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Designing the low-energy lunar transfers trajectories
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Article history Abstract. An algorithm for designing a low-energy lunar flight trajectory is
Received: January 14, 2023 presented. It is based on the assumption that low-energy flight trajectories pass
Revised: February 22, 2023 through the vicinity of one of the collinear libration points of the Earth — Moon
Accepted: March 4, 2023 system (L1 or L2). It is also assumed that at the moment of spacecraft flight

in the vicinity of the libration point, the elements of the osculating geocen-
Keywords: tric orbit of the spacecraft are close to the elements of the osculating geo-
low-energy trajectory, flight trajectory, centric orbit of the libration point itself. The results of a numerical analysis

gravitational perturbations, velocity impulse of the obtained low-energy lunar flight trajectory are presented. It is shown
that the use of such a trajectory makes it possible to reduce the deceleration
impulse of the velocity during the transition to a low lunar orbit to a value
of 638 m/s (in the traditional flight scheme, this impulse turns out to be
more than 800 m/s). The influence of solar gravitational disturbances on
the flight trajectory is analyzed. It is demonstrated that these perturbations
ensure the approach of the spacecraft to the Moon with a negative seleno-
centric energy constant and contribute to the temporary capture of the space-
craft by the Moon. The influence of the terrestrial gravitational perturbation
on the circumlunar part of the trajectory is studied. It is displayed that on
the trajectory found this perturbation effectively reduces the selenocentric
velocity of the spacecraft. The conditions for spacecraft flight in the vicinity
of the libration point are considered.
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KnroueBble cioBa:
HHU3KO3HEPreTHIecKasi TPaeKTopus,
TpaeKTOpHsl [10JIeTa, TPaBUTALIMOHHBIE
BO3MYIICHUS, UMITYJIEC CKOPOCTH

Baarogapnocrtn

AnHoTauus. IIpuBoauTcs alropuT™ IPOEKTUPOBAHUS HU3KOIHEPI€THUECKON
TPaeKTOPUHM JIYHHOTO Tepernera. OH OCHOBaH Ha IMPEIIIONOKEHUN O TOM, YTO
TPAGKTOPUM HU3KOPHEPIE€THYECKOrO IEpEeNeTa IPOXOMAT Yepe3 OKPECTHOCTD
OJJHOM U3 KOJUIMHEApHBIX ToueK Jubparuu cucteMsl 3eminst — JIyna (L1 unn
L2). Ipeanonaraercsi, 9T0 B MOMEHT IIPOJETa KOCMUYECKHM ariapaTtom
OKPECTHOCTH TOYKH JIHOPALMK JEMEHTHI OCKYJIHPYIOLIEH TeOLeHTPHIECKON
OpOUTHI KOCMITYECKOT0 ammapara OIM3KH K 3JIeMEeHTaM OCKyIHpyomeit reo-
LEHTPUYECKOH OpOUTHI caMoi TOUKH JnOpanuu. IIpeacTaBieHsl pe3ynbTaThl
YHCJIEHHOTO aHAIM3a IOJIYYEHHOH HU3KO’HEPIreTUUECKON TPaeKTOPUU JIyHHOIO
nepesnera. [Ioka3aHo, Y4TO HCIOJIL30BAaHHE TAKOM TPAEKTOPUM IIO3BOJISET
YMEHBUIUTH TOPMO3HON UMITYJIbC CKOPOCTU IIPU HEPEXOJE HA HU3KYIO OKOJIO-
JIYHHYIO OpOUTY /10 3Ha4YeHHUs 638 M/c (TIpu TPaTUIIMOHHON CXeMe mepesera
9TOT MMIYJbC OKasbiBaeTcst Oosbiue 800 m/c). IIpoaHanu3upoOBaHO BIIMS-
HUsl COJIHEYHBIX I'PABUTALMOHHBIX BO3MYLIEHUH HA TPAGKTOPHIO NEPEIIETa.
BbISBIEHO, YTO 3TH BO3MYIIEHHS OOECIEUUBAIOT MOJIET KOCMHYECKOIO
anmaparta K okpecTHOCTH JIyHBI C OTpHIATETHHON CENeHOLEHTPUIECKON
KOHCTaHTOM PHEPrUU U CHOCOOCTBYIOT BPEMEHHOMY 3aXBaTy KOCMUUYECKOIO
anmaparta Jlynoii. MccinenoBaHo BIMsSHHE 36MHOTO TPaBUTAIIHOHHOTO BO3-
MYILEHHsI Ha OKOJIONYHHBIH Y4acTOK TPAeKTOPUHU. YCTAaHOBIICHO, YTO Ha
HaiJICHHO! TPAaeKTOPHU 3TO BO3MYyIIEeHHE dP(EKTHBHO YMEHBIIACT CEIEHO-
LEHTPUUECKYI0 CKOPOCTh KOCMUYECKOr0 ammapaTa. PaccMoTpeHs! ycinoBust
IpoJIeTa KOCMHYECKOTO arapaTa OKPECTHOCTH TOUYKH THOPAIIHL.

HccnenoBanue BHIMOIHEHO NpH Moaaepkke Poccuiickoro HayuHoro ¢gouaa, npoekt Ne 21-19-00683.
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Introduction

The problem of analyzing low-energy trajectories

the Moon with the spacecraft (SC) insertion into
a low lunar orbit. The method is based on the assump-
tion that a low-energy trajectory can be obtained by

to the Moon is considered in many publications [1-11].
The first part of the article [12] describes a new method
for designing low-energy trajectories for a flight to

Tlepsast yacts uccrenosanus: Konstantinov M.S., Thant A.M.
Designing the low-energy lunar transfers trajectories which pass in
the vicinity of the libration points of the Earth — Moon system.
Part 1. Theory and method // Bectauk Poccuiickoro yHuBepcu-
Teta ApyxObl HaponoB. Cepusi: MmKeHepHBIE HCCIICIOBAHHMS.
2023. T. 24. Ne 1. C. 7-16. http://doi.org/10.22363/2312-8143-
2023-24-1-7-16
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using as an initial approximation a trajectory pass-
ing through the vicinity of one of the collinear libra-
tion points of the Earth-Moon system (L1 or L2).
Additionally, it is assumed that on this trajectory,
at the moment when the spacecraft approaches the
libration point, the elements of the geocentric oscu-
lating orbit of the spacecraft are close to the corre-
sponding elements of the geocentric osculating orbit
of the libration point. Thus, the method assumes
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a narrowing of the space of analyzed trajectories.
The authors do not claim that there are no low-energy
lunar flights that cannot be carried out obtained using
a smooth continuation of the trajectories considered
in the paper as an initial approximation. But we be-
lieve that many (if not most) low-energy lunar tra-
jectories can be obtained using a trajectory passing
through the vicinity of the considered libration points
as an initial approximation.

The problem statement assumes that the impulse
trajectory of the flight from low Earth’s orbit (LEO)
to low Moon orbit (LMO) is being analyzed. It is
assumed that the altitude and inclination of LEO
and the altitude of LMO are known. The selectable
(optimized) characteristics of the flight trajectory
are: the date of start (Ts) at the analyzed given
epoch, the longitude of the ascending node of
the LEO (Q), the latitude argument of the starting
point (uo), the magnitude of the accelerating veloci-
ty impulse at the start (AV1), the flight time to the
target orbit of the artificial satellite of the moon (t,),
the magnitude and direction of the braking velocity
impulse at the end point of the flight trajectory to
the moon (AVyy).

The listed characteristics should be chosen so
as to:

1) ensure the solution of the transport problem
(insertion into the target LMO) and

2) the cost of solving the transport problem is
minimal. The considered optimization criterion is
either the summary velocity impulse or the magni-
tude of the velocity impulse, which ensures the in-
sertion of the spacecraft into LMO when SC ap-
proaching this orbit (AVpr).

To analyze the passage of a spacecraft in
the vicinity of the libration point, the sum of three
non-negative quantities (three distances) is consi-

dered: J =Ar, +‘rSCp —~ er‘+ foca —Tia|,  where
the first term Ar. is the SC distance from the libra-

tion point (it is found as the difference between
the geocentric vectors of the SC and the libration

point); fse, and fsc, — radius of perigee and apogee
of the osculating geocentric orbit of the SC; 1, and

I, — perigee and apogee radius of the osculating

geocentric orbit of the libration point.

The J-function depend on the four parameters
of the flight pattern Ty, Q, Uo, ra, Which determine
the conditions for the motion of the SC after its
launch from LEO, and the current time of motion of

the SC t: J(Ts, Q, Uy, I'a, t). On each flight trajectory,
there is a time t; when J is minimal. Let us define
this minimum value as | and call it the total miss of
the libration point:

(T, Qu,,r,)=minJ(T,, Q,u,,r,t), (1)
t

The paper describes the developed algorithm
and analyzes the numerical results of the obtained
low-energy lunar trajectory.

1. Algorithm for designing
a low-energy flight trajectory
to the circumlunar orbit

The developed method for designing low-energy
flight trajectories assumes the following sequence
of operations.

At the first stage, such parameters of the flight
pattern Ty, ra, are found, which ensure that the SC
enters the vicinity of the libration points and the
minimum total miss of this point. More specifically,
the task of the stage is formulated as follows:
in the space of two of the listed parameters T, ra,
find such a set of them that minimizes the total miss
of the libration point 1. In this case, the values of
the parameters Q and u, do not vary and are taken
equal to the values described in Section 3.1.

The enumeration of, r, is used. The parameters
changed with a fairly small step. The launch date
increment is one hour; parameter r, increment is
5 thousand km. The launch date change range is
one year for the considered launch epoch. Range of
parameter ra is 1-1.5 million km. For each pair of
values of these parameters, a system of differential
equations is integrated that describes the geocentric
motion of the SC in the restricted 4-body problem.
There is such moment of time t; when the sum J
is minimal. An analysis of the dependence of I
as a function of T and ra makes it possible to choose
a relatively small number of start dates for the
epoch under consideration, using which it is possi-
ble to fly over the vicinity of the libration point and
enter the vicinity of the Moon. These dates and
the values of the r, parameter for them are consi-
dered as an initial approximation when searching
for low-energy flight trajectories.

At the next 2nd stage, | is considered as a func-
tion of four variables T, ra, Q, Uo. The uncondition-
al minimum | is found as a function of these varia-
bles (the method of local search is used) and the time
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when the SC hits the vicinity of the libration point t;
corresponding to this minimum.

Further, the SC trajectory is considered to consist
of geocentric and selenocentric sections. At the point
of transition from the geocentric to the selenocentric
section, an intermediate velocity impulse is intro-
duced into consideration. In this case, the space of
the chosen parameters of the flight pattern increases
by 5 units (the magnitude of the velocity impulse
AV, its declination a and right ascension 3, the time
(date) of this velocity impulse tgeo, and the time of
movement in the selenocentric segment ty). Thus,
the condition for the fulfillment of the transport
problem [12] is transformed into the condition:

u,,t

1 Y01 tgeo?

H(T,.r,.Q AV, 0,8,,)=H,. (2)

At the next 3rd stage, such AV, o, 3 and t, are
determined, at which the SC flies up to the Moon at
a distance equal to the height of the circumlunar
orbit. The remaining parameters of the flight pattern
(the function arguments in (2)) do not vary, while
tgeo IS @ssumed to be equal to t;.

The next three stages of the developed algorithm
are based on the gradient projection method, which
ensures the constant achievement of a given ap-
proach altitude to the Moon. The optimization crite-
rion is the sum of the values of the intermediate
velocity impulse and the velocity impulse during
the transition to a circumlunar orbit. The stages differ
in the number of optimized parameters of the flight
pattern. From stage to stage, this number increases
from 4 (AV., a, 6 and t2) t0 5 (tgeo, AVe, a, & and ty)
and finally to 9 (T, ra, Q, Uo, tgeo, AV, @, 6 and to).

At the last stage of the algorithm, the value of
the intermediate velocity impulse is excluded from
the number of the selected parameters of the flight
scheme. This value iteratively decreases. The ful-
filment of the condition (1) is ensured by the choice
of the remaining arguments of this function. In this

case, a situation is possible, in which it is not possi-
ble to bring the intermediate velocity impulse to a zero
value. Such a solution can be quite good from
the point of view of the summary velocity impulse.
That is, if the sum of the intermediate impulse and
the impulse that transfers the SC to a LMO is suffi-
ciently small, then the flight trajectory can be con-
sidered low-energy.

2. Numerical analysis
of the flight trajectory to the Moon

As an example, the problem of a flight to a LMO
with a height of 100 km from a LEO with a altitude
of 200 km and an inclination of 51.6° is considered.
The start date is 2024. The position of the plane of
the LMO is not fixed.

The situation in which the libration point L2 is
passed is analyzed. Figure 1 shows the level lines of
the total miss of libration point | as a function of
the start day (X-axis, the first 2920 hours of 2024,
from January 1st to May 1st are considered) and r,
(YY-axis). The level lines are shown, on which I is
less than 300 thousand km.

An analysis of the figure shows that for the
considered range of launch dates in 2024, there are
several areas of launch dates, using which it is pos-
sible: 1) to ensure that the SC enters the vicinity of
the libration point; 2) to ensure that the shape and
size of the osculating geocentric orbit of the SC are
close to the shape and size of the osculating orbit of
the libration point. It is proposed to explore each of
these areas for the possibility of implementing a low-
energy lunar flight. In particular, it is possible to
provide a small total miss of the libration point in
the range of start dates from March 23 to April 15
of the year under consideration. The minimum value
of the total miss turned out to be 38.6 thousand km.
Such a miss is obtained if we choose March 29,
2024 as the launch date (2133 hours of this year)
and r, equal to 11.5 million km.

15 — =
] |
73 ﬂ'l I
! . A Lo
11 T Bt !{
; 1000 2000

Figure 1. The level lines of the total miss of the libration point / on the plane:
launch date (X-axis, hours of 2024) — r, (Y-axis, million km)
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The table shows the main characteristics of one
of the obtained low-energy flight trajectories.

The velocity impulse during the transition to
the LMO turned out to be 638.1 m/s. The velocity

impulse during the transition to the circumlunar
orbit has a small radial component (3.15 m/s).
The transverse component of the velocity impulse
is negative (—638.1 m/s).

Main characteristics of the low-energy transfer trajectory

Characteristic Value
Launch date 5 April 2024
Julian launch date 2460405.8865
Intermediate geocentric orbit apogee radius (r.), thousand km 1269.6106
The value of the first velocity impulse, m/s 3197.702
The ascending node longitude of LEO Q -0.075797°
Perigee argument of intermediate geocentric orbit u, -12.403506°
Total flight time, days 87.52329
Maximum distance of the SC from the Earth, thousand km 1735.6
Minimum SC distance from the libration point L2 on the flight trajectory, thousand km 18.620
Selenocentric orbital energy constant at the moment of maximum approach of the SC
to the libration point, km?/s® -0.138
The magnitude of the velocity impulse during the SC transition to LMO AV,,, m/s 638.09556
Radial component of velocity impulse AV, m/s 3.14854
Transverse component of the velocity impulse AV, m/s -638.08779

Thus, the use of such a trajectory makes it pos-
sible to reduce the deceleration impulse of the ve-
locity during the transition of the spacecraft to a low
circumlunar orbit to the value of 638 m/s. Let us
pay attention to the fact that in the traditional
scheme of flight to the Moon with access to a low
circumlunar orbit this impulse turns out to be more
than 800 m/s. That is, the gain in the velocity impulse
turns out to be very large (at least it is 140 m/s).

2.1. Characteristics of a low-energy trajectory

Figure 2 shows the projections of the geocen-
tric trajectory of the flight to the Moon on the x-y
plane of the ecliptic and on the z—y plane. The dot-
ted line shows the projections of the geocentric
Moon’s orbit. In the scale adopted in the figure,

the trajectory begins virtually from a point with zero
coordinates and ends at a point in the Moon’s orbit.

The black diamond shows the position of
the libration point L2 at the moment of the maxi-
mum approach of the SC to this point. The maxi-
mum distance of the SC from the Earth occurs
on the 37.064th day of the flight and is equal to
1.408 million km. It should also be noted that
the radius of the apogee of the intermediate orbit
is 1.270 million km. That is, solar gravitational
disturbances ensured an increase in the SC dis-
tance from the Earth to the region where these dis-
turbances are large. The SC stays in this region
for a long time, which contributes to a large de-
formation of the geocentric orbit by the solar gra-
vitational disturbance.

/'-’—_ o /

N A N A
: \ o AL

0 ¥ 4 (8
\ /7
~ s s
\\-‘__-// L/

-O.J . -O‘V/

-15 -1 -05 X 0.5 0 0.12

a

b

Figure 2. Flight trajectory in the geocentric ecliptic coordinate system, distance unit is 1 million km:
a - projection onto the x—y plane of the ecliptic; b — projection onto the z-y plane

The SC flight time from the point of greatest
distance from the Earth to the vicinity of the libra-

tion point is 48.9 days. At this time interval, the de-
clination of the geocentric radius vector of the SC
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with respect to the plane of the ecliptic is very small
(it varies in a narrow range from +4° to —-7°).

Figure 3 shows the projections of perturbing
gravitational accelerations in the study of the geo-
centric trajectory of the SC. The time interval from
the launch of the SC from a low Earth orbit to the
moment of approach of the SC to the libration point
(85.93 days) is considered. The perturbing solar
acceleration ®g,y, is analyzed in the left figure, and

the lunar perturbing acceleration ®wmqon is analyzed
in the right figure. The thick lines show the projec-
tions of perturbing accelerations on the direction of
the geocentric velocity of the SC (®syn v and Dwmoon_v).
Thin solid lines show transversal projections of per-
turbing accelerations (®sun v and ®moon 7). Dashed
and dash-dotted lines show the radial (®su r and
Dnmoon r) and normal (Osun v and Pmoon n) COMPO-
nents of the perturbing accelerations.
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Figure 3. Projections of perturbing solar gravitational acceleration ®,,, mm/s® (a) and projections of perturbing
lunar gravitational acceleration ®,,.., mm/s® (b) as the functions of flight time (day); the geocentric part of the trajectory

It can be seen that significant part of the conside-
red part of the trajectory (0—71.7 days) the projection
of the solar gravitational acceleration in the velocity
direction ®gyn v is positive. The maximum value of
this acceleration (0.078 mm/s?) is reached on the
35.15th day of the flight, when the SC is at a great
distance from the Earth (1.405 million km). Solar
gravitational acceleration actively increases the ge-
ocentric velocity of the SC, increasing the radii of
the apsidal points of the geocentric osculating orbit
of the SC. The transversal component of the pertur-
bing acceleration ®sy, is also positive over a long-
time interval. This contributes to an increase in the
semilatus rectum of the osculating geocentric orbit
of the SC. The radial component of the perturbing
acceleration ®syn is Somewhat smaller than the trans-
versal one, but is positive over a longer time interval.
The normal component of the perturbing solar accelera-
tion with respect to the other components is quite small.

The projections of the perturbing lunar accelera-
tion (right figure) on a significant part of the consi-
dered trajectory are sinusoidal. Because of this, they
do not create significant perturbations of the elements
of the SC's geocentric orbit. As the SC approaches
the vicinity of the libration point, perturbing lunar
acceleration becomes very large. The projection of
this acceleration onto the velocity direction reaches
a value equal to —0.3 mm/s?. At this moment,
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the transversal, radial, and even normal components
of the perturbing acceleration are also large.

