electricity.
Geothermal power plants are highly efficient and
have low environmental footprints. These are
typically located in regions with significant geo-
thermal activity.

Biomass Power Plants: Biomass power plants
burn organic materials, such as wood, agricultural
residues, and waste, to produce electricity. They
are considered renewable and can help reduce
waste; however, they emit carbon dioxide and other
pollutants.

Tidal Power Plants: These plants harness
energy from tidal movements to generate electricity.
Although tidal power is predictable and renewable,
the construction of tidal power plants can have
a significant environmental impact on marine eco-
systems [7].

Renewable energy sources. China is the
world leader in electricity production from renew-
able energy sources, with significant contributions
from hydro, solar, and wind power. The country
aims to have 80% of its total energy mix from non-
fossil fuel sources by 2060 and achieve a com-
bined 1.200 GW solar and wind capacity by 20302.
In 2023, China was on track to reach 1.371 GW of
wind and solar power by 2025, five years before
the target.

Overview of status and location of wind
farms in China. The expansion of wind power in
China is mainly concentrated in resource-rich areas,
such as Inner Mongolia, Xinjiang, and the eastern
coastal regions. Technological advancements have
significantly reduced the cost of wind power, and
the application of large wind turbines has further
improved the power generation efficiency and
stability. However, a high proportion of wind power
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integration into the grid poses a higher demand
for grid dispatch and energy storage technologies.

For wind farm placement investigation, it is
necessary to pay attention to different factors, such
as energy demand, electricity grid in operation,
possibilities of wind turbine component delivery,
and wind power protection. Therefore, places near
major cities with a radius of 400 km were chosen.

To calculate the wind power potential, attention
was paid to changing various parameters such as:
wind speed, air density, atmospheric pressure and
temperature. This is because of the height of the
modern wind turbine hub. (Blade length: Modern
wind turbine blades can exceed 100 m. One of the
longest blades currently in production is 108 m,
which is used in the Haliade-X offshore wind
turbine and can generate up to 14 megawatts (MW).
Hub Heights: Onshore turbines now commonly
feature hub heights of 100-160 meters, while
offshore turbines can reach even greater heights.
This design allows turbines to access stronger,
steadier winds at higher altitudes, significantly
improving energy yield [8].

As a result, it is necessary to recalculate the
parameters (wind speed, air density, and atmo-
spheric pressure) to the wind turbine height. There
are various methods for calculating wind energy
parameters depending on the external conditions'
[9; 10].

The wind speed calculation at different heights
was based on the following formula:

v(h2) (hz jm

vy )’
where hz is wind speed at WT altitude, m/s; hi is
wind speed at measurement altitude, m/s; hz is
tower height, m; hi1 is wind speed measurement
height (weather vane height), m; m is Hellman
coefficient.

The air ensity changes also depend on height
and are based on the following formula:

P(h)

p=3.4837 2=,

where p is air density, kg/m®; p(h) is air pressure
at height h; kPa; T is air temperature, K; 3.4837
is specific gas constant of dry air.

For the calculations, the value of (h) up to a
height of 5000 m can be determined using the
following equation:

P(h)=101.29-0.0118374+4.793x107 i?,

where h is height from the ground surface, m.
Thus, nine cities from China were selected,
representing a diverse geography from the center,
south, and north, with close distances of approxi-
mately 400 km: Inner Mongolia — Hohhot,
Ningxia — Yinchuan, Tibet — Lhasa, Xinjiang —
Urumgqi, Yunnan — Kunming, Gansu-Dunhuang,
Gansu — Lanzhou, Qinghai — Xining, and
Xinjiang — Hami. The weather website was used
to download the required data for 2023. For the
calculations we use a wind turbine GE 3.4-137
with an installed capacity of 3.4 MW. The results
for the average wind speed, air temperature, and
wind flow power are presented in Figures 2—4.
Table 1 presents the average values of the
wind energy parameters for Sanya in 2023. The
map of the calculation results is presented in
Figure 5. Wind power protentional P(W) is the
quantitative indicator that calculated as the sum of
the average monthly wind flow power as follows:

P = anpz = i%paveAV3ave s
i=1

i=1

where 7 is the number of month during the year,
Pave 1S the average air density during the month
kg/m®, 4 is the cross section of wind turbine m?,
V is average wind speed during the month, m/s.

In the result we can see places with highest
energy protentional (Inner Mongolia — Hohhot
831MW, Ningxia-Yinchuan 74MW, Tibet — Lhasa
195SMW Xinjiang-Urumqi 183MW, Yunnan —
Kunming 259MW, Gansu-Dunhuang 1497MW,
Gansu — Lanzhou 479MW, Qinghai — Xining
478MW, Xinjiang — Hami 212MW).

I Sigitov OY, Radin YA. Wind energy: a textbook. 2024. ISBN 978-5-209-12118-3.
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Figure 4. Average wind flow power for nine cities of China
Source: by Zhu Qiujin
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Figure 5. Map of wind power protentional in China
S o ur ce: by Zhu Qiujin for Collter. Available from: http://www.coliter.com/list/?language=1&classid=4 (accessed: 15.09.2024)
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Table 1
Average values of wind energy parameters for Gansu-Dunhuang during the year
= - -
> - Q o o o
|3 2 52| 8 2 | 2
Parameters 2 g March | April May s July g> 8 I ° o
© ] o O 2 3]
S |8 < g | o 2 3
V10, m/s 4.68 3.00 4.09 5.00 465 | 3.27 | 3.36 | 3.23 | 290 | 2.87 | 4.96 4.88
t,°C -9.67 | -2.50 | 5.46 9.22 15.74 | 23.18 |1 24.38 [ 22.88 | 17.14 | 10.41 | 0.48 -6.68
V130, m/s 6.70 | 4.30 5.85 7.15 6.67 | 468 | 4.81 | 463 | 4.16 | 4.11 7.10 6.99
p130, kg/m°® | 1.32 1.28 1.25 1.28 1.20 1.17 | 117 | 117 | 1.20 | 1.23 1.27 1.30
AW) 198.89 | 50.94 | 125.15 | 225.37 | 178.20 | 60.15 | 64.89 | 58.14 | 43.05 | 42.55 | 227.27 | 222.70
S ource: by Zhu Qiujin
2. Results tailed examination of the flexibility of these con-

