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HekomnnaHapHasg BCTpe4a Ha OKOJIOKPYroBoiu opoure
C MOMOLLbIO ABUraTesia MaJsioi T9rm

A.A. Bapanos® =, A.Il. OnuBuo® =™

2 UuctutyT npukiagHoi matematuku umenu M.B. Kengsiina PAH, Mockea, Poccus
b Poccuiickuil yHuBepcuteT Apysk0bl HapoaoB, Mockea, Poccus

B4 pedrokekule@mail.ru

Hcrtopus cTaTbu Annoranus. [IpeacTaBieH METO, MO3BOJIIOIINIA BEIYUCIUTE ITapaMeTpPhI
MAaHEBPOB, BBIITOJHACMBIX Ha HECKOJIBKUX BUTKaX C IPUMCHCHUEM JIBUTaA-
TeJIsl MAJIOW TATH. DTH MaHEBPHI 00ECIICUNBAIOT MEpPeNeT aKTUBHOTO KOC-
MHUECKOTr0 ammnapaTa B Ipejelibl 33AaHHOM 00J1acTU 11e1eBOr0 KOCMHYe-
ckoro oobekTa. Ilepener ocymiecTBisieTcss B OKPECTHOCTH KPYTOBOHM Op-
Outhl. [ pemieHust NaHHOW 3aaqd IIPUMEHSIOTCS YIPOLICHHBIE MaTe-
MaTHYEeCKHE MOJICNIN ABWXEHUS. BiHsHUE HEUEHTPaJbHOCTU I'paBUTAIU-
OHHOTO IOJIA M aTMocdepsl B pacyeTax He yuuThiBaercs. IIponecc ompe-
JIeJIeHHsI TapaMeTPOB MaHEBPOB Pa3OMT HAa HECKOJIBKO ATAIOB: HA EPBOM
U TPeTheM dTallax MapaMeTphl UMITYIbCHOTO Mepexoaa U Iepexona, ocy-
LIECTBIIIEMOrO JBHUIaTeIeM MaJION TATH, BBIYMCISIIOTCSA C MCHOJIb30BaHU-
€M aHAIUTHYECKUX MeTonoB. Ha BTOpoM sTame pacmpeneseHre MaHEBpPH-
pOBaHUS MEXy BUTKaMH, 00eCIeYrBalolee yCIEeIHOe pellleHre 3a/1a4u
BCTPEUH, OMpEAeNsieTCs] MyTeM M3MEHEHUs] OJHOM mepeMeHHOW. JlaHHbII
METOJ OTJIMYAETCs IMPOCTOTOW U BBHICOKOH HAJEKHOCTHIO B OINPEIEIICHUH
[apaMeTpOB MaHEBPOB, UTO AENAET €ro MPUMEHHUMBIM Ha OOpTy KOcMHYe-
CKHX anmapaTtoB. B pamkax ucciieoBaHHs TakKe IPOBEJECH aHaINU3 3aBH-
CHMOCTH CYMMapHOH XapaKTEePUCTHYECKOH CKOPOCTH PEUIeHUs 3ajadn
BCTPEYM OT BEJIMYMHBI TArW JBUrateins. [lapameTpsl MaHEBpOB MOTYT
OBITH YTOYHEHBI C IIOMOILIBIO MTEPALMOHHOM MPOLEAYPHI, YTOOBI y4ecTh
OCHOBHbBIC BO3MYILICHUS.

IMoctynuna B penakuuto: 5 Hosopst 2023 .
Jopabotana: 9 ssuBaps 2024 r.
[punsita k mybnukamun: 14 saBaps 2024 r.
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Introduction Due to the great complexity of solving prob-

lems of spacecraft meeting with greater accuracy,

The problem of meeting in a near-circular orbit
using low-thrust engines is important in the practice
of spacecraft (SC) flights. Typical examples are the
problem of rendezvous and docking of spacecraft,
the implementation of a group flight of several
spacecraft, the formation of a given configuration
of satellite systems, during removal of space debris,
during servicing of spacecraft and other astro-
nautical missions involving more than one space-
craft.

8

over the past few years many authors have deve-
loped algorithms for solving the problem of space-
craft meeting [1-2].

Currently, three main approaches are widely
used in solving complex problems of multi-impulse
maneuvering of spacecraft. In the first case, the
problems of maneuvering in the orbital plane and
the problems of rotating the orbital plane are solved
independently. This scheme was used, for example,
when approaching the Shuttle spacecraft with an
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orbital station, to control the movement of geo-
stationary satellites [3], satellites within satellite
systems [4-6], and so on. The advantage of this
scheme lies in its simplicity and reliability, and the
disadvantage is the excessive cost of characteristic
velocity for maneuvering.

In the second case, numerical methods are used
to find optimal solutions for the most complex
multi-impulse problems, taking into account a wide
range of restrictions [7-8]. The simplex method is
most often used [9-10].

In the third method, at the initial stage, the
solution to the Lambert problem is used to deter-
mine the parameters of the two-impulse solutions
to the meeting problem. Then the behavior of the
hodograph of the basis vector corresponding to the
found solution is analyzed, and, if necessary,
additional velocity impulses are added to obtain the
optimal solution. This approach was first used in the
works of Lion and Handelsman [11], Jezewski and
Rozendaal [12].

There are also methods that are at the inter-
section of different approaches. For example, in
[13—14] numerical and analytical methods for
solving the multi-impulse meeting problem are
proposed, combining the advantages of the first and
second of the previously listed approaches. They
make it possible to use the results obtained in the
early papers of T. Edelbaum [15], J.P. Marec [2],
when solving modern practical problems.

Since the 1960s, the process of using electric
rocket engines (ERM) on spacecraft began. Thanks
to their high specific impulse, electric propulsion
engines can significantly reduce fuel costs for
orbital maneuvering. However, the low (compared
to traditional liquid rocket engines) thrust of electric
propulsion engines leads to the need to take into
account their long-term operation.

Problems of this type take a special place a
special place among the problems of optimal
maneuvering of a spacecraft. A significant number
of articles have been devoted to them, and several
very interesting monographs have been published
[16; 17]. Particularly noteworthy are the papers
of V.G. Petukhov [18-20]. Due to the complexity
of the problems in which it is assumed that
maneuvering is carried out using a propulsion sys-
tem (PS), they have traditionally been solved
numerically and by methods using the Pontryagin
maximum principle or the continuation method. In
recent years, Yu.P. Ulybyshev has successfully used

the interior point method to solve problems with
long maneuvers [21].

In the method considered in this paper, the non-
coplanar meeting problem is solved both in the
impulse formulation and taking into account the
long-term operation of the low-thrust engine [22-24].

To analyze the relative motion of a spacecraft
in the vicinity of circular orbits, it is necessary to
use special mathematical models of motion. The
most popular mathematical model of the relative
motion of a spacecraft in the vicinity of circular
orbits is the Hill-Clohessy—Wiltshire (HCW) model.
Linearized differential equations for the relative
motion of a spacecraft in the vicinity of a circular
orbit for the problem of rendezvous and docking
were obtained by Clohessy—Wiltshire in 1960 [25],
but back in the 19th century similar equations were
used by Hill in his theory of lunar motion [26].

In this mathematical model, to obtain the
equations of relative motion, a rotating (orbital)
coordinate system and linearization of the
differential equations of relative motion are used,
based on the assumption that the distance between
the considered spacecraft is small compared to the
average orbital radius. This work uses linearized
equations obtained by P.E. Elyasberg [27]. They
were obtained using a cylindrical coordinate system
and are significantly more convenient for solving
the problem of long-duration encounters, in which
there are significant deviations along the orbit.

Due to the increase in the number of maneu-
vering spacecraft and the increase in the efficiency
of solving problems, there is currently a tendency to
transfer the process of calculating maneuvers on
board the spacecraft. This leads to the need to
simplify the process of calculating maneuver para-
meters and increase the reliability of this process.
The algorithm considered in this paper has precisely
these properties.

1. Formulation of the meeting problem

The problem of calculating the parameters of
transfer maneuvers between close near-circular orbits
is solved in an approximate impulse formulation,
within the framework of unperturbed Keplerian
motion.

The conditions for transferring with the help of
N velocity impulses in a fixed time from the initial
orbit to a given point of the final non-coplanar orbit
(meeting problem) in a linear approximation can be
written in the form Ilyin and Kuzmak [22]:
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N
D (AV,sing,+2AV, cos ¢,)=Ae,, (1)
i=1
N
D (-AV, cos @, +2AV, sing,)=Ae, 2)
i=1
N
Y 2AV,=Aa, 3)

i=1

N
Z (2AV,(1-cos @, )+AV,, (=3¢, +4sing,))=At, (4)
i=1

1 —AVsing; = Az, )

YL, AV, cos @; = AV, (6)

where
Aex = e/cosmy — epcosmo,
Ae,= esinwy — eosinwo,
Aa=(arao)/ro, At=ho(t-to),
Az= zo/ro, AV.=AV0/Vh,
AVisa v Vo, AVi=a v | Vo AV-2=AV,/ Vo,

Here «/», «0» — the indices corresponding to
the final and initial orbits, e, e — the eccentricities
of the orbits; a5, ap — semi-axes major of orbits;
®; ®9 — angles between the direction to the
pericenter of the corresponding orbit and the
direction to a point specified on the final orbit (the
Ox axis is directed to this point); ¢r — the required
time of arrival at a given point, fp — the time
at which, when moving along the initial orbit, the
projection of the radius vector onto the plane of the
final orbit hits the ray passing through the given
meeting point; zo — the deviation of the spacecraft
in the initial orbit from the plane of the final orbit

at time #o, Vzo — lateral relative velocity at this
moment; Vy, Ao — orbital and angular velocities
of movement along the reference circular orbit
of radius ry (ro = a); N — number of velocity

impulses; ¢; — the angle of application of the i-th
velocity impulse, measured from the direction to
a given meeting point in the direction of the SC
motion; Ay ,AV, AV}, — transversal, radial

and lateral components of the i-th velocity
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impulse, respectively. It is necessary to take into
account that the angles ¢; — negative, because it
was assumed that at a given point @,= 0.

The problem of searching for parameters of
optimal maneuvers can be formulated as follows:
it is necessary to determine AV, AV, AV., @i
(i=1, ..., N), at which the total characteristic
velocity of maneuvers AV is minimal.

N N
=Y av=> \/AVrzi +AV2 + AVZ,
i=1 i=1

under restrictions (1)—(6).

In this paper problem of the meeting is solved
in several stages. At the first stage, the problem of
impulses transfer between non-coplanar orbits is
solved (Section 2). The velocity impulses for solving
the transfer problem are then distributed among the
turns allowed for maneuvering to ensure that
equation (4) is satisfied (Section 3). In sections (4)
and (5), a solution to the low-thrust transfer problem
is sought.

The maneuver parameters can be refined using
an iterative procedure to take into account all dis-
turbances (the influence of compression of the Earth,
atmosphere, etc.).

2. Algorithm for solving the transfer problem

When solving the problem of transfer between
non-coplanar orbits, five equations of the system
(1)—(6) are used.

The angle ¢, (the angle of application of the
first velocity impulse) is searched and for each
successive value of the angle the values of the
velocity impulses and the angle ¢, are found:

Ae? — Aa?
AV = 4(Aey sin @15 + Aey cos @1 — Aa)’ )
Aa
AVy, = P AV, (8)
A% — AV sin@qf
tan @, = zo———— 9)

b
> AViicos@qf

and then from equations (5)—(6) the values of the
lateral components of the velocity impulses are
determined:

AV, = _(

Az cos @, + AV, sin (pz)
sin(@1-¢32) ’

(10)
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Az cos ¢, + AV, sin <p1)

AV = _( sin(@1-¢2)

(11)

From the entire set of solutions found, the one
that provides the minimum total characteristic
velocity is selected. Further, the parameters of this
solution are indicated by the index «m» AV,
AI/zlm, Q1m, AI/th, AI/ZZm, Q2m.

3. Algorithm for solving the meeting problem

When solving the meeting problem, the values
of the velocity impulses AVu, AVp, determined
when solving the transfer problem, are distributed
among N turns allowed for maneuvering:

Al/ltmzzAI/lt[ ’ (12)
i=1
N

AV, =D AV, (13)

Here N is the number of turns on which maneu-
vering is allowed.

The lateral components are distributed in pro-
portion to the transversal

__ AV 14l

AVlzi - |AVy ] A 1zm »
and
|AV 3¢l

The further goal is to select such a distribution
of the magnitudes of the velocity impulses along the
turns so that equation (4) is satisfied.

To significantly simplify the solution of the
problem, we assume that the magnitudes of the
velocity impulses along the turns change linearly:

AV, =AV,, +

1ti 1t1

AV, = AV )E=D /(N =D, (15

AV, =AV,, +
+(AV,, = AV, )(i-=1)/(N =1). (16)

Here AVia, AViw u AVan, AVay are the
magnitudes of the velocity impulses on the first and
last permitted turns of maneuvering, which are a
part of the first and second velocity impulses of
solving the transfer problem.

Substituting the values of velocity impulses
calculated using formulas (15), (16) into (12) and
(13) we obtain:

AVyem = 2ieq AVygi = 0.5N(AVyy + AVyey); (17)
AVorm = Xily AVoyi = 0.5N (AVyey + AVgey). (18)

Using (17) and (18), we obtain formulas for
determining Ay A :

1N > 2N

_ AVlt

AV = 05N AVigq s (19)
AV
AVyen = FZI; — AVy4q. (20)

Substituting the found values A Vi » AV, into
formulas (15) and (16), we obtain:

AV = )
=28V, (i - /NN - 1) + AV, [1 - 222 21

AV =

= 20V,(i — 1)/N(N — 1) + AVyqy [1 _2

I(Vij)]. (22)

Thus, we found the values of all velocity
impulses, expressed only in terms of AVi; and
AV>4. Substituting them into equation (3), we obtain
a linear equation with two unknowns A Vi AV, -

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

®,=0,, +2n(N, - N), (23)
¢, =¢,, +20(N,-N)- (24)

By sorting through the value of the variable
AV, within the specified limits, for each value
from equation (3) we find the value of the variable
AVZ:I'

Then, using (23) and (24), we find the values of
all velocity impulses. Adding the modules of all

11
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velocity impulses, we find the total characteristic
velocity of the next solution. The solution whose
total characteristic velocity is minimal is accepted
as a solution to the meeting problem. If the total
characteristic velocity of the found solution
coincides with the total characteristic velocity of the
solution to the transfer problem, then a solution
with the minimum possible total characteristic
velocity was found.

If the duration of the largest velocity impulse
does not exceed 20°, then the solution is close to an
impulse one and we consider that the problem has
already been solved. Taking into account all
disturbances (non-centrality of the gravitational
field, the influence of the atmosphere, etc.), the
operation of a real propulsion system can be carried
out using the iterative procedure described in
Section 5. If the duration of the maneuvers is
significant, then we proceed to solving the problem
taking into account low thrust PS.

4. Solving the problem with «low thrust»

It is assumed that the orientation of the
propulsion system during the execution of the
maneuver is fixed in the orbital coordinate system.

For each turn, we find what changes in
eccentricity and semi-major axis produce the found
velocity impulses determined at this turn

Aeyjx=2AVyy; €OS @q; + 24V, COS @p5,  (25)
Aeqy=2AV;¢; Sin @q; + 24V sin @y, (26)
Aa;=2AV ¢ + 2AV,4;. 27)

Similarly for changing the lateral parameters on

a turn
AVi;=AV14; COS @1; + AV3,; COS @y, (28)
AZi = AVlZi sin (OFT + AVZti sin (ODTE (29)

Then we determine the required duration of
low-thrust maneuvers that will produce the same
change in these elements [20]:

Ag; = 2arcsin w(;_val’ (30)
A, = 2 arcsin WCZ—QVZ. (31

12

Thus, turn by turn we find the duration of all
maneuvers. The low thrust problem has been
correctly solved. If the arcsine argument is greater
than 1, then there is no solution (with the existing
thrust and mass of the spacecraft, it is impossible to
solve the meeting problem for a given number of
turns).

The found solution with “low thrust” gives the
same change in the eccentricity vector and orienta-
tion of the orbital plane as the original impulse
solution, because the midpoints of long maneuvers
coincide with the moments of application of velo-
city impulses.

However, the difficulty is that the change in the
semi-major axis becomes larger than necessary,
since it changes with orbital orientation more
effectively than eccentricity. Therefore, as a result
of the maneuvers, an error remains in the formation
of the required value of the semi-major axis, and to
eliminate this error, you can use the iterative
procedure described in [20].

Let us assume that the initial deviation of the
semi-major axis was Aay = af — a, (for example,
Aay > 0), and the deviations Aa,, Aey, Aeyy,
Aiy, A9, (the angle between the line of intersection
of the orbital planes and the line of apses relative
orbits) were used in determining the parameters of
the maneuvers.

As a result of performing the -calculation
maneuvers, the semi-major axis a; will be formed
(ag > ay). In the next iteration, deviations Aa; =
Aay + ar — aq, Dey, Aeyg, Aiy, A9y will be used, at
the next iteration Aa, = Aa, + a5 — a,, etc., until
the semi-major axis is formed with the given
accuracy.

Since at each turn the same change in the semi-
major axis will be made as in the impulse solution,
the meeting problem will be solved with the same
accuracy.

5. Iterative procedure

In the formulated meeting problem, linearized
equations of motion are used, the non-centrality of
the gravitational field, the influence of the
atmosphere, etc. are not taken into account. This
leads to the fact that the actual accuracy of fulfilling
the terminal conditions in system (1)-(6) will be
insufficient. To solve a problem with a given
accuracy, you can use an iterative scheme [7-8§],
which consists of the following stages:
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1. In the beginning of the next iteration, an
“approximate” problem is solved: under the pre-
viously accepted simplifying assumptions, the para-
meters of maneuvers that ensure the formation of a
“target” orbit are determined (at the first iteration,
the “target” orbit coincides with the final orbit).

2. Then, taking into account the calculated
maneuvers, using models of all necessary distur-
bances, an “accurate” prediction of the spacecraft
motion is carried out and the parameters of the
formed orbit are found.

3. The deviations of the parameters of the for-
med orbit from the corresponding parameters of the
final orbit are calculated.

4. If the deviations exceed the permissible
ones, then the parameters of the “target” orbit are
changed by the value of the calculated deviations,
and the next iteration is carried out.

5. The procedure ends when the terminal
conditions are met with the specified accuracy.

6. For “accurate” forecasting, as a rule, nume-
rical and/or high-precision numerical-analytical
integration are used. It is possible to use different
forecast methods at different iterations, but the
accuracy of the forecast should increase with the
number of the current iteration.

7. During numerical integration, the influence
of the non-centrality of the gravitational field,
atmosphere, light pressure, etc. is taken into account,
the operation of the spacecraft engines is carefully
modeled, therefore, despite the fact that the
maneuver parameters are found at each iteration
using the simplest motion model, but as a result of
an iterative procedure, they ensure access to the
final orbit with the required accuracy.

6. Example of solving the non-coplanar
meeting problem

Let us consider the motion of a spacecraft (SC)
relative to point O, moving in an undisturbed near
circular orbit with a radius of 6871 km. Let us take
the gravitational parameter of the Earth equal to
3.9860044:1014 m?/s>. Let us consider the flight
problem using N velocity impulses in a fixed time
from the initial orbit to a given point in the final
orbit from a point in phase space ro = (10, 100, -5)
km, vo = (1, —10, 3) m /¢ to the origin, that is, to the
point r¢ = (0, 0, 0) km, with a velocity v¢ = (0, 0, 0)
m/s. For the problem, we will take the initial mass
of the spacecraft equal to 1000 kg, the specific

impulse of the spacecraft propulsion system is 220
seconds (2157.463 m/s), and the thrust (7) will be
varied in the range from 1 to 100 N. The flight is
carried out in N = 15 turns.

Solution of the two-impulse transfer problem

Table 1 shows the results of calculations of the
parameters of the optimal two-impulse transfer
between non-coplanar orbits, that is, the values of
the transversal and lateral components of the
velocity impulses, the angles of application of the
first and second impulses are given as well. The
angle of application of the first velocity impulse
was varied from 0 to 360° with a step of 0.75°. It
can be seen that the minimum value of the
characteristic velocity that a spacecraft (SC) must
have for the transfer maneuver is 10.308 m/s.

Multi-impulse solution to the meeting problem

To obtain an impulse solution to the meeting
problem, the velocity impulses of the two-impulse
solution are distributed between 15 turns so that
condition (4) is satisfied. For this purpose, the
algorithm described in Section 3. The value of the
first velocity impulse is varied within the range
from -3.452 m/s to 0.5 m/s with a step of 0.023 m/s.

Table 2 shows parameters of the distributed
impulse solution

Table 3 shows the deviations of orbital elements
for each turn corresponding to the influence of
distributed velocity impulses.

This impulse solution can be transformed to
take into account the real thrust of the engine.

The process of obtaining a solution for 1IN
thrust is shown below.

At the first stage, the durations of the maneu-
vers are calculated, which for a real low thrust (1)
provide the changes in the orbital elements shown
in Table 3 at each orbit (except for the semi-major
axis). These durations are shown in Table 4.

Then the change in the semi-major axis
produced for a given duration of maneuvers is
calculated and a new target value of the semi-major
axis is formed for the next iteration. These data are
shown in Table 5.

The next iteration is performed and the para-
meters of the new impulse solution, the duration of
the maneuver and changes made of the semi-major
axis under the influence of low thrust and errors in
the correction of the semi-major axis are shown in
Tables 6, 7 and 8.

13
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Results of the calculation the parameters of the optimal non-coplanar impulse transfer problem ravie
@,° @;° AVy ,m/s | AV, ,m/s | AV,y,m/s | AV,, ,m/s | AV,,m/s | AV, ,m/s | AV,,m/s | AV, ,m/s | AV ,m/s
155 | 55.851 -3.452 2.367 -0.637 -6.372 5.819 7.01 3.51 6.798 10.308
Table 2
Distribution of the two-impulse solution by turns
N AVy ,m/s AV ,m/s AV, ,m/s AV,, ,m/s AV,,m/s AV, ,m/s AV, ,m/s AV, ,m/s AV ,m/s
1 -0.022 0.314 -0.004 -0.844 0.336 0.848 0.023 0.9 0.923
2 -0.052 0.291 -0.01 -0.784 0.343 0.794 0.053 0.837 0.89
3 -0.082 0.269 -0.015 -0.724 0.351 0.739 0.083 0.773 0.856
4 -0.111 0.247 -0.021 -0.664 0.358 0.685 0.113 0.709 0.822
5 -0.141 0.224 -0.026 -0.604 0.366 0.63 0.143 0.645 0.788
6 -0.171 0.202 -0.031 -0.545 0.373 0.576 0.174 0.581 0.755
7 -0.2 0.18 -0.037 -0.485 0.38 0.522 0.204 0.517 0.721
8 -0.23 0.158 -0.043 -0.425 0.388 0.467 0.234 0.453 0.687
9 -0.26 0.136 -0.048 -0.365 0.395 0.413 0.264 0.389 0.653
10 -0.29 0.113 -0.053 -0.305 0.403 0.358 0.294 0.325 0.619
11 -0.319 0.091 -0.059 -0.245 0.41 0.304 0.325 0.261 0.586
12 -0.349 0.069 -0.064 -0.185 0.418 0.249 0.349 0.198 0.547
13 -0.379 0.047 -0.07 -0.125 0.425 0.195 0.385 0.134 0.519
14 -0.408 0.024 -0.075 -0.066 0.433 0.141 0.415 0.07 0.485
15 -0.438 0.002 -0.081 -0.006 0.44 0.087 0.446 0.006 0.452
) -3.452 2.367 -0.637 -6.372 5.819 7.01 3.51 6.798 10.308
Table 3
Results of deviations of orbital elements by turns
N Aey;, x 1074 Aey;y, x 107* Ae; x 107* @i ° Aag; x 107* AV, x 107* Az; x 107* @;°
1 -0.41 -0.71 0.816 59.877 0.765 0.627 -0.915 55.578
2 -0.306 -0.691 0.755 66.096 0.629 0.589 -0.847 55.163
3 -0.203 -0.675 0.705 73.302 0.492 0.552 -0.779 54.68
4 -0.099 -0.66 0.667 81.466 0.356 0.514 -0.711 54.112
5 0.005 -0.644 0.644 -89.598 0.219 0.476 -0.642 53.435
6 0.108 -0.629 0.638 -80.254 0.083 0.439 -0.574 52.612
7 0.212 -0.614 0.649 -70.979 -0.053 0.401 -0.506 51.594
8 0.315 -0.598 0.676 -62.228 -0.19 0.364 -0.438 50.302
9 0.419 -0.583 0.718 -54.318 -0.326 0.326 -0.37 48.609
10 0.522 -0.568 0.771 -47.388 -0.463 0.288 -0.302 46.299
11 0.626 -0.552 0.835 -41.432 -0.599 0.251 -0.234 42.976
12 0.729 -0.537 0.906 -36.362 -0.736 0.213 -0.166 37.832
13 0.833 -0.521 0.983 -32.057 -0.872 0.176 -0.097 29.028
14 0.936 -0.506 1.064 -28.395 -1.009 0.138 -0.029 11.991
15 1.04 -0.491 1.15 -25.267 -1.145 0.1 0.039 -21.159

—
N



bapaHos A.A., Omsuo A.11. BectHuk PYH. Cepusi: HxeHepHble nccnenosanus. 2024. T. 25. Ne 1. C. 7-20

Table 4
Duration of the maneuver for N= 15
N Agq;° Agy; ° Ag;°
1 1.427 59.874 61.301
2 3.347 55.244 58.591
3 5.268 50.71 55.978
4 7.19 46.259 53.449
5 9.115 41.881 50.996
6 11.041 37.567 48.608
7 12.971 33.306 46.277
8 14.905 29.093 43.998
9 16.843 24.92 41.763
10 18.786 20.78 39.566
11 20.734 16.667 37.401
12 22.689 12.575 35.264
13 24.65 8.5 33.15
14 26.618 4.436 31.054
15 28.595 0.377 28.972
Table 5
Changes made of the semi-major axis under the influence of low thrust and errors
in the correction of the semi-major axis
N Aay; x 107+ Aa; x 107+ 8a; x 1074 Aay; x 1074
1 0.765 0.804 -0.039 0.727
2 0.629 0.659 -0.0304 0.598
3 0.492 0.516 -0.0235 0.469
4 0.356 0.374 -0.018 0.338
5 0.219 0.232 -0.013 0.2065
6 0.083 0.092 -0.0089 0.074
7 -0.053 -0.048 -0.0056 -0.059
8 -0.19 -0.187 -0.00278 -0.193
9 -0.326 -0.326 -0.00036 -0.327
10 -0.463 -0.464 -0.0018 -0.461
11 -0.599 -0.603 0.00375 -0.596
12 -0.736 -0.741 0.00565 -0.73
13 -0.872 -0.88 0.0076 -0.865
14 -1.009 -1.018 0.0097 -0.999
15 -1.145 -1.157 0.01203 -1.133
Table 6
Parameters of the new impulse solution for N= 15
N | AVy,m/s | AV ,m/s | AV,y,m/s | AV,, ,m/s | AV, ,m/s | AV, ,m/s | AV, ,m/s | AV, ,m/s | AV,m/s
1 -0.04 0.317 0.045 0.843 0.357 0.888 0.060 0.901 0.961
2 -0.066 0.294 0.029 0.791 0.36 0.82 0.072 0.844 0.916
3 -0.092 0.271 0.014 0.73 0.363 0.744 0.093 0.779 0.872
13 -0.375 0.046 -0.079 0.124 0.421 0.203 0.383 0.132 0.515
14 -0.404 0.024 -0.086 0.065 0.428 0.151 0.413 0.069 0.482
15 -0.435 0.003 -0.089 -0.009 0.438 0.098 0.444 0.009 0.453
> -3.501 2.378 -0.501 5.402 5.879 7.073 3.585 6.82 10.405
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It can be seen that the accuracy of the semi-
major axis formation has increased.

It took four iterations to solve the problem. The
information about the fourth iteration is given below
(in Table 9).

Fourth iteration. In the next iteration, an im-
pulse solution is first sought for the deviations of
the orbital elements at each turn.

Then, the duration of the maneuvers is deter-
mined and shown in Table 10.

The change made in the semi-major axis is
determined and shown in Table 11.

The good accuracy of the semi-major axis
formation was obtained, so the iterative procedure is
completed.

The duration of maneuvers is converted into
impulse values. These results are shown in Table 12.

Maneuvers are calculated in a similar way for
various thrust values from a given range.

The results are shown in the summary Table 13.

Table 7
Duration of the maneuver for N=15
N Agy;° Ay ° Ag;°
1 3.82 60.588 64.408
2 4.57 55.777 60.347
3 5.944 51.103 57.047
13 24.551 8.425 32.976
14 26.499 4.379 30.878
15 28.498 0.636 29.134
Table 8
Changes made of the semi-major axis under the influence of low thrust and errors
in the correction of the semi-major axis
N Aagy; X 107* Aa; x 107* 8a; x 107* Aaqy; X 1074
1 0.765 0.717 0.00483 0.775
2 0.629 0.617 0.0116 0.61
3 0.492 0.494 -0.0017 0.467
4 0.356 0.3614 -0.0055 0.333
5 0.219 0.225 -0.00569 0.201
6 0.083 0.0876 -0.00461 0.0694
7 -0.053 -0.0503 -0.00314 -0.0622
8 -0.19 -0.188 -0.00164 -0.194
9 -0.326 -0.326 -0.00022 -0.327
10 -0.463 -0.454 0.0011 -0.46
11 -0.599 -0.602 0.00233 -0.593
12 -0.736 -0.7283 -0.0124 -0.7425
13 -0.872 -0.869 0.00466 -0.867
14 -1.009 -1.014 0.00566 -0.993
15 -1.145 -1.15 0.00437 -1.129
Table 9
Parameters of the next impulse solution for N=15
N AV, ,m/s AV ,m/s AV, ,m/s AV, ,m/s AV, ,m/s AV,,m/s AV, ,m/s AV, ,m/s AV ,m/s
1 -0.031 0.315 0.019 0.848 0.346 0.867 0.036 0.905 0.941
2 -0.061 0.293 0.015 0.788 0.354 0.803 0.063 0.841 0.904
3 -0.093 0.271 0.016 0.73 0.364 0.746 0.094 0.779 0.873
13 -0.373 0.046 -0.084 0.124 0.419 0.208 0.382 0.132 0.514
14 -0.401 0.024 -0.096 0.065 0.425 0.161 0.412 0.069 0.481
15 -0.434 0.005 -0.093 -0.012 0.439 0.105 0.444 0.013 0.457
> -3.496 2.381 -0.517 6.382 5.877 7.039 3.562 6.834 10.396
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Table 10
Duration of the maneuver for N= 15
N A@y;° A@y; ° Ag;°
1 2.273 60.18 62.453
2 3.991 55.573 59.564
3 5.999 51.128 57.127
13 24.499 8.401 32.9
14 26.406 4.437 30.843
15 28.463 0.832 29.295
Table 171
Changes made of the semi-major axis under the influence of low thrust and errors
in the correction of the semi-major axis
N Aay; X 1074 Aa; x 107* 8a; x 107 Aaqg; x 107*
1 0.765 0.774 -0.00872 0.738
2 0.629 0.638 -0.009 0.6
3 0.492 0.492 0.000198 0.468
4 0.356 0.356 0.0000162 0.333
5 0.219 0.219 -0.0000054 0.2
6 0.083 0.0831 -0.000121 0.0672
7 -0.053 -0.0532 -0.000263 -0.0646
8 -0.19 -0.19 -0.0002505 -0.385
9 -0.326 -0.326 -0.0000469 -0.327
10 -0.463 -0.463 0.000289 -0.458
11 -0.599 -0.6 0.000481 -0.589
12 -0.736 -0.734 -0.00196 -0.745
13 -0.872 -0.875 0.0029 -0.857
14 -1.009 -1.01 0.001031 -0.987
15 -1.145 -1.145 0.000124 -1.127
Table 12
Parameters of the solution with low thrust for N=15
N | AV, ,m/s | AV, ,m/s | AV,y,m/s | AV,, ,m/s | AV, ,m/s | AV,,m/s | AV,,m/s | AV, ,m/s | AV ,m/s
1 0.035 0.33 0.006 -0.888 0.365 0.894 0.036 0.947 0.983
2 0.062 0.305 0.011 -0.82 0.367 0.831 0.063 0.875 0.938
3 0.093 0.28 0.017 -0.755 0.373 0.772 0.095 0.805 0.900
4 0.12 0.256 0.022 -0.688 0.376 0.71 0.122 0.734 0.856
5 0.148 0.231 0.027 -0.623 0.379 0.650 0.150 0.664 0.815
6 0.176 0.207 0.032 -0.558 0.383 0.59 0.179 0.595 0.774
7 0.204 0.184 0.038 -0.494 0.388 0.532 0.208 0.527 0.735
8 0.232 0.16 0.043 -0.431 0.392 0.474 0.236 0.460 0.696
9 0.261 0.137 0.048 -0.368 0.398 0.416 0.265 0.393 0.658
10 0.29 0.114 0.054 -0.306 0.404 0.36 0.295 0.327 0.622
11 0.319 0.091 0.059 -0.245 0.41 0.304 0.324 0.261 0.586
12 0.349 0.07 0.064 -0.187 0.419 0.251 0.355 0.200 0.554
13 0.379 0.046 0.07 -0.124 0.425 0.194 0.385 0.132 0.518
14 0.409 0.024 0.075 -0.065 0.433 0.14 0.416 0.069 0.485
15 0.441 0.005 0.081 -0.012 0.446 0.093 0.448 0.013 0.461
> 3.518 2.44 0.647 -6.564 5.958 7.211 3.577 7.003 10.580
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Table 13
Parameters of the solution with respect to maximal thrust magnitude
N AV, m/s M, kg
1 10.580 4.892
2 10.377 4.798
5 10.32 4.772
10 10.318 4.771
100 10.308 4.766

Conclusion

The paper describes an algorithm for calcula-
ting the parameters of the multi-turn, multi-impulse
meeting. The main advantage of the proposed
algorithm is its simplicity and reliability, which
allows it to be used not only in ground control
centers, but also on board a spacecraft. In the same
time, this algorithm makes it possible to obtain an
optimal solution to the problem in the case when the
initial phase belongs to the optimal phase range and
the total characteristic velocity of solving the
meeting problem coincides with the total character-
ristic velocity of the optimal solution to the transfer
problem. The algorithm makes it possible to obtain
a solution even in the case when maneuvers are
performed by low-thrust engines. Each stage of the
algorithm is transparent for understanding and
control. The examples given in the article confirm
the performance of this algorithm and the high
quality of the resulting solution.
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3asiBjieHUE O KOH(l)J'II(lKTe HHTEpeCcoB

ABTOPEHI 3asIBIAIOT 00 OTCYTCTBUH
KOH(JIMKTa UHTEPECOB.

Bkuiag aBTopoB

HepamenLHoe COaBTOPCTBO.

AnHoTanus. PaccMoTpeH yacTHBIN BOIIPOC ONTHMAJIBHOTO TNIAHUPOBAHUS
HKOHOMHKH Ha 6a3e Mojeneil MexoTpaciieBoro 6ananca, B KOTOPbIE JOMOJ-
HUTEJFHO BBEJCHBI HAIOTH KaK OWH U3 yHpasisiromux dakropos. [Ipose-
JIeH aHanu3 padoT, ONMUCHIBAIOIIMX MPUMEHEHHE METOAOB ONTHMAIbHOTO
YHpaBJICHUS B SKOHOMHUKE JUI MOJIEJIEH pa3InYHbIX THIIOB, a TAKXKE 0030p
MIPUKJIAQIHOTO IPOrPaMMHOTO oOecTrieueHust Al pa3pabOTKH 3KOHOMHUKO-
MaTeMaTHYEeCKUX MOJIeIIeil U BhIIIOJIHEHUs pacyeroB. [lonpobHo paccMoT-
PEeH MaTeMaTHUYECKHH anmnapar, IpUMEHsAeMbI IPU PeIIeHUH 3aauH, Olu-
CaHbl [TIOCTAHOBKA 3aJ1a4d MOJIEIMPOBAaHMS M IpaBUJia pacyeTa MaTeMaTH-
YECKOI MOJIENIN € MOMOIIIBIO TIPUKIJIAJJHOTO [TAKETa YUCIIEHHOTO U CUMBOJIb-
Horo mozenupoBanus Maple. IlpuBeneHa maremarudeckass MOJEb OITH-
MaJIBHOTO IJIAHKPOBaHHUS MAKPOIKOHOMMYECKOH CHUCTEMBI KaK ONTHUMallb-
HOM 3a71a4M Ha OBICTPOJICICTBUE, BBIJIE/ICH MATEMaTHUECKH anmapar IpH-
3HAaKOB ONTHMAJIBHOCTH. Y CTaHOBJIEHA 3aBUCHMOCTb PE3YJIbTAaTOB IUIAHU-
poBaHus OT BIUsHUA (akTOopa Hasoroobjaoxenus. MccienoBana cTeneHb
ONTHMU3AINH S3KOHOMUKH IIPH CaMOM OBICTPOM €€ TIepexo/ie U3 OJHOTO CO-
CTOSIHUSL U €€ 3aBUCUMOCTH OT OIPEJENICHHbIX COYETaHUH B KOMOMHAIMU
yOpaBsAomMX (GYHKIMH, TaKHX KakK IHOJHBIE 3aTpaThl, (OHTOEMKOCTD,
¢GbyHKUMU nOoTpeOieHNs, BEJUYMHBI COOMpPAaeMbIX HAJOrOB M IPOU3BOJ-
CTBEHHBIX MOIIHOCTEH U TIp.

KaroueBble cjloBa: oNTUMM3aLMs 3KOHOMUKH, HAJIOTH, MEXOTPACIEBOU
GanaHc, MaTeMaTHIECKOE MOAEINPOBAHUE, BBIUUCIUTENbHBIH nakeT Maple
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Abstract. We consider a particular issue of optimal economic planning based on models
of intersectoral balance which taxes are additionally introduced as one of the controlling
factors. The analysis of describing applications of optimal control methods in economics
for various models, as well as an overview of applied software for the development of
economic and mathematical models and calculations. The mathematical apparatus used
in solving the problem is considered in detail, the formulation of the modeling problem
and the rules for calculating the mathematical model using the applied package of
numerical and symbolic modeling Maple are described. The mathematical model of the
macroeconomic system optimal planning as an optimal task for speed is given, the
mathematical apparatus of the optimality conditions is highlighted, the dependence of
the planning results on the influence of the taxation factor is established. The degree of
economy optimization at its fastest transition from one state and its dependence on
certain combinations in the combination of control functions, such as total costs, capital
intensity, consumption functions, the amount of taxes collected and production capacity,
etc., are investigated.