Figure 4 shows the projections of perturbing
gravitational accelerations in the study of the sele-
nocentric trajectory of the SC. The time interval
from 76 days of flight to the moment the SC enters
the LMO is considered. The left figure analyzes
the disturbing terrestrial acceleration ®gam, and
the right figure analyzes the solar disturbing ac-
celeration ®syn. The same notation is used as in
the previous figure (Figure 3).

Note the following properties of the given charac-
teristics. Solar perturbing gravitational accelerations
are less than perturbing Earth's accelerations by two
orders of magnitude. They have very little effect on
the trajectory of the SC. The projection of the perturb-
ing terrestrial acceleration on the direction of the sele-
nocentric velocity (thick line) is negative over the en-
tire trajectory under consideration. On almost the en-
tire trajectory (except for its final section), the value of
this projection is significant (of the order of 1 mm/s?).
This ensures a decrease in the energy of the SC's sele-
nocentric motion and a temporary capture of the SC
by the Moon. The transversal component of the per-
turbing terrestrial acceleration (thin solid line) is also
negative. This contributes to a decrease in the semila-
tus rectum of the selenocentric osculating orbit of
the SC. The radial and normal components of
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the perturbing acceleration (dotted and dash-dotted
lines) have less effect on the SC trajectory.

Figure 5 shows the change in some osculating
elements of the geocentric trajectory of the SC.
The time interval from the launch of the SC from
a low Earth orbit to the moment of approach of
the SC to the libration point is considered. The left
figure (a) shows the change in the osculating ec-
centricity. It can be seen how the solar gravita-
tional acceleration reduces the eccentricity from
the eccentricity of the intermediate orbit 0.989702
to 0.268581 at the moment of the maximum ap-
proach of the SC to the libration point.

The central figure (b) shows the change in
the semilatus rectum (dashed line) and perigee radi-

us (solid line) of the osculating geocentric orbit.
The effective increase in these elements due to the
solar disturbance on a large initial part of the trajec-
tory is replaced by some decrease as the SC ap-
proaches the libration point. The main reason for
this is the lunar gravitational perturbation. The right
figure (c) shows the change in the apogee radius
of the osculating geocentric orbit. This element ac-
tively decreases as the SC approaches the libration
point due to lunar disturbances.

Figure 6 shows the change in the SC distance
from the libration point D over the entire flight tra-
jectory (a) and on the last six days of the flight (b).
The minimum SC distance from the libration point
(18 620 km) is reached on the 85.93th flight day.
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Figure 4. Projections of the perturbing Earth's gravitational acceleration ®.,, mm/s? (a) and projections of the perturbing
solar gravitational acceleration ®,,, mm/s? (b) as a function of the flight time (day); the selenocentric section of the trajectory
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Figure 5. The osculating elements of the geocentric orbit of the SC as the functions of time (day)
on the trajectory until the SC approaches to the libration point:
a — the eccentricity; b — the semilatus rectum p and perigee radius ry, thousand km; ¢ — the radius of the apogee, million km
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Figure 6. SC distance from the libration point, thousand km, as a function of time (day)
on the entire flight trajectory (a) and on the last seven days of flight (b)
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At the moment of closest approach of the SC
to the libration point, the radius vector of the SC is
422.8 thousand km. The geocentric radius vector
of the libration point at this moment of time is
432.4 thousand km. That is, the SC is located clos-
er to the Earth than the libration point by almost
10 thousand km. This explains why the radii of the
apsidal points of the osculating geocentric orbit of
the SC at this moment of time are less than the radii
of the apsidal points of the osculating geocentric orbit
of the libration point. For example, the perigee radius
of the SC orbit is less than the perigee radius of the
osculating orbit of the libration point by 30 400 km.

Figure 7 shows the change in the energy con-
stant hser of the osculating selenocentric orbit as
a function of flight time. It can be seen that on
81.371 day of flight this constant becomes negative
and continues to decrease. There is a “capture” of
the SC by the Moon. At the moment when the SC
is at the minimum distance to the libration point
(85.930 days of flight), the energy constant of
the SC's selenocentric motion is —0.138 km?/s%
This point is shown as a black diamond on the graph.

It is noteworthy that the energy constant of the se-
lenocentric orbit changes significantly even on the last
day of the flight. The right Figure 7 shows the change in
this element of the osculating orbit during the last three
hours of the flight. During these 3 hours, the value of
the selenocentric radius of the SC vector decreases from
11 405.6 km to 1838 km. And gravitational pertur-
bations from the Earth non-monotonically change
the energy constant of the selenocentric motion.

At the end of the flight (before the implemen-
tation of the braking impulse of velocity), the ener-
gy constant of the osculating selenocentric orbit is
—0.176 km?/s>. At this moment, the elements of
the osculating selenocentric orbit turned out to be
as follows: eccentricity 0.934028, periapsis radius
1837.996 km, apoapsis radius 53882.842 km; the true
anomaly of the osculating orbit is 359.836°.

The projections of the selenocentric trajecto-
ry when the spacecraft approaches the LMO and
the projections of this orbit are shown in Figure 8.
The approaching trajectory of the SC (a highly elon-
gated elliptical orbit) practically touches the LMO
(shown by a thin line).

hsel | N\

hSeI

—-0173

\/’_\ /

\ —0035

'\/ N~

\\ N
N T AN

Y

—0.176ff ‘\_‘___ =

0 —] - 013

a

a2 34 a6

-01763% 8745 YR

b c

Figure 7. The change in the energy constant of osculating selenocentric orbit, km?/s?, as a function of time (day) on the flight trajectory:
a — during of the entire trajectory of the flight; b — during of the last six days of the flight; ¢ — during of the last three hours of the flight
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Figure 8. Projections onto the x—y plane of the ecliptic (a) and onto the z-y plane (b) of the selenocentric trajectory
when the SC approaches the LMO; distance unitis 1 thousand km
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2.2. Conclusions on the numerical analysis

The analyzed low-energy trajectory of
the flight to the Moon, as we assumed, pass through
the vicinity of the L2 libration point of the Earth —
Moon system. The minimum distance to this lib-
ration point turned out to be 18.6 thousand km.
At the time of the minimum approach of the SC to
the libration point, the SC was closer to the Earth
than the libration point (by 9.60 thousand km). Ap-
parently, this explains the fact that the radii of
the perigee and apogee of the osculating orbit of
the SC at the moment of minimal approach to
the libration point seemed to be less than the radii
of the perigee and apogee of the osculating geocen-
tric orbit of the libration point. This did not prevent
us from using the trajectory with the minimum total
miss of the libration point | (1) as the initial appro-
ximation to obtain the trajectory of the temporary
capture of the SC by the Moon. At the moment of
passage of the libration point, the selenocentric en-
ergy constant is negative (—0.138 km?/s?).

An analysis of the level lines in Figure 1 makes
it possible to assume that the launch window is wide
enough for the considered type of flight trajectories
in the considered time interval of 2024. The duration
of the launch window is about 30 days (March 20 —
April 20). Within the launch window, the inter-
mediate orbit apogee radius (ra) is a nonmonotonic
function of the launch date.

The developed method is quite labor-intensive,
and we expect future improvement. The solution of
the following problems is considered. When using
local search methods (at the second and subsequent
stages of the developed algorithm), derivatives of
the motion conditions at the end point of the flight
trajectory are used. They are currently calculated
using the central difference algorithm. Under condi-
tions of high sensitivity of the considered trajectory,
it is very difficult to achieve high accuracy of these
derivatives. A possible solution to the problem of
the accuracy of these derivatives is to use the appa-
ratus of complex numbers or dual numbers [13; 14].

Calculation of derivatives with high accuracy
can make it possible to use the necessary optimality
conditions for the constrained optimization problem
of the flight trajectory. Since the optimality condi-
tions themselves contain derivatives of the charac-
teristics of the trajectory with respect to the choosing
parameters of flight pattern, the use of local optimi-
zation methods will be impossible without finding
the second derivatives. A new difficult problem arises,

i.e., finding the second derivatives of the charac-
teristics of the trajectory at the end of the flight
with respect to the parameters of the flight pattern.
Its solution can lie in the use of dual complex num-
bers [15].

Conclusion

The numerical analysis showed the operability
of the proposed method for designing trajectories
for a low-energy flight to the Moon with the SC
insertion into the low lunar orbit. The main feature
of the method is the assumption that the flight tra-
jectory lies in the vicinity of the libration point of
the Earth — Moon system and during this passage some
restrictions are introduced on the magnitude and
direction of the SC velocity. We do not claim that
all low-energy flight trajectories satisfy these condi-
tions. The authors argue that there are low-energy
transfer trajectories passing through the neighbor-
hood of libration points and propose a method for
finding such trajectories.

On the flight trajectory, obtained using the de-
veloped method, it was possible to reduce the de-
celerating impulse of the velocity when entering
a circular circumlunar orbit with a height of 100 km
(in relation to the traditional flight scheme) by more
than 140 m/s.
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KiioueBblie cjioBa:

0a3za 3HAHWH, HACHTU()UKAINS TIOJIETHBIX
CHUTYaLWH, HELLITAaTHAs CUTYyaLusl, IPUHSATHE
pelIeHuii, 6opToBas armaparypa

)1.]15[ HUTHPOBAHUA

AHHoTanmsi. Pa3paboTaH HOBBIN AITOPUTM MPUHSATHS aBTOHOMHBIX PEIICHUM
IIpU YHPaBJICHNH KOCMHYECKHMH amlapaTraMH, OCYIISCTBIISIOIIMMHU CITYCK
B aTMocdepe, KOTOPbIi MMO3BOJISET OCYIIECTBUTh YCTOHUMBOE yIpaBieHHUE
KOCMHUYCCKHUM armapaTroM OTHOCUTECIIbHO HOMHUHAJIbHBIX TpaCKTOpI/Iﬁ IoJjicra,
YTO 00eCreunBaeT BO3MOXKHOCTD HaJIe)KHOTO BBIMOJIHEHUS LENEBBIX 3a]a4
KocMuyecknx muccuid. CHopMHUpOBaHBI aHAIMTUYECKHE 3aBUCHMOCTH, C I10-
MOIIIBI0 KOTOPBIX MOXXHO HOJYYHUTh BBHICOKOTOUHBIE pacyeThl MapamMeTpoB
JBIDKCHUSI KOCMUYECKOT0 allapara B arMocdepe U OnpeienuTh KOPPEeKTH-
pYIOLIME IPOrpaMMbl YIIPaBJICHUS anmapaToM. JTO MO3BOJISIET pealn30BaTh
JBI)KEHHE KOCMHYECKOTO arapara B aTMocdepe 10 TPaeKTOPHsIM, OIU3KUM
K ONTUMAJIBHBIM, JAXKe B YCIOBHSX 3HAYNUTEIHHBIX BO3ICHCTBHI BO3MYILAIONINX
(axkTOpoB Ha TMHAMUKY IT0JIeTa anmnapara. JlaHa oreHka paboToCocoOHOCTH
ITOPUTMA TIPUHATHS aBTOHOMHBIX pEIICHWI Ha NpHMepe HMapHpOBaHUs
BO3MYILAIOLINX BO3IEHCTBHUI IPHU CITyCKE KOCMHUYECKOT'0 anmapara B aTMo-
chepax Mapca u IOmurepa. [TokazaHo, 4TO MpPU TOJHOM Ka4eCTBEHHOM
COBIIAICHUHU JaHHBIX, PACCUUTAHHBIX C HMCIIOJIB30BAHHUCM AHAJIUTUYCCKUX
3aBHCHMOCTEH 1 pe3ysIbTaTOB YHCICHHOTO HHTETPUPOBAHHS, BEIYUCIUTENBHEIC
MOTPEenIHOCTH He mpeBbimaioT 3 %. [Ipu Hambomee HEOMAroNpHATHBIX CO-
YEeTaHUSIX HABUTAIMOHHBIX OMIMOOK M BapHalWi IUIOTHOCTH aTMOCQEph
0TpabOTKa COCTABICHHBIX KOPPEKTHPYIOIIMX MPOTpaMM YIpaBJIeHHs B 0OJb-
LIMHCTBE CIIy4aeB 00€CHEUNBAET KaYeCTBEHHOE COBIIAJICHUE BO3MYIIIEHHBIX
¥ HOMHMHAQJIBHBIX TPAcKTOpWil. Pa3paboTaHHBINA aNrOpUTM MPUHSATHS aBTO-
HOMHBIX pCLUCHI/Iﬁ Ha OCHOBE aHAJIMTHYECKUX 3aBUCHUMOCTEH MOKET 6I)ITI)
9 QEeKTUBHO TPHMEHEH NP JBWKEHHH KOCMHUYECKOTO arapara B aTMO-
cdepax MIaHET MPU PA3IUYHBIX KPAEBBIX YCIOBHUSX, OTPAHHUYEHUSX, NPO-
eKTHBIX XapaKTepHCTHKAaX aIapara i MOJIEIIIX aTMOC(EepEHI.
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Abstract. A new algorithm for making autonomous decisions when con-
trolling spacecraft carrying out descent in the atmosphere is developed,
which allows to carry out stable control of the spacecraft relative to the nominal
flight trajectories, which provide to reliably fulfill the targets of space mis-
sions. Analytical dependences are formed, with the help of which it is possible
to obtain high-precision calculations of the parameters of the movement of
a spacecraft in the atmosphere and determine corrective programs for con-
trolling the apparatus. This makes it feasible to implement the movement of
a spacecraft in the atmosphere along trajectories close to optimal, even under
conditions of significant influence of disturbing factors on the dynamics of
the flight of the vehicle. The authors give an estimate of the performance of
the algorithm for making autonomous decisions on the example of parrying
disturbing influences during the descent of a spacecraft in the atmospheres
of Mars and Jupiter. It is shown that with complete qualitative agreement
between the data calculated using the analytical dependences and the results
of numerical integration, the computational errors do not exceed 3%. With
the most unfavorable combinations of navigation errors and atmospheric
density variations, the development of the corrective control programs developed
in most cases ensures a qualitative coincidence of the disturbed and nomi-
nal trajectories. The developed algorithm for making autonomous decisions
based on analytical dependencies can be effectively applied when a space-
craft moves in planetary atmospheres under various boundary conditions,
constraints, design characteristics of the spacecraft and atmosphere models.

Orlov DA, Kupreev SA, Samusenko OE, Melnikov VM. Management decision support algorithm for autonomous
spacecraft’s control in the planet’s atmosphere. RUDN Journal of Engineering Research. 2023;24(2):121-134. (In Russ.)
http://doi.org/10.22363/2312-8143-2023-24-2-121-134

BBepeHune

HauGoee ¢10KHBIM 3Tarom OCYILECTBJICHH KOC-

napametpsl Bxoga KA B arMocdepy, B IepBYIO oue-
pelb BBICOTA YCIOBHOTO MEPUIICHTPA A, MOTYT Cy-

MHYECKUX 3KCHEIUIHI TI0 U3ydeHuro 1anet CosHed-
HOI1 CHCTEMBI SIBIIAETCS CITyCK KOCMHYECKOTO armapaTa
(KA) B ux armocepax. 3HauuTeNbHBIE TPOOIEMBI IIPH
(OpMHMpPOBaHNY YTPABICHUECKUX PEIICHUHA Ha 3TOM
3Tare MOryT BO3HUKHYTB I10 CIECAYFOIMM IPUYHHAMU:

— HETOYHOCTh 3HaHHsI MapaMeTpoB aTMocdep,
B IIEPBYIO OYEPENb UX IUIOTHOCTH, YTO MOXKET MpPH-
BECTH K CYIIECTBEHHBIM OTKJIOHEHMSM pEaJbHBIX
TpaekTopuii ABIKeHUsI KA oT onTUManbHBIX;

— BO3MOJKHBIE HaBHTallUOHHBIE MOTPELIHOCTH,
a TaKKe HETOYHOCTH MPOBENEHUST KOPPEKIINH JIBIKE-
Hust KA Ha 3Tarne MeXIJIaHeTHOTO TepesieTa, orpe-
JIeTIeHUs OpOUTANIBHBIX MapaMeTpoB MoJIeTa amrapara,
paboTHl HUCIIOIHUTEIBHBIX OpraHoB U ap. Ilpu stom
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IIECTBEHHO OTIMYATHCA OT HOMIHAIBHBIX;

— HEBO3MOXKHOCTH OINEPATUBHOTO HH(pOpMAIIU-
OHHOTO B3aMMOJIEHCTBUS C Ha3eMHBIMH CTaHLUSMH,
YTO NPHUBOJUT K HEOOXOAMMOCTH DELICHHs 3anad
WIEHTU(HUKALUH TOJETHBIX CHTYalluid M BBIPAOOTKU
yIIpaBJIEHUYECKHUX PelIeHu OOPTOBBIMU CPEICTBAMH.

B pesynbraTe HEOIAronpusTHOTO CTEUEHHUS YKa-
3aHHBIX 00CTOATENIBECTB MOT'YT BOSHUKHYThH HEIITAT-
HbI€ CUTYaIlH, IPUBOASIIINE B TOM YHCIE K CPBIBY
IPOrpaMM IoJIeTa.

BeimensnosxeHasie HakTophbl MIPEAONPEAEISIOT
HEOOXOUMOCTh BBIPAOOTKH aBTOHOMHBIX yTIPaBIICH-
YeCKUX PELIeHUH Mo MPOBEACHUIO OTIEPAaTUBHBIX KOp-
pekuuii TpaekTopuii nmxkenns KA Ha atmocdep-
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HOM yYacTKe B YCJIOBHSX JKECTKUX BPEMEHHBIX OTpa-
HUYECHUH.

®opMUPOBaHUE aHATTUTUYECKUX 3aBUCUMOCTEMN
KOMIIAaKTHOTO BHJIa JTa€T BO3MOXKHOCTH CO3JaHHS
BBICOKOA(Q(EKTHUBHBIX AITOPUTMOB AJIsI (OPMHPO-
BaHUs 0a30BBIX PEIIAIONIMX MPABWII, OXBaTHIBAIO-
[IMX MaKCUMallbHO BO3MOJKHBIE CIy4ah BO3HHKa-
IOIUX TOJCTHBIX CUTyallUid M TPUMEHSIEMBIX IS
MapUPOBAHUS HETaTUBHBIX TCHICHIIMN B MpaKTHYeE-
CKH JIFOOBIX CKJIAIBIBAIOIINXCS YCIIOBHSX.

CuHTE3y aBTOHOMHBIX AITOPHTMOB YIpaBiie-
Hust KA npu crmycke B atmocdepe 3emin nocBsiie-
HBI (hyHIaMeHTaIbHEIE paboTsl [1-5]. Ux pesynsra-
THl MCIOJB30BaJKNCh MPU CO3JAaHHH aJTOPUTMOB
yhpasiieHHs B aTMocdepax IUiaHeT. Bmecre ¢ Tem
ClIeyeT OTMETHUTh, YTO NMPUMEHEHHUE CYIIECTBYIO-
[IMX aJTOPUTMOB 0€3 COOTBETCTBYIONINX KOPPEKTHB
B OONIBIIMHCTBE CIy4aeB HEBO3MOXHO H3-3a CIIe-
nu(pUIECKNX YCIOBHI MOJieTa B arMocdepax Iuia-
HeT CONHEYHOH CUCTEMBI.