2. 1. Flexibility of Energy Systems
ty =y Table 2.

ventional power generation sources is as follows in

China’s energy system is enhancing the flexi- Nuclear power plants are designed for conti-
bility of traditional power generation sources,  nuous, stable base-load operations, and have limited
namely, nuclear, hydro, and thermal (coal-fired)  flexibility. Their long start-up times and low ramp
power, to accommodate the increasing share of  rates render them unsuitable for rapid load adjust-

renewable energy and ensure grid stability. A de-  ments.
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Table 2

Comparison of the flexibility of conventional power generation sources

Parameter Nuclear Power Hydro Power Thermal Power (Coal-Fired)
Minimum Load (% of rated capacity) 50-60% 0-30% 20-60%

Ramp Rate (% per minute) 1-3% 10-30% 2-6%

Start-Up Time - <1 min 1-10 hour

S ource: by Zhu Qiujin

Table 3

Comparison of operational parameters before and after flexibility retrofitting

Parameter Before Retrofitting After Retrofitting
Minimum Load (% of rated capacity) 50-60% 20-30%
Ramp Rate (% per minute) 1-3% 3-5%
Start-Up Time (hours) 4-10 <2

S ource: by Zhu Qiujin

Hydropower plants, particularly those with
reservoir storage, offer high operational flexibility.
They can start up quickly and adjust their output
rapidly, making them ideal for load following and
balancing intermittent renewable sources?.

Traditionally, coal-fired power plants have
exhibited moderate flexibility. However, through
flexibility retrofitting, their operational parameters
can be enhanced to better support grid demands.

To support the integration of renewable energy,
China is implementing strategies to enhance the
flexibility of its traditional power generation sources.

1. Flexibility Retrofitting of Coal-Fired Plants.
Modifications are being made to reduce minimum
load levels, increase ramp rates, and shorten start-
up times, enabling coal-fired plants to respond
more effectively to fluctuations in renewable
energy generation [11].

2. Optimizing Hydropower Utilization. Efforts
are underway to maximize the flexible operation
of hydropower plants by leveraging their rapid res-
ponse capabilities to balance supply and demand
[12].

3. Developing Ancillary Services. The establish-
ment of ancillary service markets encourages
traditional power plants to provide flexible services,

such as frequency regulation and reserve power,
to support grid stability [13].

By enhancing the flexibility of traditional power
generation sources, China aims to create a more
resilient and adaptable energy system that can
integrate higher proportions of renewable energy.

China is actively enhancing the flexibility of
its coal-fired power plants to better integrate re-
newable energy sources and to ensure grid stability.
This process, known as “flexibility retrofitting,”
enables coal power units to operate more dyna-
mically, accommodating the variable nature of
wind and solar power. There are several key Aspects
of Flexibility Retrofitting (Table 3).

1. Minimum Load Reduction. Lowering the
minimum operational load of coal-fired units allows
them to decrease their output during periods of low
demand, thereby facilitating greater integration of
renewable energy. For instance, subcritical units
can reduce their minimum load to 30% of the rated
capacity, while supercritical units can achieve re-
ductions to 20-25%.

2. Ramp Rate Enhancement. Improving ramp
rates enables coal-fired units to adjust their output
more rapidly in response to fluctuations in renew-
able energy generation. Typical ramp rates can be

2 Innovation landscape brief: Flexibility in conventional power plants. International Renewable Energy Agency. Abu
Dhabi, 2019. Available from: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Flexibil-

ity _in_CPPs 2019 (accessed: 10.12.2024).
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increased from 1-3% per minute to 3-5% per
minute through retrofitting.

3. Start-Up Time Reduction. Decreasing the
time required for coal-fired units to start up from a
cold state enhances their ability to provide backup
power when the renewable sources are insufficient.
Retrofitting can reduce start-up times from several
hours to less than two hours.

It is necessary to note the negative factors of
variable modes. Frequent load changes and low-
load operations can increase the wear and tear on
equipment, potentially reducing the lifespan of
coal-fired units. Operating at lower loads may lead
to decreased efficiency and higher specific fuel
consumption, thereby impacting the economic
viability of plants. In addition, low-load operations
can affect the performance of emission control
systems, potentially leading to increased pollutant
emissions if not properly managed.

Despite these challenges, the flexibility retro-
fitting of coal-fired power plants is a crucial step
for China to enhance grid flexibility and support
the large-scale integration of renewable energy
sources. Ongoing research and development aim
to optimize these retrofitting processes and balance
the operational flexibility with economic and en-
vironmental considerations.

2.2. Development of Energy Complex Consist
of Wind Farms and Thermal Power Plant
In China Condition

China is actively developing energy complexes
that integrate wind farms with coal power plants to
enhance energy security, improve grid stability,
and support the integration of renewable energy
sources. These hybrid systems leverage the
advantages of both wind and coal power to create
a more resilient and flexible energy infrastructure.

The key Features of Hybrid Energy Complexes
are that wind farms provide renewable energy,
while coal power plants offer reliable base-load
power. This combination ensures a stable power
supply, even when wind conditions are not favor-
able. Coal power plants can quickly ramp up or
down to balance the variability of wind power
and maintain the grid stability. Integrating wind
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power reduces the overall carbon footprint of the
energy complex and contributes to China’s climate
goals [14].