Keywords. optimization of the economy, taxes, intersectoral balance, mathematical
modeling, Maple computational package
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BBepeHune

Ha OwicTponeiicTBytomux OBM. Bonbioii Bkian B
3TO HaIlpaBJieHUE HayKu BHec akagemMuk A.B. Kan-

[Ipobnema ONTUMANTFHOTO THIAHUPOBAHUS DKO-
HOMUKHM BCET/Ia SIBJIAJIACh aKTyaJbHOU 3ajiauei Jiro-
0oro rocynapcTBa U MpaBUTENbCTBA. ECTeCTBEHHO,
YTO B Hallleil CTpaHe B COBETCKOE BPEMs, STOMY BO-
MIPOCY YAENSAIOCH AOCTATOYHO OONBIIOE BHUMAHHE.
B 1950-1960-¢ rr. Hauamoch MHTCHCUBHOE H3yUe-
HUE Pa3IMYHBIX MOCTAHOBOK ONTHUMAJIBHBIX 3a/1a4
BO MHOTHX 00JacTAX HayKd, TEXHUKA U B DKOHO-
muke. OCHOBOM TIOCHYXWIH pa3paboTaHHas K
3TOMY BPEMEHHU TCOPHS ONTUMAIBHOTO YIIPABJICHUS
¥ BOBMOXXHOCTH PEATH30BaTh Ha MPAKTHUKE PACUEThI

TOPOBHY 1 OOJIBIIAS TPYIIA €T0 COTPYAHUKOB U T10-
cienoBareseil. 3HaUMTENbHOE YUCIIO MyOIuKanui
Ha ATy TeMY MOSBHIOCH B BhITyckax CHOUPCKOTO
otnenennu AH CCCP.

B psne pa6oT rpynmsl aBTopos' [1; 2] 6611 1aH
KpaTKuii 0030p MOCTaHOBOK 3aJ]a4 IJIAaHHUPOBAHUS
SKOHOMUKH, TOJIYYUBIIUX PACIPOCTPAHCHHE B Ha-
y4HO# nTeparype B iepuoa 1960-1970-¢ rr. Cpenu
HUX OBblJIa paCCMOTPEHA 3aJja4a ONTHUMAaJIbHOTO TI1a-
HUPOBAHUS SKOHOMHKH B 00I111eH moctaHoBke. [Tozxke
MOSIBUJINCH CEPhE3HBIE TeopeTndeckue paboThl 1Mo

! Cwm.: Byprosa U.B., Tenvpyo A [T, JToeunosckuii O.B., Ilecmaxos A.JI. MateMaTHdeckne METOBI K MOJCITH YIIPABICHHS TPO-
eKTaMu: y4. mocodue. Yensounck: Mznarensckuii uentp 0ypl'Y, 2018. 193 c.; Kyvopssyes E.M., Cumaxosa H.E. JkOHOMHKa TIPOU3-
BOJICTBA: Y4eOHHK: yueOHOE IeKTpOHHOE n3nanue. MunncrepcTBo oopaszoBanus u Hayku Poccniickoit @eneparuu. M.: HUY MI'CY,
2016; Hypees P.M. DxOHOMYKA pa3BUTHS: MOJEIH CTAaHOBJIEHHS PHIHOYHOM SKOHOMUKH: Y4eOHHK. 2-€ n31., nepepad. u nom. M.: FOp.

Hopma, HULT UH®PA-M, 2020. 640 c.
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000CHOBaHUIO TPHUMEHEHHsS] METOJOB ONTHMAaIlb-
HOTO YNpaBJICHUS B 3KOHOMHKE W, B YACTHOCTH, C
MIPUMEHEHUEM JTMHAMHYECKOH MOZEIN MeXOTpac-
neBoro 6ananca [3]. [Ipu 3ToM B KauecTBE yIpaBiIs-
fomiero (pakropa MCHONB30BATNCH MPOU3BOACTBEH-
HBIE MOIIHOCTH, U OI[CHUBAJIOCH €TO BIMSIHIE Ha KO-
HEYHOE TTOTpebIeHue.

OnHako oNTHMalbHOE TUIAHWPOBAaHUE YKOHO-
MHUKH HE MOXET OBbITh Ka4eCTBEHHBIM 0e3 ydera
CTOJb BaXKHBIX JUIs (DYHKIIMOHUPOBAHHS JIFOOOTO
rocygapcTBa HaloOTOBBIX cOopoB. Kpome Toro, mo-
CKOJNIBKY (hPHCKallbHASA M CTUMYIHpYOIne QyHKIIUN
10001 HAJIOTOBOM CUCTEMBI XapaKTEPU3YIOTCSI IPO-
TUBOIIOJIOKHOW HAIIPaBIEHHOCTHIO, TO TOUCK Pallu-
OHAJIBHBIX COOTHOIICHUN MEXIy HUMH U JIPYTUMHU
VOPaBIAOIMUAMA (PaKTOpaMH TpPH ONTHMAJIHLHOM
[JJAHUPOBAHWW IKOHOMHKH SIBISIETCS JIOCTAaTOYHO
aKTyaJbHOH 3aja4eil.

B Hacrosiiee Bpemst U1s pelIeHust 3JKOHOMHYe-
CKHX 3aJlau IIMPOKO MPUMEHICTCS Pa3IMYHBIA Ma-
TeMaTuyeckui ammapar [4; 5] u npuxkiIagHOe Opo-
rpamMMHoe obecrieucHue” [6—8], B YaCTHOCTH JMeK-
TPOHHBIC TAOJHIIBI, YTO IO3BOJISET MPEACTABIATD
JaHHBIE AJIEKTPOHHOW (opMe M 00padaThIBaTh UX
0e3 mpoBeaCHHsI PYUHBIX PACYETOB.

Hcnonp3oBaHne MaTeMaTHYEeCKOTO M MPOTpam-
MHOTO 00€CIIeueHHs I PEIICHUS] IKOHOMUIECKUX
3aja4 CYIICCTBEHHO YNPOIIACT MPOILECC BBHIYUCIIE-
HUs; hopMaIu3yeT U GOopMHUPYET HAOOP OMEPaTOPOB
JUISL PEIICHUS OMHOTUITHBIX 33734, JaeT BO3MOXK-
HOCTbH pelarhb 3aJa4d C apaMeTpaMy ¥ MPOBOIUTH
aHaJIN3 Pe3yJbTaTOB BEIYUCIIEHUH U BBITIOIHSTD IO/~
0Op TaHHBIX.

Hawubonee pacrpocTpaHeHHBIM CpPEICTBOM pa-
0OTBI ¢ TAOIMYHBIMU JAHHBIMHU SBJISICTCS IPOTrPaMMa
Microsoft Excel u cuctemMbl cHMBOIBHONW KOMITBIO-
TepHON Maremarwku, Takue kak MathCad, Maple.
Ho, HEcMOTps Ha BO3MOXXHOCTH, IPEOCTABIIsIEMbIE
MakeTaMu MPHKIAIHBIX TPOTpaMM, HE OBIAJICB
MpeaIMETHOH 00JIacThI0 MaTeMaTHYeCKOW 3KOHO-
MHUKH ¥ (yHIaMEHTaIbHBIMH MaTeMaTH4YeCKUMHU
MOHSTHSAMH, PEIIUTh YKOHOMUYECKHUE 3a]]a4H B MaTe-
MaTHYeCKOW TOCTAaHOBKE HEBO3MOKHO.

Lenbro maHHO pabOTHI ABISETCS TOCTPOCHUE
ONTHMANTBHON MOJAETH MaKpOIKOHOMHYECKOH CH-
CTEMBI HAa OCHOBE yUeTa YIPaBJSIOMINX U YIIpaBIIsie-
MEBIX ()aKTOpPOB, BKITIOYast PYHKITUHM HAJTOTOBOU CH-
cremsr [1].

B cBs3u ¢ 3TUM B 1aHHO# paboTe paccMarpuBa-
€TCsl ONTHUMAbHOE TUIAHUPOBAaHME SKOHOMHKH Ha
0a3e MUHAMHUYECKOW MOJENN MEXOTpaciieBoro Oa-
JaHca, ONUCAHHOH B paboTe’, B KOTOPYIO JOMOJIHH-
TEJHHO BBEJICHBI HAJIOTH KaK OWH U3 YIPABIISIOIINX
(hakTopOB.

B kauecTBe cpencTBa pelIeHUs 3aladyd ONTH-
MaJBPHOTO 3KOHOMHYECKOTO IJIAHUPOBAHUS B TAHHOU
paboTe mpUMeHeHa cucTeMa KOMITBIOTEpHON Mare-
Matuku Maple.

1. NMNocTaHoBKa BapMauMOHHOM 3a8a4m

3amaya ONTUMAIFHOTO TUIAHWPOBAHHS SKOHO-
MUKH paccMaTpHuBaeTcs Kak BapHallioHHas 3a1a9a Ha
ObICcTpozelicTBHE (3aa4a HAUCKOPEHIIIero nepexona
OT HCXOMHOTO (PMKCHPOBAHHOTO YPOBHS KOHEYHOTO
NOTpeGIeHNs K APYroMy 3aJaHHOMY ypoBHI0)* [9].

[Ipn mocTpoeHUH MOAETH ONTHMAIBHOTO IIa-
HUPOBAHUS SKOHOMUKH MIPUHSTHI CIEIYIOUTUE TIPEe/I-
MOJIOKEHUS U OTPaHUICHUS:

1. DKOHOMHKA COCTOUT M3 /1 Pa3MUYHBIX «UH-
CTBIX» OTpacCled, T.e. KaXKJas OTPacib MPOU3BOAMT
JIUIIb OIVH MPOAYKT, a KaXK1as OTPacib MPOU3BOIUT
TOJIBKO «CBOI» MPOAYKT; TyOIHMpOBaHUE MPOU3BOA-
CTBa OJTHOTO H TOTO K€ MPOMYKTa HECKOJIbKUMH OT-
pacisiMu OTCYTCTBYET.

2. IIpou3BOACTBEHHBIN MPOLECC paccMaTpHBa-
€TCsl KaK HENPEPBIBHBIN BO BPEMEHH.

3. MOIHOCTh KaXI0H OTpacin — HeyOBIBaro-
mast (YHKIHS BPEMEHHU, T.€. OTCYTCTBYIOT PEKOH-
CTPYKIIUSI U KOHBEPCHSI, a TaKXKe KalUTaJIbHBIA pe-
MOHT U BBIOBITUE MOIIHOCTEM.

4. He yuuThIBaloTCSl 3aTparThl Ha Hay4YHO-TEX-
HUYECKHUI Tporpecc u u3MeHeHne kod(dduunreHToB
MpSIMBIX 3aTpaT, T.€. 3JEMEHThl TEXHOJIOTMYEeCKOH
MAaTPHIIBI SBISTFOTCS ITOCTOSHHBIMHU BETMIHHAMH.

5. OTCYTCTBYIOT OTpaHWYCHHS Ha TMOTpeldIIsie-
MBIE PEeCypCHl Kak TPYIOBbIC, TaK U MIPUPOIHBIC.

2 Uenamves FO.I. MatemaTuueckoe MOJCIUPOBAHNE ()yHIaMEHTAIbHBIX 00BEKTOB U ABICHHUII B CHCTEME KOMIIBIOTEPHOI MaTe-
MaTuku Maple. Jlekiuu Juts IIKOJIBI 10 MaTeMaTHIeckoMy MozenupoBanuio. Kasans: Kazanckuii yausepcurer, 2014. 298 c.
3 Hypees P.M. DXOHOMHUKA Pa3BHTHS: MOJEIH CTAHOBICHHS PHIHOYHOI YKOHOMHKHM: y4eGHUK. 2-¢ U3]1., mepepald. u 1om. M.:

IOp. Hopma, HULL UHOPA-M, 2020. 640 c.

4 Cm.: Kyopseyes E.M., Cumaxosa H.E. DKOHOMHKA IPOU3BOACTBA: yueOHUK. M.: MOCKOBCKHIl TOCYIapCTBEHHBIH CTPOH-
TenbHBIN yHUBepcuTeT. Al [Tn Op Menna, 95C ACB, 2017; Hosuxos A.d. DKOHOMUKO-MaTEeMaTHIECKHE METOIBI 1 MOJIEIIH: yue0-
HUK JUis OakanaBpoB. 3-¢ u3a. M.: U3aarenbcko-Toprosas koprnopanus «/lamkos u K», 2020.
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6. OTCYTCTBYIOT 9KCIIOPT ¥ UMITOPT KOHEYHOTO
MPOIYyKTa

7. XenaeMbie ypOBHH KOHEYHOTO MOTPEOICHUS
HE 3aBHUCST OT BPEMEHH, a SIBIITIOTCS TOCTOSHHBIMH
BEITMYNHAMH.

OrpaHnueHusT 5—7 HENPUHITUITHAIBHBI U TIPH-
HATHI B IEJIAX YIPOIICHUS 3a/1a4H.

2. AuHaMmu4yeckasa mogerb
MeXoTpacneBoro 6anaHca

Bynem omuchIBaTh 9BOJIONUIO SKOHOMHUKH I10-
CPEICTBOM JIHHAMHYECKOH MOJENN MeKoTpacie-
Boro Oamanca [15] B Buae cucTeMbl OOBIKHOBEHHBIX
muddepeHInaNbHBIX ypaBHEHHUI:

5(6) = AV(1)+ BV () + B(t) + N(t), (1)

e ¥(t) = (V' (¢),...,v" (f)) — BEKTOP-CTONGEN BB C-
KaeMbIX OTpacliIMH MPOJIYyKTOB, { — BpeMms,
v'(f) — KkoaM4ecTBO i-ro MPOAYKTa, BBITyCKae-
MOTO B IMHHILY BpeMeHU; V(1) = (V' (),....V " (t)) —
BEKTOP-CTONOEI OTPaciIeBBIX MOMIHOCTeH, V' () —
MaKCHUMaJIbHO€ KOJHMYECTBO i-IO MPOAYKTa, BBI-
Vi) =0;
I3(t)=(Pl(t),...,P"(t)) — BEKTOp-CTONOeI] KO-

nyckaeMoro B CAUHHULY BpPCMCHU

Heunoro norpebnenns, P'(f) — xommuectso i-ro
NpOJAyKTa, HWIYINIET0 Ha KOHEYHOE IOTpeOdsIeHue;
N(t) = (N'(#)....,N" (t)) — BexTop-cTOIGEI HAMIO-
TOBBIX OTdHCIIeHHH, N'(f) — KOJMYECTBO HANOTO-
BBIX OTUHCIICHUN MO I-My HOPOAYKTY (OTpaciu),
A:Ha;” — Marpula NpsSMBIX 3aTpat

i=l,.nj=l,n

(TexHONMOTHYECKAsT MaTpHLa), a;. — KOJHMYECTBO
OpoNyKTa j, HEOOXOAWMOIOo JUIsi TPOU3BOJICTBA
NpOAyKTa 1

5=y

(kodhunMeHTHl TPSAMBIX 3aTpar);

— MaTpula yACJIbHBIX (bOHI[O-

i=l,...n;j=1,..n

E€MKOCTEH, b;— KOJTMYeCTBO (hOHI000Pa3yIOIIETo
MPOIYKTa j, TpeOYIOIMEToCs I €AMHIYHOTO TIPHPO-
cta npoaykra i (koadduuuentsl GpoHrOEMKOCTN);
V =dV/dt — upupoct (CKOPOCTb H3MEHeHwUs)

MPOU3BOICTBEHHBIX MOLIHOCTEH, mpudem V' > 0.
Kpome TOro, mmeer mecro orpaHuyeHHE II0
MOIIHOCTH:

24

0< V() SV (1), 2)

KOTOpPO€ MMEET IPOCTOI CMBICI: BBIITYCK HE MOXKET
MPEBOCXOANTH MTPOU3BOJACTBEHHBIX MOIITHOCTEH.
BanancoBoe cootHomenue (1) onpenenser pac-
MpeJieieHne YIOMSIHYTBIX BBIITYCKOB: TIPOM3BEICH-
HBII TPOAYKT V(f) MCHONB3YETCsl, BO-MEPBBIX, KaK

ceipbe AV(t), BO-BTOPBIX, Kak (OHI000pa3yrOIIuii
IPOAYKT BV (f), B-TPETbUX, KAK MPOLYKT KOHEYHOTO
notpeGnenns  P(t), U, HAKOHEL, B-Y€TBEPTHIX, KaK

HaJIOTOBBIe OTUMCIEeHUA N (¢). FIMeHHO mociennee

cllaraeMoe W OTIIMYaeT ATy MOCTAHOBKY JAHHOM 3a-
naun ot mnokenHoi FO.I'. UrHaTheBbIM>.

3. dopmynupoBka BapuaLuoHHOM 3a/a4v

Chopmymupyem 3amady HaUCKOPEHIIIero mepe-
X0JI1a YKOHOMUKH, OIIMCHIBAEMON TMHAMHYECKON MO-
JeNbl0 MexkotpacieBoro Oamanca (1), (2) mexny
JIBYMsT QPUKCUPOBAHHBIMU YPOBHSIMH KOHEYHOTO TO-
TpebieHus. C y4eToM NpEeroIoKeHUH U yIpoIle-
HUH 3a7]aua HA MAaKCUMaJIbHOE OBICTpOJIciicTBHE OY-
JIET UMETh BH]T

T = min,
B(t) = AV () + BV (1) + B+ N(1),  0<¥5(1) <V (1),
P()=P (1), te[0,T], P(t)=P, te[T,»),

)

N@)= N, (1), te[0,T], V(0)=V,, l?(t) >0,

IIpU 3TOM JOJIKHBI CO6J'I}O)_'[3TLCSI JOIIOJITHUTCIIbHBIC
YCIIOBUA

f{,(t) < B(t) =const,
(E - A)V, = const > B,(0)+ N, (0),

4)

rne £ — equHWYHAS 11X 7 MaTpHIa.

B kommaktHO# 3ammcu 3amaun (3) mepBas
CTpOKa ompenaeiser MeileBod (yHKIMOHAT 3a-
Jladd — BpeMsI Tepexoia YKOHOMHUKHU U3 OTHOTO CO-
CTOSHHUS B APYTO€, a BTOpas CTPOKa MOBTOPSIET OC-
HOBHOE 0ajaHcoBoe cooTHoueHnue (1) u orpanude-
HUe 110 MOITHOCTH (2). TpeThs cTpoKa OTpaxaer Tpe-
OoBaHHUE TOTO, YTO B TIPOIIECCE MTEPEX0/1a SKOHOMUKH
W3 OJTHOT'O COCTOSIHUS B JPYTO€ KOHEYHOE TIOTpedIte-

uue F) () He JOKHO OIyCKAThCs HUKE HEKOTOPOTo

(PUKCHUPOBAHHOTO YPOBHS é)(t) . B To xe Bpems no-

CJIC MOOCTHKCHHA 3aJaHHOI'0 KCJIACMOI'0 YPOBHA



lMepenesnkura f0.B., Jluteur O.H., 3aamparos A.H. BectHuk PYIH. Cepus: NHxeHepHble nccnepoBanus. 2024, T. 25. Ne 1. C. 21-29

notpebnenus P (f) KOHeYHOE NOTPeOIeHHE TOTKHO

OCTaBaTbCs HEC HUIKC 3TOr'0 YPOBHA BO BCEC IOCJICAY-
HOIKUe MOMCHTBI BpEMCHH. quBepTaﬂ CTpOKa B IICp-
BOI1 YacTH OTpaxacT TOT (I)aKT, YTO HaJIOI'OBBIC IIO-

CTYILICHHS N () mOJKHBI UMETHh MECTO U OBITH HE
HIDKE YCTAaHOBJIICHHOT'O YPOBHS ]VO (t) mo BUJIaM TIpo-
JyKIHAH. PaBEHCTBO U HEPABEHCTBO OTHOCHUTEIBHO
IIPOU3BOJICTBEHHBIX MOIIHOCTEH /() OTpakKaeT TOT
(hakT, YTO B HAYANBHBI MOMEHT BPEMEHH UMEIOTCS
MPOM3BOACTBEHHEIE MOIIHOCTH I70 A 4TO BEKTOp-

byHKIUSA I7(t) siBsieTca HeyObIBaromieil. Taxxke

10 BCEM BEKTOP-(QYHKIMAM, BCTPEUAIOLINMCS B CU-
creme (3), cieayeT 3aMeTUTh, YTO OTACIBHBIC HX
KOMITOHEHTBI MOTYT OBITH HYJICBBIMH.

Cucrema HepaBeHCTB (4) coaepKUT He00Xoau-
MbI€ JUISl CYIIECTBOBAHHS ONTHMAJIbHOIO PELICHUS
HEPaBEHCTBA, KOTOPBIM J0JKHBI yI0BIETBOPSTH 3a-
JAHHBIA YPOBEHb MOTPeOICHUs, HaYalbHbBII BEKTOD
MIPOM3BOJCTBEHHBIX MOIIHOCTEH, a TaKke HaJoro-
BbI€ MOCTYIJICHUS. IMEHHO 3TH TpU BeKTOp-(QyHK-
UM 1 OyIyT SIBISATHCS YNPaBILSIIOLMMHU (DYHKLIUSIMU
B c(pOpPMYJIMPOBAHHOW 3ajade ONTHUMAJIbHOIO IUIA-
HUPOBAHUS 3KOHOMHKH C y4E€TOM HaJIOTOB.

4. CBepgeHne BapuaunoHHOM 3agauv
K KpaeBomn

st obneryeHus: TEOPeTHIecKOro paccMoTpe-
HUS 33a49H ONITHMAJILHOTO YIIPABJICHHS YKOHOMHUKH
npeoOpa3yeM ONTHUMAIBHYIO 3a7a9y Ha OBICTpOICH-
ctBHeE (3), 3aNMMCaHHYI0 OTHOCUTEIHHO BEKTOPOB II0-

TpeOIeHus ]3(t) u HanoroB N (f), Kk Kpaepoii 3a-
Ja4d OTHOCHUTEIBHO BEKTOpA MPOW3BOACTBEHHBIX
mormHocteit V(7).

[Tociie oueBMAHBIX MMPe0OpPa30BAHUN MTOTyIaACM

5(6) = (E = A [BV(£) + P(t) + N(D)], (5)

rae marpuna (£ —A)'l, Ha3bIBaeMasi TAK>KE MaTpuLen
KO2(DPHUITMEHTOB TIOJNHBIX 3aTpaT, CYIIECTBYEeT U
npeoOpasyeT 000N HEOTPHUIIATCILHBIM BEKTOP B
HEOTPHIIATEIBHBIN K BEKTOP, YTO CJICIYET U3 CBOM-
CTBa MPOJYKTHBHOCTH MAaTpPHIbI KO3((UIIUCHTOB
npsiMbeix 3atpatr A (cM., Harpumep, [3]).

[IpuHnrMas BoO BHUMaHHE HEPABEHCTBO (2), me-
penuieM paBeHCTBO (5) B BUE CIEAYIONIEro Hepa-
BEHCTBA!

V()2 (E-A)'[BV()+P@t)+N()], (6)

TOrZa YCJIOBUE Ha OTpE3Ke llq’(t)zf’l = const ,

Vte[T,), MOXET OBITh 3aMEHEHO YCIOBHEM B
Touke ¢ = T, a UIMEHHO:

V(I)2(E-A)'B. (7)

O0o03HaUYNM TCIICPb BCJIMUMHY HCUCIIOJIL30BAH-
HOM MOIITHOCTH MMOCPEACTBOM

AV(): AV(@)=V()-v();

IMPEBBIIIICHUC KOHCYHOI'O HOTp€6JIeHI/IH MUHHUMAJIb-
HOI'0 YpPOBHSA NOCPEACTBOM

AP(1): AP(t) = P(t)— P,(?);

NPEBHIIICHIE MOITHOCTH B MOMEHT /' TpebyemMoro
3HaueHus (5) mocpeactBoM AV, U, HaKOHell, Be-
JUYUHY COOMpPAeMBIX HAJIOTOB IOCPEICTBOM
N(t) = N,(¢) (oxuaaTh NpPEBBILICHUS COOMPAEMBIX

HaJIOTOB BBIIIE YCTAHOBJIIEHHOTO YPOBHS HeEpe-
anbHOo). Ha sTame moctaHOBKM 3amaud CTPYKTypa

nanoros N(¢) me meranusupyercs.

Takum 00pa3om, onTUMalbHas 3a7a4a Ha ObICT-
poxnetictBrue (3) MOXKeET OBITH Temepb cPopMyIUPO-
BaHa B BUJIC KPAeBOIi 3a]]aul OTHOCUTEIILHO BEKTOPa

MOIIIHOCTEMN I7(t) :

T = min,

V()= (E— A" BV (t)+(E — A [AP(t) + N(6)] +
+AV () +(E-A)'B(1), (8)
VO)y=V,, V(T)=(E-A)'B+AV,

V)20, AP(t)20, N(520, AVF(1)>0, AV 0.

B kpaeBoii 3amaue (8) ciemyer BBIOpaTh CBO-
Gomubie (ympassroume) GyHKumu  AP(7) , AV (¢)
N(r) ¥ napamerpsl AV, Takum 00pa3oMm, 4To0bl Bbl-
MOJTHSTUCH KPAEBBIC YCIOBUS IS BEKTOP-(YHKITUH
¥ (), yCTIOBHE HEOTPULIATEILHOCTH CKOPOCTH Ij(t) u

Py 3TOM Bpems nepexoja 1 ObLI0 MUHUMAJIbHBIM,
3ameuanue. B nanHoi 3amaue ONTHUMU3AIAA

cBobombIe GyHkmmn, AP(f), N(1), AV(t), Bxons-
1€ B COBOKYITHOCTh YPaBHCHHI M HEpPaBeHCTB (8),
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ClIeyeT CYMTaTh HEKOTOpPOil KoMOMHAaIMen (ynpas-
astromux) GyHKIMK, HapUMep:

W(t) = (E— A[AP@) + N(©)]+AV(t), (9)

B KOTOPOH KaXIO€ COCTAaBISIONIEe MOXKET H3Me-
HATHCS BOOOIIE TOBOPS ITPOU3BOJILHEIM 00pa3oM, HO
TEM HE MEHEE B COOTBETCTBUU C OIpaHUYCHUSIMU (&)
u (9). llosToMy ecnu B pe3yibTaTe pacyeToB HCKO-

mast yHKums mougHocTei V (t) 6yaer Kakum-1o 06-
pa3oM HaiifieHa, TO, COOTBETCTBEHHO, M (YHKIUH
AP(t), N(t), AV(t) GymyT ompeseneHs! 13 KoM-

ounHarmu (9).
CrnemoBatenbHO, B KpaeBoii 3amade (8) BEIOOpY
noexuT BekTop-pynkuus W(t), ompenensemas

BbIpakeHueM (9). BBuay cripaBeyinBOCTH ClIEAyIO-
IMX HEPABEHCTB: AP(t) >0, N(t)>0, AV(t)>0, —
U3 M3BECTHBIX CBOMCTB MATPHILI (POHIOEMKOCTH
(E—A)"' cnenyer W(t) > 0. [locne onpenenenus
onTuManpHOro 3HaueHus W(t) Qynkmus AV(t)
naiiercs, ecnu sazamsl AP(t) m N(t), wmm,

Hao6opot, ¢pynkuus AP(t) Gyxer naiinena, ecin

sanansl pynkmmn AV (1) , N(t). Ecrectseno, ta-

KOW BBIOOp TpeOyeT COrIacoBaHHOCTH BBIOWpae-
MBIX (DYHKIMH, TTOCKOJBKY HE BCSKHE 3HAYCHHS
(maxxe HEOTPHULIATENBHBIX KOMIIOHEHT) (YHKIIHHA

AP(t), N(t), AV(t) SBISIOTCS HOIYCTHMBIMH.
JIefCTBUTENBHO, OJIOKHM JIJIsl IPOCTOTHI 00BSICHE-
mis N(t)=0, AV(t)=0, Torza us xombuHa-
num (9) nMeeM

AP(t) = (E — AW(t).
A OTO 3HAYUT, YTO JaXKeE HpI/I HGOTpI/IHaTeJ]bHI)IX

3HayeHusX GyHkuuu W(1) OTmeNbHbIE KOMIIOHEH-

Th1 yHKIME AP(t) MOTYT OKa3aThcs OTpHIATENh-

HeIMH. C Ipyroi CTOpPOHBI, KOHEUHO, MOTYT OBITh
HalJeHbl BCEBO3MOXKHBIE BapHAHTHI «Pa3OUBKI»
¢yrkuun W(I) Ha coOTBETCTBYIOIHME KOMIIO-

uenTsl. Hanpumep, mycts AP(t)= N(t)=0, Toraa
AV(t)=W(t) mpu 0<t<T u APT)=P-B(),
AV(T)=V(T)-(E-A'P u 1.

KonkpeTHble BapraHTBI BRIOOpa 3HAYECHUH OT-

NETBHBIX COCTABJIIONIMX KomOmHarmu (9) OyayT
MIPUBEJICHBI MPU PACCMOTPEHUHM COOTBETCTBYIOIIMX
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HEOOXOAMMBIX M JOCTATOYHBIX YCIOBHM ONTHMAaJb-
HOCTH 3aJ]auul.

OTMeTHM, 9ITO IpUBEICHHAS HEOAHO3HAYHOCTb
CBsI3aHa C BUAOM HUCIOJIb3YEMOro B 3a1aue (QyHKIU-
oHana. OH OKa3bIBaeTCsl HEUYBCTBUTENEH K TEKY-
IIMM 3HAYCHUSIM BEKTOP-QYHKUIUH TMOTpeOIeHUs

f’(t) , HO pearupyer Ha MPEBBIIICHUE KOHSYHOTO 10~

TpeOJeHHS MUHHMAIbHOTO YPOBHS MOTpeOICHUS
Als(t). i pyHKIIMOHAIOB APYroro BHJA, HAIIPH-
Mep WHTETpaia OT HeKOTopol (GpyHKIum moTpedie-
HUS, YIOMSHyTas HEOIHO3HAYHOCTh MOXET He
HMETh MECTa.

Hakownen, copmyrpyeM OKOHYATEIBHYIO TT0-
CTAaHOBKY KpaeBOW 3aJadyd OTHOCHTEIHFHO BEKTOpa
MOIIIHOCTEH \7(t) . Jlis 5TOM 1enu BBEAEM CIEAYIO-
e 0003HAYCHHS:

V=0,(E-AB=M,(E-A"RO=V,| (19
(E-A'R=V,, AV, =w.
B PpE3yIbTaTC OIITUMAJIbHAA 3a/la4a Ha 6I>ICTp0—

nericteue (8) ¢ yaerom obo3nadenHwuit (9), (10) 3amm-
ETCd B CTAHAAPTHOM JIA 3aJa4 TaKOT'O TUIla BUJC:

T = min,

V=i, VO=M i)+a)+,0.|
V(0)=V,, V(M)=V +W,

020, WH)20, W20.

Takum oOpa3zoMm, TOCTaBlieHa 3ajadya OMNTH-
MaJbHOTO0 HAMCKOPEHIIEro nepexona 3KOHOMUKH,
OTIMCHIBAEMOTO TUHAMHYECKOW MOZEITBI0 MEXKOTpac-
JIeBoro OanaHca U3 HEKOTOPOTO HAYaJIbHOTO COCTOS-
HUsI (MCXOAHBIH ypOBEHBb MOTPEOJICHHS) B 3alaHHOE
KOHEYHOE COCTOSHHE (KellaeMblii YPOBEHb MOTPED-
JICHUS).

JaHHas ocTaHOBKa MpEACTaBisieT coboi orl-
TUMaJIbHYIO 3a7ady Ha ObIcTponeiicTBue (cucrema
OOBIKHOBEHHBIX TU(hepeHITnaIbHBIX YPaBHEHHH,
MIPECTaBIICHHASI BO BTOPO CTpoke BhIpaxkeHus (10)).

Tenepsr HEOOXO0MMMO C(HOPMYIIMPOBATH HEOO-
XOJTUMBIE M IOCTATOYHBIC YCIOBHS ONTHMAaIbHOCTH.

5. Mpu3Hakm oNTUManbHOCTU

BBenem B paccMOTpeHHE HEKOTOPYIO BEKTOP-
HYIO (PYHKLHUIO BpeMEHH 1, a IMEHHO

P(t) = (P, (1),--., Po(D)) 5
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KOMIIOHEHTBI KOTOpOil p,(f) SBISIOTCS KycodHO-

HENpPEePHIBHBIMUA  (DYHKIMSMH BPEMEHH. 3aluileM
CKaJSIPHOE MPOM3BEJCHHE TOJBKO UYTO BBEJIECHHON

BEKTOp-(QyHKIMH ]% (t) v BeKTOP-(PyHKIMU MOIIHO-

creit V' (¢f) w HaiizeM MPOU3BOAHYIO 1O BPEMEHH B

cuity nuddepeHIManbHbBIX YPaBHEHUN, BXOSIINUX B
cucremy (11). Iomyqaem

d__ = - = s

E[p(t)V(t)] =pV+plV=
=f5[Mﬁ+Vv+I70(t)]+13ﬁ= (12)
=(13'M+,3)a+;éwﬂ§0170(t).

[TpouHTErprpoOBaB MPaByIO U JIEBYIO YaCTH BbI-
paxenus (12) mo Bpemenu Ha otpeske ¢ € [0, 7],
nMeeM

T _ _ .
[d @V ®O]=pTV(T)- pO)V(0) =
0

r . . ..
= [[(pM + p)u + pwldt + | ﬁVO(t)dt. (13)
0 0

B ucxomnoii 3agade (10) TpeboBaIOCH MUHIMU-
3UpOBaTh BpeMsl nepexojia 1 U3 Ha4aJIbHOTO COCTOSI-

HUs 17(0)=I70 Ha MHOXecTBO V(T)2V,. Bmecro

9TOH 3a71a4uk OyIeM pacCMaTpHUBATh CIEIYIONIYIO DK-
BUBAJICHTHYO 33/]1a4y: 331aH0 HA4yaJIbHOE COCTOSTHHE

V(0)= 170 , BpeMs nepexoja 7, HUKHUE TPAHULIBI Vli

151 BCeX KOHEUHBIX KoMIoHeHT V'(T) BeKTopa MOII-
HoCTell, kpoMme oxHoil, Hanpumep V'(T), KOTOPYIO
Heo0X0aMMO MHHUMU3WpOBaTh. [lpuBeneHHas mo-
CTaHOBKA 3aJa4d JKBUBAJICHTHA IIOCTAHOBKE MEp-
BOM, MO3TOMY BOCIOJNIB3yeMcs cooTHomeHueM (13)
JUISL BTOPOU (hOPMYITHUPOBKHA Ha MAaKCHMYM KOMIIO-
HernTsl V'(T) npu GUKCHPOBAHHOM BpEMEHH Iiepe-
xopna T. [Tonoxwus pi(T) = 1, uTo HE yMaiseT 00IIHO-
CTH 3a7a4H, IepenuiieM Beipakenue (13) B Buzae

VT == p (TN +w)+ BOY, +

i=2

+
S

B, (Odt + [[(PM + p)ii + pivlde. (14)
0

U tenepsr mmeeM BO3MOKHOCTb MEPENTH HEIO-
CPEICTBEHHO K (HhOPMYJIMPOBKE YCIOBHH ONTHUMAb-
HOCTH.