1. dopmupoBaHMe 6a30BbIX peLualoLWuX Npasu
npu ynpaeneHuun KA B atmocdepe

Maremaruueckasi MoJienb IBrkeHuss KA onumchl-
BaeTCsS CHUCTEMOH OOBIKHOBCHHBIX IH(PEpeHIIHATE-
HBIX YPaBHEHHMU B CKOPOCTHOH CHCTEME KOOpAUHAT
C YUYETOM BIIMSIHUS TPaBUTAIIMOHHBIX, a’pOJHHA-
MUYECKUX, HEHTPOOCIKHBIX U KOPHUOIHCOBBIX CHII
B LIEHTPAIBHOM TI0JI€ TATOTCHHUS:

v pV2C()S
dat 2m
—gsin® — w?r cos ¢ (sin @ sinecos O —
— cos @ sin 0);

do pVC,y(a)S
dt 2m

%
+?cose+2wcoscpcoss+

Cosy—gcose +

(l)zr 0 . .
+ 5 cose (sin @ sin € sin © + cos ¢ cos 0);

de pVCy()Ssiny V
—_—= —;cosecosetgcp—

dt 2m  cosH

— Se(cosesin(p—sinssinecoscp)—
w?r COSE .
v sm(pcoscpcose, (D

dh_V_ a-

- Sin0;

u Cy (o) m
TR T BT T h@s

rie V — ckopocts KA, kM/C; B — yros HakIoHa BEK-
TOpa CKOPOCTH K MECTHOMY TOPH30HTY, TPaayCHhl;
€ — Yrojl MeXay IMpoeKlrel BeKTOpa CKOPOCTH Ha
MECTHBIN TOPHU30HT U MECTHOW Mapaijienblo, rpaty-
cel; h — BeIcOoTa mometa KA Hajg MOBEPXHOCTHIO
TUTAaHETBI, KM; A ¥ (p — TEOLEHTPUUECKHUE J0JITOTa U
mMpoTa, Tpaxycel; M — macca KA, kr; R — skBato-
PHANBHBIM paguyC IUIAHEThl, KM; p — IUIOTHOCThb
arMocdepsl, KI/M>; |L — NPOU3BEICHHE TPABUTAIIH-
OHHOM TIOCTOSIHHOW Ha MaccCy IUIAHETHI, KM®/cex’;
T — pazuyc-BEKTOpP B apeOLEHTPUYECKON IKBATOPHU-
aJbHOM cUCTEME KOOpJAUHAT, KM; P, — mpuBeaeHHas
Harpyska Ha J000ByI0 moBepxHOCTh KA, Kr/m?
K — asponmHaMuuecKoe KauecTBO; Y — yroil KpeHa,
TPagycChl; 0. — yroJjl aTakw, TPaaycChl, W — yTIOBas
CKOpOCTh BpalieHus mianeTsl; Cx — aspouHaMuye-
ckuit ko3¢ punueHt nodosoro conporusieHus; Cy —
a3pOoIMHAMUYECKU KO3()(HULIUEHT MOJbEMHOMN CHIIBI,
g — YCKOpeHHe CBOOOIHOTO majeHus, m/c% S —
momans Muienesa cedeHus, M2

YUuTHIBAIUCh JONYIIEHUS O MaJOCTH YyIJja
HaKJIOHAa BEKTOPA CKOPOCTH K MECTHOMY T'OPHU30HTY
0 Ha orpaHMUYEHHBIX YYacTKaxX TPaeKTOPUHU JBHKe-
uus KA [6-9]:

sin@ =~ 06; cosB = 1.

Kpome TOro, Mcnoiap30Baiuch yNpOIIEHUS HC-
XOAHBIX CHCTEM JU(PPepeHIHAILHBIX YPaBHEHUH,
CBSI3aHHBIE C JIOMYIIEHHEM 00 3KCIIOHEHIMAIbHOM
XapakTepe HM3MEHEHHS IIOTHOCTH aTMochepsl p
OT BBICOTHI h M O MpeodiaJaHuu ad’poJUHaAMHUYC-
CKOHl cunbl Fy Hajg cyMMOMW I'paBUTAIlMOHHOM, I€H-
TpOOEXKHOH U Kopuomucoson cun Fp, F, F npu
nonere KA B atmocdepe [8; 10; 11]:

p(h) = poe P Fo» F, + F, +F.

B kauectBe MCXOAHOHM paccMaTpuBajach CH-
crema ypaBaenuii (1). C yueTom ykazaHHBIX peo0-
Pa3oBaHMii U TOMYLICHUH OHA MEPEIHILIETCS B BUIC

v CSpV?
dt 2m
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ae  C SpV -
dt ~ 2m cosy — PV
de C,SpV
P yZm siny — pVM,;
dh _ Ve 2
e’ @)
rae My u M, — peKyppeHTHbIE KyCOYHO-IIOCTOSIHHBIE

3aBUCHUMOCTH Ha KOHEYHBIX UHTEPBAJIAX TPACKTOPUI

monera KA [6; 12; 13]:

M. = gr w°r 2wrcose) 1
17 \p2 V2 v pr’
y A cose 2(o+ w?r cose

27 o\ r % V2

OueBuAHO, YTO VIS IPOBEAEHUS] BEICOKOTOUHBIX
YCKOPEHHBIX PAcueTOB HCIOIB30BATh CHCTEMY YpaB-
HEeHUH (2) MOKHO JIMIIb B YCIOBHUAX JOCTATOYHO 4a-
CTOr0 YTOUHEHMS TEKYLIMX NapaMeTpOB ABWXKCHUS
KA wu mpu mporHo3MpoBaHWN TPaeKTOpPHUH NaIbHEH-
LIero IojieTa ammapaTa Ha OrpaHHYeHHBIX BPEMEH-
HBIX MHTEpBaJax. JT0 olecreunBaeTcs Mpy YCIOBHU
pa3paboTKy Ha OCHOBE ypaBHEHHH (2) peKyppPEHTHBIX
COOTHOLIEHUH I pacyeTa koopauHat nonera KA Ha
KOHEYHBIX MHTEpBaJax KyCOYHOIO MOCTOSIHCTBA pac-
CMOTpPEHHBIX BbIILIE IEpeMEHHbIX M1 u M.

HoswuzHoit pa3pabaTsiBaeMOTro METOa SIBIISETCS
Nepexo/i K He3aBUCUMOMY apTyMEHTY P — INIOTHOCTH
arMocgeps! MIaHeThl Ha BbicoTe mojera KA. Oto
00YCJIOBJIEHO HE TOJIBKO 1IEIECO00Pa3HOCTBIO CHHXKE-
HUSI TIOpSJKA CHCTeMBbI AU PepeHIHATbHBIX YpaB-
HEHWH, HO U T€M, YTO Ha OCHOBE M3MEPEHUI 3TOro
napaMerpa OCYyIIECTBIIAECTCS WACHTU(UKALuUs MO-
neTHBIX cuTyarii KA ¢ mocnemyromeit BeIpaOoTKOM
PEKOMEHAINI 10 MPUHATHIO YNPaBICHYECKUX pe-
meHnid. Bapuanus miotHocTH atMocdepbl OKa3bIBa-
€T 3HAUUTEJIFHOE BIMAHHE HA XapakTep TPaeKTOpUil
nemkeHnst KA. B 3Tux ycrnoBHAX TOJIBKO OTIEpaTUB-
HO€ TMapUpOBaHHE TAKUX BO3JACHCTBUII TO3BOJSET
obecrieunTh A3PPEKTUBHOE PEIIeHHE 33a4 KOCMUYe-
ckux muccuit — cmycka KA B atmocdepe u BeIBeme-
HUSI Ha CITy THUKOBBIC OPOUTHI IJTAHETHL.

OTH 3aBHCUMOCTH C YYETOM YKa3aHHBIX JOIY-
EeHUH TpeoOpa3yroTcs B BUIC

gr 1 (PCoSe
M =(=—-1 My = ——.
1 (VZ )pR Y
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Hcnone3yemble B 3THX 3aBUCHMOCTSIX IIEpEMEH-
HBIC OTHCAHBI IIPU PACCMOTPEHHUU CHCTEMBI AU de-
peHITHANBHBIX ypaBHeHHUH (1).

[Mocie  BBedeHHWS 3aMEHBI  NEPEMEHHOUN
dt = —dp/VOpp mnomyyum cucteMy ypaBHEHUH
MSITOTO MOPSIAKA:

v C.SV

dp 2mpe’
e 1 (CyS y ) 3
de _ 1 (CyS Iy )
- " op siny — M,

WnaTerpupysi BTOpoe ypaBHEHHE cHUCTEMEI (3),
OMpelIeNIuM 3aKOH M3MEHEHHs yria 0 B 3aBHCHMO-
CTH OT ITapameTpa p

0= —Ap— A4y, €))

riue
2
A = E (M1 - —mcosy);

2 c,S
A, = % (M1 —%cosy)— 03.

3neck u nanee uaaekc 0 xapakTepusyeT 3Hade-
HUSI COOTBETCTBYIOIIMX NEPEMEHHBIX B Hayajle MH-
TEpBaJIOB KyCOYHOT'O MOCTOSIHCTBA BBIIIEYKa3aHHBIX
napametpoB. Jljisi TONyYeHUs 3aKOHa W3MCHEHHUS
CKOpOCTH ToJIeTa V OT BEIMUMHBI P IPOUHTETPUPY-
€M IIepBOe ypaBHEHHE CUCTEMBI (4):

V= Voe—CxS (09—6) /mpA4 . (5)

3aBHCUMOCTh KypCOBOIO yIJia € OT IUIOTHOCTH art-
Mochepbl Ha BbicoTe mosiera KA p MOXHO MOTy4YHTh B
pe3yabTaTe UHTETPUPOBAHYS TPETHEro AU hepeHIATb-
HOT'O ypaBHeHHs1 CUCTeMBI (3) ¢ yueToM GopmyIisl (4):

€=¢p _A1Bl(\/A1P — Ay — JA1po —A4y). (6)

CoOTHOIIIEHHE MEKIY 3HAYCHUSIMH KYPCOBOTO
U TPACKTOPHOTO YIJIOB MOXKHO 3aIHCATh CIICIYFOIIAM
oOpa3zom:

€= Ble‘l' Bz,
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re
2 (C,S
Bl = _A_lﬁ (ﬁ smy—Mz);
2 (C,S
B, = gy + m (ﬁ smy—Mz) 0o-

Amnanutryeckue cootHomienus (4)—(6) mo3so-
JSIOT OMNpPENENUTh TPAaeKTOPHBIC MapaMeTphl TPo-
CTpaHCTBeHHOTO nBIKeHHI KA B armocdepe mpwm
M3BECTHBIX HAYAJIBHBIX YCIOBHAX, BECOBBIX W TIPO-
€KTHO-0QJUTMCTUYECKHIX XapaKTEPUCTHKAX aIapara
U TTapaMeTpoB aTMOC(epEI.

Ha unTepBanax Kyco4HOro moCTOSIHCTBA (DYHKIMI
M, u M, u napametpoB A;, A,, By, B, HauanbHbIe
3HAYEHHsI CKOPOCTH V, TPaeKTOPHOTO U KypCOBOTO
yra0B O U €, KOHEYHbIE BEIMYHUHBI COOTBETCTBYIO-
IMX MapamMeTpoB Ha mpensigymeMm (j — 1)-M wuH-
TepBaJie ONpeeNIoTCs

8 () = _\/Alpf_AZ(ej—l)}
Vj(p) = V}'_le_c"s(ef—l_ej)/mﬁf‘ll;

Sj (p) = Blej + Bz(ej_l).

Jnst coctaBieHHst 0a30BBIX PEIIAIOIIMX TPABHIL,
BBICTYMAIOMIMX OCHOBOH ()OPMHUPOBAHHS YIPABJICH-
YECKMX PEIICHU B YCIOBHUSIX HEOIPEIEICHHOCTH
monteta KA, ucnonp3oBanuchy pa3paboTaHHBIE aHa-
JIMTUYCCKUC 3aBUCUMOCTH TPACKTOPHBIX KOOPJAUHAT
OT TUIOTHOCTH aTMOC(EpbI, TO €CTh OT MapaMerpa,
SIBJISIFOILIETOCS OTIPEJISIISIONIMM UCTOYHHUKOM BO3MY-
HIaromumux BIUSTHUNA Ha AVHAMUKY JABUKCHUA alllia-
para. Takoe CTPYKTYpHOE MOCTPOCHUE PACUETHBIX
COOTHOIIIGHUH TMO3BOJIAET pa3padoTarh (POpPMYIIBI
JUI OTIPENICIICHUS] NapaMeTPOB KOPPEKTHPYIOLIHX
YIPaBISIOMNX BO3ACHCTBHI B 3aBUCHMOCTH OT Te-
KyIux (B TOM YHCIIE U OT BO3MYIIEHHBIX) TTOJI0XKE-
Huii KA.

Amnamm3 3aBucuMoctel (4), (5) mokas3pIBaeT, 4To
ynpasisttonye GyHkun U, BIUSIOIMIME Ha XapaKTep
newkeHuss KA B mpoJioiabHOM TUIOCKOCTH, COJep-
Karcsi B SIBHOM BUJE B IU(PEepeHINATEHOM ypaB-
HEHUM JJIsl pacueTa TPaeKTOpHOro yria 0, a Bius-
e Ha OOKOBOE MaHEBPHUPOBAHHE ariapara —
B YpaBHECHUH JJIsI ONPEACTICHUSI KypCOBOTO yria €.
3T0 AaeT BO3MOKHOCTHh (DOPMHUPOBAHUS PEIIAIOIINX

NpaBUIl B BUJIE aHAJIUTUYECKUX 3aBUCUMOCTEN TUIA
Uj = f(&,S;,Si+1) [14] Ha ocHOBe cooTHOMmEHNIT (4)
u (5).

[Ipeo6GpazyeM ypaBHEHHE sl BHIYMCIICHHS
TPAEeKTOPHOTO yriia O B 3aBUCMMOCTH OT IUIOTHOCTH
atMochepsl p K BUILY

2 (C,S
6% = 63 +E(%COSY—M1) (po — p)-

B pesynprare dopmyny s ONpeAeNeHHs
YIPaBISIIOIIUX BO3ACUCTBUI a’pOJUHAMUYECKUMU
cunamu U = (C,, cosy) Ha HHTEpBaNax KyCOYHOTO
MOCTOSIHCTBA 3alIMILEM CIEAYIOIINM 00pa3oM:

2mM;  2mB(87,, — 67)
S S(Pi — pi+1)

U= (Cycosy) =

AHanu3 TaHHOW 3aBHCHMOCTH MO3BOJIIET OlLle-
HHUTh KAUECTBEHHBIH XapakTep BIUSHUS BO3MOXK-
HBIX OTKJIOHEHWH IUIOTHOCTH aTMocgepsl OT 3apa-
HEe MPOTrHO3MPYEMBIX 3HAUCHUH 8P HAa KOPPEKTH-
pytoiue ynpasistongie Bo3aeiictust U. Herpyano
BHUJICTb, YTO BO3PACTAaHHE IIOTHOCTH P; IPUBOJIUT K
HEOOXOMUMOCTH YBEIHUYCHUSI YIPABJISIONIEH (GyHK-
mun U Ha TpaekTopusix cHukeHust KA B atmocde-
pe, To ecthb mipu |0;41| > [0;], u k ymenbenuo U
Ha ydYacTKax pPHKOIIETa TPACKTOPHUHU IIOJIeTa, Te
BBICOTa JIBM)KEHHSI armaparta BO3pacTaeT U coOIo-
naercsi HepaBeHCTBO [0;44] < |6;|. Tlpuuem usme-
HeHue BenmmIuHbl U MOKeT ObITh JOCTUTHYTO 33 CYET
BapbHPOBAHUS KaK yIjia KpeHa y, Tak M yrja ara-
K{ 0, BIUSIONIETO HA adpoArHaMH4YecKuil kK03 du-
IMEHT ToabeMHON cunbl €y, (), a ClieoBaTeNbHo,
Y Ha BEJIMYMHY a9POJHHAMUYIECKOTO Ka4eCTRa.

Jnst cocraBneHus: (pyHKUMOHAJIBHOW 3aBHCH-
MOCTH Bapuaiuii ympapistomeii ¢yakuun dU ot
OTKJIOHCHHH IIJIOTHOCTU aTMoc(hepsl 8p BOCIONB3Y-
eMcs hopMyJIoi

SU oU  2mB(67,, — 67)
8p dp  S(pi—pir1)?

OkoHYaTeNIbHAs 3aBUCUMOCTD 111 pacdyera SU
OyIeT UMETh BU]

sy — ZmB(OF,, — 07)

S(p; — pi+1)? op- 7
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Htak, ¢ mOMOIIBIO MPEICTABICHHOTO COOTHO-
menus (7) MOTYT OBITH OIPENETICHBI KOPPEKTHPY-
[oIIMe nporpaMmmel ynpasienusa KA B 3aBucumMocTu
OT BO3MOXKHBIX OTKJIOHEHUH IUIOTHOCTH aTMoc(hepsbl
0p OT 3apaHee MPOTHO3UMPYEMBIX 3HaueHwid. Kax
BUJIHO, JUTSl OJTMHAKOBBIX OTKIIOHECHUH 6P BETMYUHBI
6U Oynyr Oombiie npu mosnere KA Ha MEHBIIHMX
BBICOTaX, TO €CTh B YCJIOBHSX IMOBBIIICHHON ILIOT-
HOCTH aTMOC(Ephl, a TaKXkKe MPH OOJbIIeH KPYTHU3HE
TpaeKTOpHIi MoJIeTa anmnapara.