One such example is the Gansu Wind Farm
and Coal Power integration project. Gansu Wind
Farm, one of the largest in the world, is integrated
with nearby coal power plants to provide a stable
and reliable power supply.

The Gansu Wind Farm, one of the largest wind
farms in the world, has a nameplate capacity of
10.45 GW, with plans to expand to 20 GW [15].
This massive wind power installation was integrated
with nearby coal power plants to provide a stable
and reliable power supply.

In Shanxi Province, the hybrid energy complex
combines wind farms with ultra-supercritical coal
power plants. The installed capacity of new energy
produced by wind and solar power in Shanxi Pro-
vince reached 50.93 million kilowatts as of January
2024 [16].

These hybrid energy complexes demonstrate
the feasibility and benefits of integrating renewable
energy sources with traditional power generation
to enhance energy security, improve grid stability,
and support China’s climate goals.

This project demonstrates the feasibility and
benefits of hybrid energy complexes. In Shanxi
Province, a hybrid energy complex combines wind
farms with ultra-supercritical coal power plants.
This integration enhances the efficiency and flexi-
bility of the power system.

Table 4 lists the operational parameters of
Hybrid Energy Complexes. These sources provide
comprehensive insights into the development of
and challenges faced by Hybrid Energy Complexes
in China. The development of hybrid energy com-
plexes requires significant investments in infra-
structure and technology. Managing the integration
of wind and coal power requires advanced control
systems and coordination. Although emissions
are reduced, coal power plants still contribute to
pollution and carbon emissions [17].

To calculate the energy complex, it is neces-
sary to develop such an energy complex, including
wind farms and thermal power plants, in which the
maximum power consumption will be covered,
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taking into account the operating modes of the
wind farm. The objective function in this case is
presented as:

where C: is the lifetime cost of the i-th generating
unit (million USD), N: is amount of generation
uni, » — amount of generation unit type (wind
turbine (WT), gas turbine (GT), combined-cycle

n
Z:ZCiM%mil’l,

i=1

gas turbine (CCGT), steam turbine (ST)).

Table 4
Operational parameters of hybrid energy complexes
Parameter Wind Farms Coal Power Plants Hybrid Energy Complexes
Capacity Factor 30-50% 60-80% 50-70%
Flexibility Low High Decrease'
Emissions Zero High Decrease

" Flexibility is decreased in corresponding to requirements of energy system

S ource: by Zhu Qiujin

Table 5
Input data of energy complex

Energy Maximum Nominal Low limit Available Power ramp, |Lifetime cost

Power plant type unit type amount capacity, of power |power range, MW /min ’ million USD ’
ypP of energy unit MW range, MW MW
Wind Farm (WF) L-100 999 2.5 0 0 0 4

ST 300
Coal Power Plant MW A-300-240 999 300 150 150 12 5500
Coal Power Plant SSG 999 600 180 420 30 6 000

S o urc e: made by Zhu Qiujin

For this energy complex, we have the following
constraints.

$ dP(t) . dPu(®)
= gt dt

i Pi"™ Ni > APwiNi

P Ni+ P’ Ni > Pioad
]\]i < Nmax.

The constrains of wind farms:

dPu(t) . _O1PR"
dt dt
APy =0.9P™"N,

P’w=02P"" N,

dPi(t)
dt

generation unit GT, CCGT, ST, and MW/min;

dPwi(t)
dt

where is the power ramp of the i-th

is the maximum power ramp of the WT

(MW/min); P:""* is the available power range of
GT, CCGT, ST, and MW; AP is the maximum

amplitude of the WT power change, MW; P."™"
is the nominal capacity of the GT, CCGT, ST,

MW; va’t is the basis power of the WT, MW,
P™" is the nominal capacity of the WT, MW.

Considering the above information regarding
energy sources and their flexibility characteristics,
Table 5 shows the input data for the objective
function calculation.

Let us consider a case in which it is planned
to create an energy complex of wind farms and
thermal coalfired power plants. The following
generating equipment is presented for considerat-
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ion: one wind turbine (L-100) with a capacity of
2.5 MW and two coal-fired power units (K-300-
240 and SSG) with capacities of 300 and 600 MW,
respectively. In accordance with the objective
function, constraint equations, and initial infor-
mation on the maximum number of energy units,
nominal capacity, low limit of power range avail-
able, power ramp, and lifetime cost, an optimal
energy complex was obtained for a load with
a capacity of 1500 MW. The energy complex
includes the following components:

—a wind farm with an installed capacity of
600 MW, including 240 wind turbines;

— a thermal power plant, which includes two
coal-fired power units (SSG) with a total installed
capacity of 1,200 MW.

The total lifetime costs for such complex will
amount to 12.960 million USD.

Accordingly, such energy complexes can be
applied for the further development of China’s
energy system. They simultaneously provide
technical feasibility, in terms of flexibility and
economic efficiency.

Conclusion

The main classes and limitations that must
be considered when constructing and optimizing
schedules of classes are identified based on the
application of a systems approach to the automated
compilation of a schedule of classes for a multi-
level university.

It is shown that the schedule of classes and
metrics for assessing their quality should be con-
sidered as complex organizational and technical
systems characterized by multi-factor integral
criteria because of the specifics of the educational
systems of a multi-level university, the subsystems
of which are partially intersecting components of
higher and secondary education.