6. HeoO6xoaumblie n oocTaTou4Hble
YCJIOBUS ONTUMAJIbHOCTU

ChopMymupyeM HEOOXOIUMBIE U TOCTATOIHBIC
YCiI0BUA OINTUMAJIBHOCTHU 3aJadd B OTHOLICHUUN

dyHKuwmit i(7) , W(f) 1 napamMeTpoB W
1. Habop ¢yukuuit u'(¢) , w'(f) onrumaneH To-

I1a ¥ TOJBKO TOT/A, KOTJla CYIIECTBYIOT (hyHKIIHH
p,(¢) , obnanaromue cneyrOUUMU CBOHCTBAMM:

(PM +p), =0, ecn u' >0,

n (PM+P). <0, ecnn u' =0

P, =0, eciu w >0,

u p. <0, ccmw =0. (15)
2. Habop mapametpoB Mfl OTITHMAJICH TOT/a W

TOJILKO TOT/Ia, KOT/Ia KOHEYHbIE 3HAYEHUsS (DYHKIMi
;(T) ynoBneTBopsIoT ycnoBusm:

p(T)=0,ecu w{ >0,
up(T)20,ecm w =0 (i=2,..,n). (16)

Jliis nokaszaTenbCTBa MPUBEIACHHBIX YCIOBHM C
UCTonb30BanueM npuHimna Makcumyma J1L.C. TloHTpsi-
THHA, a TaKKe [T MPOBEACHUS Napajuiene ¢ 3a1a-
YaMH JIMHEHHOTO MPOrPaMMHPOBAHHUS MTOJIE3HO BBE-
CTH CJIeTyIOITe 0003HAUCHIS:

PM+p=vy, p=0. (17)
C yderom o6o3HaueHuit (17) HeoOXomUMEIE U
JIOCTaTOYHBIE YCIOBUS ONTUMAIBHOCTH (16) mpumMyT

CIeNyOLUN BU;

v, =0, ecm u' >0,

v, <0, ecmn u' =0

®, =0, ecm w >0,

no <0, ecm w =0, (18)
(Mi+Ww=V -V, (), OM+p=Vy),

IJie B CKOOKaX MPHUBEICHBI KOHEUHBIC CBS3H MEXTY
CTapbIMH 1 , W W HOBBIMH \f , ® TEPEMCHHBIMH.
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3aknoueHne

Takum 00pa3oM, MOXKHO CIENaTh BBIBOJ O TOM,
YTO CTENEeHb ONTHMHU3AINN YKOHOMUKHU TIPH CaMOM
OBICTPOM €€ TIepexoie M3 OJTHOTO COCTOSIHUS B JIPY-
roe 3aBUCHUT OT OIPE/ICIICHHBIX COYETaHUI B KOMOU-
HaIlUM YMPaBJIAIOMUX (YHKIMA: TOJHBIX 3arpar,
(dhonmoeMkocTH, QYHKIUU OTPEOSICHUSI, BETMYNUHBI
COOMpaeMBbIX HAJIOTOB W TIPOM3BOJCTBEHHBIX MOII-
HOCTEH — MPH OrpaHUYEHUH HEKOTOPHIX U3 HHUX IO
BEpPXHEMY TpENIey B CHIIy €CTECTBEHHBIX (JaKTOPOB
JTUMHUTHAPOBAaHUS (U3NYECKUX DPECypcoB. SIBissch
CMEIIaHHOW CUCTEMOM C TOCTOSIHHBIM IJIOTHBIM B3a-
HUMOJCHCTBUEM DIIEMEHTOB rOCYJapCTBEHHOI'O KOH-
TPOJIL C COCTaBISIONIMMHU PBIHKA, BO3JEHCTBYIO-
MK Ha OPTaHW3aLHUIO MOTPEOICHHSI U TTPOU3BOJ-
CTBa, (YHKIIFIOHAJI COBPEMEHHOI AKOHOMUKH TIPE/I-
CTaBIIIET COOOM CIIOXKHYIO MOJIENb, YyTKO pearupy-
IOIYI0 Ha M3MEHEHUS B KQXKIOW U3 €r0 KOMIIOHEHT.
PacueTsl mpoMeXyTOUHBIX MapaMeTPOB MPOBEACHBI
B BBIYUCIIUTEIILHOM TakeTe Maple, mo3BoJstoniye
MPOBOJIUTH IPEOOPA30BAHUS CIIOKHBIX CHUMBOJIBHBIX
BBIPAYKEHUM.
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AnHoTtanus. TypOunsl Kaplan mupoko nCnonb3yloTcs Ha MajlOBOJ-
HBIX U KPYINHOTOHH@XKHBIX THIPO3JIEKTpocTaHuusAX. KoHCTpykuus
TaKuX CUCTEM OCHOBaHa Ha LlOJ]FOCpO'{HO;I MMPOU3BOAUTCIIBHOCTH. Tem
HE MEHee B OTPACIIN COOOMIAeTCsA 0 MHOTHX c0O0SX, KOTOPBIE IIPHBOJAT
K DSKOHOMHYECKUM NOTEPsIM C LECJIbIO KallUTAJIBbHOI'O PEMOHTaA WA
3aMeHbl YyacTu cucTeMsl. [103TOMy O4eHb BaKHO 3HATh COOH, UX IIPU-
YUHbl U, HAKOHEL, NpeJularaTh IOJIE3HbIE PELICHUs U1 UX IpenoT-
BpAalLliCHUs] UJIM PAaHHEro JiedeHus. B HacTosIeM uccie10BaHuN aBTO-
PBL COCPEIOTOUMIIUCH Ha OOHAPYKEHUU HEHCIIPABHOCTU JIOIATKU TYp-
6unbl Kammana Ha MpakcKoOW THIPOINTEKTPOCTAHIINH, a 3aT€M Ompesie-
JIIY HalpaBleHHe CBOUX Oynymux uccienopanuil. C moBpexIeHHOM
pabodeil TomaTKH OBITM NMPOBEJCHBI KBAHTOBOMETPUYECKHE HCIIBITA-
HUs, UCHBITAaHUS Ha PACTSKEHHUE, Ha CKaTHE, HA MUKPOTBEPAOCTb,
MeTauorpauueckoe ucciaeJoBaHue U UCCIEA0BAHNE ITOBPEXKICHHON
MOBEPXHOCTH. BBISCHUIOCH, UTO CBIphEM A H3TOTOBIECHUS paboueii
nonaTku TypOunbsl Kannana Obuta HepxkaBetomas ctans 304, momy-
YeHHas METOJOM XONIOIHOW BBITS)KKM WIIM HMPOKaTKH. Tak ke, ObITa
npoBeaeHa oOpaborka oTxkurom. Kpome Toro, ycTraHoOBJICHO, 4TO Mpe-
00J1a1aT0IIM MTOBPEXKCHHEM B HCCIIETyEeMOIl NeTaIH SABISIETCS CHIIb-
Has KaBUTaLUA.

Hcropust cratbu

IMoctynuna B pegakuuto: 7 ceHTsiops 2023 r.
Jopaborana: 15 nexadpst 2023 r.
IMpunsara k nmyonaukanuu: 25 nexadps 2023 r.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOPEHI 3asIBIAIOT 00 OTCYTCTBUH
KOH(INKTa UHTEPECOB.

Bxnanx aBTopos

HepasﬂenLHoe COaBTOPCTBO.

KnroueBble c0Ba: IMAPO3IEKTPOCTAHLUS, TUApoTypOuHbl Kamnana,
pabourne I0MaTKH, 0TKa3, KaBUTAINA

JJ1st nMTHPOBAaHUS
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plant / Bectauk Poccuiickoro yHusepcutera npyx0b1 HaponoB. Cepusi: MHxeHepHbie uccnenoBanus. 2024. T. 25. Ne 1.
C. 30-37. http://doi.org/10.22363/2312-8143-2024-25-1-30-37

Introduction

The Haditha hydropower plant, which was built
in the 1980s on the Euphrates River at the Haditha
dam and whose embankment was designed by the
Soviet Union’s Ministry of Energy, is the largest
fully operational hydroelectric facility in Iraq.
Moreover, its power station and equipment were
designed and built by various Yugoslavian com-
panies. This unit has a total capacity of 660 MW,
which contains six 110 MW vertical-type units of
the Kaplan turbines, as shown in Figure 1, and is
situated on the Euphrates River in Iraq. Table 1
presents the technical specifications of the studied
HPP. Kaplan turbines commonly sustain damages

from silt erosion [1-4], cavitation [5—7], and fatigue
[8-11]. Also, erosion of material surfaces due to
collisions of solid particles has been an old and vital
challenge in the hydro-engineering field. Rivers all
over the world are full of hard particles like quartz
and feldspar, and as a result, typical hydroelectric
power facilities are likely to experience several
cavitation-related problems. This is because the
pressure inside the hydro unit will frequently drop
low enough to equal water’s vapor pressure [12]. In
vapor- or gas-filled cavities, bubbles might be
generated in those regions, and they will have a
strong influence on the flow stability and the hydro
unit vibration behaviour [13]. Shock waves, micro
jets, and noise emissions will be produced when
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Haditha HPP technical specifications

Table 1

Type of turbine Kaplan model 6-K-50
Operating Hyo=46.6 M
Head Hun =18 m

) Qin case of H,. = 259 m®/sec
Unit Flow Rate Qin case of H,;,, = 223 m*/sec

Pmax =110 MW

Power P. =33.5MW
Runner diameter 6600 mm
Number of blades 6

=94

Hub tip ———.__.?__. '\,F“?' ‘%j

-;H""::"‘— ‘Runner blades

W
i
f.

00, g [

[ 3 )T Flow direction
- a " v

= it Ty +"‘--..,!‘h-._ B‘Iﬂ

Figure 1. As-Built drawing of Haditha HPP.
Source: made by Ministry of Electricity, Iraq

1 ) ‘/tl'b leakage vortex
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Figure 2. Various cavitation phenomena
occurred in Kaplan turbine
Source: photo by [19]

these cavities collapse due to the energy released.
The various bubble sizes will also cause a variety of
loud noises and vibrations to be produced by their
oscillation and collapse inside the flow [14]. The
most common type of cavitation occurs at the blade
tip clearance (the space between the blade tipand
the stationary shroud wall casing). In fact, two types
of cavitation occur in this region: 1-tip clearance
cavitation and 2-tip vortex cavitation [15; 16].
Because of the high pressure difference between the
pressure side and suction side of the runner blade, a
leakage flow departs from the high-pressure region
to the low-pressure region. The leakage flow has a
very fast velocity, which causes the pressure at the
tip clearance to drop. On the other hand, tip clearance
cavitation typically happens when pressures fall
below the saturation pressure. The leaking flow also
contributes to the tip vortex cavitation.

A jet flow is produced as the leakage flow exits
the blade tip gap [17]. A tip vortex is created when
the flow jet leaves the suction side and interacts
with the freestream flow at a separation line [18].
In this regard, the flow rolls up to form the Tip
Leakage Vortex (TLV), beginning at the leading
edge, and is strongly influenced by the shroud
wall confinement. TLV detaches the blade’s
suction side and develops downstream along the
runner blade. A tip leakage vortex is destined to
promote cavitation, leading to erosion, flow
instabilities, or noise during operation [19]. In the
Haditha HPP, the plant operation regime is
typically outside of the optimal design point and
frequently below the minimal required water head
because of the high demand for energy and the low
river flow rates. However, failures in turbine blades
are frequently reported by the engineering team at
various stages of periodic inspection. For example,
Figure 2 shows the different cavitation phenomena
occurred in the Kaplan turbine. But unfortunately,
with all the research done in this field, the use of
prevention techniques, and employing necessary
instructions, there is a need in different industries to
study each of the failures on a case-by-case basis to
determine and implement appropriate and effective
solutions for them. Therefore, the primary goal of
this research is to identify the material of damaged
turbine blade because the manufacturing factories
do not provide complete information about the
manufacturing process to the purchasing countries.
Next step is to identify the dominant failure mode
in this case study. Eventually, the subject of future
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research will be determined with the aim of helping
this industry.

1. Experimental procedure

In the first step, it is necessary to have samples
of the broken part along with its working conditions
[20-21]. Then, its raw material is identified, and in
this regard, similar materials are also categorized so
that, if necessary, alternative materials can be used.
For this purpose, various mechanical, material, and
metallurgical tests should be performed [22]. After
determining the material, the damaged surface
should be studied, and the main reason/source
should be found by considering different scenarios
of failure causes [23]. Finally, based on the
properties of the material and the source of damage,
a logical and practical solution should be provided
and the platform of its implementation in the
industry should be provided. Hence, a piece of
damaged runner blade in the turbine of Haditha
HPP was studied as a case study. To fabricate
standard samples for various tests, the real piece
was modeled in 3D (Figure 3) and the location of
different samples was determined on it.

Next, the details of various tests performed in
the current study are presented as follows:

1.1. Quantometric test. This test was conducted

using the metal scanning device type ARUN 1650
(Figure 4) according to ASTM A240. The test was

.,&"l

Figure 3. 3D model for the runner blade piece of turbine
Source: made by the authors

done at three different points so that more accurate
results can be obtained.

1.2. Tensile test. This test was conducted using
a 100KN computerized electromechanical universal
testing device (Laryee), according to ASTM stan-
dard A370, for two samples with dimensions as
shown in Figure 5.

Figure 4. Metal scanning device model ARUN 1650
Source: made by the authors
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DIMENSION 31735.':13 vsv': de;";‘:r':
G- | Gage length (Notes 1 and 2) 25.0 6 0.08
W- | Width (Note 3, 5 and 6) 6.25 6 0.05
T- | Thickness (Note 7) -
R- | Radius of fillet, min (Note 4) 6
L- | Over-all length, min (Notes 2 and 8) 100
A- | Length of reduced section, min 32
B- | Length of grip section, min (Note 9) 32
C- | Width of grip section approximate (Notes 4, 10 and 11) 10

Figure 5. Shape and dimension of tensile testing sample
Source: made by the authors

1.3. Compression test. This test was conducted
using a 100KN computerized electromechanical
universal according to ASTM standard E9. A
cylindrical sample with a length and diameter of 20
and 10 mm, respectively, was used for this test.

1.4. Microhardness test. A digital microhard-
ness tester was used to measure hardness on three
different points of the specimen according to ASTM
E384.

1.5. Metallographic examination. A digital
microscope was utilized in this test for one
specimen according to ASTM A923. Before that,
different preparation steps, including mounting,
grinding, polishing, and etching by Nital (2 %
HNO; + 98 % ethanol) were performed.

1.6. Study of the damaged surface. In this
section, the damaged surfaces were examined, and
the authors have tried to consider the visible charac-
teristics of them such as cracks, the starting point of
the cracks, etc. Finally, the main cause of failure in
this case study was reported by considering different
scenarios.

2. Results and discussion

The chemical composition, wt %, of the material
as the results of quantometric analysis for three
different point are presented in Table 2.

Table 2
The chemical composition, wt %, of the material as the results of quantometric analysis
Point No. Fe Si Mn Co Cr Cu Mo Nb Ni Ti \") w
1 82.7 0.892 0.395 <0.20 | 8.10 0.143 0.231 <0.060 | 4.77 <0.100 0.0348 | <8.0
2 78.5 0.988 0.254 <0.20 11.6 0.138 0.169 <0.060 | 5.68 <0.100 0.0259 | <8.0
3 78.1 1.13 0.383 <0.20 12.2 0.138 0.156 <0.060 | 5.17 <0.100 0.0376 | <8.0
Table 3
Microhardness results for three points on the specimen
Point No. Testing force, N Duration time, Sec HV, N/mm’®
1 2.94 15 309.9
2 2.94 15 318.2
3 2.94 15 310.8
Mean 2.94 15 312.96
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The results show that the main base of this
material is iron. Also, it contains 8—12 % Chromium
and 4-6 % Nickel. Therefore, so far it can be
concluded that the primary material for manu-
facturing the runner blade of turbine was stainless
steel and grade 304 in AISI standard. In addition,
the tensile test results reported an average value of
702 and 825.5 MPa for the Yield Stress (YS) and
Ultimate Tensile Strength (UTS) of the part,
respectively. In comparison with the mechanical
properties of 304 stainless steel, these values indicate
that heat treatment such as annealing and then
tempering has been done during the manufacturing
process. This issue was confirmed by the results
obtained from the compression test. Because the
results were obtained about 3 to 4 times the
compressive properties of 304 stainless steel. Next,
the results of microhardness measurement are
reported in Table 3. As it is clear, this material has
an average hardness of about 313 HV. Therefore, its
production method can be cold drawing, and on the
other hand, there is not a tempering operation
because it greatly reduces the hardness. Therefore,
the material is made of 304 stainless steel and the
manufacturing method is cold drawing along with
annealing operation.

The results of examining the objective evidence
on the damaged surfaces show that severe cavitation
occurred due to very harsh working conditions,
which resulted in high structural vibration due to
dynamic loading, and finally, erosion damage of the
runner blade occurred. Moreover, structural crack
have been seen in the runner blades, and these

P

_'Z A crack_;\';er the rtmner
blade surface

problems are exacerbated as long as the units are
operating against their intended specifications. This
condition resulted in damage to the runner blades
in the Kaplan turbine of Haditha HPP, as shown
in Figure 7. In addition to the above-mentioned
damage, excessive off-design operation causes blade
damage, wear in various turbine parts, and even-
tually fatigue damage. Figure 8 demonstrates an
example of the structural damages that Haditha
plant turbines suffered.

Figure 6 presents the Optic Microscope (OM)
image of specimen with 10X magnification. From
this Figure, the main phase is austenite. But there
are numerous twins, which could be created by
annealing or by rolling. In addition, parallel lines
arose by the rolling during the technologic process.

Figure 6. The OM image of specimen
with 10X magnification
S ourc e: photo by the authors

Figure 7. Cavitation and cracks of the Haditha HPP Kaplan turbine:
image courtesy of the Ministry of Electricity, Iraq
Source: photo by the authors
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Figure 8. Damaged runner blades of the Haditha HPP Kaplan turbine:
image courtesy of the Ministry of Electricity, Iraq
Source: photo by the authors

Conclusion

In the present research, a case study was
conducted on the damaged part (runner blade) of
Kaplan turbine in Haditha HPP from Iraq. After
performing various tests and obtaining mechanical,
material, and metallurgical properties of standard
specimens, which are fabricated from damaged
runner blade, it was proved that the raw material for
manufacturing runner blade of Kaplan turbine was
304 stainless steel by employing cold drawing or
rolling process. In addition, annealing treatment has
also been done. To accurately determine the manu-
facturing steps, it is necessary to perform different
tests and different thermal treatments on 304
stainless steel and compare the results with the data
obtained from the damaged part. Furthermore, it
was found that the predominant damage in the
studied part was severe cavitation. In fact, cavi-
tation is a phenomenon that occurs in a variety of
turbomachinery applications and causes problems
with those systems. Some of these downsides
include damaging the components of the system,
generating noise and vibration, and losing the
turbine's efficiency over time. Thus, it is imperative
to address the issue of cavitation to increase the life
span of the equipment in addition to improving the
system performance. However, for the high flow
rate required by the Kaplan hydro turbine, which
requires good cavitation erosion resistance, 304
stainless steel is the most suitable material for this
type of application. Hence, the best solution is to
strengthen this steel against cavitation. In summary,
in their future research, the authors are looking for
useful solutions (e.g., coating) to improve the
properties of 304 stainless steel against cavitation,
wear, and erosion phenomena.
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3asiBiieHHe 0 KOH(DJIUKTE HHTEPECOB

ABTOPEHI 3asIBIAIOT 00 OTCYTCTBUH
KOH(JINKTa UHTEPECOB.

Bxnanx aBTopos

Hepas;[enLHoe COaBTOPCTBO.

AHHoTanus. [IpuBeneHsl pe3yabTaThl ONTUMU3ALUY IIpoliecca Gppesepo-
BaHus Ha ctanke Roland MDX-20: sMnupHyYecKud yCTaHOBJICHBI MaKCH-
MaJIbHO JIONyCTUMBIE U ONTUMAJILHBIE PEKUMBI PE3aHUs AeTalei u3 me-
HOILIACTa, TBEPAOTO U MATKOTO MOJIENBHBIX IUNIACTHKOB, IPEBECHHBI TBEP-
Joi nopoxsl. Ha nepsom 3Tane uccieaoBaHus U3y4eH MOJIHbIN epedyeHb
TUIIOB CTPATETHH IUII YEepHOBOW M YHCTOBOM 00pabOTOK, IpecTaBIICH-
Heix B CAM-cucreme Modela Player 4 (MP4), B pe3ynbrare BeiOpana or-
TUMaNbHas A 3aJyMaHHOTO JKCIIEPHMEHTa (OCYIIECTBICHBI 9 BUPTY-
aJlIbHBIX TECTOB), 3a aHAJIM3UPYEMbII IapaMeTp MpPUHATO BpeMs obpa-
6oTku. s MOHMMaHHS crenu(pUKN pabOThl Ha HCCIEAYEeMOM CTaHKE U
IIPOBEPKU MPUTOJHOCTU MCHOJIb30BaHUS IapaMeTpoB 00pabOTKU U THIA
CTpaTerHH OCYIIECTBJIEHA TecToBasi oOpaboTka meHoruiacta. OCHOBHBIE
KPUTEPUHU ONTUMU3ALUN — CKOPOCTb, BEIPRKEHHASL B BUJIE BPEMEHU 00-
paboTKH, U Ka4eCTBO IOJy4aeMoil moBepxHocTH. Ha BropoM sTarme uccie-
JIOBaHUSI — DKCIIEPUMEHT — OIMHUCAHBI METO/bI YepPHOBOH 00pabOTKHU TO-
PU3OHTaNBHBIX TMOBepxHOCTeH 20%20 MM Monenei, COCTOSIIHUX U3 yce-
YeHHOU nmupaMuibl 1 noiycgepsl, Ha GppesepHoM cranke Roland MDX-20
c ucnonb3oBaHnueM MP4. B kaduecTBe pexyIluX HHCTPYMEHTOB B 000HX UC-
CJICIOBAaHUAX NPHUMEHSUINCH IUIS YE€pPHOBOH OOpabOTKH LMIIMHIpPHYECKAs
¢dpesa Hanita 400305002 @6 mm, miast 9ucToBOi — cdepudeckas ¢pesa
Hanita 400103002 @3 MM. YCTaHOBJIEHBI PEKOMEHIYEMBIE PEKHMBI pe3a-
HUSI, TO3BOJIIFOLIIME COKPATHUTH BpeMsi 00paboTku neranei Ha 40-50 %, He
yXyJllas KauecTBa 00pabaThIBa€MbIX IIOBEPXHOCTEH.

KiroueBble cj10Ba: pexuMbl pe3anust, BpeMst 00pab0TKu, TUIBI CTPAaTETHii
00paboTKH, CKOPOCTh 00pabOTKH, KaUeCTBO MOBEPXHOCTH
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Abstract. The results of optimizing the milling process on the Roland MDX-20 machine
are presented: the maximum allowable and optimal cutting conditions for parts made of
foam, hard and soft modeling plastics, and hardwood are empirically established. At the
first stage of the study, a complete list of types of strategies for roughing and finishing,
presented in the CAM-system Modela Player 4 (MP4), was studied, as a result of which
the optimal one for the intended experiment was chosen (9 virtual tests were carried out),
processing time was taken as the analyzed parameter. To understand the specifics of the
work on the machine under study and to check the suitability of using the processing
parameters and the type of strategy, test processing of the foam was carried out. The main
optimization criteria are speed, expressed as processing time, and the quality of the
resulting surface. At the second stage of the study — experiment — methods for roughing
horizontal surfaces of 20x20 mm models, consisting of a truncated pyramid and a
hemisphere, are described on a Roland MDX-20 milling machine using MP4. As cutting
tools in both studies, a Hanita 400305002 ®6 mm cylindrical cutter was used for
roughing, and a Hanita 400103002 @3 mm spherical cutter was used for finishing. The
recommended cutting conditions have been established, which allow reducing the
processing time of parts by 40-50 % without deteriorating the quality of the machined
surfaces.

Keywords: cutting conditions, machining time, types of machining strategies, machining
speed, surface quality
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BBepeHune

npolecca U KauecTBO 00padaThIBaeMbIX ITOBEPXHO-
cteid. [Ipu 3TOM npu MoMcKe ONTUMAIBHOTO peXXUMa

3agaHue ONTUMAIbHBIX PEKUMOB PE3aHUS UIMEET
NPUHINIHATEHOE 3HAUYCHUE MTPH MEXaHHYECKOi 00-
paboTke neTarneil pa3IMYHOMN CIIOKHOCTH M Hampsi-
MYIO BIMSET Ha KauecTBO I10Jy4yaeMOH MOBEPXHO-
cti. Bompoc ontummzanuu pexrMMOB BBICOKOCKO-
pocTHOro (pe3epoBaHusl AeTaneld MO KPUTEPHUIO
MaKCUMaJIbHOW NPOU3BOAMTENBHOCTH PACCMOTPEH
B pabore [1], rae B kauecTBe 00pabaThHIBAEMOTO Ma-
Tepuana U3ydeH THTAHOBBIN cIulaB. Pesyibrar pa-
00TBI OJpa3yMeBal yCTaHOBJICHUE COYECTAHUS pe-
XKUMOB pe3aHus (IapaMeTpoB ONTHMHU3ALMM: Ya-
CTOTBI BpallleHHsI IIMUHIENS CTaHKa N, MoJayu Ha
3y0 S,, rayOuHBI pe3aHus 1), KOTOpOe ITO3BOJIHT
o0ecreynTh MaKCUMAaJIbHYIO HPOHU3BOAUTEIBHOCTD

00paboTKHN M3ydanach B3aUMOCBSI3b BEJTMIHHEI pac-
XOJIOB C YCJIOBUSMH NPOTEKaHUsI ITpoIiecca pe3anusl.
B x0/1e paGoTHI BBISBICHO, YTO KPUTEPUH ONTHMU3A-
1 F 3aBHCHT OT TpexX MEepeMEHHbBIX, YKa3aHHBIX
BIIIE:

F=n-S,-t = max. (D

A sxenaeMoe JOCTHKCHUE MAKCUMAJIbHOIO 3Ha-
4yeHus: F BBIMOTHMMO myTeM MoIuGHUKanuy 3Hade-
HUH IapaMeTpoB ONTUMHU3AINH B ONIPEICIICHHBIX J0-
MyCTUMBIX Tpeaesax.

AmnanoruyHasi pabota Oblia mpoBeaeHa B [2],
TZie ONpeeICHNE ONTUMAIBHBIX PEKUMOB PE3aHUS
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JUISE. BBICOKOCKOPOCTHOTO (Dpe3epOBaHUS THUTAHO-
Boro crutaBa BT22 ¢pezepamu ¢ BCTpOSHHBIM ASMII-
(hepoM BEITIOTHEHO Ha 0a3e MOIATLHOTO U TUHAMO-
METPUYECKOT0 aHAIU30B [3]: MEpBBIM U3 KOTOPHIX
OCHOBAaH Ha W3MEPEHUH COOCTBEHHBIX YAaCTOT TeX-
HOJIOTUYECKON CHCTEMBI W OTpeAeIICHHH 00JacTei
cTabuinbpHOTO 0e3BUOPAIMOHHOTO pe3aHus (B aua-
Ma30HEe YacTOT BPAIEHUS IINUHACIS CTaHKA); BTO-
poii — Ha MU3MEPEHUU MPOEKIHUH CUJI pe3aHus Mpu
00paboTKe ¢ TEIBI0 OMPENCICHHUS] ONTUMAaTbHBIX
KOHCTPYKTUBHBIX U TCOMETPUYCCKUX I1apamMeTpPOB
pexymero uHcTpyMeHTa (PU), pekuMoB pe3aHus u
cTpareruii 00pabOTKH ITO TAKOMY OCHOBHOMY KpHTe-
pUI0, KaK MUHUMAJIBHBIX PAcXO]] SJHEPTHUHU Ha yialie-
HUE eIMHUIIBI 00heMa MaTepuaia.

BriBoap! [1] 000CHOBAaHHO MOMTBEPKAAIOTCS B
[4], Toe aHamu3uMpyeTCcs BIMSHHE YCJIOBUN oOpa-
0OOTKM Ha OCHOBHBIC XapaKTEPUCTUKK KaueCTBa T0-
BEPXHOCTHOTO cJjiod JeTaneil. B naHHoM Tpyzne Ha
0a3e MOJOXKEHHS MTOCTOSHCTBA TeMIIepaTyphl pesa-
HUsl pa3paboTaH METOJA YCTAHOBJICHUS OINTHUMAJb-
HBIX PEXHMOB pPE3aHUS — METON YCKOPEHHOTO
ompeneneHus [4], aHaau3upysi 0COOEHHOCTH KOTO-
POTO MOKHO KOHCTaTHPOBATh, YTO B KauecTBe 0a30-
BBIX PaCCMOTPEHBI UCTIOIb3yeMEbIe B [ 1] mapaMeTpsl
[4]. A B [5] npoBeneHa ONITUMH3AITUS PEKUMOB pPe-
3aHUA JUIsl 00pabOTKM KapMaHOB 00CUYaiiKu KOCMH-
YECKOro Kopaodiis ¢ BaeabHOU KOHCTPYKIIUEH MPo-
W3BOJIBHON T€OMETPUHU C YYE€TOM HWCKIIOYEHHUS Je-
dbopmanmm gHA TIPU YUCTOBOM 00pabotke. Creru-
(vKa moaxo7a HEMHOTO OTJIUYHA OT MPEIbIIYIINX:
rmapaMeTphl peXKnMa pe3aHus (momada Ha 3y0 S, u
YTOJ BpPE3aHUS T) ONPENesSIOTCsl YpaBHEHHEM, TIPH
STOM BBIBEJICHBI JIOMTYCTUMbBIC IUANIA30HBI, B KOTO-
PBIX JIOJDKHBI HAXOIUTCS pacCMaTpUBaeMEbIC IMapa-
METPBI.

TunoBast cxema Ha3HA4YeHHUA W pacyeTa Pexu-
MOB pe3aHus mpu (pe3epoBaHUM, KaK OJUH H3 dTa-
OB ONITHMHU3ALIMN PEKMMOB PE3aHMsI, pACCMOTPEHA
moaApoOHO B [6].

B [7] nns ompeneneHns ONTUMAIBHBIX PEXH-
MOB 00pabOTKH HCIIOJIL3YETCSI YUCICHHOE MOJICITH-
poBaHHE TpoIecca MWIMHApPUIECKoro (pe3epoBa-
HUsl KOHIeBOW (ppe3oit. OCHOBHBIM OIICHUBAEMbIM
MapaMeTpoOM BBICTYIAKOT MAaKCUMAIBHO JIOMYCTH-
Mble 3HaUEHUS TUIACTHYECKHUX nedopManuii aetann
u PU. UzydeHs1 Moaenu ctaTiku 00padoTku B 3D-10-
CTaHOBKE 3aJlayll Ha OCHOBE KOHEYHO-3JIEMEHTap-
HOTO aHajn3a B MPOTPAMMHOM KOMILIEKCE ANSYs.
BriBor onTHMAaNbHBIX PEXXHMOB pEe3aHUs IMPOU3BE-
JICH TI0 Pe3yJbTaTy BBISBICHUS MX B3aUMOCBS3H C
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TOYHOCTBIO OOpabaTbeiBaeMoil aeranu, nedopma-
nuen getanu u PU.

ABTOp [8] OTHOCHT ONTUMHU3ANMIO K TJIABCH-
CTBYIOIIIEMY METOAY yHpaBieHus oOpabOTKH pe3a-
HUEM, TIpH 3TOM 0co00e BHUMaHUe, TI0 €ro0 MHEHHUIO,
HEOOXOAMMO YACIHUTh aHAIN3y 00pabaThIBaEMOTO
MaTepuana BBUAY Pa3indusl B MPUpoe PU3UKO-XH-
MUYECKHX SBICHUHM W MX WHTEHCHBHOCTH M paboTO-
CIIOCOOHOCTH MHCTPYMEHTA, & IMEHHO €r0 Pecypcy
U CTaOMIBHOCTH paboThl Bo BpemeHH. OTcloma u
HE0O0XOIUMOCTh ITOMCKA KOMIIPOMHUCCHOTO PELICHUS
(oITHMAaNTEHOTO PEXUMa PE3aHUS), TO3BOJIIIONIETO
obecneunTh CTaOMIBHOCTh MPOTEKAHUs Iporiecca
00paboTku. Takum 00pa3oM, aKTyaJIbHOCTh TIOJTHS-
TOW B Hamlel Hay4YHOH paboTe TeMbl HE BBI3BIBAET
COMHEHUS.

CoBpemennbie CAM-cucTeMsl MO3BOJISAIOT Op-
raHU30BaTh BHEJpEHUE 00Jice COBEPIICHHBIX TEXHO-
JIOTHYECKHUX IMPOIECCOB TOCPENCTBOM TOa00pa
HanbOosee 3(h()EKTUBHBIX CTpaTernii 0OpabOTKU M
BEIOOpA PEKUMOB pe3aHUsl B 3aBUCUMOCTH OT BHUIA
0bpabotkn, P m oOpabaTteiBaeMOro marepuaia.
OnwH U3 TaKuX MPOIYKTOB, KOTOPBIH MTO3BOIISIET Op-
raHU30BaTh ONTHMAIBHYI0 MEXaHHYECKYH o0Opa-
00TKy, — mporpamma Modela Player 4 (MP4).

MP4 otHocurcs k mpoaBuHyThiM CAM-cuc-
TeMaM C IMIUPOKUM MPO(eCcCHOHATBLHBIM (YHKIIHO-
HAJIOM, TO3BOJISIFOIIMM CO3/1aBaTh WU3JICNIUS BBICO-
KOT0 Ka4ecTBa: aBTOMATHYECKH CTPOUT M OTOOpa-
’)kaeT Tpaektoputo PU, mo3BosigeT 3ajaTh Hampas-
neHue Gppe3epoBanus, 00JacTH 00PaOOTKH, BBIMOJI-
HAeT 4-0ceByro 00padoTky [9]. K pyHKITMOHAIEHBIM
BO3MOKHOCTAM MP4, oOKa3bpIBaloIIMM BIHSHHE Ha
CKOPOCTh 00pa0OTKH M Ka4eCTBO 00padaThIBaeMOi
MOBEPXHOCTH J€TaNeH, OTHOCATCSI:

— 610 obpabomiku: BBHIpAaBHUBAHWEC, UYEPHOBAS
WJIN 9ACTOBas 00pabOoTKM, CBEpIICHUE;

— pedcyuuti uHCmpymMenm.: apaMeTpbl pe3aHus
3a/laHbl B IPOTPaMMe U MPUKPETUIEHB! K OTHOMY W3
20 mpemmoskeHHBIX BUIOB PU, nomyctumo cozmanue
HOBOT'O HHCTPYMEHTA,;

— Mamepuan.; TapaMeTpbl Pe3aHusl 3aJaf0TCs aB-
TOMAaTHYECKH IIPH BRIOOpE MaTepraia, CIIMCOK MaTe-
pHYAJIOB OrpaHUYEH M MPEJCTABICH HanOOJee 4acTo
UCTIONB3yEMBIMU TPU (PpPE3epOBAHUU, JTOIMYCTUMO
BHECCHHE M3MEHEHUI B OMOIMOTEKY MaTepHAIIOB;

— cmpameaust obpabomxu uzdenusi — HaIpas-
nenwust ABmkeHus: P Bo Bpems 00paboTku: 10 KOOp-
nuHataMm X, Y, X+Y; 1o KOHTYpHBIM JINHUAM, HAaUu-
Has ¢ BepXHEH Wi HIKHEH TTOBEPXHOCTEH (moImy-
CTUM BBIOOP KOMaH/[ «ONITHMHU3AIIMS TTOa9My» WU
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«00paboTKa TOJBKO MO KOHTYPY»); MO CIHUPAIH,
HaYuHAas C BEPXHEH WMJIN HIDKHEH ITOBEPXHOCTH),

— napamempysl pesauus (AaBTOMATHYECKH WIN
KOPPEKTUPYIOTCS BPYYHYIO): CKOPOCTH JIBUKCHHS
MITTUHACIS, MM/C; TI0 ocsiM X, Y 1 Z, CKOpOCTh Bpa-
MIEHUS IIMMAHIETS, 00./MUH; TIIyOHHA BPEe3aHUsI, MM;
mar PU, MM, npunyck mox 4ucToByl0 00paboTKy,
MM; OCTaHOBKA Ha JTHE OTBEPCTHS, C.

eanb uccaenqoBaHus — OICHKA 0COOCHHOCTEHN
THIIOB cTpareruii oOpabotkm B CAM-cucteme
Modela Player 4 ¢ nmogbopom omnpeeneHHOro THIIa
JIJIS1 KOHKPETHOM MOJIEH, KOTOPBIM MTO3BOJUT OMNTH-
MH3HAPOBaTh (pe3epoBaHre Ha TPEXKOOPAMHATHOM
cranke Roland MDX-20, ycTaHoBieHHE ONTHMAIIb-
HBIX PEXKUMOB PE3aHUsl 10 MAKCUMAIbHOW IPOU3BO-
JTUTEITFHOCTH TIPY BU3yallbHOW OIIEHKE KadecTBa I0-
Jy4aeMbIX MOBEPXHOCTEH AeTaneil W3 MeHOIUIacTa,
TBEPAOTO U MSTKOTO MOJICILHBIX IUIACTHKOB, JpEBe-
CUHBI TBEPIOW TOPOIBI, BBISBICHHE 3aBHCHMOCTHU
MEXIy BpeMeHeM 00pabOTKH, MOIITHOCTRIO H 3aTpa-
YeHHOW paboToll ¢ MaTeMaTH4ecKod 00paboTKOi
9KCIIEPUMEHTAIBHBIX TaHHBIX.

1. MaTtepuanbl n MeToAbl

ITepBrIit 3Tan ucclienoBaHUs — OMpPeaAeIeHUe
BpeMeHHU 00pabOTKH MIPH Pa3HBIX CTPATETHSAX U OJIH-
HAKOBBIX MapaMeTpax pe3aHus — pealn30BaH B
BHJIe TECTOB B mporpamme MP4. IlpuBeneHHbIC pe-
JKUMBI B CTpaTeruu 00padboTku B MP4 He Bcerna or-
TUMaJbHBI JJ11 KOHKPETHOTO BUIA JIETAJH, a BEIOOp
MaTepuia 3arOTOBKM OKa3bIBaeT BIMSHHE Ha CKO-
pOCTh M KauecTBO 00paboTkw. VIcXOmHBIE NaHHBIC
3Tarna — MapaMeTphl pe3aHusi, KOTOpbIe NOCTOSHHBI
Ha MPOTSLKEHUH BCETO DKCIIEPUMEHTA.