JAnist cocTaBJICHUST 3aBUCHUMOCTH MEXKIy yIpaB-
JSIOMMMA Bo3aeiicTBusMu U W mapaMeTpaMu JBH-
xeHusi KA B 60KkoBOM HampaBIeHUH BOCIIOIb3yEM-
cs1 cootHomreHrneM (6). Ilocne ero mpeobpazoBaHus
MOy4YuM (GOpPMYITy

2\ Ay (C)S
£E=¢g+ 8 (ﬁsmy—MZ)x
A, A,
X -——— -— . 8
P=a, [P, (8)

Kak n B paccMOTpeHHOM BHINIE CIydae KOp-
PEeKLUU TPAaeKTOPHBIX yrioB mojera KA B momen-
Thl BPEMEHM t; W3MEPAIOTCS 3HAYEHUS IUIOTHOCTH
atMocepsl p; W meperpysku ny,;. C ydeTom
3THX 3HAYEHHUH DPACCUUTHIBAECTCA CKOPOCTH JBHIKE-
Hust KA V;:

_|Zmgny,
L CxSpi

3Hast ckopocTh V; mput =t; u mapameTpsl
;1 U €_1 B MOMEHTHI NPEABIAYLIINX W3MEPEHHUH
t;_1, ONpENENUM YTOYHEHHBIC 3HAYEHUS MIHPOTHI
nmoJICITyTHUKOBOH Touku KA ; (t;) n ko3 dunuen-
Ta M,(t;), Bxomsamux B popmyimy (9):

Vi |
Q=@+t R SN&i-1;

PiCOSE;_q
My(t) = ———
piR

[To dpopmyre (8) onpenensercs TeKylas BeJH-
YpHa KypCOBOTO yIVIa €;, KOTOpash CpaBHHUBAETCS
C TPOTHO3MPYEMbIM HOMHHAJIBHBIM 3HAYCHHEM €,
Ha ONTUMAJBHBIX TPACKTOPHSX MOJETa, COOTBETCTBY-
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IOIMM M3MEPEHHBIM 3HAYCHUSIM IUIOTHOCTH aTMO-
cheprr p;. OTKIOHEHUS 3HAYCHHHA €; OT €y KOM-
NEHCHPYIOTCS 3a CYET pealn3allid B MOMEHT Bpe-
MEHH t; KOPPEKTHPYIOIIEH MPOrpaMMbl YIIPaBICHUS
U = (C, siny), onpenenseMoii Ha OCHOBE 3aBUCH-
Mocrteii (8):

2mM,

U=Cysiny(t;) = S

mPB(ey; — €;)

+ .
S\/A_l(\/pi — Ay /A — \/Pi—1 —Ay/Ay)

)

AHanu3 JaHHOTO YpaBHEHHS IMOKa3bIBAET, YTO
(akTOpOM, B HAHOOJBIICH CTEIIEHH OIPEACIISIONINM
3HaueHus U, SBIsIETCS pa3uine MEXAy TeKYIIHMU
Y MIPOTHO3UPYEMBIMU 3HAUYEHUSAMH KypPCOBBIX YTJIOB
TpaekTopun nBmxkeHHs KA € u €. OTH yrisl,
B CBOIO OuYepe/lb, CYIIECTBEHHO BIUSIOT Ha 3Hade-
HUsl OOKOBOW JTAJIBHOCTH CITyCKa armapara B aTMO-
ctepe Lg. CnenoBaTensHo, TpeOOBaHUS K TOYHOCTH
BBIYMCIIEHMS KOppeKTUpyronmx Gpyrkimi U = C), siny
B 3HAYHUTEJIBHON MEpe OIpPENeNSIOTCS JAOIMYCTUMBI-
MU MOIPEIIHOCTSIMU B ONPEACIICHUH JAIbHOCTH Lg.
YuuteiBas, 4TO MPUOPUTECTHHIC 3aJa4M IUIAHUpYE-
MBIX MPOTPaMM HCCJICIOBaHHS JAIBLHETO KOCMOca
HE CBSI3aHBI C O0ECIeYeHHEeM BBICOKOTOYHOW I1O-
cankn KA B oOmactu MOCTaTOYHO MalbIX pa3Me-
POB Ha TOBEPXHOCTH IUIAHET Ha3Ha4YeHHs (Cyle-
CTBYIOIIME TEXHWYECKHE TpeOOBaHUS K TPOBEe-
HUIO SKCIEAMIMN JaJIbHEr0 KOCMOCA OMPEICIIAIOT
HEOOXOJMMOCTh BBITIOJHEHHS CITyCKa armapaTroB
B HEKOTOPBIE YKPYIHECHHBIC pailoHbI 0e3 MKECTKOH
MIPUBSI3KMA K KOHKPETHBIM Te0TpaduiecKuM KOOPIH-
HaTaM TOYKU TOCAJKH HA MOBEPXHOCTH ILIAHETHI),
MPUEMIIEMOE YIIPABIICHUE CITyCKAGMbIMH arapaTamMu
B OOKOBOM HAamNpaBJICHHHW MOXET OBITh obecriede-
HO TIpH peaju3alfd KOPPEKTHPYIOMNX BO3IAEHCT-
BUH, PACCUMTHIBACMBIX B COOTBETCTBUU C 3aBHCH-
MOCTBIO (9).

Wtak, ¢ ucnonp3oBaHueM ypaBHEHHS (9) MOXHO
OIIPENIEITUTh HEOOXOUMBIC KOPPEKTHPYIOIIHE BO3/ICH-
cTBUS Ha quHAMUKY Toyieta KA B OOKOBOM Harpas-
JICHUW Ha OCHOBE W3MEPEHUI TUIOTHOCTH aTMOC(heph
W TIeperpy3Kd B 3aBHCHUMOCTH OT OTKJIOHEHHW mapa-
METPOB PEATHHBIX TPACKTOPUI OT HOMUHAIBHBIX.

C nomotiso cootHomeHuH (4)—(9) MOKHO BbI-
MOJTHUTH OIEpPaTHBHOE HAXOXKACHHE KOPPEKTHPYIO-
IMX mporpamMm yrpasieHus KA u peanu3oBathb
nemwxenne KA B aTtmocdepe Mo TpaceKTOPUIM,
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OJIM3KMM K ONTHMAJbHBIM, JaXe B YCIOBUSX 3HA-
YUTETBHBIX BO3ACHCTBUH BO3MYINAIONINX (PaKTOPOB
Ha JUHAMUKY TI0JIeTa aImapara.

2. Anropnt™m noaaepxKu
MPUHATUSA YNpaBJieHY€CKUX peLueHum
npu cnycke KA B atmocdepax nnaHer

Ha ocHoBe mpeoOpa3oBaHus TaHHBIX B MPOIIEC-
C€ IMAarHOCTHKH IOJIETHBIX CHUTYallli OCYIIECTBIIA-
€TCSl aBTOHOMHAsI BBIPA0OTKA YTPABISIONUX BO3-
neiicreuii Ha KA. DT1OoT 3Tanm sBisercs HanbOosee
CJIO)KHBIM TIpU (OPMHUPOBAHHUH aJITOPUTMOB YIPaB-
nernst. CyIecTBYIOUINE aHAJOTH CIIOCOOOB BBIpa-
OOTKH yNpaBICHYECKHX PELICHUH B OCHOBHOM Oa-
3UPYIOTCS Ha IPUMEHEHUH 3apaHee YCTAaHOBJICHHBIX
COOTHOIICHUNA MEXIy HapaMeTpaMu HUIACHTUUIU-
pyemoro coctosiHusi KA U KOMaHIHBIMH BO3JCH-
CTBUSIMH.

Bwmecte ¢ TeM MOTyT BO3HUKATh Takwe MOJETHEIE
CUTYAIINH, ITPU KOTOPHIX MPAKTUIECKHA HEBO3MOMXKHO
3apaHee CHOPMYIUPOBATH HEOOXOJUMBIC JIOTHYE-
CKHe cOoOoTHomeHus. Hampumep, mpu BXojae B aTMO-
cthepy 1ra"eTsl ycnoBus mojera KA moryt otim-
YaThCS OT HOMHUHAIBHBIX B JOCTATOYHO IIHPOKUX
npeAenax Mo 3HAYUTENIbHOMY YHUCIY HapaMeTpoB:
KpYTH3HE TPaeKTOPHH, CKOPOCTH IIOJIeTa, HapacTa-
HUIO TIEPErpy3KH, INIOTHOCTUA aTMOC(EPHI | T. II.

BermrensnoxkeHHble GakToOpbl TPEAONPEACIISIOT
HEOO0XOIMMOCTh BHIPA0OTKH aBTOHOMHBIX YIpaBIICH-
yeckux pemeHni npu nonere KA Ha atmochepHoM
Y9acTKE B YCJIOBUSAX JKECTKUX BPEMEHHBIX OTpPaHU-
yennii [15-20]. CnemxyeT OTMETUTh, YTO OCHOBHAS
CJIIOXKHOCTh PEIICHHS TOH 3a1adu B HEOOXOIUMO-
CTH OTIPEICIICHUS YIIPABIISIIOIINX KOPPEKTUPYIOIIUX
BO3JEHCTBUI Ha OCHOBE aHajv3a HEJIMHEHMHBIX CH-
cteM mudepeHINaANbHBIX YPaBHEHHN, He UMEIOIIIX
AHAIIMTUYECKHUX PEIICHUN.

OnwuiieM OCHOBHBIE 3Tallbl TIpoIlecca BhIPadOT-
KW Y IPUHATHS YIIPABIEHYECKUX PEIICHUH.

Oman 1. OCHOBHBIM IENIEBHIM Ha3HAYCHHEM
0J10Ka MICHTU(HUKAIMN TIOJIETHBIX CUTYAIMi SBIISCTCS
OIICHKA YPOBHS COBIIAJICHUSI MApPaMETPOB PEATBHBIX
TpaekTopuil ABMXKeHUsI KA ¢ COOTBETCTBYIOIIUMU
rapaMeTpaMu HOMHHAIBHOU TpaeKTopuu. OTMETHM,
YTO HaumOOJIEee BAXKHBIM IAPAMETPOM, ONPEICIISO-
IIMM OCHOBHOH NPU3HAK CPaBHEHHS KaueCTBEHHOTO
XapakTepa peasbHOr0 M HOMHUHAIBHOTO JBMKEHUS
KA, sBnseTcss yron HaKIOHAa BEKTOpa CKOPOCTH K
MECTHOMY TOPH30HTY (TpacKTOpHEIN yrox) 0. 3Ha-
YUTETbHBIE OTKJIOHEHHUS 3TOT0 IMapaMerpa MOTyT
CBUJICTEILCTBOBATH O YPE3MEPHOM M3MEHEHUHU KpY-

TU3HBI TpaekTopuu nosera KA 1 0 BO3MOXHBIX Ha-
PYILISHHSIX eeld KoCMUYecKnx Muccuii (Beuret KA
u3 aTMoc(epsl BMECTO IOCAIKU CITyCKaeMmoro ar-
rmapara Ha TIOBEPXHOCTb IUIAHETHI, IPEBBHIIICHNE
MaKCHMAaJbHBIX TEPEerpy30K M TEeMIEpaTyp CBepX
JOIyCTUMBIX 3HaueHwit). [ns pacdyera mapameTpos
peanbHOro asrxkeHuss KA u3MepuTenbHBIMUA Cpel-
cTBaMu OJIOKa, B YACTHOCTH AAaTYHKaMHU U3MEPEHHS
IUIOTHOCTH aTMOC(EpPHI, ¢ JOCTATOYHO MaJbIMHU HH-
TepBajamMu BpeMeHHn At = t;,1 — t; OIPEIEIAIOTCS
3HAYEHUsI TUIOTHOCTH aTMOCQEPHI P; Ha Pa3TUIHBIX
BbIcOoTax mojera KA h;.

Ha ocHoBaHMM M3MEpPEHHBIX 3HAYEHUH IJIOT-
HOCTH aTMoc(epsl P; PACCUUTHIBAIOTCS 3HAYEHUS
TPACKTOPHOTO yriia B,; Ha peanbHbIX TPACKTOPHAX
nemkenns KA.

B pesynbrare opmupyercs maccus 3HadeHuii 0,
COOTBETCTBYIOIIMX IUIOTHOCTAM arMoc(epsl p;, U3Me-
PEHHBIM B MOMEHTHI BpPEMEHH t; Ha Pa3INYHBIX BBHICO-
tax h;. [TyTem cpaBHEHMsS PaCUETHBIX BENUUUH O

C HOMUHAJIBHBIMU 0,; U KaXKII0TO MOMEHTa U3Mepe-
HUH t; Jenaercs BBIBOJ O HEOOXOIMMOCTH (WK ee OT-
CYTCTBHH) TIPOBEIICHNS KOPPEKIHI TPAeKTOPHIA JIBIDKE-
st KA. TlpudemM pekoMeHIAINH 10 WX TIPOBEICHHUIO
JTAI0TCS MPH YCTOMYMBOM HAapacTalolIEM XapaKTepe
OTKJIOHEHHUS 3HAYEHUH O ,; OTHOCHTENBHO O,

86, (t;, hy) = 0p;(t;, hy) — 6, (¢, hy).

Takmm 00pazoM, HEOOXOAUMO TPOBEICHUE KOP-
PEKILIHIA TIPU HACTYTICHUY CIISIYIONIMX (POPMAIT30BaH-
HBIX COOBITHIA TSl KKIOTO MOMEHTA M3MEPEHUI ¢; !

S1:80;(t;, hy) > 0 A 6641 (tiv, hiye) > 86;(t;, hy);
S2:86; (¢, hi) <OA80;41(tiv1, hire) < 66;(t;, hy).

B ClIydadX HCBBINIOJIHCHUA YKa3aHHBIX yCJIOBI/II>'I
WIA TPU UX BBIOJIHEHUH HE JUISI BCEX MOMEHTOB
M3MEPEHUI pellleHne O TMPOBEIeHHUE KOPPEKIIH
nmerkeHsT KA TepeHOCUTCs 10 HACTYIUICHUS COOBI-
THid §; W S,. [Ipu 3TOM coOBITHE S; COOTBETCTBYET
HEOOXOIMMOCTH MPOBEICHUS KOPPEKLMH, TpexycMaT-
PHBAIOIINX CHIDKEHHE adPOJMHAMHYECKOr0 KauecTBa,
TO eCTh JIMOO yBENMYEHHE YITla KpeHa Yy, JIM00 OTKIO-
HEHHE yTJIa aTaKh o OT TOJIOXKEHHS, COOTBETCTBYIOIIIE-
ro MaKCUMaJbHOMY 3HAUEHHIO a3pPOJMHAMUYECKOTO
Ko dunreHTa nmoagseMHo# cwibl. [Ipn HacTyrieHHN
coObITUSL S, HEOOXOOMMO YBEIWYMBATH adPOIUHA-
Muudeckoe kauecTBo KA.
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Utak, ¢ momouipio IpoBedeHUS HU3MEpEeHUit
OOpPTOBBIMHU CpelICcTBaMHU OJIOKa HICHTH(PUKAIHH
MOJIETHBIX CUTyallMi yCTaHaBJIMBAaeTcs HEOOXOoAau-
MOCTh TIPOBEJICHUSI ONEPATHBHBIX KOPPEKIUHA Tpa-
exTopuii aBmwxenuss KA B armocepe mytem nzme-
HEHHS a3POJMHAMHYECKOTO KauecTBa.

Oman 2. Tlocne BBISIBIEHUS MPU3HAKOB OTKIIO-
HEHUs peajbHBIX TpaekTopuil npmxeHus KA ot
MPOTHO3UPYEMBIX Ha CPEICTBAa MAIIMHBI JIOTUUECKUX
3aKTIOYCHUH BbITaeTcs (opMaau3oBaHHAsS HHQOP-
Malusi 0 HACTYIUICHUM COOBbITUH S; miu S5, Ha OC-
HOBaHMH KOTOPBIX OTPENENSIOTCS MapamMeTpsl Kop-
pexTupyroliei mporpaMmbl yrpasieHus KA.

[Ipu momere KA mo Gosnee moiorum TpaeKTo-
pHsIM, 1O CPaBHEHHIO C HOMHHAJIbHBIMH, TO €CTh
IpY BO3HUKHOBEHHU YTPO3bl HECAHKLIHMOHUPOBAH-
HOTO BBIJIETA CITyCKaeMOro ammapara U3 arMoc(hepsl
(cobbITHE S;), 1IETECO00Pa3HO MPUMEHSTH IPOrPaMMy
MOCTETIEHHOTO yMEHBIIEHUS a3pOANHAMUYIECKOTO
Ka4yecTBa C HENPEPBIBHBIM KOHTPOJIEM H3MEHEHUS
KpyTH3HBI Tpaekropuu. [Ipu pe3koM CHIKEHHH a’po-
JMHAMHYECKOTO KayecTBa /10 HyJIEBOI'O MM OTpHUIla-
TEJILHOTO 3HAYEHUH MOXKET HACTYNUTh Ipolecc
WHTEHCHBHOTO YMEHBIICHHS BBICOTHI TI0JIETa, YTO
MIpUBENET K BO3PACTAHUIO MAaKCUMAJbHBIX Ieperpy-
30K M TeMIlepaTyp, AchcTByromux Ha KA, cBepx
JOIYCTUMBIX 3HAYCHUH.

B ciyuasx HacTyruieHust coObITHA S, IIeTeco-
00pa3Ho, Kak MOKHO ObIcTpee, nepeBoauTh KA Ha
PEKUM IIOJIETa C HYJIEBBIM YIJIOM KpeHa, TO €CTh
C MaKCHMAaJIbHO BO3MO)KHBIM 3Ha4eHUEeM 3 PEeKTHB-
HOTO a’pOJMHAMHYECKOTO KadyecTBa Ha 3aJJaHHOM
0agaHCUPOBOYHOM yriy ataku o. [Ipu atom yrom o
cllelyeT BBIOMPATh U3 YCIOBHS COKpAIIECHUS pa3HU-
LI MEXJTy TPAEKTOPHBIMH yriaMu 0 U1 peanpHON
1 HOMUHAQJIBHON TPAEKTOPUI.

Wndopmanus o pacdeTHbIX 3HAYECHUSAX OTKIOHE-
HUH yriioB 60 MOCTynaeT W3 MalldHBl JOTHYECKUX
3aKIIOYCHUI B 0a3y 3HaHWM, TJe BHIPa0ATHIBAIOTCS
pelIaroiye npaBuia Uit KOppeKuy IBmkeHus KA,
mocie 4ero copMHUpPOBaHHAS MPOrpamMMa yIpasiie-
HUSI BHOBb IIOCTYIA€T Ha CPEICTBA MAIIKHBI JOTHU-
YECKHX 3aKIIOYCHUH.

@dopmanbHas 3amuch 0a30BBIX PELIAIOLIMX Ipa-
BUJI, ONPEEIAIONIMX IPOrpaMMy M3MEHEHHS a’ponu-
HaMHYECKOTO KayecTBa, COCTABJIEHHYIO Ha OCHOBE pas-
paboTaHHOH 3aBUCHMOCTH (8), IMEET CIIeAYIOIIII BUI;

2mB(0,;> — 0,;%)
S(ppi - pHi) .

ecm S; A Sy, 10 8(Cycosy) =
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W3 paccMmoTpeHus mpencTaBIeHHOIO MpaBuia
HETPYJHO YBHUIETh, YTO MPU TOJOXKHUTEINBHBIX OT-
KIIOHEHHAX 3HAYeHUH yTiia HaKJIOHA BEKTOpa CKOpO-
CTH K MECTHOMY TOpHU30HTY 80, clienoBaTelIbHO, IPU
CHIDKEHHUH TIOTHOCTH aTMOc(epbl, KOPPEKTUPYIOILHE
3HAYEHUs adpPOANHAMHYECKOIO KauecTBa CHIKAIOT-
csl, @ IPH OTPHUIIATENFHBIX — YBETMUNBAIOTCA.

J11s1 OKOHUYaTEeNTPHOTO TIPUHATHS PELIeHHs O Liefie-
COOOpa3HOCTH peanu3alid PEKOMEHAYEeMOH KOppeK-
TUPYIOIIEH TPOTPaMMBl YIIPABJICHUS WH(POpPMAIIH
0 c(hOpMUPOBAHHBIX PEUIAIOIINX MPaBHUIaX Tepeaa-
eTcs Ha OJIOK MOJECTHPOBAaHUS M MPOTHO3UPOBAHUS
napameTpoB JBwkeHus KA 11s IpoBEepKH KOPPEKT-
HOCTH pa3paboTaHHOI MPOTPaMMBI.