The developed ontology allows one to con-
struct a UML class diagram that implements the
compilation and optimization of a schedule of
classes using the example of specific conditions of
a multi-level university. The operating algorithm
and software tool developed on the basis of the
constructed class diagram and using MySQL
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DBMS for storing the initial information ensure
the construction of an effective schedule of classes
for a multi-level university according to the integral
criterion using penalty functions.
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3asBiieHHe 0 KOH(JIUKTE HHTEPeCcoB

ABTODBI 3asIBIISIIOT 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

AHHoTanus. DeKTposHepreTuueckas cucrema Mpaka ctpeMuTcs o0eceyuTh
MHTETPALMIO BCEX MCTOYHUKOB HEPTUH, TAKUX KAK TEIIOBBIE AJIEKTPOCTAHLIUH
1 BO300OHOBIIsIEMbIE NCTOYHUKH JHEPTHH, BKIIFOYAs SHEPTHIO BeTpa. B mepBoi
4aCTH MCCIIEAOBAHUsA AJIS pacyeTa BETPOIHEPreTHUeCcKoro noreHnuana Mpaxa
IPUMEHEHBI JaHHBIE O CKOPOCTH BeTpa 3a 2022 I. B I11TU HACEICHHBIX IIyHKTaX.
BbiOpaHHbIE MECTOIONOKEHUS ObIIIM UCIIOIb30BAHBL ATl IOCTPOEHUS rpaduka
PErHOHAIBHOIO paclpeiesIeHus cpelHell CKopocTH BeTpa B Hpake. Buineneno
YeThIpe pailoHa N0 YPOBHIO BETPOIHEPreTHYECKOTO MOTeHIHana. [t kaxuoro
HACEJIEHHOTO ITyHKTA IPOBEJICH CTaTUCTUYECKUI aHAIU3, BKIIOYAIOLIMI pacyeT
MOIIHOCTH BETPOBOTrO MOTOKA. Bo BTopoii yacTu paccMOTpEH 3HEPreTH4eCKuit
KOMIIJIEKC, BKJIIOYAIOIIUI BETPOBBIE 2JIEKTPOCTAHLIUH U TEILUIOBBIE 2JIEKTPOCTaH-
UM Ha NpUPOJHOM rase. s pa3paboTKu Takoro KOMILIEKCa HEO0OXOIUMO,
9YTOOBI MAKCHMAIIbHOE SHEPTONOTPEOICHNE TIOKPHIBAIOCH C YIETOM HeCTaOMIIb-
HBIX PeXKAMOB PaOOTHI BETPOBBIX MEKTPOCTAHIHH. Pe3yIbTaTsl MoATBEpKIaI0T
BO3MOYKHOCTb NIPAKTUYECKON Pean3allii TAKOrO SHEPIeTUYECKOrO KOMILIEKCa
C TOYKH 3PEHHSI SKOHOMHUYECKOH 3P (HEKTUBHOCTH.

KioueBble c10Ba: SHEPreTHKa, dIEKTPOIHEPTreTHUECKass CUCTeMa, BO30OHOB-
JsieMble UICTOYHUKH 3HEPIHM, BETPOIHEPIreTUYECKHE YCTAaHOBKH, IapOra3oBble
YCTaHOBKH, Ta30Bast TypOHHA, SJHEPTeTHIECKUI OaTaHC, ONTHMH3ALM

Bkian aBTopos
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Introduction

Energy System Structure of Middle East

a global participation rate of 6% in 2022. Countries
across the Middle East face significant energy and
climate challenges. Domestic oil and gas demand

The Middle East is central to the functioning
of global energy markets. The region is home to
five of the world’s top 10 oil producers — Saudi
Arabia, Iraq, the United Arab Emirates, Iran and
Kuwait — and three of the top 20 gas producers.
It accounted for more than four in ten barrels of
global oil exports in 2022. Total energy supply in
Middle East. According to the data recorded on
the International Energy Agency (IEA), the total
energy supplied in the Middle East reached with
an increase in the supply process by 131%, with

could increase substantially, driven by economic
expansion and population growth. Demand for
cooling and desalinated water may also rise
significantly as extreme weather conditions tied to
climate change, such as heatwaves and droughts,
are likely to become more frequent. Nearly 95% of
the electricity generated in the Middle East comes
from natural gas and oil — the highest share in the
world, though countries in the region also have
some of the world’s best solar resources. As clean
energy transitions reduce demand for fossil fuels
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globally, producer economies in the region will
need to unlock new sources of revenue. As a result,
anumber of producers are developing plans to build
out low-carbon energy industries — leveraging
their energy expertise to diversify their economies
and energy mixes at the same time.

Iraq, despite its vast hydrocarbon resources,
faces a multifaceted energy crisis characterized by
chronic electricity shortages, increasing energy
demand, deteriorating infrastructure, and heigh-
tened environmental degradation. The reliance on
fossil fuels not only jeopardizes energy security
but also exacerbates public health issues and socio-
economic disparities across the nation. The country’s
energy landscape is marked by a precarious balance
between energy supply and demand, with appro-
ximately 35% of the population experiencing un-
reliable access to electricity [1].

This inconsistent energy supply has significant
repercussions for economic stability, social welfare,
and overall quality of life. Moreover, the environ-
mental implications of Iraq’s fossil fuel depen-
dency are dire. The country ranks among the most
vulnerable to climate change, facing challenges
such as increased desertification, water scarcity,
and pollution-related health impacts. Current
energy policies and government strategies have
predominantly centered on oil and natural gas
exploitation, neglecting the potential for diversifi-
cation through renewable energy sources. Thus,
the scope of this research is critical for assessing
the barriers to, and avenues for, integrating renew-
able energy into Iraq’s energy system [2].