B xaugectBe PU nmpuMeHSITUCEH 1151 YepHOBOM 00-
paboTku muuHApUYeckas ¢ppesa Hanita 400305002
(TBepmociiaBHas 03 MOKPBITHS € TIOCKUM TOPLEM
TUTsT 00pabOTKH MMa30B U YCTYIOB; THAMETP XBOCTO-
BHKa — 6 MM; THAMETpP PEXyIIed JacTu (Iumamerp
nATHa) — 5 MM; JuMHa — 50 MM; UIMHA pexyIiei
KPOMKH — 14 MM; KOIU4ecTBO 3yObeB — 3; yromn
HakyoHa crmpanu — 37 ©) (puc. 1, a), mua dmcro-
Boil — cepuyeckas ¢ppesa Hanita 400103002 (TBep-
JocruiaBHast 6€3 MOKPBITHS CO CPEPUIECKUM TOPLIEM
JUTSE TPEXMEpHOTO (hpe3epoBaHMs; TUAMETP XBOCTO-
BHKa — 3 MM; AMAMETP PEXKYIIeH JacTH — 3 MM;
JUTMHa — 38 MM; AJTMHA PEXYIIEH KPOMKH — 9,5 MM;
qrcio 3yObeB — 2; yroia HakjgoHa ciiupainn — 30 ©)
(puc. 1, 6) [10; 11]. IIlpumMeHUMOCTH YKa3aHHBIX
¢pe3 B HaIIEeM HCCIEJOBAaHUHU IOMyCTUMA: 00e

paccmaTpuBaeMble (pe3bl OOIIEro Ha3HAYCHUS,
(hpe3sl 6e3 MOKPHITHS ¢ YIIIOM HaKJIOHA CITHPAJTH I10-
psanka 40 rpaz. mpeaHa3HavYeHbI TSt 00pabOTKHU ajrto-
MUHHUEBBIX CILJIABOB, YTO MO3BOJISICT MPOU3BECTH 00-
paboTtky manHeIMH PU paccMaTpuBaeMBIX HAMH Ma-
TepuanoB. Ha maHHOM STarne ucciuenoBaHus s po-
CTOTBI OKCIIEPHMEHTa OCYLIECTBICHBI O0PabOTKH
MojieNiel U3 meHoruiacTa. [lapameTp OleHKHU AoIy-
CTUMOCTH O00pabOTKM — TIUIOTHOCTh MaTepuaja:
amroMHHMI (U1 cpaBHEHHs) — 26989 kr/M%; 06pa-
GaTbiBaeMble MaTeEpUabL: neHoract — 40-70 kr/m?,
MoJeNbHble MmIacTukn — 500-620 kr/m® (MArKmii)
1 620—720 xr/M° (TBepblii), ApeBECHHA TBEPIOH I10-
ponbl — 550-740 xr/m’.

a 6

Puc. 1. Pexywmin HCTpYMEHT:
a— ¢dpesa Hanita 400305002; 6 — dpesa Hanita 400103002
McTouyHmk: poto .. AnneHora, K.B. JenHoBon

Figure 1. Cutting tool:
a — milling cutter Hanita 400305002;
6 — milling cutter Hanita 400103002
Source: photo by D.G. Allenov, K.B. Deinova

Mopnens (puc. 2) moarorosiena B Kommac-3D,
COCTOMUT U3 YCEUCHHOU MUpPaMUABl U MOIychepsl,
YTO MO3BOJISIET OLEHUTH creuupuky ¢pesepona-
HUSA U pacCMaTPHUBAaEMBIX MAaTEPUAIOB B PA3HBIX
HalpaBlIeHUAX (Hampumep, ISl IepeBa BIONb U
MOTIEPEK BOJIOKOH) U BU3yaJbHO MPOAHATU3UPOBATh
00pabOTKy MOBEPXHOCTEH pazHON KOH(PUryparuu
(moBepxHOCTH 00pabOTKHU: cdhepa, TOPU3OHTATBHASL
1 4 HaKJIOHHBIC TUIOCKOCTH) U, KaK CIICJCTBHE, OII-
TUMaJNbHBIM 00pa3oM moxodparb cTpaTeruio odpa-
00TKM, BBIPaOOTaB HANpaBICHUS MO YIYYIICHUIO
KagecTBa 00pabotkm. IlpemnokenHas dopma Mo-
JIeJW TI03BOJISIET OCYIIECTBUTH JOMONHHUTEIHHBIN
aHaJN3. B HEKOTOPBIX TOYKax 00paboTKa MPOU3BO-
JIAIACh MUTUHIPUYECKON 4acThio (pe3bl, UTO U3-
MEHSUIO HAaIpPaBIEHHE BEKTOpa Pe3yIbTHPYIOMIEH
CUJIBl (BBISIBICHO YXY/IIEHHE KadecTBa Moydae-
MBIX TIOBEPXHOCTEMH, TOCKOJIIBKY BEKTOP CHJIbI HA4H-
HaJ JIeHCTBOBATh MEPICHAUKYISPHO OCH BpAICHUS
UHCTPYMEHTA).
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Puc. 2. O6pabaTtbiBaemasi Mofesb
NcTouyHunk: ¢poto A.I. AnneHosa, K.b. JenHoson
Figure 2. Processed model
Source: made by D.G. Allenov, K.B. Deinova

Bropoii sTan uccnenoBaHUsS — 3KCIEPUMEH-
TaJgbHAsl 9acTb — BKJIFOYA] B ceOsl ompereneHue
MaKCHMaJIbHO JONMYCTUMBIX W ONITUMABHBIX PEXH-
MOB pe3aHHs MOJIeJIel U3 MeHoIUIacTa, TBEPAOro U
MSTKOTO MOJISNBHBIX IJIACTUKOB, APEBECUHBI TBEP-
JTOH TIOPOABI TP YEPHOBOM (Ppe3epOBaHNHN TOPH3OH-
TaapbHOU noBepxHOCTH 20%20 MM. CKOpOCTH Bpaliie-
HUS IIMUHACS CTaHKa N He U3MEHSIaCch Ha MPOTS-
YKEHHNH BCET0 HKCTIIEPIMEHTA 1 ObLIa IPUHSTA PaBHOU
6500 o6/muH. [IpuMeHseMBIi HHCTPYMEHT — ITH-
muHapudeckas gpesa Hanita 400305002 (6 mm).

CxopocTts pe3anus v = 125 M/MuH (paccunTana
[0 THUIOBOHW (hopMyIle; MOMyCTHMas I TaHHON
¢pe3pr — 400 M/MHH: TOTYYEHO YCPEOHEHHOE 3Ha-
YEeHHUE, YTO MO3BOJISIET KOMIIEHCUPOBATh OTCYTCTBUE
JKECTKOCTH CHCTEMBI).

a

Hcnonp3yemMoe obopynoBaHne — Gpe3epHBINA
cranok Roland MDX-20 (pwuc. 3, @) — rudbpuy Tpex-
KOOPIMHATHOU (hpe3epHOil MammHbl U 3D-ckaHepa
[12—15]. Texaudeckue napameTpsl:

moiiHocts — 10 Br;

CKopoCTh BparieHus — 6500 00./MuH;

mogaua — 0,1-15 mm/c;

rabdaputsl — 476,8x381, 6x305 mMmM;

macca — 13,7 kr;

pabouas 3oHa — 203,2x152, 4%60,5 MM;

XY pa3mepsl ctona — 220x160 mm;

BEC 3arOTOBKH — 1 KT;

naTepderic — Serial (RS-232C);

paspemenus 0,025 mMm/mrar (mporpaMMmHoOe),
0,00625 mm/mar (MexaHHYECKOE);

PU — dpessr, cBepna, 60psI;

nepxxarens P — 6 mw;

METOJ CKAaHUPOBAHMS — KOHTAKTHBIH CO CKOPO-
CThIO 4—15 MM/cek;

paspemenue ckanuposanus (Dr. PICZA) —
0,05-5 MM ¢ muckperHoctsio 0,05 mm (XY ocu) u
0,025 MM (Z-och);

CeHCOp — aKTUBHBIN mbe3oceHcop Roland
Active Piezo Scanner (RAPS) anunoit 60 mm, aua-
MeTp koHuMKa 0,08 mwm;

METO/I TIepeIadr JAHHBIX — ACHHXPOHHBIN, TyTI-
JIEKCHasI Tepeaada co CKopocThio 9600 out/cex.

Puc. 3. dpesepHbiii ctaHok Roland MDX-20: a — o6wmii Bua; 6, B— paboyas 30Ha 06paboTkm
McTtouyHunk: doto 4. AnneHosa, K.B. JeliHoBomn
Figure 3. Roland MDX-20 milling machine: a — general view; 6, B— working area of processing
Source:photo by D.G. Allenov, K.B. Deinova

ITpu ycraHOBIIEHHOW NTbE30CKaHUPYIOIIEH ro-
noBke RAPS ecTh BO3MOXHOCTH OIU(PPOBBIBATH
3D-00bekTHI ¢ TouHOCTRIO 10 0,05 MM, co3gaBast ux
TOYHBIE KOMIIBIOTEPHBIE MOJENN: CKaHHUpPOBaHHE
IIMPOKOTO JHana3oHa 0OBEKTOB, B YACTHOCTH MSIT-
KuX (MIacTHIWH, (PYKTBI) M IPEICTaBISIOIINX
TPYIHOCTH JIJIsl ONITUYECKUX CKAaHEPOB (CTEKIISTHHBIC
00wekThl). Ilocne cMeHBI TONOBKH Ha (Dpe3epHYIO
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MDX-20 cTaHOBHTCS TOJHOIICHHOW TPEXKOOPIH-
HaTHOU (ppe3epHOi MAIIMHOM CO CITOCOOHOCTHIO 00-
paboTku pepeBa, IUIACTHKA, CMOJBI (MOIETBHHBIH,
IOBEJIMPHBII BOCK, IIEHOIIIACT, OPICTEKIIO), XUMUIe-
CKOTO JIepeBa, MITKOro MeTa/uia (aJroMHUHUM, Jia-
TyHb), 1 ynpasisemoii ¢ [IK. MDX-20 xoMiuiekry-
etcs nporpammoit 3D Engrave s TpexmepHoi rpa-
BupoBku. 110 ms MDX-20: Dr. PICZA, MODELA
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Player u Dr. 3D Engrave. Ilporpamma Virtual
MODELA Bm3yanmsupyeT mporiecc o0paboTKH ¢
Y4eTOM BBIOPaHHOTO MHCTPYMEHTA, MOKa3bIBast YH-
cToTy W Bpemst o0paboTku. Hasnauenne MDX-20:
MOJIETUPOBaHKE, TONMHUTPads, FOBEIHPHOE AeIT0 (pa-
00Ta ¢ 30JI0TOM, CEpeOPOM, TIIIATHHOM; U3TOTOBJICHUE
MacTep-MoJieNiel U3 BOCKOB, IOBEJIUPHBIX IJIACTUKOB
Y I[BETHBIX METAJUIOB; 00pabOTKa sIHTapsi, OMBHS Ma-
MOHTA), W3TOTOBJIEHWE TPOTOTHIIOB W JIMTEHHBIX
¢opM, nu3aliH YHMakoBKH, TPaBHPOBKA IO Pa3ind-
HbIM Matepuanam. Ha puc. 3, 6, npencrasiena pado-
gas 30Ha 00paboTKH.

CocraB 3KCIIepUMeHTaIBHON ycTaHOBKHU: Roland
MDX-20, PU, coBmectrmoe co ctaukoM 10O Modela
Player 4, npenHa3Ha4eHHE KOTOPOTO 3aKITHOYAIOCh B
OTIMICaHWH CTpaTeruu oOpabOTKH, 3aJaHUN PEKUMOB
pe3aHus U MPENBapUTEIHLHOM MOJA00PE ONTHUMAIb-
HOTO TUTIA CTPATETHH.

2. Pe3ynbTaTtbl U 00CyXAeHUS

[Ipunnun yepHoOBO 00pabOTKM — TMOCIOWHO
BBIOpaTh MAKCUMYM IIPHITYCKA JJIsi UCKIFOUCHHS €T0
JaTbHEHNIIEro BIUSHUS Ha OT)KUM (pe3bl, 9TO Ha BbI-
XOJI€ TTO3BOJISIET MPH YHCTOBOW 00pabOTKe KOMITEHCH-
poBaTh KecTkocThlo PU ocraBmmiics mpuiyck, He
YXYJIINB Ka4€CTBO KOHEUHON MOBEPXHOCTH JIETAJICH.
[IpuHATEIE NOMYyIIEHUS: TEXHOJIOrMYECKasi CHUCTEMa
CIIN/ (cranok, npucrnocoOneHre, HHCTPYMEHT, JAe-
Tallb) He ofecreueHa MTOHKHON JKeCTKOCTHIO (BBUIET

mumuHapruaeckod  ¢pesst Hanita 400305002 —
40 MM — TIpEIMEpPHO 7 AMAMETPOB); MOJAETH KPETIH-
JIach Ha CTOJIE ABYXCTOPOHHUM CKOTYEM, UTO HE 103~
BOJISIET 00ECTIEUUTh J0JDKHOE 3aKperuieHne IpHu 00-
paboTKe; OTCYTCTBOBajIa IMOIYIHCTOBAsT 00paboTKa,
OCHOBHOE TIpeHa3HaueHNe KOTOPO — 00eCTIeunTh
paBHOMEpHOE pacIipeieJIeHUe MPHITycKa epe oopa-
0oTKkoii HauncTo. OLeHKa MeXaHO00pabOTKK MPOuU3-
BOJIUTCSI COBPEMEHHBIM METOJOM: 32 CYeT oObhema
CHUMAaeMOTO MaTepuaa 3a eIUHHUILy BpeMeHH (TIpo-
u3BoAMTeNbHOCTE). [Ipu (pesepoBanun Ha mpoTS-
JKEHUH BCEro SKCIEPHMEHTa OTCYTCTBOBAJIO COMPO-
BOXKIeHre oOpaboTku momauerr COXK mmm Bo3myxa,
YTO KOMIIEHCHPYETCSI HEBBICOKOH CKOPOCTBIO pe3a-
Hus. OlleHUBacMbIe B JIAaHHOUM CTaThe MapaMeTphl
MPEACTaBICHBI ISl YepPHOBON 00pabOTKH, NI BU-
3yaJIbHOM OLEHKH MPUEMIIEMOCTH OCYIIECTBICHUS
00pabOTOK MO 3aJaHHBIM BXOJHBIM IapaMeTpam
(TIpoBepKH MPOIECCOB M OKOHYATENHHOTO KaueCcTBa!
MOCTI)KEHHS 33/IaHHOTO pa3Mepa M Oo0ecredeHHs
HaUMEHBIIEH IIEePOXOBATOCTH IMOBEPXHOCTH) MO-
JIeJW W3 TIEHOIUIACTa W MSTKOTO MOJENBHOTO TuIa-
CTHKa TopadaThIBAIINCh chepruiaeckoit ppesoit Hanita
400305002 Hauncro. CKOpOCTH pe3aHusl PU YHUCTO-
BOI1 00paboTke — 62 M/MUH.

TecTs! B ipocTtpancTBe MP4 (mrepBsrii aTam wc-
CJICZIOBAHMs1) MPOBEACHBI IJIs1 YEPHOBOM M YHCTOBOM
00paboTOK: BH3yalHM3alusi TECTUPOBAHUN IJIsl Hep-
BOH M3 HUX MPEACTABICHA Ha pUC. 4, IJIST BTOPOH —
Ha puc. 5. [lonydeHHbIe pe3yabTaThl TECTUPOBAHUS
NpeACTaBIeHBI B Ta0M. 1.

Tabnnuya 1/ Table 1

Pe3ynbTatbl TecTuposaHus 8 Modela Player 4

Bpems 06paboTku, c /
Ne tecta / . Time of processing, sec
Test No HaseaHue cTtpaTeruv o6pa6oTku / Test results in Modela Player 4 YepHosas / YucTosan /
Roughing Finishing
1 CKaHm_pyro_u.l.me NNHUK No ocam X, Y/ 140 287
Scanning lines along the X, Yaxes
CkaHupytoLime nmHmum no X+Y/
2 Scanning lines along the X+Yaxes 300 575
O6paboTka TObKO B OAHOM HanpaBieHun no ocsim Xunm Y/
3 S . . 266 590
Machining in only one direction along the Xor Yaxes
B Mo KOHTYpHLIM NMnHKUAM (Up cut n Down cut) /
4-5 Along the contour lines (Up cut and Down cut) 126 724
6 Mo koHTYypHBIM NnHKSM (Up + Optimized pitch) / _ 868
Along the contour lines (Up + Optimized pitch)
7 Mo KoHTYpHBIM NnHMSM (Up + Optimized pitch + Outline only) / _ 680
Along the contour lines (Up + Optimized pitch + Outline only)
8-9 Mo cnupanu (Up cut n Down cut) / _ 299
In a spiral (Up cut and Down cut)
HesanonHeHHble auerikn — cTpaTerny NPUMEHNMbI TONILKO AJ19 YNCTOBOM 06paboTku (He 3apatoTtes B MP4) /
Empty cells — strategies are applicable only for finishing (not specified in MP4).
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Puc. 4. YepHoBas o6paboTka (no Homepam TectoB): a— 1; 6 — 2; B— 3; r— 4-5
M cT0o4HUK: BbinonHeHo .. AnneHoBbiM, K.B. [eliHoBo
Figure 4. Roughing (according to test numbers): a— 1; 6 — 2; 8— 3; r— 4-5
Source: made by D.G. Allenov, K.B. Deinova

Puc. 5. Ynctoeas o6paboTka (no Homepam TectoB): a— 1; 6 —2; B— 3; r— 4-5; 41— 6; e — 7; x — 8-9
M cT0o4HwUK: BbinonHeHo .. AnneHoBbiM, K.B. leliHoBoO
Figure 5. Finishing (according to test numbers):a—1;6 —2;8—3; r—4-5; 4—6; e — 7; x — 8-9
Source: made by D.G. Allenov, K.B. Deinova
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[lo pesymbTaTy mepBOTO 3Tama WCCIENOBAHUS
MOJKHO CJIENAaTh PSiJl BBIBOOB:

1) Bpemst 0OpabOTKH MPH CTPATETHH CKAHUPY-
IOIMX JTUHUH 110 ocsiM X + Y yBeTHUYMIIOCh B 2 pa3a
10 CPaBHEHHUIO C BpEMEHEM, UTo 1o ocam X, ¥, npu
ATOM Ka4eCTBO 00padOTKH 3HAYMTEIHLHO BO3POCIIO;

2) mpu U3MEHCHWU CTPATerHMHM Ha BBITIOJHSIC-
MYIO TOJBKO B OJJHOM HAIpaBICHUH KauecTBO 0Opa-
OOTKM OCTaJIOCHh IMPEKHUM, 3aTPAuyUBAECMOE BpEMs
W3MEHWIOCh HE3HAUYHMTEIHHO, CTPATETHS MOIXOIWT
IUTsT MaTepuaiia, 00padaThIBAEMOTO BIIOJIb BOJIOKOH
(aepeBo);

3) mpu anamuse crtpareruu «llo KOHTYpHBIM
muausM (Up cut u Down cut)» oTiau4us B Ka4ecTBe
00paboOTOK HE BBISBIICHBI, 0COOCHHOCTH B HAYAJTLHOM
TJIOCKOCTH 00pabOTKU — BEPXHSIS WIH HUKHSISL.

4) mnsa crparerun «Ilo KOHTYpHBIM JIMHUSM
(Up + Optimized pitch)» oTHOCHTEIBHO MPOLLIBIX
TECTOB KOJUYECTBO JIMHUI OOpaOOTKM BEPTHKAIIb-
HBIX TIOBEPXHOCTEH YBEIUYUIIOCE;

5) «mo xouTypHEIM JEHEAM (Up + Optimized
pitch + Outline only)»: mocne mo6aBiieHUs B cTpaTe-
ruto pyakmum Outline only o6GpaboTka TopH30H-
TaJHHON TTOBEPXHOCTH HE MPOBOAMIIACE.

Takum oOpa3oM, 3a 0a30BYI0 NPUHSATA CTpATE-
rust «CKaHUPYIOIUE IMHUH IO OCH X,

Ha BTOpoM 3Tame, onepupys NOJy4YeHHBIMU B
MP4 naHHBIMU, PEKHMHBIC MapaMETPHI YCIOBHO
pa3ieNiuiy Ha MPEAyCTaHOBJICHHBIC, PEKOMEHIYE-
Mble U MakcuManbHEIe. Pabota B MP4: 3arpyska
MOJIeNIH, BEIOOP MaTepuaja, TUIa mporecca (Buaa
00paboTtkwn), 3amanue PU, koopauHAT ero 3axoma
(epBast Touka 00pabOTKH), CTPATETUN U TTapaMeT-
poB 00paboTku. Touyka MPUBSI3KU 3aJlaBaiach Me-
ToaoM kacanus PU, a mpu 3aaHNM MCXOMIHBIX Ta-
paMeTpoB HyJeBas TOYKa Mpejiaraaach aBTOMaTH-
YECKHU, MPUBA3BIBAACH K MOJOKEHUIO MOJACIHU (BbI-
OpaHHO! KOHTAKTHBIM METOJIOM TOYKE Ha MOBEPX-
HOCTH: TIO3WIIMOHUPOBAHHWE MOJEIN Ha CTOJIe —
BXOMHOW mapametrp). IlpemycTraHOBIEHHBIE pe-
KUMBI pe3aHus BHIBOIWINCH aBTOMATHYECKU TIPHU
3aJlaHUU YKa3aHHbBIX BHIIIC BXOJHBIX JAHHBIX, pe-
KOMEHIYEeMbIe — ONTUMAaJIbHBIC — YCTaHOBJICHBI
AKCIEPUMEHTAIBHO MPU TOCTUKCHUU HAVITYYIIIHX
YCJIOBUH U BpeMeHU 00pabOTKU: M3HAYAIBHO 3313~
BaJICSI MHTEPBAJl BXOJIHBIX MapaMeTpoB OJMU3KUN K
cpeaHeMy 3HAYeHHIO (OT MpPeayCTaHOBIECHHBIX U
MaKCUMaIIbHBIX). s BBIABIEHUS ONTHUMAaIbHBIX

PEKMMHBIX IapaMeTpPOB YCTaHABIWBATACh MaKCH-
MaJbHas CKOPOCTh MBYKEHIS TmuHAess (15 mm/c —
10 MACMOpTy cTaHka). ' myOuHa pe3anus u mar PU
BBISIBJISUTHCH 3KCIIEPUMEHTaIbHBIM IyTeM ((puxcu-
poBaNHCh MPHU SIBHOM HapyLUICHUH KPUTEPUEB —
IUTaBHOCTH paboTHl, IIyM, ieperpeB). Pexxumer pe-
3aHUA NMPUHUMAINCh MaKCHUMalbHBIMH (TI0 MOII-
HOCTH CTaHKa), IUISl OLIEHKH HPHEMIIEMOCTH pa-
0OTHI OCYIIECTBJICH aHaMHTHYecKui [18] pacuer
MOTPEOIIEMOI MOIITHOCTH:

N = t-B-SMHH-kC, @)

60-106

rae t — riyouHa pe3aHus, MM; B — mmmpuHa ¢pe-
3epOBAHUS, MM; Sy — CKOPOCTh IOJA4H, MM/MHH;
k. — ynenbuas cuna pesanus, H/mMm? (111 amomu-
HHEBBIX CIIaBoB oT 350 no 1250 H/mm?) [19].

VYienbHas cujia pe3aHus — KacaTellbHas CUJIa,
HeoOXoquMast Ul CPE3aHus CIOs cedeHueM | Mm>
(TocTosiHHAS BeNMYWHA TS KaXKIoro oOpabaTeiBae-
MOT0 MaTepuana).

OpHMMH U3 TIIABHBIX KPUTEPUEB OIICHKU MaK-
CHUMAaIJTBHOM HArpy3KH CITY>KHJIH TapaMeTpPhl, TPH KO-
TOPBIX IIMHWHJCIb CTaHKa IMepecTaBajl BpallaThCs
nin PY maumman paspymars o0padaTeiBaeMyro Io-
BEPXHOCTh, ONTUMAIBHON — TIJIABHOCTH PabOTHI
cTaHka (MUHUMYM MTPOU3BOACTBEHHOTO IIIyMa Ha pa-
OoueM MecTe), OTCYTCTBHE TIeperpeBa MOTopa IpH-
BOJIa IITMUHJENS NMPU JJIUTEIbHON Harpyske. [lomy-
YCHHBIC 3KCIICPUMCHTAIBHBIC JaHHBIC MPEICTaB-
JIeHBI B Ta0. 2.

OnTrMu3anys pexXIMHBIX ITApaMeTPOB HaIpaB-
JIeHa Ha YMEHBIICHUE (3a CYeT 3aJaHUs COOTBET-
CTBYIOIINX PEKUMHBIX ITapaMeTPOB) BPEeMEHH 00-
paboTKH, KOTOPOE BO3MOXKHO OPTaHU30BAaTh MTyTEM
MOBBIMICHUST MTOTPEOIIEMO MOIIHOCTHU: YBEIUYE-
HUS IIAPHUHBI, TIIYOUHBI (pe3epoBaHUsA U IMOJATH
(mo 15 mm/c). Be16op oOpabaTeiBaeMOro MaTepraia
JIUKTYET MPOpabOTKy 0COOCHHOCTEH ONTUMU3AIINH
JUTSL pacCCMaTPUBAEMBIX MaJION3YYE€HHBIX U «HEKJIac-
CHYECKHX)» MaTepHajioB, HAIPUMEp, IS MOJETb-
HOTO TUIACTHKA MPU OTCYTCTBHH 3araca MOIIHOCTH
XapakTePHO ApoOIIeHNE.

OtmedaeM, 9TO MO0 MPUYHHE OTCYTCTBHUS IPO-
rpammel Virtual MODELA u ocoGeHHOCTEH CTPYK-
Typ HCCIENyEeMBIX MaTepHalIOB, OIEHKa Ka4decTBa
MIPOM3BOAMIIACH TOIBKO BU3YaIIBHO.
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Tabnuua 2
OnpepaeneHne MakCUMasnbHO AOMYCTUMbIX U ONTUMAaJIbHbIX PEXUMOB pe3aHus
S, Mm/c S, MM/3y6 s
Pexunmbl pesaHus t, MM B,mm | T,,c | N,Bt Q,cm’/c A, Ox
ocu XY ocbZ ocu XY
O6paboTka nexHonnacTa npu k, = 50 H/mm?
MpenycTaHoBNEHHbIE 10 1 0,031 1 3 89 1,5 0,030 2,7
Pekomenayemblie 15 15 0,046 3 4 50 9,0 0,180 9,0
MakcumarnbHble 15 15 0,046 3 4 50 9,0 0,180 9,0
O6paboTka MArKOro MOAE/bHOro nnacTuka npu k., = 250 H/mm?
MpenyctaHoBNEHHbIE 10 0,3 0,031 0,3 2 340 1,7 0,007 2,4
PekomeHnnyemble 13 0,7 0,040 0,5 3 102 5,0 0,020 2,0
MakcumarnbHble 15 0,8 0,046 0,5 3 90 6,0 0,024 2,2
O6paboTka TBepPAoro MoAeNbHOro nnacTvka npu k, = 300 H/mMm?
MpeanycTaHoBNEHHbIE 8 0,2 0,025 0,2 2 410 1,0 0,003 1,2
Pekomenayemblie 12 0,2 0,037 0,2 3 230 2,2 0,007 1,6
MakcumasnbHble 15 0,2 0,046 0,2 4 180 3,8 0,013 2,3
O6paboTka ApeBecyiHbI TBepAOoV nopoas! npu k., = 250 H/mm?
MpenycTaHoBNEHHbIE 8 0,2 0,025 0,2 2 420 0,8 0,002 0,8
PekomeHnnyemble 12 0,2 0,037 0,3 3 231 2,7 0,011 2,5
MakcumanbHbie 15 0,3 0,043 0,2 3 207 2,5 0,010 2,1

MpumeyaHune. S — ckOpocTb Nogayn, MM/c; S, — nopaya Ha 3y6, Mm/3y6; t — rnybuHa Bpe3aHus (pe3aHusi), MM; B — Liar pexy-
LLLero MHCTpymeHTa (WwnpuHa ppesepoBanus), Mm; T, — Bpemst 06paboTku, c; N — notpebnsemas MOLHOCTb, BT; Q — nponssoau-
TenbHoCTb, cM°/c; A — paboTa, [x.

Determination of the maximum allowable and optimal cutting conditions Table
i ", §, mm/sec S,, mm/tooth 3
Cutting conditions t, mm B,mm | T,,sec | N, Wt Q, sm°/sec A J
axes XY | axisZ axes XY
Processing of styrofoam at k, = 50 N/mm°
Preinstalled 10 1 0.0831 1 3 89 1.5 0.030 2.7
Featured 15 15 0.046 3 4 50 9.0 0.180 9.0
Maximum 15 15 0.046 3 4 50 9.0 0.180 9.0
Processing of soft modeling plastic at k. = 250 N/mm®
Preinstalled 10 0.3 0.031 0.3 2 340 1.7 0.007 2.4
Featured 13 0.7 0.040 0.5 3 102 5.0 0.020 2.0
Maximum 15 0.8 0.046 0.5 3 90 6.0 0.024 2.2
Processing of solid modeling plastic at k, = 300 N/mm®
Preinstalled 8 0.2 0.025 0.2 2 410 1.0 0.003 1.2
Featured 12 0.2 0.037 0.2 3 230 2.2 0.007 1.6
Maximum 15 0.2 0.046 0.2 4 180 3.8 0.013 2.3
Processing of hardwood at k, = 250 N/mm?®
Preinstalled 8 0.2 0.025 0.2 2 420 0.8 0.002 0.8
Featured 12 0.2 0.037 0.3 3 231 2.7 0.011 2.5
Maximum 15 0.3 0.043 0.2 3 207 25 0.010 2.1

Note. S — feed rate, mm/sec; S, — feed per tooth, mm/tooth; t — plunging depth (cutting), mm; B — cutting tool pitch (milling
width), mm; T, — time of processing, sec; N — power consumption, Wt; Q — performance, sm°/sec; A — working, J.
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Cornacuo' [20], 3aBUCUMOCTB MEXy TIPOU3BO-
TUTETHPHOCTRIO (CKOPOCTBIO CheMa Marepuana) O u
3aTpa4eHHON MEXaHUYECKOW MOITHOCTBIO N:

1 _ Bt-Sym .

Q_k_C'N_ 1000 ° )

3amaya JAaHHOTO HCCIEAOBAaHUS — CBSI3aTh
BpeMsi 00pabOTKH C MOIIHOCTBIO Yepe3 3aTpadcH-
HYIO paboTy.

[Ipon3BoguTensHOCTh — 00BEM CHHMAEMOTO
MaTepuana [24] (mpou3BeneHHe TIyOHHBI, ITUPUHBI
¥ TI0Jaun) 3a eAUHHIYY BpeMeHU (puc. 6 — WHTe-
rpanbHas QyHKOWS (3aK0H) pacrpeneIcHus):

N=Q -k = dN=0Qlk) dlk) =

= Q(k) = 555 = N'(ko). 4)

HpOI/I3BOZ[I/ITeJ'IbHOCTI> — IIepBas Mpou3BOJHaA
MOIITHOCTH I10 YZ[CHLHOP'I CHJIC PC3aHUs:

N = [ Qk)d(ke). (5)

3HayeHne IPOU3BOIUTEIIEHOCTA MOXKHO HAUTH
rpadudecky, Kak mIomanb Gurypsl noa rpadpukom
3aBHCHMOCTH MOIIHOCTH OT YAEIBbHOW CHIIBI pe3a-
HuA. [TockomnbKy k. Bcerya mocTosiHHA (3HAYEHHE 110

350

1 2,2 3,8

g
L]

() [~
S U
=
o
o
[ ]
o
~
L

\6&‘3 BEIGOPKH
100 narHbIX / without
data sampling

s cuna pesanus ke, H/mm?/

cutting force ke, N/mm?
—
o
S

0 1 2 3 4 5 6

3arpaynBaemai Ha 0OpaboTKy MomHOCTE NV, BT/
Processing power consumed N, W

ocH abcrcc — const), mocTpoeHne rpaduka Here-
nmecoo0pa3Ho: B HammeM cirydae nuddepenmman ap-
rymenTa (MaKCUMaabHO MAIIEHBKOE TPUPAIIEHHE IO
ocwu aberuce) d (k) — mocTosiHHAs BenuumHa (IpH-
HUMAeTCsl B 3aBUCHMOCTH OT MaTepHuala), TO eCTh
BCETJIa POCIUPYETCs B OJIHY TOUKY Ha OCH adcIcc,
a TIonaas (GUrypsl moa rpaukoM 3aBHCHT OT U3-
MEHEHHS BEJTMYUHBI 10 OCH OPJIMHAT, TO €CTh 3aTpa-
guBaeMoi Ha 00pabOTKy MOITHOCTH N, W TTOCTOSH-
Horo kod(p¢urmenta d(k.), KpoMe TOTO, MOIyJIEH-
Hble TpaduKu U GOPMYJIBI MPUMEHUMBI TOJIBKO JIJIS
paccMaTpUBacMOro MaTepuaia W HMEIOIUXCSA HC-
XOJIHBIX JTAaHHBIX — pa30poc JaHHBIX MHHUMAJICH.
Taxum 00pa3oM, HAXOXKJICHUE 3HAYCHUSI TIPOU3BO/IU-
TeNbHOCTH () TpaduyuecKy OUIMOOYHO, C TOUYKH 3pe-
HUSI MATEMATHYECKOTO OMUCAHUS IKCIIEPUMEHTAITb-
HBIX JIAHHBIX.

Pabora xapaktepusyer CKOpOCTh CheMa MaTe-
puaia 3a eAMHUIY BpEMEHU

A=Q-t. (6)

Ecnu paccMmoTpeTh coBepiaemyro paboty 3a
eIUHUITYy BpeMeHH, To nuddepeHnnan GyHKITHN:

dA=Q(t)-dt = A'(t) =Q(). @)

37333k 9
© 34,039 - 9 @

MaKCHMATbHAA MOITHOCTh
CTaHKa / maximum
machine power

OTKY MOIHOCTB N, BT

iBacmMas Ha oop:

2,7

™S

2,2

7 8 9 10 [50]100 150 200

VaenpHas cHIa pe3aHuA ke, Hivm® /
Specific cutting force ke, N/mm?

Puc. 6. 'padukun 3aBUCUMOCTEN MexAy MOLLHOCTbLIO N 1 yAenbHOM CUnon pesaHuns k.
M cT0o4HwUK: BoinonHeHo .. AnneHoBbiM, K.B. [leliHoBo
Figure 6. Graphs of dependencies between power N and specific cutting force k..
Source: made by D.G. Allenov, K.B. Deinova

! Sandvik Coromant. Sweden; 2009.
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0,2 0,2 0,2
Q(T) = 196,27 - T 1865 0,18 0,18 T
i A= f Q(t)dt

Ty

0, em¥/c /
0O, em¥c/

=
—
w

0,15

A00TKH

OpaaboTkn

nce O, cm’/s

ITCIABHOCTh 00
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0,1
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[TpoH3BOAHTENBHOCT O
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Processing time T, s
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Puc. 7. Npadunkun 3aBUCUMOCTEN MeXay NPOU3BOONTENBHOCTLIO Q 1 BpemeHeM 06paboTkm T
M c T o4 HwUK: BbinonHeHo .. AnneHoBbiM, K.B. [leliHoBo
Figure 7. Graphs of dependencies between productivity Q and processing time T
Source: made by D.G. Allenov, K.B. Deinova

TakumM 00pa3oM, MPOU3BOAUTEIBHOCTE — IEp-
Basi MPOU3BOAHAS PA0OTHI IO BpEMEHHU, TOTa PadoTy
MOKHO HalTH Yepe3 OnpeielieHHbIA HHTETPall, U OHa
OyzeT mpeacTaBlicHa Kak cyMMa OECKOHEUHOTO Jrciia
OCCKOHEUHBIX ClTaraeMbIX (TUIomanas (UTYpPHI TOI
rpaduKoM, cM. puc. 7):

A= [*Q(t)dt. @®)

PesynbraT pacueTta 3HaYCHUI TPOU3BOAUTEIb-
HOCTH W paboOTHI pencTaBiieH B Tadd. 2. [To momy-
YEeHHBIM JTaHHBIM MOCTPOCHBI 3aBHCHMOCTH (CM.
puc. 7 — nuddepenunanpuas QyHKOUS (3aKOH)
IJIOTHOCTH pacupezeneHus). Maremarnieckoe Omu-
CaHWe 3aBHCHUMOCTEH ocymiecTBieHo B Microsoft
Excel: mo makcumansHOMy Koddduuuenty aerep-
MUHAIUA R’ BBIBEICHBI ypaBHEHHSI HEIUHEWHOMN
perpeccun. OTMedaeM, 9TO JAaHHBIE BBIPAKECHUS
MPUMEHUMBI UCKITIOYUTEIBHO ATl PACCMOTPEHHBIX
ClIy4aeB: KOHKPETHOTO HHCTPYMEHTA, BXOJHBIX JAaH-
HBIX dKCIIepuUMeHTa, nuana3zoHa N mo 10 BT, 3Hage-
HUH yAeNIbHBIX CHJ pe3aHus K. (B 3aBUCHMOCTH OT
marepuaia: 50, 250, 300 H/mm?).

Taxkum 00pazoM, cIOCOOBI HAXOXKICHUS Tapa-
METpOB:

— MoIHocTh N — 1o dopmyne (JinHeHHas JH-
Hus Tpenga ¢ R? = 0,9058);

_ 373,33k,
N = 34,039 ° ©)
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— TMIPOU3BOAUTENBHOCTE ) — 10 Popmyre (cTe-
neHHas 1uHMs Tperaa ¢ R = 0,9750);

Q(T) = 196,27 - T~1865; (10)

—pabora A — rpaduveckn — Kak IUIOIAAb
(urypel o rpaduKoM 3aBUCHMOCTH IPOU3BOIIH-
tenpHOCTH O OT BpeMeHu 00padotku T (cMm. puc. 7).

JocTrxxeHre oNTUMAaNIbHBIA PEKUMOB PE3aHUS
oOecrieunBaeTCs BBISBICHHEM BPEeMEHU 00paOOTKH,
IPH KOTOPBIX MOSBISAETCS BO3MOXKHOCThH ITPHOIH-
3UTCA K MAaKCHUMAJIbHOM MOIIHOCTH, BBIIaBaEMOU
CTaHKOM (JIOCTIXKEHHEM MaKCHMyMa CKOPOCTH IBH-
JKCHUS IIITTHH/IEIIS, BBISBICHHOM SKCIIEPUMEHTAIBHO )
B IIpeJIeNiax JTOMYCTUMON B YCIOBHSX KCIIEPUMEHTA
mIaBHOCTH paboThl cuctembl CITN/L (c yaeTom mo-
MyIEHUH, YKa3aHHBIX BEIIIIE).

OnrtuMu3anus pexkUMHBIX apameTpoB ((op-
myna (1)) npu obpaboTtke meHomnacta (puc. 8, a)
MTO3BOJIHIIA COKPATUTH BPeMs 00pabOTKH MPUOIIA3H-
TensHO B 1,8 paza. OTMeuaeM, 4TO TPU MaKCHMaJTb-
HBIX apameTpax PU He ycneBan 06pabareiBaTh mo-
BEPXHOCTH, BBIPHIBAHUE 3€PEH TECHOIUIACTA MPOUC-
XOIWJIO TPW YBEIWYEHUH TIIYyOWHBI CHUMAaeMOTO
ciost 10 4 MM, OJTHAKO B paMKax HCCIIETOBAHUS JaH-
HBIE TTapaMeTpsl — caMmble 3¢ dexTuBHbIe. O0pa-
00TKa MSTKOTO MOJACJIBHOrO IuiacTuka (puc. 8, 0)
HA MaKCHUMAJIbHBIX PEKUMAX PE3aHUS XapaKTEePH30-
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BaJIaCh 3aTPyAHEHHEM pabOTHl CTAaHKAa M MHTCHCHB-
HBIM HarpeBOM MOTOpa npuBoaa mmuHaesns [9]. st
TBEPJOr0 MOAEIBHOTO IUIACTHKA MPH PEKOMEHIye-
MOM pEXHUME Pe3aHHs CKOPOCTh 00paOdOTKH yBelu-
9YIIIach B 2 pa3a MpH HEU3MEHHOM IT0JIy4aeMOM Ka-
4ecTBe, NPH MAKCHMAJIbHOM — OCTAaHOBKA IINUH-
nens [16]. O6paboTka IpeBecHHBI TBEPAOH HOPOILI
(puc. 8, 6) mpou3BOAMIACH BAOJH BOJIOKOH (B OTIH-
9qpe OT ONHOPOTHBIX IO CTPYKTYpE MOJIENBHBIX

TUTACTUKOB, TJe HampapieHue QpesepoBaHus He
uMeno 3HadeHus). [IpH MOCTHIXKEHHHM MaKCUMallb-
HOTO peXHuMa pe3anusi 3a(UKCUPOBaHA HEPaBHO-
MEPHOCTh 00paboTKH moBepXxHOCTH, PU HaunHan He
cpesath, a BRIpEIBaTH BosiokHa [17]. Hamnbomee xa-
pakTepHBIC pe3yNIbTaThl (pUc. 9), MOATBEPIKIAIOITHE
MPaBWILHOCTh TOAOOpAa PEXHMOB, OTBEYAIOIIMX
TpeOOBaHUSAM ONTHMH3AINH, TIOTYYCHBI HA MOJICIISX
u3 nepena (IpUIUHA: BOJTOKHUCTOCTH ).