Oman 3. DHPeKTHBHOCT MPOBEACHHS KOPPEKIMI
newkeHns KA mpu cmycke Ha aspoarHaMHYECKOM
Y4YacTKe BO MHOTOM ONPEEISETCs] YaCTOTOH H3Mepe-
HHH TUIOTHOCTH arMoc(ephl IUIAHETHI, MOCIEAYIOMINX
pacyeToB TPAEKTOPHBIX YIJIOB MojieTa U (hOpMHUpOBa-
HUSI TIpOrpamMM ympasieHus. Hapsmoy c mepeuwncrieH-
HBIM B2)XHBIM (PAaKTOPOM OOECTICUSHHs] HAJIeKHOCTH
peam3alyi KOPPEKTUPYIOIIUX BO3ACHCTBUNA SIBIISETCS
MpOBEpKa IMPaBHIBHOCTH PEKOMEHYEMBIX YIPaBJICH-
YEeCKMX PEIICHHWH IyTeM MPOTHO3HMPOBAHHUS yYaCTKOB
nionera KA mocre ucTionHeHus IporpamMM YIpaBIIeHHs!.

CpencrBamu 0110ka MOAETMPOBAHKS U IPOTHO3UPO-
BaHMA TIOCIIe KaXJIOr0 OOHOBJICHHMS KOPPEKTHPYFOIHAX
MPOTrpaMM TIPOBOJUTCS] TIPOTHOZHPOBAHKE TOCIIETYIO-
nmx y4actkoB nonera KA. IIpu stom cumtaercs, uto
KOPPEKTUPYIOIas TporpaMMa COCTaBJIeHA TMPaBHITHHO,
€CJIM TIOCTIe €€ peau3alii 00ecTIeunBaeTCsl yMEeHbIIe-
HHE OTKJIOHEHHI MEXIy TpacKTOpHBIMHU yriiamu 0.
B npoTuBHBIX ciydasx B IporpaMMy YIpaBJIEHHUs BHO-
CSITCS UTEPAIMOHHBIE TIOMPABKU TI0 M3MEHEHHIO YTJIOB
KpEHa W/WJTH aTaKH JUIsl CHIDKSHHS OTKJIOHEHuH §6.

HecMmoTpst Ha BO3MOKHBINH HTEPAIIMOHHBIA Xapak-
Tep BBIYHUCIUTEIBHOTO TIPOIecca, pacdeT MPOTrHO3H-
pyeMbIx mapameTpoB nBikeHnst KA obecrieunBaercs
Ha BBICOKOM YPOBHE OIIEPaTUBHOCTH. ITO JOCTUTAETCH,
BO-TIEPBBIX, 3a CUET HCIOJIB30BAaHUS AHATUTHYECKUX
3aBHCHMOCTEH KOMITAKTHOTO BHZIAa ¥, BO-BTODBIX,
M3-32 TMPOTHO3MPOBAHMS TOJBKO HAYAIBHOTO dTara
TpPaeKTOPHH MOJeTa Mocie MPOBEAEHUS KOPPEKIIH.
[o pe3ynmbraTaM pacueToB jeiaeTcs BBIBOJ O Xapak-
Tepe ABOMOIMK OTKIIOHeHUH §0. [locie BhIMOTHEeHMS
yCJI0BHH 00 YCTaHOBIICHHM (pakTa COKpAIICHHUS pac-
COTJIACOBaHUI MEXTy PACUCTHBIMUA i HOMHUHATEHBIMH
3HAUEHHUSIMH TPAEKTOPHBIX YTIIOB MPUHUMAIOTCS pe-
IIeHusT 00 WCIONHEHWH pa3pabOTaHHBIX MPOrpaMM
yIpaBleHUs a3pOAMHAMMYECKHM KauecTBOM. Takoi
TMIPOIIECC TTOIEPKKH TPHHATHS U P3N YIIPaB-
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JIEHYECKHX PELIEHUH MPOAOHKAETCS B TEUEHHE BCETO
nonera KA Ha armocdepHOM ydacTke OO MOMEHTa
[IOCaJKH HA [IOBEPXHOCTH IUIAHETHI.

Ha puc. 1 npencrasiena cxema (pyHKIIHOHHPO-
BaHUS CHCTEMBI YIPaBJICHHUS B MPOIECCE MTPHHATHUS
pemeHui pyu ynpasieHuU KA B atmMmocdepe.
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MOSIeTHbIX CUTYyauunn
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Figure 1. Diagram of the operation of the control system during the spacecraft descent in the atmosphere
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Puc. 2. 'ameHeHne BbICOThI h, TPAEKTOPHOIO yria 0, Nneperpysku n, U yrna kpeHay
npu ncnosnb3oBaHnn anropmtMa ynpasneHua KA B atmochepe Mapca:
Vo = 60 kM/c; B, = —10° Kg = 0,5; P, = 500 Kr/M?; CrAOLWHbIE IMHMUY — HOMUHATIbHAA TPAEKTOPUS; LTPUXOBBIE IMHUM — BO3MYLLLEHHAA TPaeKTopus
Figure 2. Change altitude h, trajectory angle 8, overload n, and roll angle y
when using the spacecraft control algorithm in the Martian atmosphere:
Vo = 6km/s; 8, = —10°% K; = 0.5; P, = 500 kg/m?; solid lines — nominal trajectory; dashed lines — perturbed trajectory
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s oueHKH pabOTOCHOCOOHOCTH aJIrOpUTMa YIi-
PaBIICHUS TIPUBEICHBI HANOOJIEE XapaKTepHbIE IPHUMEPHI
MapUPOBaHMs BO3MYIIAIOIIMX BO3IEUCTBUI MPH CITyCKe
KA B armocdepax Mapca u FOnurepa. Ha puc. 2
MIPE/ICTABIICHBI 3aBUCUMOCTH BBICOTHI TIoJieTa h, yria
HaKJIOHa BEKTOpa CKOPOCTH K MECTHOMY TOPHU30HTY 0,
YIIPABISIONIETO yIIa KpeHa Y, Meperpy3Kku 1, OT Bpe-
MEHH CITycKa t 11 HOMHHAJIBHOM M BO3MYILEHHOMN
Tpaekropuii ciycka KA B atmocepe Mapca.

IIpu npoBeeHUN pacueToB BO3MYIIIEHHON Tpa-
exTtopuu yroia Bxona KA B atmocdepy omnpenensmncs
C MOMOMIBIO JIATYMKA CITy4alHbIX BEIWYMH C UCTIOJb-
30BaHHEM HOPMAJIBHOI'O 3aKOHA PACIpPEICICHUS Ma-
pamerpa 0 mpu MaTeMaTHYeCKOM OXHUAAHUH, PABHOM

CHH, COOTBETCTBYIOIIEH BEeTUUMHE HABUTALIIOHHOTO
kopuaopa Bxoga AhH?® = 420 kM [6; 20]. Tak, mis
MPENCTaBICHHON Ha pHUC. 3 BO3MYIIAIOIIEH TPAEKTO-
puu Ogy = —10,6°. Jlnd onpeaeneHnss HOMUHAIBHBIX
TPAaeKTOPHH B CIIydasiX MOJIOXKHUTEIBHBIX OTKJIOHE-
HHUM aOCOMOTHEIX 3HaueHui 0|04 = [050] — 1040l
UCIOJb30BAJIaCh MUHUMaJIbHas MOJENb IUIOTHOC-
™1 atMocdepbl Mapca (Bgy — yron Bxoja B aTMo-
cdepy pu BO3MYLICHHOH TpaeKTOpUH, Oyg — yrox
BXoJa B atMocdepy IpH HOMHHAJIBHOH TpPaeKTO-
pHH), a PH pacdyeTe BO3MYIICHHBIX TPACKTOPHHA —
MakcHUMalbHas Mojnenb. B caywasx 6|6y < 0
HOMMHAJIBbHBIE TPACKTOPHUH PACCUUTHIBAIUCH IS
MaKCUMaJIbHOM MOZAENH, a BO3MYIUEHHBIE — JUIS

HOMMHAJBHOMY 3HaueHuto Oyo = —10°, u gucnep- MHHUMAaJIbHOMU.
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Puc. 3. lameHeH1e BbICOThI h, TPAEKTOPHOrO yraa 6, Neperpysku n, 1 yrna kpeHay
npu Ncnonb3oBaHnKW anroputma ynpasneHus KA B atmocoepe lOnutepa:
Vo =60 kM/c; 0y = —6,5% Kg = 0,6; P, = 200 Kr/M?; CrIOLLIHbIE IMHMY — HOMUHATbHASA TPAEKTOPUSI; LTPMXOBLIE IMHUM — BO3MYLLEHHAs TPaeKTopus
Figure 3. Change altitude h, trajectory angle 6, overload n, and roll angle y
when using the spacecraft control algorithm in the atmosphere of Jupiter:
Vo = 60 km/s; 8, = —6.5% K; = 0.6; P, = 200 kg/m?; solid lines — nominal trajectory; dashed lines — perturbed trajectory

W3 paccMoTpeHus MpeaCcTaBICHHBIX 3aBUCHMO-
CTel BHMIOHO, YTO U1 KOMIICHCAIlMHM IOCTAaTOYHO
OOJIBIIIOTO PAcCcOTIacOBaHUs TPAaeKTOPHBIX YTJIOB,
nocturatoiero ~1° x 85-i1 cekynne nsmwxenus KA
B arMoc(epe, OCYIIECTBIACTCS YMCHbBILICHUE 3Ha-
4yeHus yria kpena y. Tak, ot Bxoga KA B atmoce-
py A0 85-i CeKyHIbl MOJETa YroJl Y CHUXKAECTCS OT
Yo = 165° no y = 147°. C stoii e 1eNbi0 oTpada-
ThIBaeTCA 0Oojiee paHHEe IEePEKIIOYEHUE a3pOJHHA-
MHYECKOT0 KauecTBa Ha IMOJIOKUTEIbHOE 3HAYCHHUE.
VYuuTteiBasi MayIO IWIOTHOCTh aTMOC(Ephl Ha HAaYallb-
HOM y4acTKe I10JIeTa U 3HAYUTEIbHbIC OTKJIOHEHUS
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yII0B 6 OT HOMHMHAIBHBIX, pealn3yeMasl mporpaMmma
YIpaBIEHUS MTO3BOJISIET JIUIIH 3aMeUTUTh TEMIT POCTa
paccoriiacoBaHusi TPACKTOPHBIX YIJIOB: K MOMEHTY
MEPeKIIOYeHNs] yria Y BelnmduHa 060 CHmKaercs
mums 1o 0,9°. Ha 3ToM ydacTke cIrycka meperpys-
Ka, neiictByromas Ha KA, npumepHo Ha 2-3 enu-
HUIIBI OOJIBIIE, YEM Ha HOMHHAIBHON TPACKTOPHUH.
CymiecTBeHHOE CONMKEHNE TPACKTOPHIA HACTY-
MmaeT IMocje Toro, kak 3(ddekTuBHOE a’poauHa-
MHUYECKOE KAaYeCTBO NMPUHUMAET TOJOKUTEIBHOE
3HaYeHHE W TPOMCXOMUT IUIABHOE CHI)KEHUE YTIIia
KpeHa y ot 15° o Hyiis. Tak, K MOMEHTY PHKOIIETa
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TPaeKTOPUH arllapaTa OTKIOHEHHE 00 yMeHbInaeTcs
o 0,3° a x 210-# cexyHze monera B atMocdepe —
mo 0,08°. B nmanpHelmiem sl mpeqoTBpaIeHUS
pocta yrioB 6 OTHOCHTEIHHO HOMMHAJBHBIX 3Ha-
YeHUH oTpadarbIBaeTCsl yBeJIMUeHHE yria Yy oT 15°.
Crenyer OTMETHTh, YTO MakCHUMAaJlbHas eperpy3Ka
Nmax H2 BO3MYIIEHHOHN TPaeKTOPHH HE3HAYUTEIHHO
(mpumepHo Ha 1,5 enWHUIIBI) TPEBBIMIAET PacyeT-
HO€ HOMHMHAJIbHOE 3Ha4YEHHeE.

Ha puc. 3 mpuBeneHsl pe3yibTaThl pacueToB
napameTpoB ciycka KA B atmocdepe FOnutepa Ha
HOMUHAJIbHOW U BO3MYILICHHON TPAEKTOPUSIX: BBICO-
THI h, yrioB O u 'y, meperpy3ku n. Kak u mpu pacuere
HOMHUHAIBHOU TpaekTopuu mojiera KA B atMocdepe
Mapca, paccmaTpuBaiach mporpaMmMa OJHOPa30BO-
ro NepeKIoYeHus yriia kpena y ¢ 165° na 15°. Ort-
KJIOHeHHue yria Bxoma KA B atMocdepy Ha BO3MYy-
IIEHHON TPAaeKTOpUH OT HOMHHAJIBHOTO 3HAYEHUS
OTIPE/IETSUIOCh C YU€TOM HOPMAJIBHOTO 3aKOHA pac-
npeneneHys napamerpa 6y BHyTpH HaBUTAIMOHHOTO
KOpUZOpa BXOZa IO BBICOTE YCIOBHOTO HEpHUIIEH-
Tpa, paBHoro Ah;i?® = +550 km [6]. [Ipu pacuere
HOMMHAJIBHON TPaeKTOPUHU HCIIOIb30BATIACh CPEJ-
Hsisl (HOMUHAJIBHAS) MOJIENb TUIOTHOCTH aTMochepsl
IOmmrepa, a mpu MoAenmupOBaHUM BO3MYIIEHHON
TPAaeKTOPHUY NMPUMEHSAIACh IN00 MaKCHUMaJIbHasi MO-
nenb (mpu Oonbliel KpyTHU3HE TPAeKTOPHH BXOJa),
1100 MUHUMaIbHAs (TIPY MEHBIIeH KpyTU3He). JTo
COOTBETCTBYET HaUMeHee OJIarONnpusTHOMY code-
TaHHWIO HABUTALMOHHBIX OMIMOOK M BapHaluil IIIOT-
HOCTH aTMoc(epbl C TOYKH 3PEHUS YBEIUYCHUS
MaKCHMAaJIbHBIX TEPEerpy30K W TeMmIepaTyp B Mep-
BOM CiIy4ae W BO3MOXXHOCTH HECAaHKIMOHHPOBAH-
HOTO BBIJIETA U3 aTMOC(EPHI — BO BTOPOM.

Jis mpuBeIeHHOTO BapWaHTa pacdyera BO3MY-
LIEHHOW TpaekTopuu yrou Bxoaa KA B armocdepy
cocraBisier Oy = —5,9° (U1 HOMUHANBHOHW Tpa-
exTopun Oy = —6,5°), UYTO COOTBETCTBYET BEIOOPY
MHUHHUMAaIbHON MOJIEIIH.

B cBs3u ¢ 4pe3BpIUAHO BBICOKOH CKOPOCTBIO
nBuxeHns KA u cpaBHUTENBHO Majiol MIIOTHOCTBIO
arMoc(epsl Ha Ha4aJIbHOM y4YacTKe II0JIETa OTINYHUE
KPYTU3Hbl HOMUHAJIBbHOW U BO3MYILIEHHON TPaeKTO-
puil cHauana yBenu4uBaeTcsa. Tak, €eC’IM B MOMEHT
Bxoma KA B atmocdepy oTkioneHue 60 cocrais-
et 0,6°, To K 25-i1 cekyHze TMOJeTa OHO BO3pacTaeT
no 0,85°. IIpu 3TOM YIpaBISIOIIUA Yroa Y MOHO-
TOHHO YBEJIHUYUBAETCS, JOCTUTHYB CBOETO MAaKCH-
myMma Yy = Tt K 40-if cekyHue nosiera. [Ipumenenue
TaKOH KOPPEKTUPYIOLIEH IpPOrpamMmbl I103BOJSAET
JMILIb 3aMEATIUTh TEMI POCTa paccoriacoBaHus 06.

Jpyrum daktopom 3amensieHus: pocta 06 sBiseTcs
Oosiee mo3Hee NepeKioYeHne (mpumMepHo Ha 7 ce-
KyHI) 3()()EeKTHBHOTO a’pOAMHAMIYECKOTO KadecTBa
Ha TMOJIOXKHUTeNbHOe 3HaueHue. [locie peanmzanuu
NEPEKITIOYeHHS yIbl 6 Ha BO3MYIIEHHON TpPaeKTo-
pUM HAYMHAIOT MPHONMKATHCS K CBOUM HOMHHANb-
HBIM 3HAUEHHUSIM: OTKJIOHEeHHe 00 uepe3 8 cexyHI
TOCJIe MOMEHTA TIePEKITFoUeHHs yMeHbIaercst 1o 0,25°.
[ nanpHeero CHUXEHUS! BEIMYUHBI 00 yrpas-
JIAIONIMN yToN Y Bo3pacrtaet, nocturas k 100-i ce-
KyH/IE CBOETO JIOKATFHOTO MAaKCHMMyMa, paBHOTO 22°.
Hcnonp30BaHne Takoil mporpamMmbl YOpaBJIEHUS YyiKe
K 115-i1 cexynne nonera KA B atmocdepe obecme-
YMBaeT KayeCTBEHHOE COBIAJCHHE BO3MYIIECHHOU
1 HOMHHQJIBHOW TPAaeKTOpUH C OTKIOHEHUsIMH 36,
He npesbimaronmu 0,05°. B cBs3u ¢ atum yron y
CHM)KAaeTCs 10 CBOET0 HOMHHAJIBHOTO 3HAYEHUS
vy =15° Kak u ciaegoBalo OXHIOaTh, B CBS3H
C MEHBIIEH KPYTU3HON HAYAIBHOTO Y4acTKa BO3-
MYIIEHHOH TPAeKTOpHUM II0JIeTa MaKCHUMalbHas
neperpy3ka HecKoJbKo MeHble (~ Ha 10 enuHu)
COOTBETCTBYIOIIET0 3HAYEHHUS [JI HOMHHAIBHOM
TPaeKTOPHH.

Takum 00pa3oM, NPOBEIACHHBIE PaCUETHI,
9acTh M3 KOTOPBIX TpEICTaBlieHa Ha puc. 2 u 3,
MOKa3aJi BBICOKYIO 3PPEKTUBHOCTh NMPUMEHECHUS
aNropuT™Ma ynpasieHUs 3(PQPEKTUBHBIM a’pOJu-
HaMHUYECKUM KauecTBOM npu crmycke KA B armo-
chepax Mapca u FOnurepa. [axe npu Hambosiee
HEOJIarONPUSITHBIX COYETAHUSAX HABUTALIMOHHBIX
omnOOK M BapHalMil IUIOTHOCTU aTMocdepbl oTpa-
00TKa COCTaBJIEHHBIX KOPPEKTHUPYIOUINX MPOrpaMM
yIpaBlieHUs1 B OOJIBIIMHCTBE Ciy4aeB obecredu-
BaeT KauyeCTBEHHOE COBIA/JICHHE BO3MYIIEHHBIX U
HOMHUHAJIBHBIX TpaekTtopwid. PazpaboTtannsie airo-
PUTMBI MOTYT OBITh 3()()EKTUBHO MPUMEHEHBI MPH
newkeHnn KA B armMocdepax miuaHer npu pasnuy-
HBIX KPaeBbIX YCJIOBHUSX, OTPAHUYCHMAX, HPOCKT-
HBIX XapaKTEepPUCTUKAX almapaTa U MOJEIIX aTMO-
chepsl.