1. Overview of Iraq Energy System
Structure

There are three types of main stations operat-
ing in Al-Alaq of different sizes and distributed
in different parts of Iraqi cities, some of which are
old, some are new, and others have been modernized
by adding new units, which are as follows:

Thermal power plants (oil). Iraq has 7 thermal
stations to generate energy by heating water and
converting it into steam, which is used to rotate
steam turbines (with high speeds), which in turn
rotate machines to generate electricity with diffe-
rent capacities. The stations are distributed among
6 Iraqi governorates. In the capital, Baghdad, there
are two stations in Doura, with a capacity of
640 megawatts, and in southern Baghdad, with
a capacity of 355 megawatts. As for Nineveh,
it includes the North station, which is the largest
thermal station in Iraq, with a capacity of
2,100 megawatts. Salah al-Din Governorate owns
the Baiji thermal station with a capacity of
1,320 megawatts, while the Musayyib station,
which has a capacity of 1,280 megawatts, is located
in Babil Governorate, in Dhi Qar, the Nasiriyah
station with a capacity of 800 megawatts, and in
Basra, the Hartha station with a capacity of
400 megawatts, making this the total production'.

Hydro power plants. Iraq produces electrical
energy through 8 hydroelectric stations that use the
energy contained in water complexes such as dams
and waterfalls to rotate water turbines at low speeds,
which in turn rotate machines to generate electricity
with different capacities. Two hydroelectric power
stations are located in Sulaymaniyah Governorate,
namely the Darbandikhan Dam station with a capa-
city of 248 megawatts and the Dokan Dam station
with a capacity of 400 megawatts. In Salah al-Din
Governorate, there are two Al-Azim Dam stations
with a capacity of 27 megawatts and the Samarra
Dam station with a capacity of 84 megawatts.
Nineveh Governorate includes the Mosul Dam
station, which is the largest in Iraq, with a capacity
of 1.52 gigawatts, and the second Mosul Dam
station with a capacity of 62 megawatts. In Diyala
Governorate, the Hamrin Dam station has a capa-
city of 50 megawatts, and in Anbar Governorate
there is a modern dam station with a capacity
of 660 megawatts. Thus, the total pro-duction of
hydroelectric stations reaches 2,583 megawatts’.

! Sigitov OY, Radin YA. Wind Energy: A Textbook. Moscow: RUDN; 2024. p. 1-138. ISBN 978-5-209-12118-3.
2 Reliable Prognosis Website. Weather for 59 locations in Iraq. Available from: https://rp5.ru/Weather_in_Iraq (accessed:

11.12.2024).
196



Ocama A., Cururos O.fO. BectHuk PYOH. Cepusi: iHxeHepHble nccneposanus. 2025. T. 26. Ne 2. C. 194-204

Thermal power plants (natural gas). Iraq relies
heavily on gas stations to generate electricity. Iraq
has 26 gas stations that work by converting chemi-
cal fuel energy into thermal energy to heat gases
that are fed into gas turbines, which convert that
energy into kinetic energy first, which works to
manage the gas turbine, and then into mechanical
energy, which works to rotate the rotor in the gene-
rator that works with Magnetic field converts me-
chanical energy into electrical energy. The largest
number of stations are located in Baghdad, with
11 gas stations: South Baghdad stations 1 and 2,
with capacities of 246 and 400 megawatts, and Al-
Dora stations 1 and 2, with capacities of 146 and
700 megawatts. It also includes Al-Taji stations 1
and 2, with capacities of 156 and 160 megawatts,
in addition to the AI-Quds 1 stations. And 2 and 3,
with capacities of 450 for each of 1 and 2, and
a capacity of 500 for station 3. It also contains
Al-Sadr station with a capacity of 160 megawatts
and Al-Rasheed station 1 with a capacity of 94 me-
gawatts, so the total production of Baghdad gas
stations of electrical energy is 3 thousand and
462 megawatts. In Basra, there are 4 gas stations:
the Rumaila station with a capacity of 1,460 mega-
watts, the Shatt al-Basra station with a capacity
of 1,250 megawatts, the Zubair station, and the
Najibiyah station with a production capacity of
500 megawatts each. Kirkuk Governorate contains
two Mulla Abdullah stations with a production
capacity of 222 megawatts and Taza with a capa-
city of 292 megawatts, while Dohuk Governorate
includes the Dohuk station with a capacity of
500 megawatts, and in Erbil Governorate the Erbil
station with a production capacity of 1,500 mega-
watts. In turn; Anbar Governorate includes the
Anbar gas station with a production capacity of
1,646 megawatts, in Sulaymaniyah, the Sulayma-
niyah station with a capacity of 1,500 megawatts,
and in Najaf, the Najaf station with a capacity of
430 megawatts. In Diyala, the Mansouriya station
has a production capacity of 728 megawatts in
addition to the Karbala station, with a production
capacity of 250 megawatts, bringing the total
production of gas power stations to 14,550 mega-
watts [3].

Renewable energy sources. Renewable energy
in Iraq is energy generated from natural resources
such as sunlight, wind, water, rain, and geothermal
heat, in addition to biomass energy. Iraq is not a
leading country in this field despite the availability
of suitable conditions. The heat of the sun, which
some may find intense, is suitable for solar power
generation. As for the winds, two types are common
for Iraq in Summer. The south-east which may reach
a speed of 80 kilometers per hour (50 miles per
hour), and from mid-June until mid-September,
the prevailing winds are north (from the north and
northwest), and Iraq is rich in water resources
owing to the Tigris and Euphrates rivers and water
lakes. In 2006, as a result of the unstable condi-
tions and continuous power outages, Iraq witnessed
modest projects to exploit solar energy, and they
became more clear and serious in late 2010, with
the establishment of the “Renewable Energy
Center,” and the development of a program for the
years 2012 and 2015, centered on production and
distribution, and based on the establishment of
stations, the production of solar heaters, and the
lighting of public roads In 2022, the Renewable
Energy Center was established in the Iraqi Ministry
of Electricity to confront the process of transfor-
mation and reliance on clean energy, The following
is a description of the most important types of
renewable energy in Iraq [4].

Iraq is endowed with significant solar energy
potential, receiving an average solar irradiation of
5-7 kWh/m*day. A study by the U.S. Department
of Energy indicates that Iraq could generate over
400 GW of solar energy, making it one of the best
locations for solar power in the Middle East.