Puc. 8. Peaynbtat 06paboTkn: @ — NneHonnacT; 6 — MArkuUii MOAENbHbIA NNACTUK; B — APEBECUHA TBEPLAOV NOPOLAbI
McTouyHunk: doto 4.I. AnneHosa, K.b. eriHoBon
Figure 8. The result of processing: a — styrofoam; 6 — soft modeling plastic; 8 — hardwood
Source: photo by D.G. Allenov, K.B. Deinova

Puc. 9. Hanbonee nokasatesnbHbI pe3ynstat 00paboTkun
(opeBecuHa TBEPOON Nopoabl)
McTouHunk: doto 4.I. AnneHosa, K.b. ernHoBon

Figure 9. The most significant processing result (hardwood)
Source: photo by D.G. Allenov, K.B. Deinova

3aksoyeHne

[lo pesynmbTaTy HCCIENOBaHUS NPEACTABICH-
HBIX B IpocTpancTBe Modela Player 4 turos ctpate-
TUH MOXXKHO YTBEpXAaTh: IJII 0OpaOOTKH IpeBe-
CHUHBI JIy4IIIe BCErO MOAXOAAT cTpaTeruu « CKaHupy-
e auHUM 1o ocsiMm X, Y» mmm «OOpaboTka
TOJIBKO B OJHOM HaIlpaBJIEHUHU MO OCAM X Wiu V»,
MOCKOJILKY MPHU PACIOJIOKCHHH 3aTOTOBKHU BOJIOK-

HaMH BIOJIb BBIOpaHHOW ocH 00paboTKa MpoUCXo-
JUT PaBHOMEPHO 0€3 BHIPHIBAHHS; AJISI MOJEIBEHOTO
IJIaCTHKA W TIEHOIUIACTa TPH YEPHOBOH 0OpaboTKe
PEKOMEHIyeTCsl UCII0Ib30BaTh crpareruu «Ilo xoH-
TypHbIM JHHUAM (Up cut 1 Down Cut)» (MUHHMAaNb-
HOE BpeMsi 00pa0OTKH M KaueCTBEHHAS MTOATOTOBKA
K 9UCTOBOM 00paboTKe).

OMIUPUYECKH YCTaHOBJIEHHbIE PEKOMEHIye-
MBIE€ PEXHUMbBI PE3aHUsl COKpalaroT Bpemsl oOpa-
0oTKH netaneil B cpennem Ha 40-50 %, He yxyamast
KayecTBO 00padaThiBaeMO IOBEPXHOCTH, TIPH 3TOM
BBIBOJI 110 Ka4eCTBY 00pabOTKH MPOU3BOANICS BU3Y-
aJbHOM OLIEHKOW YMCTOTHI MOJYy4aeMbIX MOBEPXHO-
creit (OMHOPOIHOCTH MOJIYIaeMON TTOBEPXHOCTH, CO-
OTBETCTBHE M3HAYAIBHO 3aJaHHOH (opMe MOnenH,
OTCYTCTBHE BUIMMBIX J€()EKTOB U BHIPHIBAHUS BOJIO-
KOH (U151 IepeBa), He0OXOMMOCTh JOBOJIKU MOBEPX-
HocTteit). CneayeT OTMETUTb, YTO TPH NPEBBILICHUT
MaKCHUMAaJbHBIX 3HAYEHUH MPOMCXOJUT OCTAHOBKA
IIMUHAETS U3-32 HEXBAaTKH MoIHOcTH. HomuHanb-
HbI€ 3HAYEHUs, ONPENEICHHbIC IPOrpaMMOH, SBILS-
FOTCS1 CaMBbIMU IAJISIIIIMMHU [UISl CTAHKA U TapaHTUPY-
IOIMMH paboTOCTIOCOOHOCTh B TEUEHUE TapaHTHiA-
HOT'O CPOKa CITYKOBI.
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Omnepupyst Tpyaamu NpeAcTaBIEHHOTO 0030pa,
ONTUMHM3AIUS BBHIMOJNHEHA 10 TaKUM TapameTpam,
KaK MaKCUMallbHAasi POHM3BOAMUTEILHOCTh Mpolecca
(Bpemst 00pabOTKH, OTCYTCTBHE BHOpaIMii, OCTa-
HOBKH O0OPYIOBaHWS) M JTOCTIDKCHHE >KEIIAeMOTO
KadecTBa 0OpabaThIBaeMbIX IOBepXxHOCTEH. Ilpum
3TOM B KauyeCTBE MapaMETPOB ONTHMHU3AIUU TPH-
HSATBHI YaCTOTa BPAIICHUs MINUHICIS CTaHKa A, IMO-
nada Ha 3y0 S,, riryouHa pe3anus t. OCHOBHBIC KpH-
TEpUH ONTUMHU3AINH: Ka9eCTBO 0OpaObOTKH TP BH-
3yallbHOM OLEHKE M COKpalleHHe BpEeMEHH o0pa-
OOTKHM C MaKCUMaJIBHBIM COOJTIOICHHEM KOPPEKTHO-
cTH pabOThl — TO3BOJISIOT KOHCTATUPOBATh BHIPa-
OOTKY HampaBleHUsS K SBHOW TEHICHIIMU ITIO BO3-
MOKHOMY TIOBBIIICHUIO TMPOU3BOJAUTEIBHOCTH IS
00pabOTKH paccMaTpUBAEMBIX HAMH MaTEPHAIIOB.
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CBepxTOHKME BbiICOKO3(]PPEKTUBHbIE COJIHEYHbIE 3JIEMEHTbI
Ha retepocTpykTypax A"B'/Ge Ans KOCMMYECKOro npMMeHeHus
AM. Huxudopos™™, H.A. ITaxanos"', O.II. ITuensikos™, A.B. JIaTbies

UncruryT dusuku nonynposoauukoB CO PAH nm. A.B. Pxanosa, Hosocubupck, Poccus
B4 nikif@isp.nsc.ru

Hcropus ctatbn AnHoTtauus. IlpoBeneH aHaiu3 NEPCHEKTHB CO3MAaHHS CBEPXTOHKHX,
TocTynuna B perakuuio: 12 mons 2023 . JIETKUX ¥ BBICOKOO((EKTHBHBIX COTHEYHBIX 3JIEMEHTOB HA T€TEPOCTPYK-
Jlopaborara: 15 centsops 2023 . typax A"BY/Ge. O6cykaaioTcs TEXHONOTHMYECKHE MPOOIEMbI M HEP-
Tpunsta K my6mukawuu: 12 oxTsops 2023 T. CIEKTHBBI pa3INYHBIX BApHAHTOB. B KauecTBe HanbosIee epCeKTUBHO-
ro MeTojia MpeAaraeTcs MCIOIb30BaTh XUMUYECKOE YTOHEHHE TeTepo-
crpykryp A"BY/Ge ¢ mpuMeHeHMEM BpPEMEHHOIO TEXHOJIOTHYECKOTO
HOCHTElIs. BbIpalieHHbIl Ha repMaHUEBON TOIUIOKKE COJHEYHBIM 3ie-
ABTODBI 3a5IBIISIIOT 00 OTCYTCTBHH MEHT C KOHTaKTHOW CETKOH, MPOCBETIAIONUIMM MOKPHITHEM U 3alUTHBIM
KOH(JIMKTa MHTEPECOB. OT paaualyy CTEKJIOM, HO 0€3 ThUIBHOTO METaUIMYeCKOro KOHTAKTa,
MIPUKJIEUBAETCS JINLEBOM CTOPOHOM Ha TEXHOJIOIMYECKMH HOCHUTENb.
Janee Ge-mojuiokka TPaBUTCS 1O HYKHOH TONIIUMHBI U CO3JaeTCA
Bxaan aBTopos TBUIbHBIM KOHTAaKT, a HOCUTENb yjajisercs HarpeBaHueM. /lanuas me-
HepasaenbHoe CoaBTOPCTBO. TOIUKA IO3BOJIAET YTOHATH (GE-TOIJIOKKY /10 HECKOJIBKHX JIECATKOB
MUKDPOH U CYIIECTBEHHO YBEJIMYHUThH MPOLEHT BBIXO/AA IOAHBIX MpubO-
POB IpakTUYECKU 0e3 prcKa pa3pyLIUTh repepoCcTpyKTypy. M3mMepeHue
BOJIBTAMIIEPHBIX XapaKTePUCTUK YTOHEHHOTO COJHEYHOrO 3JIeMEHTa
MIOKa3aJu, YTO JUIsl HA3€MHOI'0 CHEKTPa 3HAYCHUsI apaMeTPOB YTOHEH-
HOro oOpa3sua COBNAJAalOT C MCXOAHBIMH 3HaueHWsMH. Hanpspxenue
XOJIOCTOTO XoAa cocTasisieT 2,67 B, mnoTtHOCTs Toka 14 MA/cM?. D10
OTKpBIBAET BO3MOXHOCTb CO3/1aHUSl BBICOKOA((EKTUBHBIX TOHKUX U
JIETKUX COJIHEYHBIX JJIEMEHTOB Ul KOCMHUYECKHMX OaTapeil Ha OCHOBE
MacCcoOBO MPOU3BOAMMBIX B HACTOSIIEE BpPEMs TETEPOCTPYKTYp —
A"BY/Ge.

KiawueBbie c10Ba: COMHEUHBIE MPEOOPA30BATENH, TETEPOCTPYKTYPHI,
A3BS5, Ge, yroneHnue

3asiBiieHHe 0 KOH(DJIUKTE HHTEPECOB
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Abstract. The analysis of the prospects for the creation of ultrathin, lightweight and highly
efficient solar cells based on ABY/Ge heterostructures. Technological problems and
prospects of various options are discussed. As the most promising method, it is proposed
to use chemical thinning of AIIIBV/Ge heterostructures using a temporary technological
carrier. A solar cell grown on a germanium substrate with a contact grid, an antireflection

coating and radiation-proof glass, but without a back metal contact, is glued face-on to a
technological carrier. Next, the Ge substrate is etched to the desired thickness and a back
contact is created, and the carrier is removed by heating. This technique makes it possible
to thin the Ge substrate to several tens of microns and significantly increase the percentage
of yield of suitable devices almost without the risk of destroying the heterostructure.
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Measurement of the current-voltage characteristics of a thinned solar cell showed that for
the terrestrial spectrum, the values of the parameters of the thinned sample coincide with
the initial values. The idling voltage is 2.67 V, the current density is 14 mA/cm?2.This
opens up the possibility of creating highly efficient thin and light solar cells for space
batteries based on currently mass-produced heterostructures — A™BY/Ge.
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BeepneHune CHUBHBEIM HccienoBaHusM dddexTuBHOCTE CO Ha

A""BY menpephIBHO yBeIMUMBaeTCS M pacTeT MpH-

B HacTosiee Bpemsi UMeeTcsl ocTpas moTpeo-
HOCTb YITYYIIICHHSI JHEPTOMACCOBBIX XapaKTEPUCTUK
COJTHEYHBIX Oarapel IJIsi KOCMUYECKHX allaparoB.
Oco0eHHO Ba)XKHOE 3HAUYEHHUE ITH XapaKTEePUCTHKHU
OyoyT MMeTh IpPU MOCTPOCHUU COJHEYHOTO a’po-
KOCMHUYECKOTO MHOTO(YHKIIHOHAJIFHOTO SHEPTO-
TEXHOJOTHYECKOTO KOMILIEKCa C JHCTaHLIMOHHOU
nepenaueii suepruu no CBY u na3epHbIM KaHaJIaM.
Takre KOMIUIEKCHI TIPEAIONAraloT IMPUMEHEHHE
OOJIBIIOTO YHCIIA COJHEYHBIX Oarapeld ¢ BBICOKOM
MOILHOCTBIO T€HEPUPYEMOM 3HEPTUH.

Jna pemreHust 3Toil 3ama4n HEOOXOAMMO YBe-
mruenne KIIJI mpeoOpa3oBaHUs CONHEYHOH DHEpP-
TUU B JJIEKTPUUECKYI0O U CHH)KEHHE Beca COJIHEU-
HBIX AneMeHnToB (CD). Hanbonee mmpoko HCIOIb-
3yeMbI€ COJTHEUHbIE 0araper M3TOTaBIMBAIOTCH Ha
ocuose coenunennit A"BY, kotoprie o6nanaror
HauOonbmen >¢dexkruBHOCTHIO. braronaps nHTeH-

MepHO Ha 1 aGcomroTHBIA mporleHT B ron [1]. B
HACTOAIIee BpeMs /I KOCMHYECKHX alllapaTroB
(KA) ucmonmpsytorcs CD Ha TeTepOCTPYKTypax —
A"BY na nonnoxkax repmanus ¢ KI1J1 oxoso 30 %.
Oxwunaercs, 4To B ONMkaiiue HECKONBKO JIeT 3¢-
(heKTUBHOCTH COJIHEYHBIX Oarapell Ha COCAMHEHHIX
A"BY nns xocmoca Moxer mpubmmsuthes K 40 %.
s Takux Oarapeil HEOOXOAMMBI BBICOKOA(QEK-
TUBHBIE, JIETKHE M JKearenbHo rudokue CD.

1. AHBepTUPOBaAHHbIV 3NUTaKCUaNbHbIN
MeTaMOpP@HbIiA POCT COJIHEYHbIX 3JIEMEHTOB

s noctmxenus Boicokux KI1JI HeoOxomumbl
HOBBIE APXUTEKTYPbl U KAYECTBEHHBIE MOTYyIPOBO/I-
HUKOBBIE MaTepHaibl, ONTHUMHU3UPOBAaHHBEIE 1O (HO-
TORNIEKTpUYecKkuM napamerpam. C 3ToM LEeNbio pa3-
pabaThIBalOTCSl CBEPXTOHKHE MHOTOKACKaHBIE BBI-
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cokodpdexktuBHple CD Ha TeTEPOCTPYKTypax
A"BY, manpumep InGaP/GaAs/GalnAs, nomy4ae-
Mble WHBEPTUPOBAHHBIM SIHUTAKCHAILHBIM MeETa-
MophHBIM pocToM. Jlamee reTepocTpyKTypa OTie-
JSIETCSI OT MOMJIOKKHU 33 CYET CO3[JaHUs B MpoIecce
pocta W moclenytomero BeITpaBiuBanus B HF

Flexible

Carrier/ !

TuoKuit

HOCUTeNb

Solar Cell /

nemeHT

CONMHEYHbI

Etch Solution / Release Layer /
Tpaeutenb epTBenHbIil

aion

LN\

Substrate /

MNopnoxka

JKEPTBEHHOI'O CJIOsI, KOTOPBIA HAXOOUTCA MEXIY
TTOJTIO’KKON M aKTHMBHOM O0JIACTHIO T€TEPOCTPYKTY-
pel. Ilocie 3TOrO TETEpOCTPYKTYypa MEPEHOCHUTCS
Ha HOBBHIU JeTkuil HOocuTenb [2]. CXeMaTuuHo TeX-
HOJIOTHSI OTAENICHUS W MepeHoca MpeCTaBIeHa Ha
puc. 1.

1.9-eV InGaP

0. 7-eV InGaAs 1.4-eV GaAs

MM Grade ‘

MM Grade

MM Grade MM Grade

1.4-eV GaAs 0. 7-eV InGaAs

1.9-eV InGaP

Puc. 1. Cxema oTaeneHus n nepeHoca reTepoCTpyKTypbl HA IErKNin HOCUTENb
LN UTHBEPTMPOBAHHOI O aNmnTakcuanbHoro metamopdHoro pocta [2]

Figure 1. Scheme of separation and transfer of heterostructure
to a light carrier for inverted epitaxial metamorphic growth [2]

HecmoTpst Ha 3HauMTENbHBIE U MHOTOJIETHHE
YCWIINS BEAYUIUX MHPOBBIX MPOU3BOAUTENEH IPO-
mBonuctBo Cb Ha rerepoctpykTypax InGaP/GaAs/
GalnAs nmoBecTu 10 peaqbHBIX KOMMEPUECKHUX Ia-
HeJel 70 HACTOSILEro BPEMEHU HE yNajioch H3-3a
CJIOXHOCTH JAaHHOW TEXHOJIOTHH. JTO CBS3aHO C
HEZOCTaTKaMH JaHHOTO METOAa, a WMEHHO C JITH-
TENBHOCTBIO HAXOXKJEHUSI TE€TePOCTPYKTYPHI B IUTa-
BUKOBOH KucioTe (CyTKH u OoJiee) Mpu BHITPaBIH-
BaHWH KEPTBEHHOTO CJIOS U OTIENEHUH OT ITO/JIOXK-
k. K ToMy e npu OTAEeNeHUHU OT MOAJIOKKH TaKue
CBEPXTOHKHE CTPYKTYPHI (TOJIIUHOW OKOJIO 5 MUK-
POH) MOTYT JIOMAIOTCSl BBHIY WX KpalHEH XpymKo-
CTH, YTO CHW)KAaeT MPOIEHT BbIXOAa ToAHbIX. [lomo-
JKUTEJIbHOW CTOPOHOW JTaHHOW TEXHOJOTHUU OTHENE-
HUS SABJSETCS BO3MOXKHOE TOBTOPHOE HCIOIH30Ba-
HUe MOUTOKKH. HemocTaTkom sIBIIsieTCs TaKkke HaJH-
yue B JaHHOW apxuTekType CO TOJCTOro yKperuis-
IOIIEro MeTautmdeckoro ciost (25-50 MkM), dTO
3HAYMTEHHO YBEIIMIMBAET BeC dIeMeHTa [2].

2. YToHeHunsa Ge-noajsioxkKu
Ha reTepocTpykTypax A"B'/Ge

YMmensbiieHne TonmuHbl Takux CO 1o xemae-
MbIx 20-50 MKM, a Takke AalbHEUIINE MOCIepO-
CTOBBIC OICpallvy, BBUAY WX KpaWHEH XPYIKOCTH,
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SIBTSIFOTCSL CIIOKHOM TEXHOJOTUYECKOH MpPOOIIEMOI.
HNmenno moatromy CO Ha Ge p-n-miepexojie UMEIOT
BBICOKYIO y/IENIHYIO MacCy W IMO3TOMY HX CTaparoT-
cs 3aMeHuTh Ha CD, BBIpallleHHble MHBEPTHPOBAH-
HBIM 3MUTAKCHATIBHBIM METaMOP(HBIM POCTOM C T10-
CIIEIYIOIIMM OTAEJICHHUEM ITOJUTOKKH. TaKkue TOHKHe
u nerkue CO tommuHON 10 20 MKM ¢ yIeIbHON Mac-
coit 110 34 mr/cm? Ha retepoctpyktype InGaP/GaAs/
Ge co3nansl pupmoiit AZUR Space Solar Power [3].
Yronenusie CO NPONUIA YCIIENTHBIEC JETHBIC UCITBI-
TaHUA HAa HEMENKOM TEXHOJOTHYECKOM CITyTHHKE
TET-1, 3amymensom B 2012 r. Ha poccuiickoM Ho-
cutene Coro3. Hamryumryio 3¢ ¢heKTHBHOCTD TTOKa-
3aymm cambie ToHKHE (20 MkM) CO. OmHAKO TEXHO-
norus co3nanus Takux CD gBiseTcs HOy-xay W He
pasriarnraercsi.

HpyruMm, Goree TeXHOIOTHYHBIM, TPEATIOKECH-
HBIM HamH B [4] ciocoOoM yToHeHusT Ge-TIOJIOKKH
na rerepocrpykrypax A"BY/Ge no Tommun 20 Mxm
SBIISIETCSI XUMUYECKOE TPABJICHWE TePMaHUs C TIPH-
MEHEHHEM BPEMEHHOI'0 XUMHYECKH CTOMKOTO TeX-
HoJjormyeckoro Hocutens (puc. 2). Kak nokazaHo B
[3], Takol TONIIMHBI BIIOJHE MOCTATOYHO JUTS TIOJI-
HOIlEeHHOW poOoThl (Ge-Kackama. ITO TO3BOJISAET
YMEHBIINUTH yaenabHylo maccy CO Ha 70-80 % [3].
Hawnbonee ymoOHBIM TEXHOJIOTHIECKAM HOCHTEIIEM
spisiercst REVALPHA [5]. C omHO# CTOpPOHEI, OH
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MMEET KJIEEBOM CJIOH, KOTOPBIA OYeHb YI0OHO
HaHocuTcsa Ha CD, a TakkKe MPOCTO ymalseTcs MMpu
HarpeBaHWM JI0 OMpPEACICHHOW 3aJlaHHOM TemMrepa-
Typsl: 90, 120, 150 umm 170 °C.

TexHoyorus yTOHEHHs] TEPMaHUEBOM TOJI0XK-
KM C UCIIOJIb30BAHUEM TEXHOJIOTHYECKOr0 HOCUTES
3aKJII0YAeTCs B CIEIYIOIIEM: BBIPALICHHBIM Ha rep-
MaHHeBOM mojiaokke CO ¢ KOHTAaKTHOH CETKOH,
MPOCBETIAIOIIMM MOKPBITHEM U 3aLUTHBIM OT pa-
IUAIA CTEKJIOM, HO 0e3 ThUIbHOTO MEeTaJLTHYeCcKO-
ro KOHTAaKTa, MPUKJICUBACTCS JHUIEBONH CTOPOHOMU

Hocutens (Carrier)

(3alIUTHBIM CTEKJIOM) HAa TEXHOJOTHYSCKHMHA HOCH-
Tenb. TakuM o0pa3oM TOMydaeTcs IOCTaTOIHO
MpoYHas KOHCTPYKITHS, OMUPAIOIIAsCS Ha CTEKIIO
(tommuua 100 mxm) mroc REVALPHA (Tonmuna
100-180 MKxM), YTO TIO3BOJISIET IIPOBOJUTH BCE
JMaJpbHEHIINE Omepaluu TPAKTHIECKH 0e3 pHucka
paspyuuts I'C. Jlanee Ge mojyioxkka TPaBHTCS IO
HY>KHOW TOJIIMHKEI (TIPU 3TOM IJIaHapHAs CTOPOHA
3alIHIIeHa TEXHOJOTHYECKHMM HOCHUTENIEM). 3aTeM
CO3/1aeTCs THUIBHBIM KOHTAKT W HOCHUTEIb JIETKO M
YICTO YAAIAETCS HarpeBaHueM [6].
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Puc. 2. Cxema MeToaukn yTOHEHNS Noasioxku C3 ¢ CNoNb30BaHMEM TEXHONOMMYECKoro Hocutens [4]
Figure 2. Scheme of the technique for refining the substrate of a solar cell using a technological carrier [4]

ArmnpoOanust JaHHOW METOJUKH IPOBOAMIACKH
Ha CD ¢ 3alMUTHBIM CTEKJIOM U KOBAPHBIMHA KOHTAK-
Tamy. HadganpHas TONIMMHA TEPMAHHEBOTO CIIOS
cocraBisna 180 mxmM, koHeuHast 50 mxwm. Ilpu sTom
ylenbHasg Macca yMeHbmuiuack ¢ 116 mr/cm? o
63 mr/cm?. TpaBieHHE NPOBOAUIOCE B PAaCTBOPE
H3;PO4+H>0,-H>0 [6] B Teuenue 180 MunyT mociue
conuti()OBBIBAHUS MHOTOCIOWHOTO THUIBHOTO KOH-
TakTa. HOBBIM KOHTaKT coO3/1aBajicsi HaIlblJIEHUEM
CIUIOIIHOTO CJIOS MHJUS TOJIIMHON OIUH MUKPOH.
Hanee CO mnpukiaewBaics MPOBOASIIAM SIOKCH-
HBIM KJIEEM K MeTaJUTM3MpOBaHHOMY In yriemna-
CTUKY. BepXHMI1 KOHTAKT N30JIMPOBAH.

W3MepeHre BOJIBTAMIEPHBIX XapaKTEPUCTUK
YTOHEHHOTO COJIHEYHOTO 3JIEMEHTa IMOKa3asio, YTOo
11 HaseMHoro crektpa (AM1.5D — 1000 Bt/m?)
3HAYCHUsS MapaMeTPOB YTOHEHHOTO o0pasiia CoBMa-
JAIOT CO INTAaTHBIMH 3HAYCHUSAMHU HCXOMHBIX CD
InGaP/GalnAs/Ge. OHU COCTaBISIOT: HaNpsDKCHUE
X0JIOCTOro xoma Ve =2,66718 B, mioTHOCTH TOKa
Joc=0,014 A/cm?. Heckodabko HIDKE OXHIAeMOM
okazanack 3pPexkTuBHOCTE Eorr= 28,7 %, 9TO, CKO-
pee Bcero, CBA3aHO C BO3HHKHOBEHHEM Je(EKTOB
npu conutr(OBEIBAHUK METalIa ThILHOTO KOHTAaK-
Tta. [IOHATHO, YTO B pEaIbHOM TEXHOJIOTHUYECKOU

[[ENOYKEe HAHECCHUE THUIBHOTO KOHTAKTa J0 TPaB-
JICHUSI ACKITIOYaeTCsl.

Bonpmme nepcrekTuBbI IpeACcTaBIseT UCTIONb-
30BaHUE MpemaraeMbix cBepXToHKUX CO COBMECT-
HO C pa3zpaboTaHHBIMH B Poccum mpeanmpusitusmu
HIII «Texuomorus» u HIIIT «TAUC» cepxier-
KHMHU YIJEIUIACTUKOBBIMHU KapKacaMu JIjIsi COJHEY-
HbIX Oarapeii ¢ ynenbHol mMaccoii 0,5 kr/m”. B aTom
CiIy4ae pe3yJasTHUpYIOIIas yAellbHas Macca COJHEU-
HBIX 0arapell MOXeT ObITh YMEHBIIICHA JIO PEKOPIHO
HU3KOH BeanmuuHbl — | kr/cM?. OcoOeHHO Ba)KHO,
YTO TAKOH THI MaHEJIeH MOKET 00ECIICUNTh TOpas3zio
Ooree TIOTHYIO ymakoBKy C3, yBEIHUYUTH IIOMATH
U, CIIe/IOBATEIbHO, MOIIHOCTh TPU COXPAHCHUU Be-
ca COJTHEUHBIX Oarapeii.

3aknouyeHne

Takum 00pa3oM, TEXHOJOTHS XHMHUYECKOTO
YTOHEHUS TIOJNIOKKUA OTKPBIBAET JOTIOHUTEIHHYIO
BO3MOHOCTH CO3aHUS BRICOKOI(P(PEKTUBHBIX TOH-
kux u jerkux CD Ha MaccoBO MPOU3BOJUMBIX B
HacTosmiee Bpems rerepoctpykrypax — A'BY /Ge,
C BBICOKHM IIPOLIEHTOM BBIXOJa rogusix CO, a Tak-
ke ynoOHOro crocoba ux mepeHoca Ha MOCTOSIHHBIN
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ruOkuil serkuid Hocutenb. [Ipu sTomM 3¢ddexTus-
HOCTh Takux COD B MEPCHEKTHUBE HE JTOJDKHA YCTY-
HaTh UCXOAHOMY COJTHEYHOMY JJIEMEHTY Ha OOBIY-
HOH MOJJIOKKE.
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3asBileHHE 0 KOH(JIUKTE HHTEPeCoB

ABTODBI 3a5IBJISIOT 00 OTCYTCTBUH
KOH(JIMKTA HHTEPECOB.

BkJian aBTopos

Hepaznenbﬂoe COaBTOPCTBO.

AnHoTtanms. [IpoBesneH aHanu3 ucciie0BaHUM, MOCBAIIEHHBIX ONTHMHU3a-
LMY HAaBUTALMOHHBIX JATYUKOB, BBHIIIOJIHEHHBIX HA OCHOBE MHKPOXJIEKTPO-
Mexanuueckux cucteM (MOMC) s adpOKOCMHUYECKHUX TPAHCIOPTHBIX
cpencts. Paccmorpenst MOMC-naTunku, UX 3a7a4l B YIPaBJICHUHU, HaBU-
raluy U KOHTPOJIe, 0COOCHHOCTH MHEPLUHOHHBIX MOMC-1aTYnKOB U BaX-
HBIE MOKa3aTedd MX MPOU3BOIUTEIBHOCTH. VccinenoBaH MMPOKHHA CIIEKTp
METOJOB ONTUMM3AIMU JaTYNKOB, BKJIIOYAS CTPATETUH YIy4IICHHS IPOH3-
BOJICTBA, U3rOTOBJICHUS Y€pe3 CMapT-CTPYKTypbl U MaTEMaTHIECKOE MOJIE-
nupoBaHue. MccnenoBaHbl METOJOJIOTHS 1 MEXaHU3MBI YITYUIICHUS TIPOU3-
BOACTBA HABUI'alIMOHHBIX NTAaTYUKOB, a TAK)KEC BHCAPECHUE METOAOB ONITUMU-
3aruu Uil 9QGEKTUBHOTO YIPABICHHS BBIYUCIUTEIBHBIMU CIOKHOCTSIMA
AJITOPUTMOB. OCHOBH])IC PE3yIbTaThl NOAYCPKUBAIOT BbI3OBLI, CBA3aHHBIC C
BBIOOPOM MAaTepUalioB U CTPYKTYPHBIMH CIIOKHOCTSIMH TPH ONTHMH3AIHN
MOMC-aT4uKoB A a3POKOCMUYECKHUX 3aaad. VIHTerpaius IaT4uKOB B
MHTETpalbHBIE CXEMBI, Pa3padOTKa MPOABUHYTHIX MAaTeMaTHYECKUX MOJe-
JIel U corjacoBaHMe ¢ aJIFTOPUTMAMU UCKYCCTBEHHOT'O MHTEIUIEKTa HE0OXO-
MBI ISl TIOBBIIICHUS MPOHM3BOAUTENFHOCTH AaT4MKOB. KanmOpoBka u
YCTpaHCHUEC OHII/I60K Ipu pa3BEPThIBAHUU JATUYUKOB I10JIL30BATCIICM SIBJISA-
I0TCS 00s3aTENIFHBIMU JTallaMH WX BHeApeHus. B paboTe momuepkuBaeTcs
HEOOXOAUMOCTb HAX0XKIEHUS CIIOCOOOB Ul CHSITHUS OTpaHUYEHUH M0 TOY-
HOCTH W NPEUU3HOHHOCTH JaTYHKOB IIyTEM COBEPLICHCTBOBAHHS MEXaHM3-
MOB KaJHOpPOBKU U MPOLECCOB KOPPEKIHHK OmHUO0K. ClienaH BBIBOA O TOM,
YTO HalpaBJIeHUs AajJbHEHIINX MCCIeJOBaHHM JiexaT B 00J1acTu pa3padoT-
K{ HOBBIX MaTepHajIoB, IOCTPOEHHS 0oJiee TOUYHBIX MATEMAaTHIECKHX MOJE-
JIe ¥ IPUMEHEHHsI HHHOBAIIMOHHBIX METO0B KaJUOPOBKH JJIs1 BCECTOPOH-
HEro YJIyYIIeHHUs] MPOU3BOAUTEIHHOCTH U HagexkHoCcTH MOMC-n1aTunkoB B
a3POKOCMUYECKUX NPUI0KEHUAX.

KiroueBble c10Ba: MMOKa3aTeIH MIPON3BOAUTCIILHOCTH, Kann6pom<a, HHEp-
IOUOHHBIC JAaTYHUKH, HCKYCCTBGHHLIP'I HHTCJUICKT, MaTCMAaTHU4ICCKOC MOACIIN-
POBAHUEC, NHTCIIJICKTYAJIbHBIC KOHCTPYKIIUH

Jns uMmTHpOBaHUA

Alizadeh A., Saltykova O.A., Novinzadeh A.B. Optimizing MEMS-based navigation sensors for aerospace vehicles // Bectauk
Poccuiickoro yHuBepcutera ApyxkObl HaponoB. Cepus: MuxeHepHsle uccnenoBanus. 2024. T. 25. Ne 1. C. 57-74. http://

doi.org/10.22363/2312-8143-2024-25-1-57-74

Introduction

a method for estimating the maturity of MEMS-

The use of microelectromechanical systems based devices offer miniaturization advantages [1].
(MEMS) in space applications has shown potential MEMS technology offers miniaturization advantages
to revolutionize future spacecraft systems, which is ~ but packaging and testing remain significant
why careful attention to material selection is always  challenges that account for a major part of the final
required. Technology Readiness Levels (TRLs) are cost of MEMS devices [2].
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MEMS-based devices offer a promising solution
for navigation systems of autonomous aerospace
vehicles. However, the performance of sensitive
MEMS devices, such as magnetometers, can be
significantly affected by the test environment
(factors such as electrical activity and ferrous
materials), which affects the magnetometer output
[3]. Thus, thermal engineers and guidance,
navigation, and control (GN&C) engineers have
considered both the benefits and challenges when
dealing with MEMS technology in space [4].
A potential approach suggested by researchers is
topology optimization, which divides MEMS struc-
tures into elements and assigns a design variable to
each one to determine optimal material distribution
[5]. On the other hand [6], emphasized the
significance of MEMS features in achieving low
mass and high reliability in aerospace systems, as
the current industry standard for launching a
satellite into low-Earth orbit (LEO) stands at
roughly $5,000 per kilogram.

MEMS navigation sensors have gained attention
from aerospace engineers and a wide range of users
due to their compact size, lightweight, and cost-
effectiveness [7]. These sensors have great potential
for integration with space instruments and find
widespread applications in aviation [8—10]. Their
small dimensions and affordable manufacturing
make them highly desirable for aerospace-related
purposes, leading to a steady increase in global
market demand [11].

In recent years, there has been increased
interest in MEMS Inertial Measurement Units
(IMUs) due to their small size and low cost. IMUs
are used to obtain navigation data when GPS signal-
unavailable environments or electronic interference
are present. However, a major disadvantage of
IMUs has been the accumulated error when
integrating them with navigation equations alone to
find the position [12]. To improve the accuracy of

navigation data, various IMU sensors, consisting of
accelerometers and gyroscopes, are assembled
together into a printed circuit board known as the
IMU Cluster that calibration process is needed to
optimize the systematic errors [13].

This review will examine topology optimiza-
tion techniques as potential solutions for the design
and material distribution optimization challenges
encountered in MEMS navigation sensors. By
addressing these advancements and challenges, this
review aims to offer valuable insights to resear-
chers, engineers, and industry professionals, foster-
ing progress and innovation in MEMS-based navi-
gation systems across various applications.

1. MEMS in Guidance, Navigation and Control

MEMS technology involves micromachining
silicon to create micron-scale structures such as
cantilevers, free-standing bridges, membranes, and
channels, which are then combined with micro-
electronics fabrication methodology and technology
to produce miniature systems that integrate electro-
nics with sensors, transducers, and actuators. MEMS
devices have potential applications in spacecraft
GN&C systems for navigational functions. As shown
in Tablel [4] the essential functional elements of a
spacecraft GN&C system are sensors, processors,
and actuators, and MEMS technology can be used
to develop miniaturized sensing and control
devices, including accelerometers, gyroscopes, star
trackers, sun sensors, magnetometers, reaction
wheels, and thrusters. MEMS technology for space
can be categorized into various areas, such as
inertial navigation, RF switches, and variable
capacitors. However, reliability is a crucial concern
for space hardware due to radiation, thermal
cycling, thermal shocks, vibration, and mechanical
shock [14; 15].

Table 1

Typical Spacecraft GN&C Attitude Sensing and Control Devices

Attitude Sensing Devices

Navigation Sensing Devices

Attitude Control Actuation Devices

Sun sensors

Thrusters

Earth sensors

Magnetic torquers

Horizon sensors IMU and IMMU’ Antenna pointing gimbals
Gyroscopes Gyroscopes Momentum wheels
Accelerometers Accelerometers Reaction wheels
Magnetometers Magnetometers Control moment gyros

Fine guidance sensors

Solar array drives

N ot e. When magnetometers are combined to accelerometers and gyroscopes, IMUs are referred to as IMMUSs.
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1.1. Current Types of MEMS Sensors
in Aerospace Navigation

1.1.1. MEMS inertial sensors

The use of Inertial Measurement Units (IMUs)
has been integral to navigation and guidance systems
in aerospace and military applications. Traditionally,
IMUs consisted of three accelerometers and three
gyroscopes to sense linear accelerations and angular
velocities. However, advancements in Micro-Electro-
Mechanical Systems (MEMS) technology have
resulted in the development of new low-power
wireless transceiver-based applications, leading to
smaller, more cost-effective IMUs. These IMUs are
implemented as strap-down systems and offer
advantages over traditional IMUs, including higher
accuracy and lower power consumption. As can be
seen in Figure 1 by measuring local angular velocity
and linear acceleration, it is possible to determine
the moving displacement or absolute position in the
global inertial reference frame [16].

MEMS IMMU technology is a critical compo-
nent in modern aerospace and defense systems,
providing precise positioning, velocity, and orienta-
tion data crucial for safe and reliable navigation.

3]

Global frame

a

Furthermore, recent research has shown the poten-
tial for MEMS IMUs to improve safety and mobility
during space missions through the development of
highly accurate gait detection algorithms for various
positions of the human body [17-19]. This techno-
logy could be integrated into astronaut clothing,
providing real-time feedback on movement and
position.