Pa3paOoTaHHbIA aaropuT™M MOIAEPKKU MPUHS-
TUSI ABTOHOMHBIX YIIPaBICHYECKUX PEIICHUH I103-
BOJIAET OCYILIECTBUTH YCTOWYHMBOE ympasieHne KA
OTHOCUTENIbHO HOMHUHAJBHBIX TPAaeKTOPHU MOJeTa,
9TO 00ecrneunBaeT BO3MOKHOCTh HaJEKHOTO BbI-
MOJTHEHUSI IIENIEBBIX 3aJa4 KOCMHUYECKHX MHCCHII.
Anroput™M MOXeT ObITh 3(P(HEKTUBHO MPUMEHEH MpU
mewkeHnn KA B aTMocdepax IiaHeT B IIMPOKOM
JMana3oHe M3MEHECHUS KPaeBBbIX YCJIOBHM, OrpaHu-
YeHHUH, TPOEKTHBIX XapaKTepUCTHK ammapaTa U at-
MOCQepHI.
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3akno4yeHue

C ucnonb3oBaHreM 0a30BBIX NPABWII pacCuu-
TBHIBAIOTCSI KOPPEKTUPYIOLINE BO3AEUCTBHA MPH YII-
paBieHnn KA B MpoIoJIbHONM IJIOCKOCTH MOJIETa.
PazpaboTan anroputM MOAAEP)KKH MPUHSITHS YIpPaB-
JIeHYecKux perreHuit npu ciycke KA B atmocdepe
miaHeT. [IpeacraBiaeHsl onmucaHus MpoLEcca B3au-
MOJICHCTBUS OTHENbHBIX OJOKOB CHCTEMBI aBTO-
HOMHOTO yNpPAaBJCHUS NpU UAESHTU(UKAUH MOJET-
HBIX CUTyalMid, GOPMUPOBAHUU KOPPEKTHPYIOLIHX
MIporpamM, MPOBEPKE KOPPEKTHOCTU MPUHATHS pe-
KOMEHTyEMBIX PEIIEHUH.

CcdopmupoBaHbl aHATUTUYECKHE 3aBUCHUMOCTU
JUId pacueTa TpaekTopui asmkeHus KA Ha atMmo-
chepHOM yyacTke mojera. B ocHoBy pacuera ma-
pametrpoB aBmkeHUss KA B aTMocdepe monoxeH
aNTOpPUTM TpeoOpa3oBaHUs HCXOAHOW CHCTEMBI
mudepeHTnanbHBIX YPaBHEHHH, T€ B KaueCTBE
HE3aBHCUMOT0 apTyMEHTA HCIOJB3YETCS MIOTHOCTD
arMocdepsl Ha BbicoTe nojnera KA. Takoe mpeo0-
pasoBaHue OOYCIIOBJICHO TE€M, YTO C IOMOILBIO U3-
MEpEeHUH 3TOT0 MapaMeTpa MOXKET OCYIIECTBIATHCS
UICHTU(HUKAINSA TIOJETHBIX CHUTYyallud ¢ Tocie-
IYIOMIEeH BBIPAOOTKON PEKOMEHIAINHN 10 TPUHS -
TUIO yIpaBiieHueckux pemieHuil. [lokasano, 4To
IIpU [IOJIHOM KadyeCTBEHHOM COBIAJICHUU JIaHHBIX,
PacCUNTAHHBIX C HCIIOJIB30BAHUEM AHATUTHUYECKUX
3aBHCUMOCTEH M PE3yJIbTaTOB YUCICHHOTO WHTETPH-
pOBaHUs, BBIYHCIUTENbHBIE MOTPENTHOCTH HE TIpe-
Bermaiot 3 %.

3al0)KeHHBIE B CUCTEMY BO3MOXHOCTH IIpO-
THO3UPOBAaHUS PA3IUYHBIX IUHAMUYECKHX PEKHMOB
nosieta KA 1aroT BO3MOXHOCTh HPUHATHS Olepa-
TUBHBIX YIPAaBJICHUECKUX pPEIIEHUIl, B TOM YHUCIE
B YCIIOBHUSIX OBICTPO MEHSIOMMXCs cuTyarmii ¢ KA
W B YCJOBHAX HeompeneneHHocTd. K amemenTam
Hay4YHOW HOBHU3HBI CIIEyeT OTHECTH CTPYKTYpHOE
IIOCTPOEHUE CUCTEMBI, HAlleJIEHHOCTh MHOIO3Tall-
HOTO Tporiecca (GOPMHUPOBAHUS JIOTHIECKUX 3aKIIIO-
YeHWH Ha JOCTIKEHHE 3a/laBaeMBbIX Ilefieil ympas-
JICHWsI, COCTaBJICHHE PEIIAOIUX IPaBHI B BHUIC
AQHAJINTHYECKHUX 3aBHUCHMOCTEH OT TEKYIIEro COCTO-
saug KA, a Takke BO3MOXHOCTb aBTOMaTH3UPO-
BaHHOH MACHTH(UKAUK BHOBb BOZHHKAIOIIUX He-
IITAaTHBIX CUTYalMi U MOCIEAYIOIIEr0 HaKOIUIEHUs
6a3pl 3HaHWN. Pa3paboTaHHBIN aNrOpUTM MOXKET
HalTH HIMPOKOE IPUMEHEHHE IPU IPOECKTHPOBaA-
HUM NEPCHEKTUBHBIX MHCCUIl OJIMXXHEro U JajibHe-
ro KocMmoca.
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BBIXO/IHOH KOJUIEKTOP

JlyIst I THPOBAHUS

AHHOTanus. [lelicTByronme pyKoBOIAIIME JOKYMEHTB PEKOMEHIYIOT OlLie-
HHMBAaTh Kau€CTBO MPOBEJCHHS ITyCKOBBIX U OCTAHOBOYHBIX PEKHUMOB, a TAKKE
PeXUMOB pabOTHI O] HATPY3KOW MO COOTBETCTBUIO ITyCKOBBIX NAPaMETPOB
rpadMKaM-3aIaHUSIM, THITIOBBIM HHCTPYKIMSM, PEKUMHON KapTe, KpUTEPUSIM
HA/IeKHOCTHU U UX IpeJeSbHBIM 3HaueHusAM. KauecTBO BeZCHUS HKCILTyaTa-
LIMOHHBIX PEXHMMOB IpeIJIaraeTcs OLEHWBATh 110 Ha3HAYCHHBIM OTKJIOHE-
HUSIM [TapaMeTPOB OT 3HAYCHUH, YKa3aHHBIX B TUIOBBIX MHCTPYKIMSAX WA
rpadukax-3amanusax. [IpoaHann3upoBaHbl MPEIUIOKEHHBIA TOIX0 U TIPH-
HSTBIE 3HAUYEHUsI IOIyCTUMBIX OTKJIOHEHHUI ITapaMeTpoB, 10 KOTOPBIM MpO-
M3BOJMUTCS OLIEHKA KauyecTBa INPOBEACHHUS ITyCKOBBIX ONEpaLUil ¢ TOUKU
3pEHUs TEPMOHANPSKEHHOTO COCTOSHUSL KPUTHYECKHUX 3JIEMEHTOB TEILIOBOH
cXxeMbl. AHaJIM3 BBIIIOJHEH HA OCHOBE PacyeTOB TEPMOHAINPSHKEHHOI'O CO-
CTOSIHUSL HauboJiee Harpy)X€HHBIX POTOpa BBICOKOTO [aBJICHHs MapOBOI
TYpOMHBI ¥ BBIXOZHOT'O KOJIEKTOpa MaporeperpeBaTeis BEICOKOTO JaBie-
HUS KOTJIa-yTHIM3aTOpa MPU OTKIIOHEHUSX TEMIIEpaTyphl CBEKEro apa oT
rpaduka-3aganus. IIpeioKeHO OIEHKY KadecTBa ITYCKOBBIX DEXHMOB
MIPOBOJUTh Ha OCHOBE pacyueTa LHUKINYECKOH MPOYHOCTH «KPUTHYECKHUX)
3JIEMEHTOB SHEPrOyCTaHOBKH, a HE TI0 MPEBBIIIEHUIO 3HAYEHUI KOHTPOJIb-
HBIX MMapaMeTpoB 0e3 yuyeTa KOHKPETHOTO BPEMEHU BO3HHKHOBEHHS 3TOTO
MIPEBBIIICHNS] TI0 OTHOLICHHIO K TrpaduKy-3alaHHIo, TEMIIEPAaTypHOTO CO-
CTOSIHUSI pacCMaTpUBaeMOro >JIeMEeHTa, pacxoja mapa u T. 1. Bee paccmor-
PEHHBIE B KaueCTBE NPUMEpPa OTKJIOHEHHS IIapaMeTPOB HE OKA3bIBAIOT BIIH-
SHUS Ha IMKIMYECKYI0 IPOYHOCTh PACCMAaTPHBAEMOrO OOOpPYIOBAHMS.
Haubonee TOYHO OLEHUTH KaueCTBO NMPOBEICHUS pPeXUMa MOKHO MOCpPE-
CTBOM MOHHTOPHHTa PEXHMOB pabOTHl TypOMHBI M KOTJOarperatra, 4ro
[I03BOJIUT KOHTPOJIUPOBATh COOJIIOZAEHUE KPUTEPHEB HAJIe)KHOCTH, HE JIO-
IycKas UX HPEBBIICHUS.
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Abstract. The current guidelines recommend evaluating the quality of start-up
and shut-down modes, as well as operation modes under load, according to
the compliance of start-up parameters with start-up assignment schedules,
standard instructions, a regime map, reliability criteria and their limit values.
The quality of maintaining operating modes is proposed to be assessed by
the assigned deviations of parameters from the values specified in standard
instructions or start-up schedules. The authors analyze the suggested ap-
proach and the accepted values of the parameter permissible deviations,
according to which the start-up operations quality is assessed in terms of
the thermal stressed state of the thermal scheme critical elements. The ana-
lysis was performed on the basis of the thermal stressed state calculations
of the most loaded steam turbine high-pressure rotor and the high-pressure
heat recovery steam generator superheater outlet header with deviations of
the live steam temperature from the start-up schedule. It is proposed to
evaluate the quality of start-up modes based on the calculation of the cyclic
strength the power plant “critical” elements, and not by exceeding the con-
trol parameters values without taking into account the specific time of
this excess occurrence in relation to the schedule, the temperature state of
the element under consideration, steam flow, etc. All parameters deviations
considered as an example do not affect the cyclic strength of the equipment
in question. The most accurate assessment of the regime quality can be
carried out as a result of monitoring the turbine and the boiler unit opera-
tion modes, which will make it possible to control compliance with the re-
liability criteria, preventing them from being exceeded.

Radin YuA, Kontorovich TS, Mnatsakanyan VU. Influence of parameter deviations during start-up on the power
plant equipment thermal stressed state. RUDN Journal of Engineering Research. 2023;24(2):135-143. (In Russ.)
http://doi.org/10.22363/2312-8143-2023-24-2-135-143

BBepeHue

OreHka KauecTBa MPOBEAECHUS MyCKOBBIX PEXH-
MOB TEIUIOSHEPreTHUECKOr0 000pYAOBaHUS MPOU3-

JelcTByIOIIMI B HACTOSIIEE BPEMSI PYKOBO-
AWM JOKYMEHT' ompesenseT TopsnoK OpraHm3a-
U paboT MO0 aHaIM3y KadecTBa IyCKOB (OCTaHO-
BOB) OCHOBHOTO JHEPTeTHYECKOTo 000pYHAOBaHUS
¢ OapabaHHBIMH M TIPSIMOTOYHBIMH KOTJIAMH, KOH-
JIEHCAIMOHHBIMH U TeIUI0()MKalMOHHBIME TypOuHa-
MU, ycTaHoBieHHbIMU Ha TOC B Poccun.

L PII 153-34.0-20.585-00. PykoBoasimue ykazaHusi 1o
aHaJIM3y KadecTBa IycKa (OCTaHOBA) OCHOBHOTO TEIJIODHEpPTe-
tudeckoro obopynosanus TOC. Y1B. PoccuiickuM akumonep-

HBIM 00111ecTBOM 3HepreTuku u smekrpudukanun «KESC Poc-
cum» 28.12.1999 r. M.: CI1IO OPT'P3C, 2000. 49 c.

136

BOJIUTCSL HA OCHOBAaHUH COOTBETCTBHS ITyCKOBBIX I1a-
paMeTpoB rpaduKaM-3aaHUsIM, TUIIOBBIM HHCTPYK-
UM, PEXKUMHOM KapTe, KpUTEPHUSIM HaACKHOCTH
Y MX TIPEeIbHBIM 3HAYESHHSIM.

IIpy TOYHOM CIIEJOBAHWW STHUM JOKyMEHTaM
HECTaIMOHAPHBIE TEMIIepaTypHbIC HAMPSIKEHUS HE
MPEBBIMIAIOT TPEEIbHO JOMYCTHUMBIX 3HAYEHUH.
OpHaKo MpH Pa3IMIHOrO Poja OTKIOHEHUIX, HeH3-
OC)KHBIX Ha MPAKTUKE, 3TU HAMPSHKECHUS MOTYT H3-
MEHATHCS, JakKe MPEBBINIAas B OTACIBHBIX CIydasx
JonycTUMbIe 3HaueHus [ 1-3].

IIpu >TOM KpHUTEpUH PA3ACTISIFOTCS HA OCHOBHBIC U
JonoJHUTEIbHBIC. K OCHOBHBIM KPUTEPHUSIM OTHOCSTCS
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T€, TIPHU MPEBBILIICHUN KOTOPBIX HE MPETyCMaTpUBACTCA
JIEHCTBHE TEXHOJOTMUYECKHUX 3aIllUT, HO MPU WX HECO-
OJTIOICHIH 3aITPeIIacTCs BRITOMHATE ITYCK 000pyA0Ba-
Hus OO0 TpeOyeTcst pa3rpy3ka padoTaromero 00opy-
JIOBaHHE BIUIOTH JI0 €r0 OCTAaHOBA, a TaKXKe KPUTEPHH,
HECOOJTIO/IEHNE KOTOPBIX CBUIIETENHCTBYET O HapyIIe-
HUSIX TIpaBWJI TIPOBEICHUS ITYCKOBBIX OIEpaluii, pe-
[JIAMEHTHPOBAHHBIX UHCTPYKLMSAMU IO SKCILTyaTalHH.

K monomHuTeIbHBIM KPUTEPHSM OTHECEHBI TaKHe,
BIIUSTHHE KOTOPBIX HAa HAAEKHOCTH OOOPYIOBaHUS
ONpEIENsIeTCs] BPEMEHEM U BEJIMYMHON HapyLICHHUN
ATHX KPUTEPUEB, TO €CTh HOCUT CKOPEE HAKOIUTEIh-
HBIN XapakTep.

CoBpeMEeHHBII 3KCIUTyaTalMOHHBIA OTePaTHBHBIMN
KOHTPOJIb TapaMeTpoB, TMO3BOJISIONUI H30EKaTh
MIPEBBIIICHHS IOy CTUMBIX 3HAYCHUH KPUTEPUEB Ha-
JIEKHOCTH, MOXKET OBITH OCYIIECTBIIEH C IPUMEHE-
HUEM HMH(OPMAIOHHO-BBIYHCIUTEIFHOTO KOMITIEKCA
ACY TII, noxanpHOH MOACHCTEMBI JHArHOCTHYE-
CKOTO KOHTPOJIsI 000PYAOBaHUS, HAIIPUMEP C UCTIOINb-
30BaHMEM DIIEKTPHUYECKON YacTH CHUCTEMBI PEryJIH-
posanus (QYCP) TypOuns! u T. 1.

Jns 5HeproOJIOKOB, TA€ OTCYTCTBYET TaKOU
KOHTPOJIb, JOKYMEHT TpeJiaraeT psiji TNpeaeabHO
JIOIyCTUMBIX OTKJIOHEHHUH MapaMeTPOB OT 3HAYECHUH,
pejyIaraeMbIx rpaduKaMu-331aHUSIMA U THITOBBIMH
WHCTPYKITUSMH.

CripaBeIIMBOCTh TPEIOKEHHOTO TOAX0JAa U
NPUBEJCHHBIX 3HAUYCHUN MOMYCTHUMBIX OTKJIOHE-
HAW TapaMeTpoB, MO KOTOPBHIM IPOU3BOJHUTCS
OIIeHKa KayecTBa IPOBEACHHS IMyCKOBBIX OIEpa-
LMH, IpoBepeHa Ha IpUMepe MOJI0KESHUH, U3JI0KEH-
Heix B PJ 153-34.0-20.585-00.

Ji coBpeMEeHHBIX OJIOUHBIX MapOBBIX TypOWH
C IIByXCTEHHOH KOHCTPYKIIMEH KOPITyCOB M 3 deK-
TUBHOH cHcTeMOH oOorpeBa (aHIEB BBICOKO-
TEeMIEePaTyPHBIX IMIUHAPOB BBICOKOTO M CPEIHETO
nmasnerus (LB u LIC/l cooTBeTCTBEHHO) Hanboee
Harpy>KeHHBIMU 3JIEMEHTaMH SIBIISIIOTCS POTOPHI BBI-
cokoro u cpeanero nasienus (PBJ] u PCJl), necra-
IMOHAPHBIE TeMIepaTypHbIE HANPSKEHUS B KOTO-
PBIX OTPAaHUYMBAIOT CKOPOCTH MEPEXOIHBIX PEKUMOB.
Hecrauuonapusie TemnepaTypHble HaNpsXKEHUS B
KOPITYCHBIX JeTansix (OJ0Kax KJamaHoB, BHYTPEH-
HeM u HapyxHbIX kopmycax LUBJ] u LICH) Humxe,
4YeM B pOTOpax; K TOMY kK€ OHU 0ojiee MHEPIIMOHHEI
K I3MEHEHUSIM pexumMa paboTel TypOuH.

OnHUM U3 OCHOBHBIX KPHUTEPHEB 00CCIICUCHUS
HaJIeKHOCTH POTOPOB SIBISIETCS PE3KUil MPOTrpeB WM
3axonaxvBaHue (3a Bpems MeHee 10 MUHYT) MeTasia
napoBmycka [[B/l, koTopsie oIpeaesnstoTcs Mo mnoxa-

3aHHSAM TEMIIEpPATyphl Mapa B KamMepe peryUpyIoIei
cTyneHu (s TypOMH C COIUIOBBIM INapopacrpenesne-
HueM). JlomycTumble OTKJIOHEHHS TEeMIIepaTyphl mapa
B KaMepe peryiupyIomeil CTyneHn Ha HadalbHBIX
JTanax Mmycka OrpaHMYMBAIOTCS 3HAYEHHEM, MEHBIIIUM
70 °C. Ilpenmonaraercs, 9T0 TOIBKO MPH TAKUX OTKJIO-
HEHUSIX TeMIlepaTypbl OOeCHeYrBaeTCsl JOIMYCTUMBIHA
YPOBEHb TEMIIEpATypHBIX HanpsokeHui. [Ipu 3HaueHu-
X, OOJNBILMX WIIM PaBHBIX 33laHHOM, CTABUTCS OLICHKA
«HEYIOBJIECTBOPUTENBHO 3a IIPOBEACHHE ITyCKa.