The wind energy potential in Iraq is also
considerable, particularly in regions such as the
northern Kurdistan region, where average wind
speeds reach suitable levels for energy generation.
According to research conducted by Global Wind
Energy Council (GWEC), Iraq could harness up to
12 GW of wind energy.

Biomass potential in Iraq remains largely
untapped, with agricultural waste and livestock
manure providing possible sources for energy pro-
duction.
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The hydropower potential is limited due to the
country’s geographical features, but there are small-
scale hydropower plants on the Tigris and Euphrates
rivers [5].

Thus, Iraq energy system structure have basis
generation by gas and coal thermal power plant.

In addition there development hydro power plants
and other renewable energy sources such as solar
PV. Gas turbines constitute about 61% of installed
generation capacity, steam 28%, diesel 3%, hydro
8%. Total electricity production from 2000 to 2022
shown in Figure 1.

O Oil © Naturalgas © Hydro O Solar PV
———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— 80 000 GWh
o
o
@
o
o Q
T [ | | i
2000 2005 2010 2015 2022

Figure 1. Evolution of electricity generation sources in Iraq since 2000
S ource: byEIA. Available from: https://www.iea.org/countries/iraq (accessed: 15.09.2024)

2. Wind Farms Placement Investigation
in Iraq Condition

For wind farms placement investigation, it is
necessary to pay attention for different factors,
such as: demand in energy, electricity grid in
operation, possibilities of wind turbine component
deliver and wind power protentional and others.
For these reasons, places near major cities within
a radius of 400 km have been chosen [6].

To calculate the wind power potential, attention
was paid to changing various parameters such as:
wind speed, air density, atmospheric pressure and
temperature. It is due to modern wind turbine hub
height. Modern wind turbine technology has
advanced significantly over the past few decades,
leading to larger and more efficient turbines
designed to harness wind energy effectively. Here
are some key points about wind turbine blade
length and hub height.
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Modern wind turbine blades can vary widely
in length, typically ranging from about 40 meters
(131 feet) to over 80 meters (262 feet) for onshore
turbines. Offshore turbines can have blades ex-
ceeding 80 meters, with some of the largest reaching
up to 100 meters (328 feet) or more. Longer blades
capture more wind energy due to a larger swept
area. This increases the turbine’s capacity to ge-
nerate electricity, especially in areas with lower wind
speeds. Advances in materials and design, including
the use of lighter and stronger composite materials,
have allowed for the development of longer blades
without significantly increasing weight [7].

The hub height of modern wind turbines usu-
ally ranges from about 80 meters (262 feet) to
150 meters (492 feet) for onshore turbines. Off-
shore turbines often have even greater hub heights,
sometimes exceeding 200 meters (656 feet). The
hub height is crucial as wind speed tends to in-
crease with altitude. By placing turbines at higher
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elevations, they can access stronger and more con-
sistent winds, leading to higher energy production.
The optimal hub height can vary depending on
local wind conditions, topography, and environ-
mental considerations. Wind resource assessments
are typically conducted to determine the best height
for a specific location.

Thus, the trend in the industry is towards larger
turbines, with both blade lengths and hub heights
increasing to maximize efficiency and energy
output. Innovations in floating wind turbine tech-
nology are allowing for the placement of turbines
in deeper waters, further pushing the limits of hub
heights and blade lengths. The increase in size is
often coupled with improvements in turbine
efficiency and capacity factors, allowing for more
energy generation per unit installed capacity'.

In the result, it is necessary to recalculate
mentioned parameters (wind speed, air density,
atmospheric pressure) to wind turbine height.

We calculate the wind parameters depending
on the external climate conditions using the
following mathematical equations [8].

Wind speed was calculated at different height
in accordance to formula:

v(h,) _(h\"

v(h) (h_j ’
where (h,) is wind speed at WT altitude, m/s;
(h,)1s wind speed at measurement altitude, m/s;
h, is tower height, m; A1 is wind speed
measurement height (weather vane height), m; m
is Hellman coefficient.

Air density changes was calculated in accor-dance
to formula:

_ rh)

p=3.4837 5,
where p is air density, kg/m®; p(h)is air pressure
at height 4; kPa; T is air temperature, K; 3.4837 is
specific gas constant of dry air.

Atmospheric pressure at altitude / can be de-
termined using the barometric formula (the basic
equation of atmospheric statics):

h—h,

h) = -mg ,
p( ) D€ RT

where P, is air pressure at sea level, Pa; m is molar

mass of gas, g/mol; g is gravity acceleration, m/s’.

For calculations, the value of (4) up to a height
of 5000 m can be determined from the
approximating equation:

p(h)=101.29-0.01 1837h+4.793x107" h?,

where 4 is height from the ground surface, m.

Thus, 5 cities from Iraq were selected, repre-
senting a diverse geography from the center, south
and north, with close distances not exceeding
400km. The weather website was relied upon to
download the required data [4]. A set of mathe-
matical functions were also used to obtain the
required results. The map with calculation result
presented in Figure 2.

Table 1 represents wind data, air density and
power rates for the city of Saladin.