1.1.2. Performance Metrics

To ensure cost-effectiveness, reliability, and
safety, stable MEMS performance is necessary
throughout its life cycle [20]. Achieving high sensi-
tivity and accurate modeling of the sensors is crucial.
The harsh environment of aerospace applications
requires specialized designs and modeling tech-
niques, such as micro-dampers and protective mate-
rials, to withstand conditions like vibrations,
shocks, temperature gradients, and fluids. Addition-
ally, compliance with export control regulations and
aeronautics development standards and processes is
essential, which may involve incorporating anti-
proliferation devices and technologies. Table 2
shows the necessary requirements for performance
of some prevalent navigation sensors [21].

ap

Acceleration
mapping from
body frame to
global frame

o8

Figure 1. Global Positioning via Local Angular Velocity and Linear Acceleration Measurements.
The inertial navigation basic: a — strap-down systems; b — position calculation

Source: made by the Iniewski et al [16]
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Table 2
MEMS for Aerospace Navigations; Standards and Performance
Gyroscope Accelerometers IMU
Measurement Range, Bandwidth: Volume:
@factor>100000 > 100 g, 500 Hz 150 cm?
Bias stability: 1,30/h . Power Consumption:
drift rate <5°/h Bias Accuracy of 50pug to 1 mg <3W
Range of Allan Variance MTBF
of Walk obtained ?n Rate Gyros: Scale Factor Error of 300 ppm to 1000 ppm )
0.3 100000 FH
"0

Note. The performance metrics of navigation sensors vary for each mission. Therefore, Table 2 specifies the
minimum requirements for sensors when performing a simple mission in the aerospace field. To achieve detailed
data about Characterization of Inertial Measurement Units under Environmental Stress Screening, refer to the
studies of Capriglione et al [22]. For more study, Liu et al[23], and have referred to exact performance metrics of

mannetnmeter

2. Techniques for Optimizing MEMS-Based
Navigation Sensors and Solutions

2.1. Fabrication and Production Optimization

Fabrication optimizing methodologies are divided
into two main parts:

— selection of Smart Structure (Materials);

—development of Mathematical Models for
modeling and analysis purposes.

2.1.1. Smart Structure

Smart technology has been extensively employed
across science and engineering fields, offering im-
mense potential for highly significant applications. It
has successfully addressed challenges in aerospace
and electronics through the utilization of innovative
materials with electromechanical/magneto mechan-
ical coupling capabilities. These materials have en-
abled the conversion of energy from one form to
another, thereby facilitating the development of
sensors and actuators from the same substances. A
control mechanism integrated into the system has
responded to sensor signals, determining the appro-
priate actions of the actuators. Researchers world-
wide have devised methods to incorporate these
components, introducing smartness into systems.
Initially, this technology was applied in larger sys-
tems, but there has been a growing focus on minia-
turization, particularly with the rise of microelec-
tromechanical systems (MEMS), driven by the need
for lightweight designs. The engineering of smart
systems and MEMS has involved multidisciplinary

research and has presented numerous technological
challenges. As smart systems technology has ex-
panded into various disciplines, there has been a
crucial and timely need to consolidate technological
advancements in specific areas, providing valuable
insights for practicing researchers in science and
engineering who are interested in potential applica-
tions of this technology [24; 25].

2.1.2. Mathematical Modeling

In mathematical modeling, the governing dif-
ferential equation of a system is essential. There are
two methods to achieve this. The first method in-
volves isolating a small block from the continuum
system, analyzing the 3-D state of stress on the
block, and writing the equilibrium equation to ob-
tain the governing equation. Approximations in
lower dimensions can be derived from the 3-D
equations by converting stresses into stress result-
ants. This method, known as the Theory of Elastici-
ty, involves dealing with tensors and vectors. An
alternative approach is the energy method, where
minimizing the energy functional yields the desired
governing equations and their associated boundary
conditions. This method is widely used in discrete
modeling techniques. The Finite Element Method
(FEM) is extensively used for analyzing smart
structures, but it may become computationally pro-
hibitive for certain scenarios such as high-frequency
loads or Structural Health Monitoring (SHM) in
composites. In such cases, wave-based techniques
are employed [26; 27].
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2.2. Review of Navigation Sensors Fabrication
Optimizing Methodologies and Mechanisms

In order to enhance the structural optimization
of micro-electromechanical devices and select ma-
terials that effectively increase optimization param-
eters such as construction costs, production effi-
ciency, and performance, it is imperative to estab-
lish a fundamental framework that serves as a basis
for relevant research and provides general princi-
ples. Consequently, Varadan et al. [26], have ad-
dressed these fundamental principles and their de-
sign calculations. However, unlike the compilation
of materials by Nithtianov et al. [28], specific opti-
mization solutions have not been discussed. Instead,
their work serves as a comprehensive reference for
reviewing general principles and the fundamental
concept of utilizing smart materials alongside their
mathematical modeling.

Ananthasuresh’s research provides a compre-
hensive overview of MEMS design concepts,
focusing on system-level synthesis methodology
for modifying sensor structure topology. The study
emphasizes automating design processes for fixed
MEMS transducer topologies, involving identifying
design variables, establishing constraints (as shown
in Table 3), and formulating a mixed-integer non-
linear optimization problem. The optimization prob-
lems are solved through a sequence of linearized
sub-problems using sensitivity information. These
large-scale problems involve thousands to millions
of design variables and relatively few constraints.
Clearly in Figure 2, the geometrical parameters
and other details of Table 3 are shown. Various

methods, such as Optimality Criteria, Sequential
Linear Programming, and the Method of Moving
Asymptotes (MMA), are employed to solve these
optimization problems, with MMA being popular
for advanced topology optimization. Quadratic
programming methods are not used due to their high
computational cost. The solutions to these problems
are mesh-dependent and non-unique, but schemes
can be implemented to ensure well-posed problems,
such as modifying sensitivities within a fixed radius
of the element [29]

aqurs_ 1 n . .aEzIJ-Iqrs (1)
dpk pr i, B <=1 iPi ap;

Where the mesh-independent convolution oper-
ator (weight factor) H; is written as:

ﬁi = Tmin — dist(k, l)
{i € N|dist(k,i) < Tpinh k= 1,..,N.  (2)

In this expression, the operator dist (k, i) is de-
fined as the distance between the center of the ele-
ment k and the center of an element i. The convolu-
tion operator H; is zero outside the filter area. The
convolution operator for element i is seen to decay
linearly with the distance from element k. It is
worthwhile noting that the sensitivity converges to
the original sensitivity when the filter radius 7,;,
approaches zero and that all sensitivities will be
equal (resulting in an even distribution of material)
when 7,,;,, approaches infinity [29].

Table 3
Geometric Constraints
Constraint Description Expression Min [um] Max [um]

Actuator length Loy +2g + 2w, 0 700
Comb-fill (2N + Dw, + 2Ng — L, 700 0

Flexure length Lgy, + 2L, + 2w, 0 700
Total resonator width 3Lt + wgy + 4L, — 2x, + 2w,y + 2w g 0 700
Comb clearance during motion L.— (xo + xdisp) 4 200
Minimum comb overlap Xo = Xaisp 4 200
Shuttle clearance during motion Ly — Xgi6p — Ysy ; Wy 4 200
Shuttle gapin y m 2 200
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Figure 2. Geometrical parameters and dimensions of the micro resonator elements (sensors):
a — shuttle mass; b — folded-flexure; ¢ — comb drive with N movable ‘rotor’ fingers;
d — close-up view of comb fingers
Source: made by the Ananthasuresh [29]

As part of the investigation into the proposed
constraints in design and synthesis, Klaui [30]
conducted a comprehensive exploration of geo-
metrically confined domain walls, employing a
range of magnetometry and imaging techniques.
The research encompassed the examination of spin
structures, phase diagrams, thermal excitations,
stray fields, and magnetic dipolar coupling. How-
ever, to enhance the scientific rigor and reliability of
the findings, further details regarding the metho-
dological aspects, including experimental setups,
sample preparation, and measurement protocols, are
required. Additionally, a more comprehensive data
analysis would be beneficial.

Compliant mechanisms overcome challenges
faced by traditional rigid-body mechanisms, such as
backlash, wear, and increased part count. They
utilize single-piece flexible structures for force and
motion transmission, resulting in dimensions and
cost savings in MEMS fabrication. According to the
studies conducted by Shuib et al. [31], there are two
common approaches for designing compliant
mechanisms that include the kinematics-based
approach, which represents compliant segments as
rigid links with added torsional springs, and the

structural optimization-based of approach, which
focuses on determining the topology, shape, and
size of the compliant mechanism through numerical
methods like topology optimization. While
compliant mechanisms offer benefits, their design
and analysis still pose challenges, including the lack
of formal synthesis methods and the complexity of
determining force-deflection relationships and
optimizing design variables that further research is
needed to enhance their effectiveness.

The silicon accelerometer utilizes piezore-
sistive techniques to convert mechanical motion
into an electrical signal. It consists of a silicon base,
double cantilever beams, and piezo resistors. Kal
and Das [32], explain well this accelerometer
achieves a range of £ 13 g with low off-axis
acceleration, high resolution, and linearity. this
design specifically suggested for aircraft motion
sensing in avionics. they stated, the quartz double-
ended tuning fork (DETF) accelerometer is
qualified for space applications. In completing this
research process, Liu et al. [33], focused on a
robust optimum design of shape and size for an
accelerometer fabricated by silicon micromachining
technology is proposed to minimize the effect of
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variations from micro fabrication without a prelimi-
nary assumption on the probabilistic distributions.
The sensitivity analysis technology is employed to
reduce design space and to find the key parameters
that have greatest influence on the accelerometer.
Then, the constraint conditions and objective functions
for robust optimization and the corresponding mathe-
matical model are presented.

The unit dtiffness sensitivity of the spring
beams should be equal to the unit mass sensitivity
of the detecting mass:

( ok

ok am
h(x) = %

96

|q=o = |g=0 < ho(x)

Max k(X), Min S.(X):

1
Max f(x) = a.S—+b.k

c

For this purpose, the unit stiffness sensitivity
of the spring beams should be equal to the unit
mass sensitivity of the detecting mass. where C is
a random variable; k is the gtiffness of the spring
beam; m is the mass the detecting mass; hy(x) is
the initial value of the robust constraints. Max k(X),

Min S.(X) are Maximum and minimum fabrication
errors influence on the performance of the
accelerometer and Max f(x), is objective function.
This formulation is practically applicable since
no statistical information on the uncertainties is
required during the process of the robust optimal
analysis in advance. Considering that the magni-
tude of fabrication errors and uncertainties in an
accelerometer structure are comparatively large, the
present robust optimal design method can be
valuable for practical accelerometer design.

The optimization problem is solved by the
Multiple-island Genetic Algorithm is employed to
solve the optimization problem, and the results are
shown in Table 4.

A desigh methodology for optimizing MEMS
impedance matching networks based on the
uniformity of the Smith chart coverage is presented
by Domingue et al. [34], that approach is validated
through a comparison between traditional coplanar
waveguide (CPW) designs and improved designs
using a sow-wave (SW) structure. The proposed
reconfigurable impedance matching network based
on distributed MEMS transmission line (DMTL)
coupled with the SW structure achieves a 25 %
reduction in physical length compared to traditional
DMTL. Inthisregard, a better view of the results of
this study are shown in Figure 3.

Table 4
Results of Robust Optimization
Description Symbols Initial design Optimum design

X, 8 8.774876

X, 5 4.485502
Design variables (mm) az 1.5 1.567798

X, 0.8 0.847795

X5 0.4 0.379551

X 1.5 1.592313
1st-order natural frequency (Hz) fi 25.1349 22.489963
2st-order natural frequency (Hz) fa 40.1076 39.126760
Frequency difference (Hz) f 15 16.636797
Sensitivity of detecting capacitance Kk 2.5947e-12 3.16742e-12
Robust constraints h(x) 1.3056e13 1.0914e13

A team of researchers[35], proposed a metho-
dology for determining true chaos in distributed
mechanical systems. It focuses on a beam structure
with contact interaction, modeling nonlinearity
using the Cantor model. The problem is formul ated
using partia differential equations and solved as an
ordinary differential equation system using finite
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differences and Runge — Kutta methods. The analysis
includes nonlinear dynamics methods and the quali-
tative theory of differential equations. The study
confirms the existence of chaotic behavior, syn-
chronization of oscillations, and the convergence of
results through signal analysis as shown in Figure 4.
Parameter values and methods for reliability and
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validity are established. The findings emphasize the =~ with contact interaction reveals reduced chaotiza-
importance of considering nonlinearities, and a tion through increased equations and regularization
comparison between linear and nonlinear problems of oscillations.
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Figure 3. Measured return loss performance and Measured power transfer performance:
From left-side: Measured return loss performance over the gamma plane
for the fabricated designs (in decibels): a — CPW design; b — SW design.
From right-side: Measured power transfer performance over the gamma plane
for the fabricated designs (in decibels): a — CPW design; b — SW design
Source: made by the Domingue et al. [34]
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Figure 4. Comparison of beam signals. Beam signals, with and without geometric nonlinearity:
a—Beam 1; b—Beam 2

S ource: made by the Krysko et al. [35]
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The recent research of Nguyen, Saltykova and
Krysko [36], focused on analyzing the nonlinear
dynamics of MEMS cantilever beams using
mathematical models and the finite element method
with the ANSYS software package. The researchers
investigated the dependence of vibration charac-
teristics on geometric parameters and considered
spatial vibrations in a 3D space. The study
presented results such as time signals, phase
portraits, wavelet spectra, and Fourier spectra. The
advantage of using the finite element method is its
ability to capture complex geometries and non-
linear behavior accurately. However, the explicit
integration method, specifically the Euler method,
employed for solving the problem has limitations in
terms of stability and accuracy, especially for long-
term simulations. The research highlights the
importance of considering spatial vibrations and
provides insights into the effects of beam geometry
on vibration amplitudes and frequencies. Overall,
the research contributes to the understanding of
MEMS cantilever beam dynamics but could benefit
from more advanced numerical integration tech-
niques to improve accuracy and stability in long-
duration simulations.

The main purpose of the investigated method-
ologies for fabrication on the surface of the smart
material or the desired semiconductor is to check
the possibility of reducing the dimensions of the
desired sensor IC, and the proposed calculations and

modeling are more focused on the manufacturing
accuracy. Scientists [28], mentioned this issue in the
review of the presented equations and modeling that
mechanical sensitivity in the event of unmatched
modes is significantly decreased since the quality
factor of the sense mode is no longer fully exploit-

ed. In particular, for the range % < Af < f; the

mechanical sensitivity for the unmatched frequency
condition can be expressed as:

ACp Co,s Q
E unmached = 2; = Fc(t)?z =

_ 4C,s 2 Fpmax € s(2 fpt)

Yo 360 bp2 fs BWunmached'

As a rule of thumb, the higher the required
bandwidth, the lower the mechanical sensitivity that
can be obtained from a MEMS gyroscope. On the
other hand other studies explain the electrome-
chanical systems of accelerometers and provide
insights into their operation and interface circuitry.
Shaeffer et al. [37], discussed the challenges of
achieving DC accuracy, minimizing drift, and
addressing thermal variations for accelerometers.
Finally, they mentioned upon vibratory rate
gyroscopes, which measure angular rate of rotation
based on detecting Coriolis acceleration. Table 5
has referred more typical methodologies to
optimizing MEMS fabrication.

Table 5

Optimization Methodologies Based on Challenges and Typical Techniques Selecting

Challenge

Main Solution or techniques

Advantages/Disadvantages Ref

CMOS compatible integrated MEMS
process for fabricating a differential

Deep Reactive lon Etching (DRIE)

Overall, the challenge lies in developing a
process that enables the integration of
MEMS and CMOS technologies, while ensur- | [38]

capacitance-based sensor on a SOI | process ing proper electrical isolation, maintaining
(Silicon-On-Insulator) wafer mechanical

The sandwiching technique has several

. . advantages over spin coating and self-

To find an effective method for de- planarization. It ensures thickness uniformity,

positing thick layers of SU-8 photo- | 1) g5in Coating eliminates surface irregularities, and allows

resist, particularly for applications
such as microfluidics and polymeric
membranes fabrication using litho-
graphy

2) Self-Planarization
3) Sandwiching

for efficient production of thick and uniform | [38]
coatings. The technique is simple, fast, and
achieves the desired thickness in a single
step, overcoming some limitations of other
coating methods

To optimize the sensitivity of micro-
cantilever sensors by incorporating
stress — concentration — regions

(SCR) and modeling their effects performance

Integration of stress concentra-
tion regions (SCR) on a micro-
cantilever sensor to improve its

Advantage of the technique used is that it
enhances the performance of the micro-
cantilever sensor by increasing — the dif-
ferential surface stress through the incorpo-
ration of SCR holes. However, the disad- | [38]
vantage is that designs with multiple SCR
holes may not provide significant improve-
ments in performance while adding complex-
ity and cost.
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Ending of the Table 5

Challenge

Main Solution or techniques

Advantages/Disadvantages

Ref

Characterization of residual stresses
in microelectromechanical systems
(MEMS)

Measuring deformation or deflec-
tion and applying mathematical
models to extract stress values and
material properties

Relies on the Stoney formula, which is
based on simplified assumptions and may
lead to modeling errors in certain cases

[39]

Integrating gyroscope and accel-
erometer sensors into a compact
package while maintaining mechan-
ical stability and electrical compati-
bility with existing systems

1) Heavily doped silicon sensor
mechanisms and a MEMS foundry
at Honeywell

2) Use of a vibration isolator in the
IMU design, leveraging the design
of the vibration isolator

Vibration isolator helps attenuate external
vibrations at critical sensor resonant fre-
quencies, allowing the IMU to maintain full
performance even under harsh tactical
conditions with high vibration levels

[40]

To develop and optimize a IMU for
use in the Lobster-Eye X-ray Satel-
lite to achieve high precision and
stability in measuring angular rates
while considering the specific re-
quirements and constraints of satel-
lite applications

1) Frequency Stabilization and
Frequency Split Mitigation.

2) Anti-Interference Design of
External Environment.

3) Self-Calibratio

Overall, the technique and solution offer
significant advantages in terms of perfor-
mance, size, and versatility, making the
MEMS IMU a valuable choice for high-
precision navigation applications. However,
certain trade-offs and limitations (such as:
Limitations in Absolute Accuracy & Sacrifice
in Range and Bandwidth) should be con-
sidered based on the specific requirements
of the application

[41]

Improving performance parameters,
and optimizing design features to
enhance the precision and robust-
ness of MEMS vibrating gyroscopes
for applications in harsh environ-
ments

In summary, the techniques and
solutions in this research involve
understanding the fundamentals
of vibrating gyroscopes, address-
ing mode-matching challenges,
exploring different gyroscopic
designs like gimbal and multi-axis
gyroscopes, and finding ways to
minimize mode mismatch during
microfabrication processes

) Mode Mismatch Challenges.

) Limited Bandwidth.

) Sensitivity to External Factors.
)

1
2
3
4) Complex Design and Calibration

[42]

Note. These are classical methods for optimizing Micro-Electro-Mechanical sensors and navigation micro devices. Additional

sources provide ample opportunities to explore and extract further examples for analysis [43]1.

3. Modern Fabrication Methodologies

In contemporary design practices, there is a
prominent inclination among scientists to leverage
various levels of artificial intelligence (Al) with the
aim of diminishing calculation errors and curtailing
production costs associated with micro-electrome-
chanical devices [44]. This trend has consequently
facilitated the amalgamation of conventional opti-
mization techniques with cutting-edge technologies
such as machine learning, neural networks, and re-
lated methodologies [45; 46].

3. 1. Unveiling Modern Methodologies
for MEMS Navigation Sensor Fabrication

Fontanella et al [47], conducted research to op-
timize the calibration of an IMU by addressing bias
drift error caused by temperature variations in
MEMS gyroscopes. They proposed using Back-
Propagation (BP) Neural Networks as a solution to
improve calibration accuracy and reduce residual

errors compared to the polynomial fitting method.
The study included an analytical model for bias, a
description of the standard calibration procedure,
and a comparison of flight attitude angles calculated
using both methods. In this context, the Least Mean
Squares (LMS) curve fitting method is employed
for constructing a temperature model of the sensor's
zero-bias. By using a polynomial of order m to ap-
proximate the relationship between experimental
data, the following expression is derived:

_ m J
V; _BL_Z] OajTi .

Here, T; represents temperature, B; represents
the corresponding gyro output, and v; represents the
error between the gyro output and the value calcu-
lated using the regression equation (where i’ ranges
from 1 to n, the number of samples of static IMU
data). Employing LMS theory, the aim is to mini-
mize the square of v; to determine the optimal
coefficients a;: @(ag, ay, ..., am) = ™, v? — min.
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After thorough evaluation, the efficacy of the neural
network calibration technique was conclusively
demonstrated. Finally, the useful effect of neural
network on beam signals is shown in Figure 5.
Modeling the random drift of MEMS gyro-
scopes is an important research area because it di-
rectly contributes to improving the accuracy of
MEMS gyroscopes. For this purpose, in line with
Fontanella et al’s research [47], the key contribution
of Xing et al.’s research [48], is in reconstructing
MEMS gyroscope random drift data using PSR
method and subsequent analysis using both BP-
ANN and CPSO-LSSVM methods. It is important.
In this study investigated the non-linear and non-
constant random drift characteristics of MEMS gy-

Bias (deg/s)

roscopes. The proposed approach in this paper con-
sists of using a wavelet filter to reduce the noise in
the original data of MEMS gyroscopes, followed by
reconstruction of the random drift data using phase
space reconstruction (PSR). The reconstructed data
are then used to build a model using a least squares
support vector machine (LSSVM), with the model
parameters optimized through chaotic particle
swarm optimization (CPSO). The CPSO-LSSVM
method effectively reduces the standard deviation of
random drift through compensation, as shown in
Table 6, and shows superior prediction accuracy
compared to BP-ANN, as shown by statistical indi-
ces such as MAE, RMSE and ARE are shown for
the test data set.

0.08 T T T T T T T T T T
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Figure 5. Comparison of beam signals:
a — Structure of the BP Neural Network adopted for modelling;
b — Compensated bias, obtained using the BP Neural Network calibration method
(z-axis gyroscope of Axitude AX1)
S ource: made by the Fontanella et al. [47]

Table 6
The statistical analysis of BP-ANN and CPSO-LSSVM. MAE
Group I | Group I | Group Il
Model
MAE,°/S | RMSE, °/S ARE
BP-ANN 0.0421 0.0554 11.10%
CPSO-LSSVM 0.0099 0.0263 8.86%
Before compensation,’/S | 0.00354 0.00412 0.00328
After compensation, °/S 0.00065 0.00072 0.00053

Note. MAE — mean absolute error; RMSE — root mean square
error; ARE — averaaqe relative error.

Upon examining Table 5, a notable reduction in
the standard deviation of the random drift was evi-
dent following compensation. These findings pro-
vide additional evidence to support the effectiveness
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and credibility of the CPSO-LSSVM method. Con-
sequently, this approach proves to be a viable and
gratifying means of constructing the model for
MEMS gyroscope random drift.

The set of these researches, despite all the ad-
vantages, did not provide an answer for the perfor-
mance of the proposed solution at higher resonant
frequencies and expanding its frequency range.
Therefore, Pertin et al [49] have focused on opti-
mizing the design of a conical piezoelectric MEMS
vibration energy harvester using artificial intelli-
gence techniques, in order to increase the harvester’s
performance at higher resonant frequencies and ex-
pand its frequency range.
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FEM simulations generated datasets used to
train an artificial neural network (ANN) for
optimization algorithms. Two training methods of
Levenberg — Marquardt (LM) [50; 51] and Scaled
Conjugate Gradient (SCG) [52; 53] and two
optimization methods of GAM (Goal Attainment
Method) [54] and Genetic Algorithm (GA) [55-59]
were compared. The results showed that the genetic
algorithm with ANN trained by SCG provided the
best solution. The optimized structure achieved
over five times more power below 200 Hz and a
wider frequency range. The proposed harvester is
suitable for low-frequency energy harvesting and
can be applied to similar structures. The approach
allows for further improvements and investigations
using different algorithms for ANN training or
optimization (In order to learn more about the
structure of the methods mentioned in this
paragraph, refer to the given references).

Different training methods and approaches
yield distinct artificial neural network (ANN) fitting
functions, which are evaluated using two key
metrics: mean squared error (MSE) and regression
coefficient (R). The MSE measures the dissimilarity
between the desired target ‘7 and the ANN's
generated output ‘a’, with lower values indicating
better performance. The regression coefficient R,
also known as the coefficient of correlation, gauges
the correlation between the target and the ANN's
output, aiming for a value closer to one for superior
performance where N is the number of examples in
a dataset, and t; is the arithmetic mean of the target
values.

TN (ti—a)?
R2=1- —Z?':ll(f— hER

Regression coefficients above 95.152 % were
obtained using the Levenberg-Marquardt (LM)
training algorithm, considered satisfactory. The
correlation between targets and ANN outputs is not
automatically computed for the two outputs, but
separate assessments are conducted to ascertain the
ANN’s capability to achieve favorable results for
new data. The LM training method outperformed
the SCG training algorithm in terms of MSE,
particularly in predicting the frequency and power of
the first resonant mode. The LM training method
yielded an MSE an order of magnitude lower than
the SCG training method’s MSE for predicting
the normalized frequency of the resonant mode
(3.8398x10-4).

The ANN fitting functions obtained using the
LM training algorithm exhibited regression coeffi-
cients above 95.152 %, indicating good performance
as shown in Figure 6. However, since the ANN
generates output as a two-column vector, the
correlation between the targets and the ANN
outputs is not automatically calculated. Separate
analysis was conducted to assess the ANN's
capability to achieve satisfactory results for new
data. On the other hand, applying the SCG
training algorithm yielded even better regression
coefficients, surpassing 95.468 %. The LM
training method outperformed other methods in
terms of mean squared error (MSE), particularly in
predicting the frequency and power of the first
resonant mode. The MSE for the LM method was
3.8398x10—4, significantly lower than that of the
SCG method. Although a perfect fit to the training
data does not guarantee a reliable predictive model,
the ANN was further tested using unseen data.

3.2. Integrating Optimizer Techniques
for Managing Computational Complexity

The challenge of researchers is finding optimal,
suboptimal solutions and reducing computing costs
for MEMS design and developing a bionic CAD
system [60]. On the other hand meeting modern
MEMS element design requirements requires com-
plex multi-physics analysis, accurately describing
the project structure. Furthermore, new knowledge
accumulation and synthesis of sub-optimal solutions
are also crucial. Koryagin et al’s proposed approach
[61], offers a promising direction for bionic CAD
development, balancing computational complexity
and competitive device solutions. Cognitive adapta-
tion and the use of cognitive knowledge banks are
proposed to handle the complexity of MEMS design
that goal is to find optimal and suboptimal solutions
by utilizing cognitive knowledge banks and adap-
tive methods. Thus, there is a complex mathemati-
cal model of the designed system shown below:

k= {L, Uec/CY: Uaas a3, Uee/BY = Unb/B3);

where: k is a mathematical model, 4 & B is a set of
input, output variables of the model, C is a semantic
network (Figure 7), J is a semantic network synthe-

sis operator, £ is a computing mechanisms complex,

E is a structured system pattern.
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Partial differential equations (PDEs) describe
MEMS element dynamics. Simulating them is
complex due to multiple physical processes. SAM
technology enables optimization in MEMS design
cycles. The bionic CAD system’s core architecture
includes models, preprocessor, bionic search, and
postprocessor blocks. It has allowed parallelization,
search management, and solution generation.

Validation involves comparing calculation
results with published data and experiments. The
adaptive MEMS design system based on SAM
tech reduces computational costs and simulation
errors. Computational intelligence is widely used
in MEMS design, but bionic systems with Al and
cognitive technologies are more promising com-
pared to traditional methods.

4. Discussion

To overcome the challenges associated with
optimizing MEMS-based navigation solutions, a
comprehensive approach must be adopted. This
includes meticulous material selection, sophisti-
cated mathematical modeling techniques, and
rigorous calibration procedures. The integration
of Al methods can certainly enhance the opti-
mization process, but it should be acknowledged
that the foundation for effective optimization lies in
addressing fundamental issues.

The optimization of functional errors in MEMS
sensors within electronic circuits has long been a
challenge for users. Leveraging the Kalman filter
and artificial intelligence has significantly enhanced
the accuracy and precision of navigation mission
outputs. However, researchers are actively seeking
more optimal and integrated solutions to further
optimize these sensors at the user level. These
endeavors serve as a promising basis for future
research in the field [62; 63].

Conclusion

In the conclusion of this paper several key
results and insights can be summarized. These
conclusions reflect the findings and contributions:

1. Optimizing MEMS navigation sensors for
aerospace vehicles poses challenges in material
selection and structural complexities.

2. Integration of sensors into an IC and
efficient mathematical modeling are crucial for
performance. While Al can optimize sensor data,
ensuring seamless integration and compatibility

between Al algorithms and the sensor hardware can
be challenging.

3. Calibration during startup and mitigating
functional errors by users are essential.

4. MEMS-based sensors may have limitations
in terms of accuracy and precision, especially in
demanding navigation applications. Addressing
these issues could involve improving the sensor’s
calibration and error correction mechanisms.

5. Future research should refine material
selection, advance mathematical models, and
explore novel calibration techniques. Enhancing
sensor performance and reliability in aerospace
requires a multidimensional approach and focus on
fundamental challenges.
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BbicokoadpekTuBHbie poTOo3NEeKTpuyeckue npeodpasoparenu
MOLLHOI o 1a3epHoro nany4yeHumsa
B.M. Auapees™™, H.A. Kamoxubiii”, A.B. Manesckasn'™”,
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Hcrtopus crarbu AHHoTauus. PorornexTpryeckoe npeodpazoBaHUe Ja3epHOTO H3ITyde-

HUS HALUIO LIMPOKOE NPHUMEHEHHE B BOJIOKOHHO-ONTHYECKUX JIMHUSAX
cBsa3u. Ilepenaua sHeprum mo J1a3epHOMY JIydy TaKKe aKTyalbHa JUls
CHUCTEM JIMCTAaHUMOHHOTO 3HEpronuTaHus Ha 3emiie U B kocMmoce. JlaH-
HBIC CHCTEMBI MOTYT HAWTH NMPUMEHEHHE JUIS MOANUTKH OCCHMIOTHBIX
JICTaTeNIbHBIX allapaToB, Ui Mepeadl JIa3epHOH SHEPruu MEXIly KOc-
MHUUYECKAMH aNIapaTaMy U ¢ KOCMUYECKHX COJHEUHBIX Oarapeil Ha 3eM-

IMocrynuna B penakuuto: 27 ceHrsops 2023 r.
Jopabotana: 10 HosOps 2023 .
[MpunsTa k myonukanuu: 18 HostOps 2023 r.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOpBI 3a5IBIIAIOT 00 OTCYTCTBHH mo. OgHOM M3 IMaBHBIX 3a7ad IPHU CO3JAHUU TaKUX CHUCTEM SIBJISETCS
KOH(JIMKTA HHTEPECOB. obecrieueHre BHICOKOW 3()(HEKTHBHOCTH (HOTOIIEKTPUIECKUX Mpeodpa-

30BaTesel Mpy MoBblIeHHON MomHocTh (Gostee 100 Br/cm?) naszepHo-
BkJ1aj aBTOpPOB ro manydeHus. [IpeacTaBiueHbl pe3yabTaThl HCCIEAOBAaHAN U pa3pado-

TOK (hoTodneKTpUYEeCcKUX IpeoOpa3oBaTerae MOIIHOTO JA3epHOTO U3-
JIydeHHs Ha OCHOBE HAHOTETEPOCTPYKTYp, IONYyYCHHBIX METOIOM
MOC-ruapunnoit snurakcuu. IToseimenue KIIJ[ mocTurHyTo mytem
BCTPAUBAHUS B CTPYKTYPY THIIBHOTO KOMOMHHPOBAHHOTO OTpa’kKaTells
«IUAIEKTPUK-CepeOpo». YBeIUUeHHE TIE€HEPUPYEMOIro HaIpsKEHUS
JOCTUTHYTO IIyT€M CMEIIeHHs o0lacTH OOBEMHOTO 3apsna B IIHPO-
KO30HHBII cnol p-GaAs-n-AlxGaixAs rereponepexona. biaronmaps
JIOTIONTHUTENIBHOMY CHIDKCHHIO OMUYECKHX MOTeph JOCTUTHYTHI 3HaUe-
uust KI1JT > 60 % npu MomHocTH J1a3epHOro usnydeHus (A = 860 HM) B
nuanazone 50-400 Br/cm?.

HepaszaenbHoe COaBTOPCTBO.

KioueBble ciioBa: (oTodyiekTpudeckuii npeobpasoBarenb, AlGaAs/
GaAs reTepocTpyKTypa, J1a3epHOE HU3IIyueHUE, OpPIrrTOBCKUI OTpaKaTesb

BaaromapuocTn

ABtopel 6narogapsatr C.A. MunraupoBa, P.A. Canus, @.}O. Connarenkosa, I1.B. ITokposckoro u JI.A. ManeBckoro 3a
TIOMOIIb B 9KCIIEPUMEHTAX M TIOJIe3HbIe 00CYKICHHUS.

JJ1st nuTHPOBAaHUS

Anopees B.M., Kanioocnouit H A., Manesckas A.B., Haxumosuu M.B., [lleapy M.3. BoicokoaddexktuBHbie GOTOIICKTPHU-
yeckue npeoOpa3oBaTeay MOLIHOTO Jia3epHOro uanyueHus // BectHuk Poccuiickoro yHuBepcurera Apy:KObl HApOAOB.
Cepusi: Umxenepnsie uccnepoBanus. 2024. T. 25. No 1. C. 75-85. http://doi.org/10.22363/2312-8143-2024-25-1-75-85

© Angapees B.M., Kamoxnbiii H.A., Manesckas A.B., Haxumosuuy M.B., llIBapu M.3., 2024
This work is licensed under a Creative Commons Attribution 4.0 International License
h—aarmm https://creativecommons.org/licenses/by-nc/4.0/legalcode

75


https://orcid.org/0000-0001-9927-3719
https://orcid.org/0000-0001-8443-4663
https://orcid.org/0000-0003-4018-6631
https://orcid.org/0009-0005-4371-1077
https://orcid.org/0000-0002-2230-7770

Andreev V.M., Kalyuzhnyy N.A., Malevskaya A.V.et al. RUDN Journal of Engineering Research. 2024;25(1):75-85

Highly Efficient Photovoltaic Laser Power Converters

Viacheslav M. Andreev™™, Nikolay A. Kalyuzhnyy™, Aleksandra V. Malevskaya",

Mariia V. Nakhimovitch™, Maxim Z. Shvarts

Toffe Institute, St.Petersburg, Russia

= vmandreev@mail.ioffe.ru

Article history
Received: June 27, 2023

Revised: November 10, 2023
Accepted: November 18, 2023

Conflicts of interest

The authors declare that there
is no conflict of interest.

Authors' contribution
Undivided co-authorship.

Abstract. Photovoltaic conversion of laser radiation has found wide application in fiber-
optic communication lines. Energy transfer via a laser beam is also relevant for remote
power supply systems on Earth and in space. These systems can be used to power
unmanned aerial vehicles, to transfer laser energy between spacecraft and from space solar
panels to Earth. One of the main tasks in creating such systems is to ensure high efficiency
of photovoltaic converters at high power (more than 100 W/cm?) of laser radiation. The
article presents the results of research and development of photovoltaic converters of high-
power laser radiation based on nanoheterostructures obtained by MOCVD epitaxy. The
reduction of losses was achieved by embedding the “dielectric-silver” rear combined
reflector into the structure. An increase in the generated voltage was achieved by shifting
the volume charge region into the wide-gap layer of the p-GaAs-n-AlxGaixAs hetero-
junction. Thanks to an additional reduction in ohmic losses, efficiency values of > 60 %
have been achieved at laser radiation (A = 860 nm) powers in the range of 50-400 W/cm?.

Keywords: photovoltaic converter, AlGaAs/GaAs heterostructure, laser radiation, Bragg
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BBeaeHue

Jns manbHUX BOJIOKOHHO-ONTHYECKUX JTUHUN
cesizu  (BOJIC) mambompiiee pacmpocTpaHCHHE
MoJIy4rJid  (POTOIIEKTPUUECKUE MPeoOpa3oBaTen
(D3IT) nazepHOro M3IYyUYCHHS HAa OCHOBE CHCTEMBI
InGaAs/InP, mepekpriBaroIyie CreKTPaTbHBINA IHa-
Ma30H MU3Iy4YeHus na3epoB 1,55 MKM, B KOTOpOM
JMOCTUTHYTHl MUHHMAJbHbIE ONTUYECKHE MOTEPH H
MUHUMAJIbHAS TUCTIEPCHS B ONTHYECKUX BOJIOKHAX,
410 oueHb BaxkHO 11t BOJIC GombInoit mpoTskeH-
Hoctu. Onnako mist BOJIC manoit mpoTsHKeHHOCTH
(BHYTpHOOBEKTOBBIX W IIp. UIMHOW MeHee | Km)
3aTyxaHue mi3nydenus A = 0,8 MKM COCTaBIISIET Me-
Hee 1 n1b u moTepu B BOJIOKHE HE UTPAIOT 3aMeT-
Hoit poiu. ®OIT Ha ocHOBe AlGaAs/GaAs reTepo-
CTPYKTYp obecrneunBaeT MakcuManbHbIA KI1J] pu
JUTUHE BOJIHBI JIa3€PHOTO HM3IYUYCHHS B IHAMa30HE
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800—860 HM, uTO IenaeT UX HauOoJee MePCIeKTHB-
HBIMH JUISI CHCTEM Tepelladd SHEPTHH IO JIa3epHO-
My Jyay. Takum oOGpazom, mis kopotkux BOJIC, a
TaKXke JJIs epefadn dYHEPTruu M0 OTKPBITOMY OI-
THUYECKOMY KaHaIy Ha 3eMiie U B KOCMOCE HCIIOIb-
3oBanne OOIl Ha ocHOBe AlGaAs/GaAs rerepo-
CTPYKTYphl HE TOJBKO IMPHEMIIEMO, HO M MOXET
OBITh B pSAJIC CIIyYaeB MPEATIOUYTUTEIIBHBIM.,

Brepasie rerepoctpykTypHble AlGaAs/GaAs do-
ToIeMeHThl ObH co3mansl B OTU M. A.D. Modde
nop pykoBozctBoM JK.U. Andeposa [1-4]. Hcnons-
30BaHHE ATHX TeTEPOCTPYKTYp ais (oTompeodpa-
30BaTeNieil MOITHOTO JIa3epHOTO W3TydeHHs] obec-
MIEYNBACT CIIEAYIOIINE MPEUMYIIECTBA:

— GaAs ®OII umeror 6ompinee 3uadeHue KI1/1.
Teopernaeckoe 3HaueHne KIIJ B GaAs DOII, pabo-
TaroueM B (OTOBOJIBTAMYECKOM pexkrMe (0e3 BHeIl-
HETO HaNpsKeHHs) I MomHoro (Gomee 107 Br/cv?)
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nazepHoro usnydenus (A= 0,85 mMkMm), npeBbima-
et 80 %;

— GaAs OJII UMEOT JIYYITyI0 TEMIIEPATypPHYIO
CTaOMIIBHOCTD T€HEPUPYEMOTO HATPSDKEHHUS U, Clie-
JIOBaTeJIbHO, MEHbIIEE 3HAYEHUE TEeMIIEPaTypHOTO
ko> uumenta KI1JI #r=1,4-103 rpax’! npu mior-
noctu dororoka 30 A/em? (B 1,8 pasa MeHblIe, yeM
B @DII Ha ocHOBe Si u B 3 pa3a MeHbIIE, YeM B
InGaAs ®©3II).