1. MopenupoBaHue
TEPMOHaNpPsHXXeHHOro COCTOSIHUA poTopa
Nnpu OTKJIOHEHNN TeMrnepaTypbl napa

[ mpoBepKu aHHOTO TOJIOKEHUs MPOBEe-
HBl pacueTshl TEePMOHAIPSHKEHHOTO COCTOSHHS po-
TOpa BBICOKOTO AaBieHus TypOmubl T-125/150-7,7
npu ysenundyeHHoW Ha 100 °C mo OTHOIIEHMIO
K rpa¥Ky-3aaHiIo TeMIlepaType mapa neper nepBoi
CTYNEHBIO HA HAYaJbHOM JTaIe MyCcKa U3 XOIOIHOTO
COCTOSIHUS Ha NpOTsbKeHuH Oonee 60 MUHYT M Ha
JTare Harpy)XeHus TypOuHbI B TedeHne 10 MHUHYT.
Pacuer npoBojamicd nmpH MOMOIIM HPOTPaMMHOIO
komrurekca ANSY'S, o3BOJISONIETO COBMECTHO pe-
IaTh KpaeBble 3a/1a4M TEIUIOMPOBOJHOCTHA U MeXa-
HUKH CIUIOIIHOW CpeJIbI.

Pacuernast oObeMHasi ocecHMMETpUYHas KOHEY-
HOAJIEMEHTHAs! MOZEJh POTOPa BBHICOKOTO JABIICHHS,
YUHUTHIBAIOIAsl €r0 KOHCTPYKTHBHBIE OCOOEHHOCTH
W cXeMy JIBMO)KEHHsI Mapa, MpeacTaBieHa Ha puc. 1.

ITap B IBJ] nBukeTcst cHavajna B CTOPOHY Iie-
PEeIHEro MOANINITHIKA (JIEBBIH ITOTOK), 3aTEM COBEp-
maer noBopoT Ha 180° m HampaBiseTrcs MeEXIy
KOpITycaMH B CTYIEHHU IpaBoro nortoka. [lostomy B
MOJIEJIM OCTAaBJICHBI MEpBasi U MOCIEAHssS (BOCbMast)
CTYTIEHU Tiepe]] TOBOPOTOM IMOTOKAa M TOCTEIHSSA
CTYIIEHb IOCJIE TOBOPOTA MOTOKA. DTH CTYIIEHH OII-
PEIENAIOT XapaKTep TEPMOHAIPSHKEHHOTO COCTOSHUS
potopa BeIcoKoro nasnenus. llepsas, perynupyrormasi,
CTYIICHb NP NEPEMEHHBIX PEXUMaX 3KCILTyaTaluH
UCTIBITHIBAET HAHOOJbIINE HANIPSHKCHUS B TaTENsIX,
KaK CO CTOPOHBI IPOMEXXYTOYHOI'O YIUIOTHEHHS, TaK
M CO CTOPOHBI MPOTOUHOM yacTu. TypOuHa cHabXxe-
Ha TApOBBHIMH KOHLEBBIMH W IPOMEKYTOYHBIMH
yIioTHeHUIMHA. KoahhUITMEHT KOHIIEHTpAITU! TeTI-
JIOBBIX KaHABOK B YIUIOTHEHHAX DPACCUMTHIBAIICS B
cootBercTBuu ¢ PTM 108.021.1093-852,

2 PTM 108.021.1093-85. JleTanu mapoBbIX CTAIMOHAPHBIX
TypOuH. Pacuer Ha ManonukioByio ycranocts. YT1B. 13.09.1985 1.
Been. 01.07.1986 r. JI.: HITO LIKTH, 1985. 49 c.
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1 ANSYS
ELEHEMTS 2020 R2|
HEY 12 Z02Z
10:10:10

-
e

Caloulate Rotor

a
— ANSYS
E3 2020 R2
HMEY 12 Z02Z
1z 11 xdbéx
2o R VMIER SR

Puc. 1. KoHe4HO3NneMeHTHas MoAeNb POTOPa BbICOKOro AaBneHus Typounsl T-150-7,4:
a - obwuin Bng mopenu; 6 — Moaenb POTopa B 30HE PEryMpyloLLeit CTyneHn
Figure 1. Finite element model of the T-150-7.7 turbine high-pressure rotor:
a — model view illustration; 6 — rotor model in the control stage zone
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Puc. 2. PesynbTaTthl pacyeta TEPMUYECKUX HAMPSKEHWIA B POTOPE BLICOKOIO AaBfieHns TypOuHbl T-125/150-7,7
npuv Nycke N3 X0JI0AHOrO COCTOAHNSA C MPEeBbILLIEHNEM TeEMMNepaTypbl Napa nepej NnepBoi cTyneHbio Ha 100 °C:
a — UBMEHEHWNE 3HAYEHNIM MHTEHCUBHOCTIN HaMNPSXXEHWUIA B ranTenn NepBOM CTYNEHU CO CTOPOHbI MPOMEXYTOYHOMO YNAOTHEHUS;
6 — NONe HANPSXXEHWUI B rafTensax NepBomn ctynexn Typbursl T-125/150-7,7 npu nycke U3 XONOAHOr0 COCTOAHUS
Figure 2. The results of the thermal stress calculation in the turbine T-125/150-7,7 high-pressure rotor

/N e
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Bpewmst, mun / Time, min
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Cal.culaie

o

during cold start-up with an excess of steam temperature before the first stage by 100 °C:
a - change in the stress intensity values in the first stage fillet on the side of intermediate seal;
6 - the stress field in the turbine T-125/150-7,7 first stage during cold start-up

Temneparypa mapa nepen 1-i crynensto, npussitast B pacuere / The steam temperature before the 1st stage, taken into account
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30HaMU MaKCHMaJbHBIX HANPSHKCHHN TPU Ha-
TPY’KEHUU U PasTpyKEHUU SIBISIFOTCS TAITENH TIep-
BOM CTYNEHU W TEPBBIA OTCEK MNPOMEKYTOUHOTO
VIUIOTHEHUS. B pacderax ydWTHIBaIOCh M3MEHEHHUE
TEMIIePaTyphl Mapa, MPOTEKAIOIIEro Yepe3 JaduprH-
ThI YIUTOTHEHHH, 33 CUET APOCCEIMPOBAHUS U TEILIO-
oOMeHa ¢ POTOPOM TIPH NIEPEMEHHBIX peKUMaX. YdeT
ATOTO SIBJCHUS MPOBOJMICS MO XOPOIIO arpoOupo-
BaHHOU MeTonuke u3 [4]. ['paHULBI 271€eMEHTOB BbI-
OpaHbBI TAKUM 00pa3oM, YTOOBI OHU COBIIAIAJIH C Ce-
YEHUSMH TTO/IBOJIA WIIM OTBOJA TIapa, YTO IMO3BOJISIET
y4eCTh M3MEHEHHE TEeMIIEpaTyphl TPEIOIIero mapa
(wm Bo3myxa).

3amadya MEXaHWKH pelrajach B YCIOBHSIX 3a-
KpEeIJICHUSI B OCEBOM HAIPABJICHUM JIEBOTO TOpIIA
poTtopa TypOuHBI, IPaBbIii TOpeL ObLT CBOOOIEH.

Banm poropa BBICOKOTO MaBIeHUS TypOWHBI,
1EeIbHOKOBAHEIN, M3rOoTOBJIEH U3 cTanu 25X 1 M1DA
(P2MA). Termmodusuyueckue U MEXaHHYECKUE CBOW-
CTBa ATOM CTaj¥, MPUHATHIE TIPU pacdyeTe HarpshKe-
HHMU, 3a1aHBI B COOTBETCTBUU ¢ [5—7] muHeiHO 3a-
BUCAIIUMU OT TEMIIEPATyPHL.

K umcny kpUTHYECKMX C TOYKH 3PEHHUS Mallo-
LIMKJIOBOM yCTaJOCTHOW MPOYHOCTH 3JIEMEHTOB OT-
HOCHUTCS TaKKe€ MOBEPXHOCTH IIEHTPAILHOTO OCEBOTO
KaHala, TJe BeJIUKO BIHUSHHUE MOJ3YYECTH HA HOMU-
HaJIBHOM PEXHME SKCIUTyaTallHH.

Kax mokazanu mpoBeneHHEBIE pacdeThl, MPH I10-
BBIIICHUH TEMIIEPATYpPHI Mapa nepei NepBou CTyIe-
HBIO BO BpeMs IyCKa W3 XOJOIHOTO COCTOSHUS
MaKCHUMAaJIbHBIE TI0 aOCONIOTHOW BEIWYHMHE 3HAUe-
HUS THTCHCUBHOCTH HANPSDKEHUH BO3HUKAIOT B TajTe-
JH PETYIUPYIOIIEH CTYIIEHU CO CTOPOHBI MPOMEXKY-
TOYHOTO YIUIOTHCHHs. VX BenwurHA COCTaBISET
ci = 475 Mlla. Pe3ynbrathl pacuera mpencTaBICHBI
Ha puc. 2.

2. PacyeT LMKIN4YeCKO NPOYHOCTHU poTopa

Pacuer muxiIMYecKkod MPOYHOCTH TMOKa3al, 4TO
STUM HampspkeHusiM cooTBeTcTByeT 21 300 mormyckae-
MBIX IIMKJIOB IO TEOPETHYECKOH KPUBOM MalOLMKIO-
Boit ycranoctu. Cornacio CTO 70238424.27.100.016-
2009%, oGopynoBanue naporasoBsIx ycTaHoBok (ITT'Y)
(xpome ra3oTypOMHHBIX ycTaHOBOK, [ TY) momxHO
ObITh paccunTaHo Ha He MeHee yeM 10 000 myckoB-
TIPEPBIBAHUN 3a BECh CPOK CITyKOBI. [Ipm 3TOM KO-

3 CTO 70238424.27.100.016-2009. Ilapora3osbie ycTa-
HOBKM. OpraHusanys SKCIUIyaTalUH W TEXHHIECKOro 00CIiy-
xwuBaHus. Hopmel u TpeOoBanms. YTB. W BBeA. B jeiicTBue
npukazom HIT «MMHB3JI» or 21.12.2009 r. Ne 94/3. Been.
29.01.2010 r. M.: HIT «MHBDJI», 2009. 41 c.
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JIMYECTBO MYCKOB M3 XOJIOJHOTO COCTOSHUS JTOJIKHO
coctaBATh He MeHee 20 % oT o0Iiero KoiuvyecTna
myckoB. [lomydeHHOE 3HaYEHNE TOITyCKAaeMOro Jrcia
ITyCKOB M3 XOJOJHOTO COCTOSHUS C NPEBBIIICHHEM
Ha 100 °C temnepaTypsl nepea MepBOil CTYNEHBIO
OTBEYAET 3TUM TPeOOBaHUAM, U TAKOE NPEBHIIICHUE
MapaMeTpoB OTHOCHUTENFHO TpaduKa-3a1aHus He TOI-
JISKUT OLIEHKE.

OtkioHeHnne teMmneparypel mapa B 100 °C
B TeueHue 10 MUHYT mepen MepBOM CTYNEHBIO Ha
JTare Harpy)XeHus TypOWHBI, KOTJa pOTOp yKe
JOCTaTOYHO MPOTpeT NPUBEIO0 K BO3HUKHOBEHHIO
B TrajTeau TNEpPBON CTYNEHH HaIpsSIKeHWM, UHTEH-
CHUBHOCTh KOTOpBIX paBHa 391,5 MIla. Jlomyckae-
MO€ YHCIO TaKUX PEKHMOB, KaK TOKa3ajlu pacye-
Thl IUKJIMYECKOW MPOYHOCTH, coctaBiser 22 200.
Kak u B mpeppiaymieM cirydae, Takoe MPeBHIIIIEHNES
napamMeTpoB 10 OTHOIIEHHIO K TpaduKy-3aJaHHIO
HE TIOJIJIC)KHT OIICHKE.

Uro kacaeTcst KoTioarperara, To ObUT pacCMOT-
peH pe3Kuii porpeB iy 3axonaxuBanne Ha 100 °C
u Oosee TemIepaTypsl METajlla BEIXOJHBIX KOJUICK-
topoB BJI. Uucno Takux HapylLIeHHH KpUTEpHs
mycka Oomee 15 pa3 omeHMBaeTcs Kak HEYIOBIC-
TBOPUTENBHOE.

PaccmaTpuBazcst BEIXOAHON KOJUIEKTOpP Mapo-
reperpeBaTest BRICOKOTO JaBIIEHHUS THIIOPa3MEePOM
426x34 mm, mmpoko npumensembii B I1'Y-450,
paboTaromuii Ipy Ha4YaIbHOHM TeMIepaTrype MeTa-
ma 50 °C, remneparype napa 400 °C, xoropast mo-
JIEp’KUBACTCSI HEM3MEHHOW Ha MPOTSHKEHWH JIBYX
MUHYT, 3aT€M CKadyKOM TeMIlepaTypa mapa IOBBI-
maetcst 10 500 °C u nogaepKuBaeTcss HEU3MEHHOM
B Teuenue 10 munyT. /lanee ckaukoM Temmeparypa
napa moHmxaercs 10 ucxoanoro 3Hauenus 400 °C.

B mepBom BapmaHTe pacueTa NmpH HadyaIbHOM
pacxone mapa 20 kr/c n nasmenun 3,5 Mlla xo3¢-
(OUIMEHT TETUTO0TIa9H, PACCUUTAHHEIN TT0 (hopMyIIe
TEIJIOOTAAYHY NPH TYpOYJICHTHOM TeueHuH napa [8]

Nu = 0,021Re%8Pr043, 1)

rae Nu — xpurepuii Hyccensra

e o — Kod(durment Termnooraaun, Br/(m*K); I —
XapaKkTepHbIA pa3Mep, B JAaHHOM Cllydae BHYTpPEH-
HUHl auametp, M; A — K03(Q(QUIIMEHT TerIonpoBO/I-
Hoctu Bt/(M-K); Re — xpurepwuii Pelinonbaca;
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rae W — xapakTepHasi CKOpOCTb, M/C; V — KHHEMaTH-
yeckast BS3KOCTh cpesibl, M%/c; d — rumpapimyeckuii
nuameTp, M; Pr — kpurepuit [Ipanaris, cocraBus-
mmii o = 500-506 B1/(M*K).

MakcrumarnbHOe 3HauYeHHe aMILIUTY bl HHTEHCHB-
HOCTH HampspKeHWH npu 3ToM paBHo 167 Mlla. [lo-
ITyCTAMOE YHCIIO TaKuX pexuMoB coctapisier 10 960,
Y TAaHHBIN PeXXUM HE JIOJDKEH MOJIeKATh OIIEHKE.

PesynbTatThl pacuera npeacTaBieHbl Ha pucC. 3 B
BHJIC 3aBUCHMOCTH OT BPEMEHU aMIUINTYIbl HHTEH-
CUBHOCTH HAIIPSDKEHUI HA BHYTPEHHEW IOBEPXHO-
CTH KOJJIEKTOpa, TEMIIEpaTyp Mapa U MeTaa.

Jaxe ecau NPUHATH 3HAUYEHHE KOd(pQHULIMEHTA
Terootaaun o = 1000 Br/(M*K), To pacyer muk-
JIMYECKOM MPOYHOCTH MOKa3al, YTO AOMyCTHUMOE
KOJIMYECTBO TaKUX CKaYKOOOpPa3HBIX H3MEHEHHH
TEeMIEepaTypsl Iapa Ha HAYaJIbHBIX 3Tamax IyckKa

cocrasisieT 3354, uTo oTBeyaeT TpeOOBAHHUAM K Ma-
HEBPEHHOCTH Mapora3oBbIX YCTAaHOBOK M HE JOJDKHO
MOJUIEXKATh OLICHKE.

Ecim paccmorpers rpaduk-3amaHue ITycka
[II'Y-450 u3 xonogHoro coctosHus (puc. 4) u npu-
HSTb, YTO CKaYKOOOPa3HBI MOABEM TEeMIEpaTyphl
MPOMCXOJMT B Ipoliecce Mycka B uHTepBaiie ot 450
10 490 °C c nocnenyromen BBIAEPKKON IpU 3TOU
Temneparype B TeueHue 10 MHUHYT U cKadukooOpas-
HBIM CHID)KEHHEM TEeMIIEpaTypbl 0 UCXOIHOTO 3Ha-
gerus 450 °C, a taxke 4TO HaYaIbHAS TeMIEpaTypa
Metaiia coctaBuia 440 °C, paccuutaHHBIA KO3(-
durmenT TerooTaaun pasex o = 1010 Br/(M*K),
YTO COOTBETCTBYET pacxody mapa, paBHomy 0,7 ot
HOMHHAJIBHOTO 3Hauennss G = 65 kxr/c, naBiaeHHIO —
p = 5,39 Mlla, To MakcuManbHOE 3HAYCHUE aMILIH-
TyJibl MHTEHCUBHOCTH HampspkeHuit — 35,7 Mlla.
Uucno Takux peKMMOB HE OIPaHHYEHO U OLIEHKE
MOJUIEKaTh HE TOJDKHO.
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Puc. 3. PesynbTaTthl pacyeta TepMOHaNpPsXXeHHOro COCTOSAHMS BLIXOAHOMO KO1ekTopa naponeperpeearens B,
Tnopasmepa 426x34 co ckauykoobpasHbIM NOBLILLEHVNEM TEMMNEPATYPhI
Figure 3. The results of the HP superheater output header of size 426x34 thermal stressed state calculation
with a temperature spike
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Puc. 4. I'paduk-3aganune nycka MNry-450 na xonogHoro COCTOAHUS:

1 - yacToTa BpaweHus potopa I'T, 1/MuH; 2 - TemnepaTypa raszos 3a ['TY, °C; 3 — Temnepatypa ceexero napa, °C; 4 —mowHocTtb 'TY, MBT;
5 — mowHocTb NT, MBT; 6 — unankatop nonoxexus GPOY; 7 — aasneHune ceexero napa, k[ /cm?; 8 — 4actoTa BpatueHus potopa MT, 1/mMuH
Figure 4. CCPP-450 cold start-up schedule:

1 - GT rotor speed, 1/min; 2 — gas temperature of gas turbine downstream, °C; 3 - live steam temperature, °C; 4 — gas turbine power, MW,
5 — steam turbine power, MW; 6 — bypass station position indicator; 7 - live steam pressure, kg/cm?; 8 — steam turbine rotor speed, 1/min

3aksiloueHue

[MogBoas WTOT BCEMY, MOXHO CHENaTh CIery-
IO E BBIBOBI:

1. OreHka KadecTBa MPOBEICHUS ITYCKOBBIX pe-
JKUMOB JIOJDKHA TPOBOAMTHCS HA OCHOBE pacyera IHK-
JIMYECKOHN MPOYHOCTH KPUTHYECKHX HIIEMEHTOB SHEPro-
YCTaHOBKH. BricraBnenue OLICHOK ITO0 NPEBLIMICHUIO
3HAYCHU KOHTPOJBHBIX MMapaMeTpoB 0Oe3 ydera
KOHKPETHOTO BPEMEHHM BO3HHUKHOBEHHS ITOTO Ipe-
BBIIIICHUS TI0 OTHOIIICHUIO K TPpadHKy-3aJaHUI0, TEM-
MEPaTypHOTO COCTOSHUS pacCCMaTPHBAEMOTO JIEMEH-
Ta, pacxoja mapa M T. J. HE TO3BOJISIET CYIUThH
0 BBITIOJHCHUU KPUTEPHEB HAJICKHOCTH.