Table 1
Average values of wind energy parameters for Saladin during the year

> > @ - 3 @

§ ] § T > o z g £ 3 £ £

Parameters 3 2 & s S 5 5 ) 3 ] 5 5

£ 8 < = 3 S E = ° > o

s ] = < 2 5] ] 0

L ) 4 [a]
V°, m/s 1.81 2.06 2.61 2.87 3.29 3.06 2.70 2.29 2.08 1.72 2.35 2.19
t,°C 12.1 13.3 19.3 23.6 29.7 35.0 38.4 39.2 34.9 27.9 20.0 14.8
V® m/s 2.6 3.0 3.7 4.1 4.7 4.4 3.9 3.3 3.0 2.5 3.4 3.1
P,W 118.71 | 191.26 | 543.05 | 874.69 | 1640.58 | 1547.64 | 1152.32 | 724.97 | 485.80 | 222.52 | 408.58 | 253.56

Source:byA. Osamah

? Reliable Prognosis Website. Weather for 59 locations in Iraq. Available from: https://rp5.ru/Weather in_Iraq (accessed:

11.12.2024).
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Figure 2. Map of wind power protentional in Iraq
Source: byA. Osamah for Irag Map. Available from: https://annamap.com/iraq/ (accessed: 15.09.2024)

3. Flexibility of Energy Systems

Flexibility has become a common by-word for
the energy transition. While everyone agrees that
we need more flexibility in future power systems,
views vary widely on how to achieve this, parti-
cularly to improve grid integration and make maxi-
mum use of solar and wind potential. To transform
our energy system towards one dominated by
renewable energy, flexibility has to be harnessed
in all parts of the power system. Power system
flexibility spans from more flexible generation to
stronger transmission and distribution systems,
more storage and more flexible demand. Production
of heat and synthetic gas (e. g., hydrogen) from
renewable electricity is also key for energy system
decarbonization in the long term, and once in place
it can be a significant additional To transform our
energy system towards one dominated by renew-
able energy, flexibility has to be harnessed in all
parts of the power system [9].

Flexibility of Nuclear Power. Nuclear plants
are primarily designed to provide baseload power,
operating continuously at or near full capacity,
they are less flexible when it comes to rapid changes
in output, due to thermal stress and safety consi-
derations related to reactor operation, Modern
designs, such as small modular reactors (SMRs),
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aim to improve flexibility for grid balancing,
Continuous operation to meet base demand.

Flexibility of Hydro Power. Hydropower is
one of the most flexible generation sources,
capable of ramping up or down quickly to respond
to demand. Pumped-storage hydropower enhances
grid reliability by storing excess energy and releas-
ing it during peak demand, Flexibility depends
on water availability, reservoir size, and environ-
mental regulations. Peak demand management and
grid balancing.

Flexibility of Thermal Power (Coal or Gas).
Traditional coal plants are designed for baseload
operation and have slower ramp-up and ramp-
down times due to the time needed to heat or cool
the boiler. Modern coal plants with advanced
technologies (e.g., ultra-supercritical boilers) offer
improved flexibility but are still less responsive
than gas plants. Baseload power with limited
flexibility. Gas turbines and combined cycle gas
plants (CCGTs) can ramp up and down quickly,
making them suitable for managing variable loads.
Gas plants are often used as peaking plants to meet
sudden surges in demand. Peaking and backup
power to complement variable renewables [10].

Flexible sources like hydro and gas are crucial
for integrating variable renewables (e.g., wind and
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solar) into the grid. Nuclear and coal plants are less
suitable for responding to short-term variability
but can still complement renewables for providing

consistent baseload power. Flexibility characte-
ristics of different power generation sources show
in Table 2.

Table 2

Comparison of the flexibility of different power generation sources

No. Type Quick start ramp Load ramp up Load ramp down
rate, %/m rate, %/m rate, %/m
Generating plants (conventional)

1 Gas turbine — simple cycle 22 22.1 21.0

2 Gas turbine combined-cycle power plant 4 2.2 5.0

3 Conventional hydro 6%/s 6%/s 6%/s

4 Nuclear power plants 5.0 1.5 3.0

Generating plants (renewable)
5 Solar PV 1.0-5.0 0.4 0.4
6 Wind 1.0-10 1.0 1.0
Storage plants
7 Pumped storage hydro power plant 6%/s 6%/s | 6%/s

Source:byA. Osamah

4. Development of an Energy Complex
of Wind and Thermal Power Plants
in Iragi Conditions

Iraq is actively developing power complexes
that integrate wind farms with fossil fuel-fired
power plants to enhance energy security, improve
grid stability, and support the integration of renew-
able energy sources. These hybrid systems leverage
the strengths of both wind and fossil fuels such as
oil and gas to create a more flexible and resilient
energy infrastructure. The key features of hybrid
power complexes are that wind farms provide
renewable energy, while fossil fuel-fired power
plants provide reliable baseload power. This com-
bination ensures a stable power supply even when
wind conditions are not favorable. The fossil fuel-
fired power plants can quickly ramp up or down to
balance the variability of wind power, maintaining
grid stability. At the same time, integrating wind
power reduces the overall carbon footprint of the
power complex, contributing to Iraq’s desired
climate goals [11].

These hybrid power complexes demonstrate
the feasibility and benefits of integrating renewable
energy sources with conventional power generation

to enhance energy security, improve grid stability,
and support Iraq’s climate goals.

This project demonstrates the feasibility and
benefits of hybrid power complexes. The hybrid
power complex combines wind farms with super-
critical coal-fired power plants. This integration
enhances the efficiency and flexibility of the power
system. Table 2 shows the operating parameters of
hybrid power plants. These sources provide com-
prehensive insights into the development of hybrid
power plants and the challenges they face in Iraq.
Developing hybrid power plants requires significant
investment in infrastructure and technology.
Managing the integration of wind and fossil fuels
requires advanced control and coordination systems
[12]. However, while emissions are reduced, fossil
fuel power plants still contribute to pollution and
carbon emissions.