Ecm mpu ucnons3oBanmm OOl B cucremax
nepenadyd MHGOOPMALMK TJIABHBIM TPEOOBaHUEM SIB-
JisieTcs ToBbIMIeHHe ObicTponeiicTeuss OOII, To B

CUCTEMax Tepe/adud SHEPrHH 10 Ja3epPHOMY Iy4y
rnaBHBIME mapamerpamu OOII sBistoTCS Mpeneb-
Has TeHepupyemas moutHocTh u KITJT [5—-11].

HawnGonpiuii uHTEpEC Ui CHCTEM Mepeaadn
SHEPTUHM TMPENCTaBISIIOT JJIMHBI BOJIH, COOTBET-
CTBYIOIIIE MMEIOIINMCSI MOITHBIM UCTOYHHUKAM Ja-
3€pHOTO W3IYYCHHS M OKHAM IPO3PAYHOCTH Kak
ONTUYECKOTO BOJIOKHA, TaK M atMocdepnl: 808, 970,
1070, 1300 u 1550 am (puc. 1).

Ha pwuc. 1 BBepxy mpHUBEACHBI CIEKTPHI POTO-
orBera ®DOI] HAa OCHOBE pa3IMYHBIX MAaTEPHAJIOB,
YKa3aHHBIX B HIDKHEH YacTH.
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Puc. 1. Cnektpbl $0OTOOTBETA M COOTBETCTBYIOLLME CTPYKTYPbl HOTO3NEKTPUYECKNX
npeobpasoBaTeneil 1a3epHOro N3ny4eHuns

M c T 04 HwMK: cocTaBneHo aeTopamu H.A. KantoxHeim, M.3. LLIBapuem

Figure 1. Spectral photoresponse and corresponding structures
of laser power photovoltaic converters
S o urc e: made by the authors N.A. Kalyuzhnyy, M.Z. Shvarts
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Jns cozmanus «IMHHOBOTHOBBIX» DI Mor-
HOT'O JIa3epHOro U3IydeHus B Auanaszone 1,3—1,55 Mxm
MEePCIEeKTUBHBI MaTeprajbl, B KOTOPBIX JOCTUTHYT
KT ~45 %:

—In0,53Ga0,47As/InP (kpaii moriomeHust ~
1,65 mxwm) [12];

— GaSb (~1,68 mxm) [13].

OJII HAa OCHOBE MOJYIPOBOJHUKOB C MEHB-
el MHUPUHOW 3anpelieHHON 30HbBI UMEIOT MEHb-
mue 3HaueHus: KIIJI u3-3a moreps Ha Tepmainuza-
IIUIO, HAaIpuMep, Ha ocHoBe Ge (Kpail MOTIIoMeHUS
1,88 Mxm) [14; 15]. B «MUKPOHHOM)» CHEKTpPaJIEHOM
nuana3zoHe Mmeramopdubeie CTpyKTypbl InyGaixAs
Ha noioxkkax GaAs [16—18] mokazanu 3¢ exTuB-
HocTh Gomee 52 % mua A= 1,06 mxm (6,5 Br/cm?)
u 55% gna A=1,02mMkm (4 Br/em?) [17] u
KIIZ > 48 % mnpu MOUIHOCTH JIa3€pHOT0 H3Iyde-
aus 13 Br/cm? [16].

B cnexrpanproMm aumamazone 800—870 HM Hau-
Oonpiryio 3¢ ¢pexTuBHOCTE UMetoT D11 Ha ocHOBe
AlGaAs/GaAs TeTepoCTpyKTyp. MakcuMallbHBIC
teopernaeckue 3HadeHns KI1J] momHbIX (hoTodmeK-
TPUYECKUX MPeoOpa3oBareNell Ja3epHOro H3Iyde-
Hua ¢ JiauHOM BosHBI 800—860 HM mIpPEBBIIAIOT
85 % mpu mioTHOCTH M3aydenus G6omee 100 Br/em?
[19]. TIpakTuueckn nqocTurHyThie 3HadeHus KII1/]
o ®ODI1 wHa ocHoBe (GaAs, COCTaBISIIOT:
KIIH = 55 % mpu IIIOTHOCTH MOLIHOCTHU JIA3€PHO-
ro manydenus P =36 Br/cm? [19], KIIO =54 %
npu P = 800-1000 Br/cm? [20] u KIIJI = 60 % npu
P =10 Br/cm* [21]. Pexopanoe 3nauenme KIIJ ~
69 % momny4eno [22] nmpu P = 11 Br/cm? kak 3a cuer
cMeImeHus o0NacTh TPOCTPAHCTBEHHOTO 3apsija
(hOTOAKTHBHOTO TETEPOCTPYKTYPHOTO p-1 TIepexoaa
B 001acTh MIMPOKO30HHOTO ciios AlGaAs, Tak u 3a
CUET THUILHOTO OTpaXkaTesl.

1. MpepenbHble TeOpeTU4Yeckne 3Ha4eHnsa
KNA ¢oToanekrpnyecknx npeodpasosarenen
Nla3epHOro usny4yeHus

[TomynpoBonHukoBble coennnenus tumna A3BS
C «IIpsIMOW» CTPYKTYpO#l 30H SBIAIOTCA Hambosee
MEPCTIEKTUBHBIMA ~ MaTeprajlaMHi ISl CO3JaHHS
MOIIHBIX (oTompeodOpasoparencii. AlGaAs/GaAs,
InGaAsP/InP u GaSb sBnsitorcss mMarepuaiamu, Ha
OCHOBE KOTOPBIX MOTYT OBITh co3aanbl Takne OOI1.
[Ipu sTtom GaAs obGecrieunBaeT 3 heKTHBHOE TIpe-
o0Opa3oBaHHE JA3e€PHOTO WU3IYYCHHS B JHAIa30HE
nmun Bona 0,8—0,87 MkM, a Ha ocHose InGaAsP/InP
n GaSb moryt ObITh M3rotoBieHbl ®OI1 Ha crek-
TpajbHbIN quanazoH uznydenus 1,3—1,55 mxwm [23].
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CornacHO OIeHKaMm, MPEACTaBIEHHBIM B pas-
nene 1.4 monorpaduu [1], MakcuMaiIbHOE TEOpETH-
yeckoe 3HaueHne KIIJ] npeobpasoBanust na3epHOro
manyuenust (hv=1,424 5B, A=0,87 MKkM) mpeBbI-
maet ~ 80% npu 300 K (puc. 2) nmpu Benmaune ¢o-
toroka Gonee 10 A/cm?. I'paHWYHAs JUIMHA BOJHEI
Ar, HAYWHAS C KOTOPOH (OTOHBI OyIyT MOTJIONIATH-
csa B Marepuasie ®OIl ¢ mmpuHOHN 3ampenieHHoH
30HBI Eg, paBHa Ar= 1,24 / E,. ®OTOHBI C 3HEPTHs-
MU hv > E, cO31AIOT «TOpsiuue» HOCUTENTH TOKa,
UMEIOIIUE, TOMUMO H30BITOUYHONW MOTEHIUATBHOM
sHepruu E,, eme M M30BITOYHYI0 KHHETHYECKYIO
SHEPTHIO, paBHYI pasHOCTH /Iv—FE, OpmHako sTa
KMHEeTHYecKass IHeprust OBICTPO pacxonyercs Ha
HarpeBaHWe KPUCTAIITMYECKON peImIeTKH (HOCUTENN
TEPMAIHU3YIOTCS, T.€. MIPUXOIAT B TEIJIOBOE PaBHO-
BecHe ¢ pemeTkoit). Takum oOpa3oMm, B MOTECHLU-
ANbHYI0O DHEPrHI0 3JIEKTPOHHO-ABIPOYHBIX Iap
peoOpasyeTcs JHIIb YacTh BBICOKOAHEPTeTHIHBIX
(hoToHOB. 3HaUECHHUS «MOHOXpOoMaTHIecKoro» KI1JI
(ipu hv = E,) mokazausl tuHUSAMH /, 2, 1 3 Ha puc. 2
U TpexX 3HadeHui GoToTOoKa igp. Ha 3TOM pucyHKe
10 OCH a0cuucc OTIOKEHa AJMHA BOJHBI, KOTOPYIO
B JIaHHOM CJIydae cieqyeT paccMaTpuBaTh Kak rpa-
HUYHYIO JUTMHY BOJHBI AJISl K&XKIOTO IOJIyTIPOBOJI-
HUKOBOTO Marepuana. [lig Kaxmgoro marepuana
sHauennst KIIJ[ mpeoOpa3oBanust Oosiee KOPOTKO-
BOJIHOBOTO TIO CPABHEHHIO C Ay M3IMYUCHHS JTOJDKHBI
OBITH YMEHBITICHBI B A/A; pa3, 9TO B Ka4eCTBE IPH-
Mepa M300paskeHO YETHIPbMS HAKIIOHHBIMH IPSMBbI-
mu s marepuaioB InGaP (4) GaAs (5), GaSb,
InGaAs (6) u Ge (7) u iy = 1,0 A-cm™.

Maxkcumym mns KI1J] uneanuszupoBanHoro ¢o-
TODJIEKTPUYECKOTO  TpeodpazoBaTenss  JIa3epHOH
9HEPTUU Ha OCHOBE KaXXIOTO W3 BHIOpaHHBIX MaTe-
pHaIoB YBETMYUBACTCS C YBEJIWYEHUEM IUIOTHOCTU
(hoTOTOKA, T.€. C YBETHYEHHNEM MOIITHOCTH Ja3ePHO-
ro W3JIy4eHWS, W YMEHBIIAETCS C YBEIHYCHHEM
JUTMHBI BOJIHBI JIa3epHOTO M3aydeHus. [Ipu atom st
nmazepHoro minydeHus ¢ sHepruei 0,8—0,87 Mkm
ONTUMAJBHBIM MaTepuajoM JJIsi H3TOTOBICHUS
OOII asngerca GaAs (TeopeTHUecKoe 3HAUYCHHE
KIIJ > 80%), a ans na3epHOro M3Iy4YeHHs C AJHU-
HO# BomHEI 1,3—1,55 MxM momynpoBogauku GaSb
u TBepabie pactBopsl InGaAsP, InGaAs (teopertu-
yeckoe 3HaueHue KII ~ 50 + 60%).

3navenns KI1J] Ha puc. 2 paccuuTaHsl B mpe-
MOJIO’)KEHUH HYJEBBIX ONTHYECKUX MOTEPh H3ITyde-
HUsI Ha OTpakeHHe cBeTa oT moBepxHoctH OOII u
Ha 3aTeHEHHE KOHTAKTaAMH M HYJIEBBIX PEKOMOWHAIIH-
OHHBIX TIOTEPSX (POTOTEHEPUPOBAHHBIX AJIEKTPOHHO-
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Puc. 2. MakcumarnsHble 3Ha4eHus MoHoxpomaTtuyeckoro KM ans senuuunH dpotoToka i,=0.1; 1.0 1 10 A-cm™
(nMHUK 1, 2, 3, COOTBETCTBEHHO) B 3aBUCMMOCTW OT MPAaHUYHOW ANIMHBI BOSHbI MOJTYNPOBOAHUKOBOIO MaTepuana;
4, 5, 6, 7 — KN npeobpasoBaHnst 3HEPrnn MOHOXPOMaTUYECKOro N3Ny4eHns s ngeanmanpoBaHHbix 3N
Ha ocHoBe InGaP, GaAs, InGaAs (GaSb) n Ge cooTBeTCTBEHHO
B 3aBUCVMOCTW OT AJIMHbI BOJIHbI NPe06pa3yemMoro n3nyyeHus

M c T 04 Hunk: coctaBneHo asTopamu B.M. Angpeesbim, M.3. LLiBapLem

Figure 2. Plots of maximum magnitudes of the monochromatic efficiency for photocurrect densities
ir=0.1;1.0and 10 A-cm” (lines 1,2,3 respectively), which depend on boundary wavelength
of the semiconductor material; lines 4, 5, 6, 7 — conversion efficiency
of monochromatic radiation for idealized photovoltaic converters based on InGaP, GaAs, InGaAs (GaSb),
Ge respectively which depend on wavelength of converted radiation

S ource: made by the authors V.M. Andreev, M.Z. Shvarts

JBIPOYHBIX Tap 10 UX pa3felieHUs] p-A-TIePEXOIOM.
He yunteBanmce Taxke moTepy, CBsI3aHHBIE C TIPO-
TeKkaHHeM B o0beme p- u n-obnactu OII1 dorore-
HEPUPOBAHHBIX HOCUTEIIEH TOKa.

[IpramHaMu ONITHYECKUX MOTEPH B TipeoOpa3o-
BaTeJSIX JIA3ePHOTO HM3ITyYEHUS SIBISTFOTCS OTpaxe-
HHUe YacTu u3nydeHus ot nosepxHoctu OIII u 3a-
TEHEHHE KOHTaKTHOW ceTkoi. CHmkenne kKodhdu-
[MEHTa OTPaXEHHUsI R mocThTaeTcs HaHECEeHWEeM Ha
noBepxHocTs POII mpoCBETAAIONINX MOKPBITUI B
BUJIE€ TOHKHX IUICHOK, oOecreynBalouInx UHTEpde-
PEHIINIO ¥ B3aUMHOE TallleHNe CBETOBBIX BOIH, OT-
PaXXEHHBIX OT MOBEPXHOCTH IUIEHKH W OT TPAHULIBI
IJIEHKa — TONYNIPOBOAHKK. MHTErpanbHbIil K03¢-
(bUIHEHT OTpakeHHsI, TAKAM 00pa3oM, MOKET ObITh
ymenbineH ot R = 30 % 11 HeIpOCBETICHHOH TOo-
BepxHOCTH 110 R < 1 % mpu HCnoiabp30BaHUH MHOTO-
CJIOMHBIX MPOCBETISIOINX TOKPBITHH.

Bropyro gacts onrrrueckux moteph B @I co-
CTaBJISIOT MOTEPH HA 3aTCHEHHE CBETOUYBCTBUTEIb-

HOU TIOBEPXHOCTU DJICKTPUUYCCKUM KOHTAKTOM K
ocBemaeMoi obyacTu p-n-nepexona. s cHmke-
HUSl OMHYECKUX TIOTEPh KOHTAKT OOBIYHO BBITIOIHSI-
€TCS B BUJC METAUIMYECKOW CETKH C IIaroM OT
100-200 MM (st peoOpa3oBaHUs JTa3ePHOTO H3-
nydeHus cpexHeii mommoctu — 1-10 Br/em?) mo
50 MmxM (st mpeoOpa3oBaHus 00JIee MOIIHOTO Jia-
3epHoro m3mydeHus ). Ilpu aTom motepu Ha 3areHe-
HUE MOTYT COCTaBIISITh OT HECKOJBKHX IPOIEHTOB
10 10 %.

OCHOBHBIM €TIOCOOOM MOBBIMIEHHUS (POTOUYB-
CTBHUTENLHOCTH SIBIIIETCS YBEIMIEHNE BPEMEHH YKH3-
HU TEHEPHUPOBAHHBIX AJIEKTPOHOB (IBIPOK), TPHUBO-
namee k ypenuuenuto KIIJI, uyto mocturaercs uc-
MOJTb30BAaHUEM Marepuaia 0oJiee BBICOKOTO Kade-
CTBa.

[ToBepXHOCTHYIO PEKOMOMHAIIMIO HAa THUILHOU
ctopoHe (oroakTuBHOI obOmactn DOI1 ymeHsbIa-
0T TIPU CO3JaHWW TOTEHIMAJIHHOTO Oaphepa 3a
CYeT CO3JaHMsl THUIBHOTO IIUPOKO30HHOTO Oapbe-
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pa (puc. 3). [l yMeHbIIEHUST PEKOMOMHAITIOHHBIX
noreppb U 3PPEKTUBHOIO COOMpPAHUS HOCHUTEICH
TOKa, OTPaKEHHBIX OT TBUIBHOI'O MOTEHIHAIBLHOTO
Oapbepa, YMEHBINIAIOT TONIIUHY 0a30BOM 00JIacTH.
OnHako TpH 3TOM YBEIMYMBACTCA MPO3PAYHOCTD
CTPYKTYPHI AJIS U3ITY4IEeHUs ¢ hv ~ Eg.
O¢d¢heKTHBHBIM MyTEeM CHIKEHUS TOTEPb IS
3TOTO W3IYYEHHs SBISIETCS MCIOJIB30BaHUE BCTPO-
€HHOTO Op3rTOBCKOTO 3€pKalia, COCTOSIIEro 3 TIe-
PHOIMYECKOH CTPYKTYpBHl C YepelOBaHHEM CIIOEB
GaAs n AlAs, UMeOIUX Pa3TUYHYI0 ONTHYECKYIO
MJIOTHOCTh. HemocraTkoM Opa3rroBCKOro 3epkana
SBIISIETCS O0ecredeHne BBICOKOTO Kod(ddurmmenta
OTpakeHUS TOJILKO BHYTPHU TEJIECHOTO yTJia C pac-
KpbITHEM + 20 yTIIOBBIX TPaJycoB, 9TO HE TMO3BO-
JIsIeT 00ECTEYNTh OTPAKECHHE PEKOMOMHAIIHOHHOTO
W3IyUYeHHsI, TEHEPUPOBAHHOTO HeEpa3AeleHHBIMH
Pp-n-TIEPEXOIOM  AIICKTPOHHO-JIBIPOYHBIMU  TTapaMHU.
Bonee apdexTuBHOE OTparkeHNE U PEIHUPKYIAIINIO
($oTOHOB OOecreunBaeT THUIbHBIH Ag-0TpaXkaTeb,
BCTpOEHHBIN B cTpykTypy. @I Takoro Tuma ¢ Ag-
oTpaxareneM OyIyT PacCMOTPEHBI B MOCIETHEM

pas3aeiic CTaTrbu.
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Puc. 3. leTepocTpykTypa GOTO3NEKTPUYECKOTO
npeobpasoBaTenst MOLHOIO JIa3ePHOro U3JyYeHust
M € T0O4HMKK: COCTaBNEHO aBTOPaMM
B.M. AHgpeesbiM, H.A. KanioxHbiM

Figure 3. Heterostructure
of photovoltaic laser power converter
S o urce: made by the authors
V.M. Andreev, N.A. Kalyuzhnyy
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2. doToaneKkTpuyeckue npeodbpasoBarenu
MOLLIHOrO J1a3epPHOro U3siy4eHuns
Ha ocHoBe AlGaAs/GaAs CTPYKTyp

Ha puc. 3 mokazana AlGaAs/GaAs cTpykTypa
(hOTOINEKTPUICCKUX TIPeoOpa3oBareeii MOIIHOTO
nasepHoro msnmydeHus (A= 800-870 um), momyuae-
MbIX MeTogoM MOC-TUAPUIHON dNHTAKCUU Ha
MoUTOKKax n-GaAs.

[Tepserit cmoir n-Al,GaiAs (x=0,2-0,3) B
CTPYKType, TOKa3aHHOW Ha pHC. 3, BBIMOIHAET
(hyHKIIMIO IOTEHIMAILHOTO Oapbepa s HOCHTENCH
TOKa, TCHEPUPOBAHHBIX B (DOTOAKTHBHON O00JIACTH,
BIUTFOUatomel cion n-GaAs u p-GaAs, cymmapHO#
TOJIITUHOM TTOPSIIKA 2 MKM.

@poHTaNbHBIA CHJIBHO JIETUPOBAHHBIN CIOU
p-AlkGaixAs (x =0,15-0,2) BeImoNHSET (QYHKIHIO
IIMPOKO30HHOTO «OKHAaY», MPO3PAYyHOTO IS U3ITyde-
HUsl ¢ JyMHOM BoMHBI 820—-870 HM. DTOT CIOH BBI-
pammBaeTcs ¢ MOBBIIIEHHBIM YPOBHEM JIETHPOBAHHS
(10" cM™) 11 CHMKEHUS CONMpPOTUBJIEHUS PacTeKa-
HUS JIIS HOCHUTEJICH TOKa, TCHEPUPOBAHHBIX MEKIY
TOKOOTBOJISIIIMMHU TTOJIOCKOBBIMU KOHTaKTaMHU.
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Puc. 4. 3aB1CMMOCTb HAMPSHKEHUS XONOCTOro xoaa (kpveas 1)

n KMNZA, (2) oT MOLWHOCTU MMMNYNLCHOIO N1Ta3epPHOro N3ny4yeHus
(HUXHSAS WKana abcumcc) 1 oT NAOTHOCTY MOLLHOCTU
(BepxHas wkana) AlGaAs/GaAs poTonpeobpazoBaTessi

M c T 04 HWMK: cocTaBNeHo aBTopamu
M.B. HaxumoBuyem, M.3. LLiBapuem

Figure 4. Plots of open-circuit voltage (7)
and conversion efficiency (2) vs. laser pulse power
(bottom scale) and power density (top scale)
for AlGaAs/GaAs photovoltaic converter
S o urce: made by the authors
M.V. Nakhimovitch, M.Z. Shvarts
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Ha puc. 4 npuBeaeHbl OCHOBHBIE XapaKTepH-
ctuku OOII nazepHOro M3Ny4eHHs C JIMHON BOJI-
HBI 840 HM, ONITUMHU3UPOBAHHOTO JIUIST PabOTHI MIPH
HOBEIIEHHOH MomHocTH (6onee 10? Br/cm?) nsny-
yenus [20]. [erepoctpykrypa @III mogobHa m300-
Pa’KeHHOH Ha puc. 3 MpH IHUPUHE KOHTAKTHBIX IO-
joc 6 MKM M mare 50 MKM, 4TO 00ecleuynBaeT MU-
HUMH3AIUI0 oMudeckux noreps B OIII npu BeIco-
KO MOLIHOCTH JIa3€pPHOTO U3IydeHHs. M3mepeHus
MPOBOJWINCH IOJ, UMITYJIbCHBIM JIa3€pHBIM OOIy-
YEHUEM C JUIMTENBbHOCTHI0O uMMyabcoB 300 He. [Ipu
MaKCHMaJIbHOH MOIHOCTH 00mydenus (~ 10* Br/cm?)
JNOCTUTHYTO 3HAUEHUE HANpsKEHUS] XOIO0CTOTO
xona, paBHoe 1,32 B. MakcumanabHass BeJIWYWHA
KIIJ] = 54 % mnonmyyeHa mpu MOIIHOCTH JIa3€pPHOTO
wsinydenus 1,4 kBr/em?,

10
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Puc. 5. leTepocTpykTypa BbICOKOIDPEKTUBHOIO
doToanekTpmyeckoro npeobpasosarens
nasepHoro uanyyenus ¢ Al,;Ga,-As cnoem B 061acTt Npo-
CTPaHCTBEHHOIO 3apsaa p-n-nepexona
1 C TblIbHbIM Ag-OTpaxarenem

M CTO4HMK: COCTaBNeHO aBTopamm
B.M. Angpeesbim, A.B. Manesckoi

Figure 5. Photovoltaic converter heterostructure
with Al, sGa,-As in space charge of the p-n-junction
and with rear Ag-reflector

S ource: made by the authors V.M. Andreev, A.V. Malevskaya

Ha pwuc. 5 mpencrapnena paspaboTaHHasi reTe-
pOCTpyKTypa (hOTOIIEKTPHUECKOrO Mpeodpa3oBare-
JIsl, OCHOBHBIMU OCOOCHHOCTSIMH KOTOPOH SIBISIOTCS
BCTPOCHHOE Ag-3epKall0 M BBIIOJHEHHE (DOTOAK-

TUBHO# 00sactu Ha ocHOBe n-Alg35GagesAs/p-GaAs
reTeporiepexofia Co BCTPOCHHBIM B T€TEPONECPEXOJ
cioem AlGajAs, BKITIOYas TUIABHBIN TeTeporiepe-
X0 C JUHEHHBIM yBeIWUeHHEM copepxkaHus AlAs
ot x =0 6mu3m cnos p-GaAs o x = 0,3 BOIM3M cIos
n-A10_3Gao_7AS.

3. BbicokoadPpekTuBHbIe PpoTOINEKTPU4EecKue
npeoOGpa3oBaTesin Ha OCHOBE reTepPoCTPYKTYP
C Tbi/IbHbIM Ag-OTpaxarenem

CwMeleHne MUPOKO30HHOTO Marepuaja B 00-
JaCTh MPOCTPAHCTBEHHOTO 3apsjia p-n-reTeporepe-
XO/Ia YMEHbBIIIAET TEMHOBOW TOK HACBIIICHUS, YTO
obecrieunBaeT yBeNWYEHUE HANPSKEHUS B TOUYKE
onTuManbHON Harpy3ku U poct KIIJI. VYBenuuenue
KIIJ] mony4yeno Taxke 6marogapsi GOpMUPOBAHUIO B
CTPYKTYpPE THUILHOTO Ag-OTpaskaTelisi U BO3Bpara B
aKTUBHYIO O0JIaCTh PEKOMOWHAITMOHHOTO H3ITyde-
HUS, TEHEPUPOBAHHOTO TIPY PEKOMOWHAIIUN YaCTH
3JIEKTPOHHO-/IBIPOYHBIX Tap, HE Pa3/IeiICHHBIX TO-
JeM p-n-mepexofa. JTO PeKOMOWHAMOHHOE HU3Ty-
YeHUE SBISAETCS W30TPOIHBIM, PacIpOCTPaHIIO-
IIIMCSI OT p-H-TIepexofia PaBHOBEPOSTHO BO BCEX
HaIPaBJICHUSX.

Jnst 3¢ heKTUBHOTO BHYTPEHHETO OTPaXKCHUS
U TIpeoOpa3oBaHUs BTOPUIHOTO PEKOMOWHAIIMOH-
HOTO W3Ny4YeHHs ObUIa pa3pabdoTaHa «HMHBEPCHAS»
SMUTAKCHANIbHAS CTPYKTypa C yAaasieMON IOI0K-
KOH M TEXHOJIOTHS KOMOMHUPOBAHHOTO OTPaKATEIS
B BHJE CIIOsI cepebpa, HAHECEHHOTO Ha TPOMEXKY-
TouHblii cnoit awmdnekTpuka (TiOx + Si0,). Takoe
3epKaJio 00ECIIEYNBACT IBYXCTAAHHHOE OTPAKECHUE:
MOJIHOE BHYTPEHHEE OTPAKECHHE <JTaTePATbHBIX)
Tyded, MaJaroIuX Ha TPAHUILy IMOIYIPOBOIHUK/
JIUAJICKTPUK TIOJ YTJIAMH, MPEBOCXOASIIUMUA yTOJ
MOJIHOTO BHYTPEHHETO OTPAXKCHHS, U OTPAKCHUE
Tyded, Majalonmx Ha Ag-3epKano Ioj yriamH,
MEHBIINMH YTJIa TIOJIHOTO OTPAKEHHUS OT TPaHWUIIBI
MOJTYTIPOBOAHUK/ AMAIEKTpUK. [Iporeccsl penupky-
JSAUA U TEPenoriomeHss (pOTOHOB, MPOUCXOIs-
mue Omaromaps TBUIBHOMY OTpakaTemro, obecrre-
YUBAIOT yBeIW4YcHHE 3(PPEKTUBHOTO BPEMEHH KU3-
HU TCHEPUPOBAHHBIX HOCUTEICH TOKA, YBEIMYCHUE
(hoToTOKa M TeHepupyeMoro HarnpsoxeHuss OOI1.

[TocTpocToBasi TEXHOJOTHSI W3TOTOBJICHUS YU-
moB @®OII (cm. puc. 5) BKITIOYajga BCTpaWBaHHE B
CTPYKTYpYy Ag-oTpakareis IyTeM MepeHoca reTepo-
CTPYKTYpBl Ha IUIaCTUHY-HOcuTenb p-GaAs. CHaua-
7a Ha (GPOHTAIBHON TOBEPXHOCTH TE€TEPOCTPYKTYPHI
K cioto p-Alo16GagssAS M3TOTaBIMBAINCH TOUCHEIE
METaJUIMYECKUE KOHTAKThI C 3aTeHeHUeM 2 % To-
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BEPXHOCTH. 3aTeéM B MeCTaX, CBOOOAHBIX OT TO-
YeYHBIX KOHTAKTOB, HAHOCHJIOCH AUIIEKTPUIECKOE
nokpsitre TiO./Si0,, obecneunBaromiee MIaHapHU3a-
A0 TTIOBEPXHOCTH U 3aIHUTy HamblIsieMoro Ha SiO;
ciosi cepebpa OT B3aMMOACHCTBHS (CIIEKaHHUS) CO
cioeM p-Alo.16GaogsAs U 1 yBenmueHus: koaddu-
[MeHTa OTPAXEHHSI TBHUIBHOTO 3epKajia 3a CYeT WC-
TTOJTE30BaHMsI P QEeKTa MOTHOTO BHYTPSHHETO OTpa-
KEHUS OT TPaHULIbI OITYIPOBOJHUK/ THIIEKTPUK.

[lepenoc rerepoCTpyKTYpbl Ha IUIACTHHY-HO-
cutenb p-GaAs OCyIIECTBISIICS ITyTeM CIUIABIICHUS
C HCIIOJIb30BAaHMEM 3JIEKTPOIPOBOJSIIETO CIUIaBa
Au-In. Jlamee oCyIIECTBISAIOCH YIOaJI€HUE POCTO-
Bol momIoxKKH n-GaAs IO <«OKePTBEHHOTO» CIIOS
AlpoGag.1As 1 CTpaBIUBaHHUE OKEPTBEHHOTOY CIIOSI.
Jlanee oCyLIeCTBISIOCH «IIePEBOPaYMBaHUE) TeTe-
POCTPYKTYpBI, U3rOTaBIMBAINCH (POHTAIBHBIE TTO-
JIOCKOBBIE KOHTAKTHI K n-Alg16GagssAs (mmprHa
nojoc 6 MkM, mar 50 MKM), HAHOCHJIOCH aHTHOT-
paxatomee nokpeitie (ARC) m ocymiecTBisuioch
dhopmuposanne unmma OII ¢ GoToayBCcTBUTETHHOM
obnacTteio nuamerpoM 500 MKM ¢ KOHTaKTHBIMH
MOJIOCAaMH HIMPHHOM 6 MKM H ¢ marom 50 MKM.

Ha puc. 6 (kpuBas /) nmpuBeieHa CIICKTpaIbHAS
3aBHCHMOCTh BHEIIHEH (HOTOUYBCTBUTENHHOCTH
(SRex) 1 x03hdunmenTa orpakeHus (kpusas 2) oT
roBepxHOCTH DI ¢ aHTHOTPAKAIOIIMM TTOKPBITH-
eM TiO,/SiO,. Ha cmektpax oTpakeHHS B CIEK-

TpabHOM amama3oHe Oojee 850 HM HaOIIOMAIOTCS
MUKA (POTOUYBCTBUTEILHOCTA U OTPAXKCHUS BCIIE-
CTBUE UHTEP(EPEHIIUU B TOHKUX CIIOSIX TUDIICKTPH-
koB (TiO, u SiOy).

Ha puc. 7 npuBeneHbsl 3aBUCUMOCTU MTapaMeT-
poB paszpabotanabix OOIl OT MIOTHOCTH MOIIHO-
cTti UMIybcHOTO (300 MKC) JTa3epHOTO M3ITyUCHUSI.
3Hauenue Qakropa 3anoaHeHUsT BAX cOCTaBISIOT:
FF=87% mupu P=60-170 Br/eM®> u FF=79%%
npu P =550 Br/cm?. HampsskeHue Xoa0cToro xona
(Voe) B ®DI1 yBenmuuuBaercs ot V,.= 1,26 B mpu
P=170B/cm? u 10 Voo = 1,28 B ipu P = 550 Br/cm?.
[TomyueHHbIC 3HAYCHUST HAMPSHKEHUS XOJIOCTOTO XO-
Jla TIPEBBIMIAIOT 3HAUYCHUS V., TONMydeHHBIE B DOI1
Ha OCHOBE CTPYKTYp C TOMO p-n-iepexonoMm B GaAs
0e3 TeUIbHOTO OTpaxkarens. CyIIecTBEHHOE yBeNlu-
genue V,. B pazpadoranaex OII1 morydaeno 6aro-
Japsi BKJIIOUCHHWIO IMHPOKO30HHOTO ciios AlcGa;.
xAs B 001acTh 00BEMHOTO 3apsija rerepornepexona
p-GaAs/n-AlxGaixAs u Onarogaps BHYTPEHHEMY
MEPEOTPAKECHHUIO (PEITUKINPOBAHHIO) «ITO30HHBIX)
(hOTOHOB OT BCTPOEHHOTO THUTLHOTO OTpaXkaTes.

MakcumansHoe 3Hauenue KII/ > 60 % moctur-
HYTO B W3roToBiIeHHBIX DOIl mpwm nawHE BOJHBI
JmazepHoTo M3nydeHus 860 HM B Janma3oHe IUIOT-
Hoctu MomHoctr 50-400 Br/em? (puc. 7, kpusas 1).
Ilpn MakcuMmanbHOH MommHocTH P =550 Br/cm?
nomyded KIIJ{ = 57,8 %.
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Puc. 6. Cnektpbl poTooTBeTa (1), koOadpPpurumeHTa oTpaxkeHns (2) GoTO3NEKTPUYECKOrO
npeobpasoBaTtens 1a3epHOro N3ny4yeHns ¢ TolfibHbIM Ag-oTpaxaTesiemM 1 crekTpasbHas 3aBUCUMOCTb
npeaenbHon TeopeTnyeckon GoToHyBCTBUTENILHOCTH (3)

M c T 04 HuMK: cocTaBneHo aBTopammn M.B. Haxumosunyem, M.3. LLiBapuem

Figure 6. Spectral photoresponse (1), reflection coefficient of photovoltaic laser power converter
with rear Ag-reflector (2), and theoretical maximum of spectral photoresponse (3)

S ource: made by the authors M.V. Nakhimovitch, M.Z. Shvarts
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Puc. 7. 3aBucumocTu KMNJA, (Eff) poTtonpeobpaszosaTtens nazepHoOro nanyyeHuns
npu A =860 Hm (kpmBas 1) u npn A =800 HM (2), pakTopa 3anonHeHus (FF) (3) Harpy3o4Hoi BonbTaMnepHomn
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M c T o4 HuMK: cocTaBneHo aBTopammn M.B. Haxumosunyem, M.3. LLiBapuem

Figure 7. Photovoltaic converter efficiency (Eff) of laser radiation at A = 860 nm (curve 1)
and A = 800 nm (2), fillfactor (FF) (3) of voltage-current characteristics and open circuit voltage (V..) (4)
depending of the value of laser power density
S o urce: made by the authors M.V. Nakhimovitch, M.Z. Shvarts

3akoyeHne

Pazpabotansr GorosnekTpuaeckue mpeodpaso-
Bareau MoinHoro (Gomee 100 Br/cm?) masepHoro
n3nyyeHus ¢ anuHoi BoiHb! 800-860 HM. OIIT us-
roToBieHbl Ha ocHOBe AlGaAs/GaAs rerepocTpyk-
Typ, NOXy4YeHHBIX MeTooM MOC-ruIpumHO# 3Mu-
takcuu. OO BKIFOYAOT Y3KO30HHYIO aKTHBHYIO
obmacte B GaAs, OKpPYXEHHYIO IIMPOKO30HHBIMH
(pOHTABHBIM ¥ THUTBHBIM CIIOSIMH. J[71s1 TIOBBITIIE-
HUS TCHEPHPYEMOTO HAIpPSDKCHUS AaKTUBHAs 00-
nacTh ObLIa BHITIOJIHEHA HAa OCHOBE reTeporiepexona
Alp3Gag7As/p-GaAs co BCTPOCHHBIM «TPaJHUEHT-
HBEIM» ciaoeM AliGajxAs, CriaaXuBaroI[UM ITOTEH-
nuansHble 0apbepbl. B cTpykTypy @Il mobasmeH
TBUTHHBIA Ag-OTpakaTellb, 00eCIeunBaOMUi OT-
paxenue (HOTOHOB B akTUBHYIO o6macte DOIII m
CHIDKEHUE PEKOMOUHAIMOHHBIX MTOTEPb.

Maxcumansueiid KITJ > 60% npeoOpazoBanus
nazepHoro usnydenus (A =860 HM) TOCTUTHYT B
JMarra30He TUIOTHOCTH MOIIHOCTH JIA3€PHOTO H3IIY-
uenns 50-400 Br/cm?. Paspa6orannsie ®III, obec-
MIEYMBAOIIAE BBICOKOA(PGEKTHBHOE MpeodpazoBa-
HHE MOITHOTO JAa3epHOTO M3Iy4eHHUs, MOTYT HalTH
IMPOKOE TIPUMEHEHHE B JIa3€PHBIX CUCTEMax Iepe-
Jla4d SHEPTUU MO OINTOBOJOKHY U IO OTKPHITOMY
ONITHYECKOMY KaHaITy Ha 3eMJie U B KOCMOCE.
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Abstract. A study was undertaken to understand the status of electric power demand,
generation and supply in Iraq and the feasibility for adopting gas turbine technology
for generating electric power. Based on the climatic and weather data, it was found
that Iraq in general experiences a hot and dry climate with cooler nights. Apart from
the coastal regions of the country, the relative humidity is generally low. This was
found to be an encouraging factor for adopting cost effective evaporative cooling
systems for the air entering gas turbine used for power generation (GTPG). The
higher frequency dust storms in Iraq can result in operational problems, shorter life
span and higher maintenance costs for GTPG, making air filtration mandatory for
efficient operation of GTPG. Taking into account the district wise climatic and
weather conditions, the district of Nineweh was found to be more suitable for the
establishment of gas turbine plant for electric power generation (GTPEG). Among the
different cooling systems available taking into to account the cost effectiveness and
the simplicity in design, construction, operation and maintenance, it was found that
evaporative cooling system was more suitable. Further, it was found that the
effectiveness of evaporative cooling system can be enhanced by taking advantage of
the low night temperature and cooling the water to be used in the evaporative cooling
system. Analysing the performance of the gas turbine, it was found that adopting the
cooling system will result in reducing the power loss from 6.68-46.89 % to 2.77 to
21.17 %.
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AHanus uenecood6pa3HOCTU BHEAPEHUS ra30TYPOMHHON TEXHOJIOMUN
ANS Npous3BoACTBa 3/IeKTPo3Heprum B Upake

B.X.C. An-Aaouau®”, M.C.C. Aab-Pyoasiu®"”,
ML.A. Yeproycos*~, M.IO. ®poJiop* =

4 Poccuiickuii yHUBEpCHTET IpyKObl HapoaoB, Mockea, Poccus
b [lunrckuit GaroTBOpUTENLHBINA 0duc, Mpak

= frolov-myu@rudn.ru

HUctopus cratbn Annotanus. [IpoBeneHHOE HCCIEI0BAaHNE TTOCBSIIEHO aHAIN3Y COCTOSHUS
CIpoca, BEIPaOOTKU U MPEJIOKEHHS JIEKTPOIHepruu B Mpake u nenecoob-
Pa3HOCTH BHEIPEHHUS Ta30TYypOMHHON TEXHOJIOTWH IS BBIPAOOTKH 3IIEK-
TPO3HEPIUu. Ha ocHOBe KIUMaTHYECKHX U NOroaHbIX AJaHHBIX OBLIO ycra-

HOBJICHO, uTO B Mpake B 11eJI0M JKapKUi U CyXOil KinuMmar ¢ 6ojee mpoxiaj-

IToctynuna B penaknuto: 15 utomns 2023 r.
Hopaborana: 4 nexadps 2023 r.
Ipunsra k nyonukanuu: 20 nexadps 2023 r.

HBIMM HOYaMH. 3a UCKIIOUCHUEM NPUOPENKHBIX PalloHOB CTPaHbBl OTHOCH-
TeIbHas BIAXXHOCTB, KaK NPABHIIO, HU3Kas. DTO SABISACTCS OOHAIEKUBAIO-
muM (pakTopoM AT BHEIPEHMS 3KOHOMUYECKH 3(G()EKTUBHBIX CUCTEM HUC-
MapUTENbHOTO OXTAXIEHHS U BO3MyXa, IIOCTYNAIOMIEr0 B Ta30BYI0 Typ-
OuMHY, HCIONB3yeMyr sl BbIpaOoTku anektposneprun (I'TBD). Bonee
9acThle MBUIBHBIE OypH B Mpake MOTyT NPHBECTH K IpobiieMaM B KCILTya-
TalllH, COKPAIEHUIO CPOKA CIy>KOBI M yBEJIMUEHHIO 3aTPaT Ha TEXHUIECKOE

3asBileHHEe 0 KOH(JIUKTe HHTEPeCcoB

ABTOpBI 3asBJISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

obcmyxuBanue I'TBD, uro nemaer QuibTpanuio Bo3myxa 00s3aTeIbHON
s 3¢ dextuBHON padoTel ['TBD. [IprHMMas Bo BHUMaHHE KIMMAaTHYCCKUE
U IOrojIHblE YCIOBUs paiioHa, paiion Halinu Obl1 mpusHaH Oojee IOAXO-
JSIIAM JUISL CO3/IaHMA Ta30TypPOMHHOM YCTaHOBKH JUIS BBIPAOOTKH DIEKTPO-
sHepruy. Cpeau pa3IuyuHbIX JOCTYMHBIX CUCTEM OXJIAXKAEHHUS, IPUHUMAs BO
BHUMaHHE SKOHOMHUYECKYIO 3(h()EeKTHBHOCTh M IPOCTOTY MPOECKTHPOBAHUS,
KOHCTPYKLIUH, 3KCILTyaTallud U TEXHUYECKOI0 OOCIYyKUBaHUs, ObLIO ycTa-
HOBJICHO, YTO CHCTEMa HMCIAapUTENbHOTO OXJIAXKICHHS SABIAETCS HamOolee
noaxonsamei. ITokazaHo, 4ro 3(QQeKTUBHOCT CUCTEMbI UCHAPUTEIHLHOIO
OXJTaXKIAEHUS MOXKET OBITH TOBBIIIEHA 3@ CUET MCIIOIb30BaHUS IPEUMYIIIECTB
HU3KOH HOYHOH TemmepaTypbl U OXJIaXKAEHUS BOJIBI, KOTOpas OyIeT uc-
[OJIb30BAThCSA B CUCTEME UCIAPUTEIBHOrO OXJIaxkaeHus. IIpu anamuse mpo-
U3BOJUTEIILHOCTH Ta30BOH TypOMHBI OBLIO YCTAHOBJICHO, YTO BHEAPEHHE
CHCTEMBl OXJIQXKACHHS NPUBEIET K CHUIKCHUIO IOTEPh MOLIHOCTH ¢ 6,68—
46,89 no 2,77-21,17 %.

KaoueBble cioBa: rasosas TypOuHa, oxJjaxjaromue cucteMmsl, Hpak,
peruoH HaliHuB, moTepy MOIIHOCTH

BkJian aBTopoB

HepaszaenbHoe COaBTOPCTRO.

I[J'Ifl HUTHPOBAHUA

Alaabidy W.H.S., Al-Rubaiawi M.S.S., Chertousov M.A., Frolov M.Y. Analysing the feasibility of adopting gas turbine
technology for electric power generation in Iraq // Bectuuk Poccuiickoro yHuBepcuteta aApyx0bl HaponoB. Cepusi: Nxe-
HepHble uccnenoanus. 2024. T. 25. Ne 1. C. 86—104. http://doi.org/10.22363/2312-8143-2024-25-1-86-104

Introduction

In this modern era, energy has become a vital
component for the development of any human society
and with the increasing population its demand is
increasing day by day. Among the different energy
sources, electrical energy stands as the primary
requirement for humans. Taking into account the

rate of increasing population for any energy supply
systems to have a sustainable impact, it has to be
designed taking into account the estimated popu-
lation by 2050. Energy consumption analysis studies
reveal that the energy demand is increasing by
2.9 % every year since 2010 and nearly 73 % of
this demand is met from fossil fuel resources (FFR)
[1]. Taking into account the environmental effects
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caused and its limited quantity available, the use of
FFR is being reduced slowly by different countries
[2]. In spite of all this, fossil fuel based technology
(FFBT) cannot be completely ruled out as they are
proven sources presently available for effective
economic progress of developing economies [3].
This dependence of FFR will continue for many
more years to come as making a sudden step back is
practically difficult, especially for developing
economies. This highlights the importance of re-
searchers on improving the effectiveness of FFBT
as researches on finding economic alternatives for
FFR. This can bring twin benefits of not retarding
the present economic progress of developing econ-
omies and at the same time having alternatives to
FFR.

The energy sector of the economically devel-
oping countries have to tackle two major prob-
lems, the ongoing variations in the energy prices
and the steadily increasing energy demand [4].
Among the various FFR considered for power gene-
ration, natural gas has proved to be more environ-
ment friendly, thus in the recent years natural gas
fuelled gas turbines (NGGT) are being widely con-
sidered instead of steam turbines fuelled by coal and
petro-fuel [5]. Using natural gas as fuel instead of
coal and petro-fuel will result in huge reductions in
CO,, NO,, and SO, emissions [6]. In fact, using
natural gas instead of coal for power generation can
result in nearly 50 % reduction of CO, leading to
reduced environmental effects. In addition to this
they are economical and have better thermal effi-
ciencies than the other FFBT [5]. It is estimated that
the natural gas demand will be increased by 40 %
by 2050 than what was supplied in 2018 [7]. As gas
turbines are simple in construction, operation and
able to respond quickly to varying load require-
ments, they are being widely considered and re-
commended. But it should also be noted that both
its thermal efficiency and the quantity of power
produced is highly dependent on the ambient envi-
ronmental conditions [8]. The important factors that
affect the performance of GTPG are, the geograph-
ical location, inlet air temperature which decides the
quantity of work by the compressor, ambient tem-
perature, air density, air pressure, relative humidity
and fuel [9-11].

Iraq is geographically divided into western de-
sert region, northern mountainous region and fertile
plains in the south and middle region. Iraq is the
home for 0.57 % of the global population, with
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70 % of its population living in the urban areas and
have an annual population growth rate of 2.45 %
[12]. Being the 5™ largest oil reserve and 13™ largest
gas reserve, Iraq mainly depends on the energy
sector for its development. In general, Iraq has a
subtropical semi-arid type of climate, with the day
temperature much higher than that of the night,
so is the demand for electric power. Thus, for the
sustainable development of the country’s economy
sufficient quantity electric power has to be produced
effectively and economically. To achieve this suita-
ble technology has to be adopted such that it is
suitable for the conditions prevailing in the area,
installed in the most appropriate geographical loca-
tion such that it can operate with the highest possible
efficiency producing power in an economic way and
distribute the power with the minimum possible
losses. This study analyses the present status of
electric power generation and distribution in Iraq,
the suitability of GTPG to the climatic and whether
conditions prevailing in Iraq, identify the suitable
area for establishing the GTPEG, the functional
components required by GTPG for effective opera-
tion and further conduct a theoretical evaluation on
the operating performance of GTPG.

1. Energy status of Iraq

Iraq is facing serious energy shortage and the
gap between the demand and supply is increasing
drastically since 2003 [14]. The repeated wars in
Iraq have destroyed its economy, growth and infra-
structure. The country now is facing huge electric
power shortages both in production and distribution
[15]. Iraq has a production of about 25GW which is
28.6 % less than its actual demand [13], in addition
to this the demand is growing every year at the rate
of 7% [16]. It is estimated that Iraq has 8.5 %
and 1.8 % of global oil and natural gas reserves
respectively, placing the country in the 11" position
globally in terms of oil and natural gas reserves.
The southern region if the country holds about 71 %
of the total FFR [7]. The country’s economy and its
electrical power generation sector mainly depends
on these FFR. Despite sufficient fuel resource, Iraq
imports power from Iran and Turkey at higher cost
and supplies to its population at subsidised rates
[14] due to inadequate generation capacity and
huge losses in the distribution network. This is fur-
ther adding economic burden on the country’s
economy which is trying to improve.
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With aim of providing continuous power sup-
ply to its people, Integrated National Energy Strate-
gy (INES) was launched by Iraq in 2013. The INES
aimed to produce 40 % additional power by 2015
but was successful in achieving only 50 % of its
estimated goal [18]. As the country was making
steady progress, the invasion of Islamic State of
Iraq and Syria (ISIS) during the period between
2014-18 caused huge damage to the power plants
and destroyed the electricity supply lines. The total
damage to the power sector caused by the ISIS in-
vasion was estimated to be $ 7 billion [19]. In 2019,
as the result of the fast-track programme by the
ministry of electricity witnessed a 20 % increase in
generation. During the same year a $ 16.3 billion
project was set to upgrade 40 gas turbine plants and
construct new power plants with an aim to add 1.6
GW to the existing production. In spite of all these
the progress is slow and Iraq still remains as a coun-
try having the lowest electricity generation per capi-
ta in the Middle East [18] and is finding hard to
meet the electric power requirements of its popula-
tion. The government is making huge investments
in this sector so as to meet the peoples demand. To
make electricity affordable to the public, govern-
ment is forced to supply it at subsidised rates. This
in turn is putting huge economic burden on country
and along with this the demand-supply gap is in-
creasing every year [20].

2. Suitability of GTPG in Iraq

Electricity generation plants using gas turbines
are considered to be more suitable for Iraq among
the fossil fuel based technologies [21] as Iraq can
effectively use the advantage of having about 81 %
of its natural gas reserve as associated gas [7] and
have lower water requirements that the other FFBT
[14]. Using natural gas form associated sources
which is usually burnt as flare [22] results in much
lesser tapping cost [23], making power generation
more economical. It is estimated that by using the
associated gas for electricity generation instead of
burning as flares can save about fifty million tonnes
of CO, annually, thus benefiting the environment
too [22]. Taking these facts into consideration Iraq
is already trying to mainly depend on GTPG for
power generation. In fact, 61 % to the total power
production of the country is obtained from its 28
gas turbine power stations [16] but the matter of

concern is that they are having lower production
efficiency [24].

Among the climatic factors, ambient tempera-
ture affects the performance of GTPG the most
[25]. The GTPG is designed such that they provide
the best performance when operated in ISO con-
ditions (typical thermal efficiency of GTPG when
operated in ISO conditions is 30 %) and for every
degree rise in the inlet air temperature above the
ISO condition, there will be approximately a reduc-
tion of 0.64 % in the total power output [10] and
0.18 % in thermal efficiency [26]. Thus, in hot cli-
matic regions like Iraq both the quantity of power
produced and the production efficiency of GTPG
will be highly affected, leading to increased produc-
tion cost and pollution produced per kW of electric
power generated [27]. In addition to the ambient
temperature, GTPG operating in the Iraq will face
problems related to higher filtration requirements
for the air entering the GTPG due to the general
dusty environment prevailing in the region [28].
Improper air filtration can affect the life, per-
formance and frequent higher maintenance require-
ments for the GTPG. Relative humidity is the next
important parameter that affects the performance of
performance of GTPG. The thermodynamic property
of the working medium (air-water vapour mixture)
varies with the change in relative humidity, which
in turn will affect the engine performance [29].
The relative humidity play a major role in accu-
rately estimating the performance of GTPG when
the ambient temperature is greater than 30 °C and
relative humidity is above 70 % [30].

2.1. Climatic and geographical factors of Iraq
hat influence the operational performance GTPG
and the region suitable for the establishment

of power plant

Among the countries of the Arab region, Iraq
is the most vulnerable and experiences extreme
weather events [31]. Though geographically located
in the northern temperate zone, the country experi-
ences continental and subtropical climate. Scarcity
of sufficient and reliable metrological data from Iraq
forms an hinderance while analysing the climatic
conditions. It’s clear from Figure 1 that 94.4 % of
Iraq is experiencing arid to semi-arid climate and
is considered as one among the fastest warming
countries of the world [32]. Broadly Iraq can be
classified into four climatic zones as (i) Medi-
terranean climatic zone: comprising of the moun-
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tainous region spread along the north and the north-
east region occupying 21 % of the total land area,
(ii) steppe climatic zone: occupying the 9.6 % of the
area comprising of the undulating lands of the
southern and western region, lies between the medi-
terranean and the desert zones having cold winter
and very hot summer and receives about 200-—
400 mm of rainfall during winter season (ii) Desert
zone: located in the western region of the country
and occupies the largest share of land (39.2 %) and
the (IV) semi-arid zone: occupying 30.2 % of the
land area and is spread along the central and the

southern region. It was clear that Iraq in general
experiences a hot and dry climate apart from the
cool and wet winter season starting from November
to March with the rains extending up to April.
During the winter the average day temperature
reach about 16 °C and will go as low as 2 °C in
the night. During the summer the day temperature
can go over 43 °C, but the nights are usually cool
with a temperature about 26 °C [33]. In general the
country have more hotter days in a year, resulting in
high ambient temperatures during the day time and
much lower temperatures during the night time [34].

= Arid = Semi-arid = Mediterranean

Semi-humid = Humid = Very Humid

Figure 1. Area classification of Iraq based on aridity index [85]

To understand the climatic conditions of the
different regions in Iraq, the climatological data
from the year 1991 to 2020 obtained from the Cli-
mate Change Knowledge Portal of the World Bank
Group [35] was analysed. The climatological analy-
sis was done with the aim to find the most suitable
region for the establishment of power plant in Iraq.
Considering the month wise average maximum and
minimum temperatures from the period between
1991-2020 (Figure 2), it was found that day tem-
peratures from March to November were above
30 °C with the months April to October having an
average above 40 °C. In fact the highest temperature
(54 °C) of the Eastern Hemisphere was recorded
in Iraq on 22™ July 2016 [36]. During the night the
temperatures are too low with only the months June
to August had temperatures above the optimum

90

working temperatures of GTPG. Relative humidity
also plays a major role in cooling air while using
evaporative cooling systems. The extent of cooling
depends on the relative humidity, under same tem-
perature air having lower humidity will be cooled
more than air with higher humidity. It was observed
by Barakat et al. [8] that the temperature drop de-
creased by 22.8% when the relative humi-
dity changed from 20 to 80 %. Moreover, higher
humidity results in increased heat consumption in
the combustion chamber of GTPG. This is due to
the high specific heat of water. The lower relative
humidity (Figure 3) during the hotter months and
higher humidity in the cooler months serves as a
beneficial factor for the operation of GTPG. This
helps in employing the cost-effective evaporative
cooling system effectively [9; 37].
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Considering the different districts on all cli-
matic parameters considered, Dahuk had the most
preferable conditions for the operation of GTPG
followed by Erbil, Sulaymaniyah and Nineweh.
But Dahuk, Erbil and Sulaymaniyah being moun-
tainous regions will have lower air density affect-
ing the mass flow rate of air and lower oxygen
concentrations, thereby affecting performance of
GTPG [38]. The number of days (month wise for
each district of Iraq) during which the temperature
is above 40 °C (Figure 4), 35 °C (Figure 5) and
25 °C (Figure 6) during day and 20 °C (Figure 7)
during night is also an important factor to be con-
sidered. It was found that the district of Nineweh
on average during the day time had 57.46 days
above 40 °C, 120.41 days above 35 °C and 198.91
days above 25 °C and 127.75 days above 20 °C
during night. This indicates that cooling load
requirement is lesser for about 165 days in a year,
adding better economic advantage than being placed
in the desert regions of the country. In addition,
the lower relative humidity of Nineweh helps in
effectively adopting evaporative cooling system [39].

In addition to the climatological parameters the
frequent dust storms in Iraq affects the performance
and life of GTPG, imposing higher filtration
requirements for the air entering the GTPG [28]. On
an average about 38 dust storms happen in a year
[40], most of them originating from the deserts of
Iran, Iraq and Arabian Peninsula. The dust storms
happen more frequently during the summer with
few taking place during the winter season. It was
found by Mohammadpour et al. [41] that between
2003-2012 there were 155 dust storm events with
majority of them occurring during the months of
April and May. The majority of the dust particles
have diameter in the range 0.1-10 um and requiring
a minimum time of 14 hours to settle [42]. The dust
storms carry small light weight particles of silt,
clay and sand, the quantity and extent of dust load
depends on the strength of the causing wind and
shape, size and density of the particles. Studies have
found that dust particles in a dust storm can be ver-
tically lifted to a height of 6 km and carried hori-
zontally to a distance up to 6000 km [43], not al-
lowing even the mountainous region escaping from
it. In Iraq majority of the dust storms takes place in
the lower Mesopotamian plains. The Nineveh dis-
trict is located in the north-western region of Iraq
and is highly prone to dust storms [39] making air

94

filtration requirements very essential of the GTPG
located in the region.

3. Functional component requirements
of GTPG for effective operation
in Nineveh district of Iraq

The district of Nineveh selected for the estab-
lishment of gas turbine plant for power generation
generally experiences a long hot and dry spell and
short wet and cool spell (December—February)
[44]. Thus, taking into consideration the geogra-
phic feature of Nineveh district and the prevailing
weather conditions, the requirements of GTPG for
effective operation is described in Figure 8. GTPG
being constant-volume engines, their shaft power is
proportional to the mass flow rate of air. As the
temperature of the inlet air increases, its density
decreases resulting in reduced mass flow rate and
thereby increasing the work of the compressor.
Reducing the temperature of the inlet air increases
its density at constant pressure, increasing the mass
flow rate and thereby the output power. Increase in
inlet air temperatures above 15 °C results in the
reduction of both thermal efficiency and power
output [45]. It was found by Zeitoun [46] that a
GTPG delivering 84.4 MW power at 15 °C dropped
down to 69 MW at 45 °C. Further El-Shazly et al.
[45] observed that by reducing the inlet air tem-
perature by 10 °C from 40 °C can result in output
power enhancement of 10 %. In addition to power
and thermal efficiency enhancement, GTPG operat-
ing with lower intel temperature result in better
heat rate and enhanced turbine life. Studies have
shown that for every °C rise in temperature above
15 °C, the GTPG power output reduces by 0.77 %,
thermal efficiency by 0.1 % and the air mass flow
rate by 0.36 % [47]. This highlights the importance
of cooling the inlet air when the GTPG is operating
in conditions having high ambient temperature.
Thus, for better performance of the GTPG, the
temperature of the inlet air has to be 15°C or
brought down as close as possible. It was clear from
the climatological and whether data of Nineveh
that for better GTPG performance, inlet air cooling
and air filtration systems are unavoidable compo-
nents. The proper selection of the appropriate
cooling system and the air cleaning system decides
the operating and economic effectiveness of the
GTPG.
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3. 1. Air cooling systems proven effective in GTPG

The different inlet air cooling systems used in
GTPG can be broadly classified as systems lower
temperature only and systems lowering the tempera-
ture along with increase in humidity of the incom-
ing air. The systems that only cool the incoming air
are absorption chiller cooling systems that cools the
incoming air using heat exchangers [48], mechani-
cal refrigerate cooling systems [37] and cooling sys-
tems using thermal storage options. While those
increase the humidity of air along with cooling the
air are systems that cools the air by absorbing the
latent heat of evaporation commonly called as
evaporative cooling systems [49] and using high
pressure fogging system [50]. Each system has its
own advantages and disadvantages [8] and a parti-
cular system has to be selected taking into consider-
ation the economics, technical requirements and the
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extend of its suitability in handling the ambient
conditions prevailing in the area.

Both high pressure fogging and cooling using
media (evaporative cooling systems) are considered
as better options for GTPG operating in hot and
dry conditions [51]. Here cooling of air is achieved
by the thermodynamic process called adiabatic
saturation, in which thermal energy of the air is
consumed by the water causing it to evaporate and
the temperature of the inlet air is dropped to a value
very close to the wet bulb temperature. Thus, wet-
bulb depression is a deciding factor on the extend of
temperature reduction and thereby the performance
of the GTPG [52]. According to studies, the effec-
tiveness of evaporative cooling method using media
range between 0.85-0.9 while high pressure fogging
system range between 0.97—1 [53]. Moreover its
simplicity in design, easy to install, operate and



Alaabidy W.H.S., Al-Rubaiawi M.S.S., et al. RUDN Journal of Engineering Research. 2024;25(1):86-104

above all cost effectiveness make the evaporative
cooling method, cooling using high pressure fogg-
ing system being widely practiced [54]. The effec-
tiveness of the fogging system can be enhanced by
using cold water and reducing the spray droplet size
(3050 um is considered as ideal droplet size) [56].

Inlet air cooling using mechanical compression
and absorption cooling systems are usually con-
sidered as a second option next to evaporative cool-
ing systems as they bring about change in only tem-
perature of the incoming air. As they do not add
moisture to the intake air, so the associated negative
effects such as erosion, corrosion etc., on different
parts of the turbine is avoided [58]. Both the
systems are capable of producing better cooling
effect than evaporative cooling systems, but are
associated with parasitic losses in terms of more
electricity consumptions for their operation [59],
making it not that favourable option to be con-
sidered for Iraq now. Studies indicate that both
mechanical compression and absorption cooling
systems have a coefficient of performance above
6.0 [60]. In the study conducted by Santos and
Andrade [57] it was found that absorption chillers
are better than mechanical compression systems in
providing higher energy increments at lower cost,
but still costlier than evaporative cooling system.
Absorption chillers are capable of reducing the
temperature of the incoming air by 16.7 to 26.7 %
more than evaporative cooling systems, increase the
power output by 15 to 20 % and the thermal
efficiency by 1-2 % [61] and decrease the electri-
city production cost by 2.97-5.04 % [27] regardless
to the prevailing ambient conditions. Though the
power output produced is 40 to 55 % more than that
of high pressure fogging system [61], but the
system is more complex and consumes more energy
than cooling system using high pressure fogging
system. Thus, making the operating cost much
higher than the evaporative cooling systems [62].
In fact the payback period of evaporative cooling
system is just 41.1 % of that of absorption chiller
system [63].

In systems adopting stored thermal energy to
cool the incoming air to the compressor, cooling is
based on requirement [64]. The storage system is
either sensible or latent heat type, with the latent
type changing its phase while rejecting the stored
energy to the incoming air. The latent type of sys-
tem can store more energy than the sensible system
[65]. The commonly used sensible thermal energy
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storage medium is water and ice as latent thermal
energy storage medium, in addition glycol chiller
and encapsulated phase change materials are also
being widely used [66]. In the study conducted by
Sanaye et al. [65] it was found that using the ther-
mal energy stored in the ice was effective in increas-
ing the power output by 3.9-25.7 %, the thermal
efficiency by 2.1-5.2 %, but the payback period
increased from 4 to 7.7 years. The increase payback
period is due to the increased installation cost of the
system.

Relative humidity is often considered by re-
searchers that it does not affect the performance of
GTPG significantly, but the thermodynamic proper-
ty of the working medium (air-water vapour mix-
ture) changes with the change in relative humidity,
which in turn affect the engine performance [29].
Alasfour et al. [67] in their study found that both
temperature and relative humidity are important
parameters while determining the exergetic per-
formance of GTPG. The relative humidity play a
major role in accurately estimating the performance
of GTPG when the ambient temperature is greater
than 30 °C and relative humidity is above 70 %
[30]. Especially while calculating the excess air
requirement for the GTPG. Lugo-Leyte et al. [68]
found that neglecting relative humidity can result in
estimating excess air requirement over 5 % of what
is actually required. An efficiency reduction of
6.28 % was observed in the study conducted by
AL-Salman et al. [52] when the realative humidity
of air was increased fron 10 to 60 % at constant
ambient temperature. In addition to this relative
humidity of air is an important parameter that
decides the reduction in temperature of the air while
using evaporative cooling systems. It was observed
by Barakat et al. [8] that the temperature drop
decreased by 22.8 % when the relative humidity
changed from 20 to 80 %. Moreover, higher
humidity results in increased heat consumption in
the combustion chamber of GTPG. This is due to
the high specific heat of water.

Results of the studies sited above indicate that
evaporative cooling systems (both media and fog)
are more suitable and economically effective solu-
tions for hot and dry areas than the expensive ab-
sorption and vapour compression chiller methods
[69]. As in the evaporative cooling system, sensible
heat of the air is exchanged for the latent heat of
evaporation from water is adiabatic, can result in
enhancing the GTPG power output by about 12 %
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in regions having a hot and dry climate [70]. This
makes the adoption of evaporative cooling system
as the most cost-effective method to enhance the
power output of GTPG in regions like Iraq having a
hot-dry desert type of climate. Based on these re-
sults of the various studies conducted on evapora-
tive cooling systems, it could be concluded that
adopting high pressure fogging system is a better
method to increase the power output of gas turbines
in region of Nineveh as area is characterised with
higher ambient temperature and lower relative hu-
midity. The basic disadvantage of this system is that
it consumes huge amount of water and can be a
problem in places having water availability prob-
lems. This will not be a major concern due to the
presence of Khosr and Tigris rivers. Though the
evaporative cooling system using media consumes
about 10.15 % lower water than that of high pres-
sure fogging system [61], the pressure drop while
the air passes through the media and the need for
regular media replacements results in increased op-
erating cost of the system [69].

3.2. Air filtration systems for GTPG

The mass flow rate and quality of air is an im-
portant factor that decides the performance, useful
life and maintenance requirements of GTPG. Iraq as
a whole and Nineveh in particular have very poor
air quality. Thus, the air entering the GTPG should
be properly filtered and at the same time the filtra-
tion system should not negatively affect the mass
flow rate of air. While selecting filter, air resistance
and pressure drop induced, dust holding capacity
and efficiency of filtration has to be taken into con-
sideration [71]. Taking the results of Parolari et al.
[42] into consideration, the filter selected should be
able to filter out particles having diameters of
0.1 um, but as per Schroth and Cagna [72] filters
used for GTPG should be able to filter out particles
sizes in the range of 0.01 um to 3 mm. In addition,
poor air quality can result in filters getting loaded
fast, requiring frequent cleaning. Thus, to avoid fre-
quent stopping of the GTPG for cleaning the filters,
self-cleaning filters are more suitable. This saves a
considerable cost of labour required for cleaning
when compared to the non-self-cleaning type of
filters [73]. More over due to the complex and harsh
conditions prevailing in the desert type climate, of-
ten the filters used don’t get in actual the useful life
prescribed by the manufacturer [74]. Thus, for effi-

cient operation and longer life of the GTPG, filtra-
tion of the incoming air is very essential and filter
has to be selected by properly evaluating the infor-
mation provided by the filter manufacturer, the pre-
vailing operating conditions and taking into account
the investment and maintenance cost required [75].

4. Case study: Performance analysis
of a 25 MW GTPG operating in Nineveh region

The performance of a 25 MW GTPG proposed
by Lebele-Alawa and Le-ol [76] was theoretical
was theoretically analysed based on the climatic
data for the Nineveh district of Iraq reported by the
Climate Change Knowledge Portal [35] and The
Global Historical Weather and Climate Data [77].
The Performance of the GTPG was compared both
with and without cooling the inlet air to the com-
pressor month wise for the maximum and minimum
temperatures. It was assumed that the air into the
compressor was cooled using evaporative (high
pressure fogging) cooling system. The technical
specifications and operating data at ISO condition
of the GTPG as detailed in Table 1.

Table 1
Technical specification
of the GTPG considered for the study
Parameter Value
Pressure of air interring the compressor 101.3 kPa
Pressure of air leaving the compressor 1000 kPa
Mass flow rate of air 122.9 kgs"
Turbine inlet temperature 1232 K
Isentropic efficiency of compressor 85 %
Isentropic efficiency of turbine 86.8 %
Combustion efficiency 99 %
Combustion chamber pressure loss 117 %
Thermal efficiency 26.6 %
Fuel Natural Gas
Calorific value of fuel used 48235.6 kJ/kg

4.1. Thermodynamic Model
of a single shaft simple GTPG

While analysing the performance of the select-
ed GTPG the following assumptions were taken
into consideration:

a) It was assumed that the air is entering into
the cooling unit was at ambient temperature.

b) The ambient pressure (P,=101.3 kPa) and
it was assumed that the pressure of the air leaving
the cooling system was same as the ambient pres-
sure (P, = P;) [57].
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¢) The cooling process was adiabatic with no
water loss while being injected and had an effec-
tiveness of 90 %.

d) In the fogging chamber all the fog droplets
were evaporated and the air from the fog chamber
inters the compressor unit in saturated condition [78].

€) The air and the products of combustion be-
haves like ideal gases.

The equations used for calculating the perfor-
mance of the selected GTPG was as follows.

Temperature of the air coming out of the cool-
ing unit [78].

to = t; — (t; — twp)Nc- 1)
The cooling load of the cooling unit [57].

det = Mair Caap (& — &5)- 2
Pressure of the air while leaving the compressor [57].

P, =r1P;. (©))
Considering the polytropic relations for gas idea
and isentropic efficiency of compressor, the tem-

perature of air coming out of the compressor (t1)
was be obtained by [57]:

y—1

t, = —o [(5)7 - 1] +t,. (4

Ncomp | \Pi

By applying the first law of thermodynamics, the
work done by the compressor was calculated [57]:

VVcomp = Myir Cdap (t1 — to)- %)
The discharge pressure from the combustion cham-
ber was calculated based on the pre-defined com-
bustor pressure drop (Pepa) [57]:

Py = Py — Pcpg. (6)
Using energy balance in the combustion chamber,

the heat delivered by combustion chamber was cal-
culated as follows [57]:

Gin = Chue gas (tz — t1). (7)
The mass flow rate of the natural gas used for com-
bustion by the gas turbine was calculated based on
the calorific value of the fuel gas used [57]:
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The turbine discharge temperature was calculated as
follows [57]:

y-1
1 Y
t3 = 6 — ety [1— . 9)

P
2 /Pa

The turbine power was calculated using the follow-
ing equation [57].

Wy = my Cflue gas (t2 — t3), (10)
where
my = Myir + My (12)

net power obtained from the gas turbine is given
by [57]:

Whet = Wy — VVcomp- (12)

The specific fuel consumption was determined by

[57]:

3600 my
Whet

Tsfc -

(13)
The thermal efficiency of the gas turbine was de-
termined by the following equation [57]:

Whet
meVf'

Nray = (14)

4.2. Results

i Cooling effect. The comparison of monthly
average maximum, minimum and wet bulb tem-
perature, relative humidity and the temperature of
air after cooling using evaporative cooling system
is portrayed in Figure9. It was evident from the
generally the night temperatures are below the SO
rating expect during the months of June, July and
August (respectively 10.9, 26 and 33.2 % above
the ISO rating). While taking the day temperatures
into consideration, cooling the inlet air is essential
throughout the year and using evaporative cooling
system 1SO rating temperature of inlet air cannot
be attained, indicating unavoidable power loss.
The GTPG has to be operated with an air inlet tem-
perature in the range between 18.19 to 30.97 °C
during the day time. Thus, based on the finding of
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Al-Ansary et al. [10] operating GTPG will be
associated with a power output loss in the range
between 4.8-9.6 % with the normal evaporative cool-
ing system in use.

The temperature drops were calculated assum-
ing the effectiveness of cooling system as 90 %,
while Barakat et al. [8] reported 5 % higher and
Hamedani et al. [79] 10 % lesser effectiveness than
what was assumed in the present study. The finding
of the present study, that evaporative cooling sys-
tem while operating in high temperature conditions
not able to lower the temperature below wet bulb
temperature and thus unable to attain the ISO rated
temperature was supported by the findings of Mar-
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zouk and Hanafi [21] in a study conducted in south-
eastern Egypt, Zeitoun [46] in Riyadh, Sh. Alnasur
and Al-Furaiji [24] in Baghdad and Dinc et al. [80]
in Kuwait. Further as per the findings of Chaker et
al. [55] that cooling using evaporative method can
be attained below the wet bulb temperature range
by using cold water can be effectively and eco-
nomically implemented in the Nineveh district of
Iraq as the night temperature is very low. The water
used for the evaporative cooling can be cooled
using the low night temperature, stored in thermal
insulation and used for fogging as per the require-
ment. This will help to bring down the inlet air
temperature close to the ISO rating.

Jul Aug Sep Oct Nov Dec

Wet bulb Temperature

==@==Temperature after cooling

(Temperatures in °C and Relative humidity in %)

Figure 9. Comparison of monthly average temperatures (maximum, minimum and wet bulb),
relative humidity and temperature of inlet air after cooling using evaporative cooling system [35]

ii Performance of GTPG. It was assumed that
GTPG will be able to deliver its full capacity during
the night time as the night temperatures of the
Nineveh district of Iraq apart from the months of
June, July and August are below the ISO rating
(Figure 9). In addition, even during these three
months the temperature are not that high, so it was
assumed that the temperature of the air into the
compressor could be cooled to the ISO rating. Thus,

the performance of the GTPG was evaluated taking
into consideration the day temperatures only and
results are portrayed in Figure 10.

Taking into consideration the month wise per-
formance, it was found that the power loss in the
GTPG without cooling ranged between 6.68 to
46.89 % and with cooling a power loss was reduced
to 2.77 to 21.17 %. As expected, the maximum power
loss without cooling the air into the compressor
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(38.5-46.89%) was observed during the months
between May to September, out of which the months
June-August had losses ranging between 43.19-
46.89 %. It was also observed that the peak losses
could be reduced by about 50% by adopting evapo-
rative cooling and could be further enhanced if used

colder water. It was also observed that as the tem-
perature increased, there is a considerable decrease
in thermal efficiency and increase in the specific fuel
consumption. It was also found that cooling the inlet
air temperature bought great improvements on both
thermal efficiency and specific fuel consumption.
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Figure 10. Effect of cooling inlet air on GTPG performance
S o urc e: made by the author Wissam Huzam Salman Alaabidy

While operating GTPG in hot climatic condi-
tions Punwani [81] experienced 30 % reduction in
output power and 5 % in thermal efficiency. Kara-
kas et al. [83] reported that there will be 10 %
reduction in output power for every 10 °C increase
ambient temperature. Chacartegui et al. [82] experi-
enced 7 % output power reduction while operating
the GTPG at 25 °C, which further increased to 15 %
when the temperature increased to 36 °C. Hamedani
et al. [79] experienced 12.5 % reduction in power
output and 2 % reduction in thermal efficiency and
Marzouk and Hanafi [21] experienced 20 % re-
duction in power output and 2 % reduction in
thermal efficiency while operating their respective
GTPG at 40 °C. While the study conducted by Dinc
et al. [80] resulted in reduction of power output by
21.3 %, thermal efficiency by 3.6 % and increased
SFC by 9.31 % while operating the GTPG at 55 °C.
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The results of these studies supports the power
reduction outcomes of the present study. With regard
to the improvements in power output as the result
of cooling the incoming air, Oyedepo and Kilanko
[84] using evaporative cooler obtained 5-10 %
and 2-5 % and Marzouk and Hanafi [21] 6.84 %
and 2 % enhancement is power output and thermal
efficiency respectively.

Conclusion

The following conclusions were derived from
the present study.

i. On the basis of the climatic data of the dif-
ferent districts of Iraq during the period 1991 to
2020, it was found that the district of Nineveh was
more suitable for the establishment of gas turbine
plant for power generation.
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ii. The climatic data also explains that cooling
of the inlet air to the GTPG is very essential for
effective power generation. The climatic data of
Nineveh supports the use of evaporative cooling
system (either media or high-pressure fogging) as it
has twin benefits of both reducing the temperature
and increasing the relative humidity at a compara-
tively lower cost.

iii. As the night temperatures in the Nineveh
region is very low, cooling the water used in the
evaporative cooling system using the low night
temperature can increase the cooling effect of the
system.

iv. As the area experiences frequent sand
storms air filtration is essential for both effective
functioning and longer life of the GTPG.

v. Evaluating the performance of the cooling
system, due to the limitations offered by the wet
bulb temperature, it was found that the ISO rated
temperature cannot be attained for ambient temper-
atures above 23 °C. Thus, power loss cannot be
avoided but can only be reduced during the day
time. As the nights and the early morning hours of
the day are generally associated with lower temper-
atures, rated output power from the GTPG can be
obtained for about 9-12 hour duration in a day.
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