Operational Parameters of Hybrid Energy
Complexes are shown in Table 3. Capacity Factor
is the ratio of actual energy produced to the maxi-
mum possible output over a given time, Wind
farms have lower capacity factors due to variable
wind speeds. Coal plants and hybrid complexes
have higher factors when supported by backup
sources.
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Table 3

Operational parameters of hybrid energy complexes

Parameters Wind farms Gas power plants Hybrid energy complexes
. 25-50% _aco 40-80% (depends on renewable
Capacity Factor (dependent on wind availability) 60-85% integration and backup)
Ramp Rate Low to Moderate High (can adjust power High (depends on backup
(limited by wind variability) output quickly) sources like)
L Medium (in comparison Low to Moderate (renewables
Emissions Zero (renewable energy source) . ..
with coal TPP) reduce overall emissions)
Reliability Moderate (dependent High (continuous base- High (combines reliability
on weather conditions) load power supply) of fossil fuels with renewables)

Source: byA. Osamah

Ramp rate is the speed at which a power plant
can increase or decrease its output, wind farms are
slower due to natural wind constraints, while coal
and hybrids (with advanced tech like batteries or
gas turbines) can ramp up more quickly.

Emissions parameters show that wind farms
are emission-free, coal plants emit significant
pollutants, while hybrid complexes aim to minimize
emissions by combining renewables and cleaner
backup sources. Reliability parameters show that
wind farms depend on weather, making them less
reliable. Coal plants offer stable power but with
environmental costs. Hybrid systems ensure reli-
ability by balancing renewable and conventional
energy [13].

5. Results

The final energy complex calculation requires
wind and thermal power plants with the maximum
power consumption coverage, the wind farm
operation modes should be taken into account. The
objective function in this case presented as:

Z=ZCiNf—>min,
i=1

where Ci is lifetime cost of the i-th generating
unit, USD; Ni is amount of generation unit; » is
amount of generation unit type (wind turbine (WT),
gas turbine (GT), combined-cycle gas turbine
(CCQT), steam turbine (ST)).

For this energy complex we have different
constraints:
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$ dPi(1),.  dPut)
— g dt

Zn: P Ni > APwiNi

i=i
Pi"" Ni+ P’ Ni > Piou
M < Nmax

The constrains of wind farms:

dPu(t) . _ 0.1Py"
dt dt
AP =0.9P™" N;

b

P =02P™"N;

Ni

where

dPi(?)
dt

is power ramp of i-th generation unit

GT, CCGT, ST, MW/min; M

1S maximum
power ramp of WT, MW/min; P.™™" is available
power range of GT, CCGT, ST, MW; AP is
maximum amplitude of WT power change, MW;

P™" is nominal capacity of GT, CCGT, ST, MW;
P’ is basis power of WT, MW; P*" is nominal

wt
capacity of WT, MW.
Considering the above information about
energy sources, the Table 4 shows input data for
objective function calculation.
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Table 4
Input data of energy complex
Power Energy unit Maximum Nomir_1a| Low limit Available Power Lifetime
lant type type amount capacity, of power power ramp, cost,
P of energy unit MW range, MW range, MW | MW/min | million USD
Wind Farm (WF) L-100 999 25 0 0 0 4
230 MW GT13E2

CCPP (1GT+1ST) 999 230 92 138 11.5 4000
GT 180 MW 999 180 72 108 21.6 6000

Source:byA. Osamah

Let’s consider a case in which it is planned
to create an energy complex of wind farms and
thermal power plants. Wind turbine (L-100) with a
capacity of 2.5 MW and two gas power units
(combined cycle power plant GT13E2 (1GT+1ST)
and gas turbine) with a capacity of 230 MW and
180 MW are presented as a choice of generating
equipment. In accordance with the objective func-
tion, constraint equations, and initial information
on the maximum amount of energy unit, nominal
capacity, low limit of power range available power
range, power ramp and lifetime cost, an optimal
energy complex was obtained for load with capa-
city 800 MW. The energy complex includes:

—a wind farm with an installed capacity of
220 MW, including 88 wind turbines

— a combined cycle power plant, which includes
3 units (GT13E2 (1GT+1ST)) with a total installed
capacity of 690 MW.

The total lifetime costs for such complex will
amount to 12,352 million USD.

Accordingly, such energy complexes can
provide their application in the further develop-
ment of Iraq’s energy system. They simultaneously
provide technical feasibility in terms of flexibility
and economic efficiency.

Conclusion

In conclusion, the development of an inte-
grated energy complex combining wind farms and
a thermal power plant in Iraq presents a significant
opportunity to diversify and stabilize the country’s
energy supply. Given Iraq’s abundant natural re-
sources, both in terms of wind potential and fossil
fuels, this hybrid approach offers several advan-
tages. Wind energy, particularly in regions with

favorable wind patterns, can contribute to reducing
the dependence on non-renewable sources and miti-
gate the environmental impact of power generation.
On the other hand, thermal power plants, fueled by
Iraq’s vast reserves of oil and natural gas, can pro-
vide reliable base-load power, especially during
periods when wind generation is intermittent.

The integration of these two energy sources
can enhance the overall reliability, efficiency,
and sustainability of Iraq’s energy infrastructure,
addressing the country’s growing demand for elec-
tricity while simultaneously fostering economic
growth. Additionally, combining renewable and
thermal sources allows for a more flexible and adap-
tive energy system, capable of balancing supply
and demand fluctuations. However, to fully realize
the potential of this energy complex, Iraq will need
to overcome several challenges, including invest-
ments in infrastructure, technology transfer, and
the development of local expertise.

Moreover, policy support and regulatory frame-
works will be critical in fostering a conducive
environment for such projects. Strategic planning
that incorporates socio-economic considerations,
environmental impacts, and long-term sustain-
ability goals will be essential to ensuring that this
hybrid energy complex not only meets Iraq’s
immediate energy needs but also contributes to
global efforts to transition to cleaner and more
sustainable energy systems.

Overall, the proposed energy complex in Iraq
could serve as a model for other countries in the
region, positioning Iraq as a leader in energy in-
novation and sustainability while improving its
energy security and supporting socio-economic
development.
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