2. Haubonee TouHas OIIEHKA KavyecTBa IMPOBE-
JICHUSI PEKUMa MOXET OBITh TOJy4eHa ITOCPEICTBOM
MOHHUTOpPUHTa pabOThl TYpOWHBI M KOTIoarperara
W aBTOMATUYECKOTO YINpaBleHUs PabOTON 3HEpro-
YCTAHOBKHU MO TEPMOHANPSKEHHOMY COCTOSHHIO €¢
KPUTHYECKUX DJIEMEHTOB. DTO MO3BOJMUT HE TOJBKO
KOHTPOJIMPOBATh COOJIOJICHUE KPUTEPUCB HaJeK-
HOCTH, HO ¥ HE JOMYCTUTh UX MPEBBIIICHUS.

142

Cnucok nutepaTypbl

1. Jackson P.S., Moelling D.S., Anderson F.C.,
Mailoy J.W. Operating experience of large reheat
HRSG’s in merchant service // Proceedings of
POWER-GEN International. Orlando: POWER-GEN
International, 2004. 32 p. URL: https://tetra-
eng.com/PDF/Papers/paper_OPERATINGEXPERIENC
E.pdf (mara o6pamenus: 22.05.2022)

2. Boeauee A.®., Paoun FO.A., I'epacumenrxo O.b.
Oco0eHHOCTH IKCIUTyaTallMy U MOBPEXIaeMOCTh KOTIIOB-
YTUIIN3aTOPOB OMHAPHBIX IapOTra3oBBIX YCTaHOBOK. M.:
Oueproaromusaat, 2008. 231 c.

3. Boiler codes require updating to address failure
mechanisms exacerbated by cycling // Combined Cycle
Journal. 2006, First Quarter.

4. [Tnomkun E.P., Jletizeposuy A.LLL TTyckoBbIe pexu-
MBI TAPOBHIX TypOWH 3HEprodmokoB. M.: OHeprms, 1980.
192 c.

5. Jlubepman JI.A., Ileticuxuc M.H. CBolicTBa cTa-
Jed U CIUIaBOB, MPUMEHSAEMBIX B KOTJIIOTypOOCTPOCHUH:
B 3 1. JI.: HUKTH, 1966-1967.

6. 3vbuenxo A.C., Konockos M.M., Kawupckux FO.B.,
Acmaxos IO.U., I'onenvinuna JLI., I'pucopvesa H.H., I'yo0-
ko8 B.H., /leemapes A.®., [onbenrxo E.T., XKapos B.B.,


https://tetra-eng.com/PDF/Papers/paper_OPERATINGEXPERIENCE.pdf
https://tetra-eng.com/PDF/Papers/paper_OPERATINGEXPERIENCE.pdf
https://tetra-eng.com/PDF/Papers/paper_OPERATINGEXPERIENCE.pdf

PaauH 10.A. v ap. BectHnk PYOH. Cepusa: UHxeHepHble nccnegoBanuns. 2023. T. 24. Ne 2. C. 135-143

Kupunnosa O.M., Knayu J[H., Kysmneyos E.B., Meno-
woea H.®@., Mumuna E.H., I[lemponaenosckas 3.H., Pycu-
nosa U.H., Pasanosa E.J[, Cxopobocamwix B.H., Tomu-
na C.II, Teikouunckaa T.B., [lluponanosa T.5. MapodHuk
craneil u crutaBoB / mox o6 pea. A.C. 3y6uenko. M.:
MamuHoctpoenue, 2003. 784 c.

7. Heiimapx B.E. ®usndeckrne CBOWCTBa cTaled u
CIUIaBOB, IPHIMEHIEMBIX B DHEPIeTHKE: CIIPaBOYHUK. M. —
JI.: Oreprus, 1967. 240 c.

8. Muxeee M.A., Muxeesa H.M. OcHOBBI Temuione-
penaun. M.: Dueprus, 1977. 343 c.

References

1. Jackson PS, Moelling DS, Anderson FC,
Mailoy JW. Operating experience of large reheat
HRSG’s in merchant service. Proceedings of
POWER-GEN International. Orlando: POWER-GEN
International; 2004. Available from: https:/tetra-
eng.com/PDF/Papers/paper OPERATINGEXPERIENC
E.pdf (accessed: 05/22/2022)

2. Bogachev AF, Radin YuA, Gerasimenko OB.
Features of operation and damage of heat recovery boilers

of binary combined-cycle gas installations. Moscow:
Energoatomizdat Publ.; 2008. (In Russ.)

3. Boiler codes require updating to address failure
mechanisms exacerbated by cycling. Combined Cycle
Journal. 2006, First Quarter.

4. Plotkin ER, Lazerovich AS. Starting modes of
steam turbines of power units. Moscow: Energiya Publ.;
1980. (In Russ.)

5. Lieberman LYa, Peisikhis MN. Properties of
steels and alloys used in boiler-turbine construction.
Leningrad: CKTI Publ.; 1966-1967. (In Russ.)

6. Zubchenko AS, Koloskov MM, Kashirskikh YuV,
Astakhov Yul, Golenypina LG, Grigorieva NN, Gud-
kov VN, Degtyarev AF, Dolbenko ET, Zharov VV, Ki-
rillova OM, Klauch DN, Kuznetsov EV, Menshova NF,
Mitina EN, Petropavlovsk ZN, Rusinova IN, Ryaza-
nova ED, Skorobogatykh VN, Tomina SP, Tykochin-
skaya TV, Shirolapova TB. Steel and alloy grader
(A.S. Zubchenko, Ed.). Moscow: Mashinostroeniye Publ.;
2003. (In Russ.)

7. Neymark BE. Physical properties of steels and
alloys used in power engineering: handbook. Moscow,
Leningrad: Energiya Publ.; 1967. (In Russ.)

8. Mikheev MA, Mikheeva IM. Fundamentals of
heat transfer. Moscow: Energiya Publ.; 1977. (In Russ.)

Caenenus 00 aBTopax

Paoun FOpuit Anamonveguu, NOKTOp TEXHUYECKUX HAYK, ITIABHBIH CIICLUAIUCT CITy>KObI BUOPOIMATHOCTUKH M Haiaaku, MHxe-
HepHoe yrpasiienue, [IAO «Mocaneproy», Poccuiickas @enepanus, 119526, Mocksa, rip-kt BepHanckoro, 1. 101, kopr. 3; 3aBe-
IOy Kadeapoi SHepreTHYECKOro MallIMHOCTPOEHHUS, HH)KeHepHas akaaeMus, Poccuiickuii yHUBEpCHTET APY>KObI HApOAOB,
Poccwiickas ®enepanus, 117198, Mocksa, yia. Mukinyxo-Makmas, a. 6; ORCID: 0009-0008-5895-5578, Scopus Author ID:
6602835955, eLIBRARY SPIN-kom: 7058-4682; RadinY A@mosenergo.ru

Konmoposuu Tamvana Casenvesna, KanauaaT TEXHUIECKUX HAYK, BEAYIIHHA crieruanuct, UwkeHepHoe ynpasienue, [IAO
«Mocaneproy», Poccuiickas ®enepanus, 119526, Mocksa, np-kt Bepnanckoro, a. 101, xopn. 3; ORCID: 0009-0009-0084-
2674, Scopus Author ID: 6505938504, eLIBRARY SPIN-kox; 4894-0720; kontorovich_ts@mail.ru

Muauaxanan Bukmopusa Ymeooena, TOKTOp TEXHUYECKUX HAYK, Mpodeccop, npodeccop kadeapbl TopHOro 000pyI0BaHMs,
TpaHCIopTa U MallMHOCTPOeHUs, HanmoHanbHbIN HcclienoBaTebCKuil TexHonorndeckuii yausepeutetr «MUCHCy, Poccuiickas
Denepanms, 119049, Mocksa, JlennHckuii ip-KkT, 1. 4, crp. 1; ORCID: 0000-0001-9276-7599, Scopus Author I1D: 6603501339,
eLIBRARY SPIN-kox: 8693-8313; artvik@bk.ru

About the authors

Yuri A. Radin, Doctor of Sciences (Techn.), chief specialist of the vibration diagnostics and adjustment service, Engineering
Department, Joint-Stock Company for Power and Electrification “Mosenergo”, 101 Prospekt Vernadskogo, bldg 3, Moscow,
119526, Russian Federation; Head of the Department of Power Engineering, Academy of Engineering, RUDN University,
6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation; ORCID: 0009-0008-5895-5578, Scopus Author ID: 6602835955,
eLIBRARY SPIN-code: 7058-4682; RadinY A@mosenergo.ru

Tatiana S. Kontorovich, PhD, chief specialist, Engineering Department, Joint-Stock Company for Power and Electrification
“Mosenergo”, 101 Prospekt Vernadskogo, bldg 3, Moscow, 119526, Russian Federation; ORCID: 0009-0009-0084-2674,
Scopus Author I1D: 6505938504, eLIBRARY SPIN-code: 4894-0720; kontorovich_ts@mail.ru

Victoria U. Mnatsakanyan, Doctor of Technical Sciences, Professor, Professor of the Department of Mining Equipment,
Transport and Mechanical Engineering, National Research Technological University “MISIS”; 4 Leninskii Prospekt, bldg 1,
Moscow, 119049, Russian Federation; ORCID: 0000-0001-9276-7599, Scopus Author ID: 6603501339, eLIBRARY SPIN-
code: 8693-8313; artvik@bk.ru

143



BectHuk PYOH. Cepusa: UHXXeHepHble nccnenoBaHusa
RUDN Journal of Engineering Research

2023;24(2):144-156

ISSN 2312-8143 (Print); ISSN 2312-8151 (Online) oG
journals.rudn.ru/engineering-researches i_

DOI: 10.22363/2312-8143-2023-24-2-144-156
EDN: BINKQE
UDC 620.9
Research article / HayyHasa ctatbs

Technical and economic aspects of the development of green energy
in the Middle East region

Dmitry N. Ermakov®™, Sergei A. Kupreev? , Oleg E. Samusenko®.*,
Evgeny V. Kuznetsov®?'2', Oleg Yu. Kazenkov®P'*| Irina V. Burkova®

2RUDN University, Moscow, Russian Federation
bPolyus Research Institute of M.F. Stelmakh, Moscow, Russian Federation
°Institute of Control Sciences, Russian Academy of Sciences, Moscow, Russian Federation

kupreev-sa@rudn.ru

Article history Abstract. The effectiveness of solar and wind power plants has been analyzed,
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Revised: November 28, 2022 the Middle East region. The development of green energy contributes, on the
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use, and on the other hand, the alternative high-tech complexes working on
Keywords: solar and wind energy could also be widely applied. Comparative characteris-
wind power, nuclear energy, alternative tics of solar and wind energy are given, as well as an assessment of the effec-
energy sources, renewable energy sources, tiveness of its use in the states of Middle East is carried out. It was concluded
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systems. Project proposals for the energy-technological complex of the coun-
tries of Middle East based on solar and wind installations are posed.
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KuroueBble ciioBa:

CHJ1a BETpa, aTOMHast SHEPI'vsl, allbTCPpHATUB-
HbIC UICTOYHHKHU DHEPIuHu, BO300OHOBJIsIC-
MBI€ UICTOYHHUKH DHEPIUH, SKOJIOTHICCKasA
IOJINTHKA, COJITHCYHAs1 DHEPreTUKaA, SHEP-
TeTUYEeCKUM PBIHOK

CaMbIM IIPOJICHUIO CPOKOB MX MCIIOJIb30BaHUS, a C IPYroil — MPUMEHEHUIO
QIBTEPHATUBHBIX BBICOKOTEXHOJIOTHYHBIX KOMIUIEKCOB C HCIIOIb30BAaHUEM
sHeprun CounHua u Berpa. [IpuBeneHbl CpaBHUTEIbHBIC XapaKTEPUCTUKU
MIPUMEHEHUSI COJIHEYHOM M BETPSIHOW PHEPreTHKH, IPOBEIEHA OLEHKA (-
(hEeKTHBHOCTH ee TIPUMEHEHUs B rocynapcTBax Apabckoro Bocroka. Chenan
BBIBOJI O HEOOXOMMOCTH Pa3pabOTKH U CO3JJaHUS SHEPTOTEXHOJIOTMYESCKUX

KOMIIJIEKCOB Ha 0a3e CHHTEe3a COJIHEYHBIX OaTapeil W BETpSHBIX I'€HEpaTo-
POB, CHUCTEM aKKyMyJIHpPOBAaHUS 3JIEKTpUueckoi sHepruu. [IpencraieHsl
MPOCKTHBIC TPEITI0KEHUS [0 IHEPrOTEXHOJIOTHYECKOMY KOMILIEKCY CTpaH
Apabekoro BocToka Ha 6a3e COJTHEYHBIX M BETPSHBIX YCTaHOBOK.

BaaronapuocTn

ITyOnukanus BeINONHEHA MpU Hoanepxke [IporpaMMel CTpaTerHuecKoro akagemMudeckoro auaepcrsa PYIH.
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Introduction

Today, the use of renewable energy sources has
become one of the main directions for the transition
to a sustainable energy system [1]. Interest in the
production of electricity from renewable energy
sources in the world has increased, as it is one of
the elements of the national energy balance in most
countries. The Russian leadership is showing atten-
tion and interest in the problems of renewable ener-
gy. “Of course, we need to deal with alternative
types of energy — the sun, and wind, and tidal ener-
gy, and hydrogen. Of course, we need to do all this
in accordance with the volume of consumption to-
day, with the growth rate of the world economy,
with the needs in resources and with the level of
technology development. But who does this, look-
ing ahead only for political reasons, especially of
an opportunistic political nature?” — noted the Pres-
ident of the Russian Federation Vladimir Putin at
the Russian Energy Week forum, held in Moscow
on October 12-14, 2022.}

The 2030 Sustainable Development Plan,
adopted by the United Nations in September 2015,
provides for the efforts of the entire world commu-
nity to preserve the environment and reduce harm-
ful emissions. Important for the development of
renewable energy is the Paris Agreement on climate

1 V.V. Putin spoke about alternative energy sources.
RIA Novosti. 2022, October 12. (In Russ.) Available from:
https://ria.ru/20221012/putin-1823366363.html (accessed: 10.10.2022).

change, concluded on December 12, 2015, which
provides for the annual allocation of 100 billion US
dollars to developing countries until 2025 to help
them reduce harmful emissions.>

In the Russian Federation, renewable energy is-
sues are set out in strategic planning documents,
which assume the introduction of 12 GW of genera-
tion capacity based on renewable energy sources by
2035.

At a meeting with members of the Government
of Russia, President of the Russian Federation Vla-
dimir Putin confirmed the leading position of our
country in the field of green energy: “The share of
energy from nuclear power plants, hydroelectric
power plants, wind and solar power plants exceeds
37 percent.” It was also noted that it is necessary to
increase the pace of implementation of projects in
the nuclear power industry, actively develop small
hydroelectric power plants, and use the energy of
ebbs and flows. During ten years’ time, from 2010
to 2019, the share of energy derived from renewable
sources in the world in total final energy consump-
tion increased by 1.6%. At the same time, over
the same period, the total volume of energy con-

2 Measures to combat climate change. United Nations.
(In Russ.) Available from: https:/Amww.un.org/ru/climatechange/paris-
agreement (accessed: 10.12.2022).

3 Vladimir Putin announced Russia's leadership in green
energy. Lenta.ru. 2021, October 5. (In Russ.) Available from:
https://lenta.ru/news/2021/10/05/putinzelen/?ysclid=I19yo081livgi
719665991 (accessed: 10.10.2022).
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sumption from renewable sources grew much more
significantly — by 25%. The most rapid progress is
observed in the electricity sector — the share of re-
newable energy sources in it increased from 19.7%
in 2010 to 26.2% in 2019. At the same time,
in 2019, this sector accounted for only a fifth of
the final energy consumption in the world. Half of
global energy consumption comes from thermal
generation, but progress in this sector has been
modest: in 2019, the share of modern renewable
energy was 10.1%, i.e. increased by less than 2%
compared to 2010. In 2019, the share of renewable
energy sources used in the transport sector reached
3.6%, while in 2010 this figure was 2.6%.

In 2019, traditional uses of biomass, such as
burning wood for heating, still generate almost
a third of total energy consumption from renewable
sources. Effectively addressing climate change will
require enhanced policy support across all sectors
and effective tools to further mobilize private capi-
tal, including for developing countries. Achieving
the global energy efficiency target is still possible,
but only with significant systematic investment in-
creasing energy efficiency is essential to achieving
global climate change goals. To solve the set task
by 2030, it is necessary to annually increase energy
intensity by 2.6%, which is twice as high as the rates
observed from 1990 to 2010 [2].

Global primary energy intensity, calculated as
the ratio of total energy use to GDP, decreased from
5.6 MJ/US$ (2017 purchasing power parity) in 2010
to 4.7 MJ/US$ in 2019, while the rate of decline
averaged 1.9% per year. To meet the Sustainable
Development Goals (SDG) target and make up for
lost time, the rate of increase in energy intensity by
2030 must average 3.2% per year. This is still pos-
sible, but only if there is significant systematic in-
vestment in cost-effective energy efficiency tech-
nologies. The pace of progress varies from region to
region due to differences in economic structure,
energy use and electrification levels. The only re-
gion that has met the target so far is East and South-
east Asia, where the average annual rate in 2010-
2019 was 2.7%, supported by strong economic
growth. While the challenge of combating climate
change is becoming increasingly urgent, growth in
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international public funding for renewable energy
had slowed even before the pandemic. International
government funding to developing countries to sup-
port clean energy development has declined for
the second year in a row. In 2019, such financing
amounted to $10.9 billion, which is almost 24% less
than a year earlier. In addition, for the first time
since 2008, the five-year moving average decreased
from $17.5 billion in 2014-2018 to USD 16.6 bil-
lion in 2015-2019. The impact of the COVID-19
pandemic could have caused another downturn in
2020. In 2019, more than 52% of commitments
made were for loans. Nearly 17% were grants, indi-
cating an increase in the use of non-indebted aid to
developing countries. Another promising way is
shares in collective investment such as investment
funds, which reached $191 million in 2019, up 91%
from 2018. In 2019, LDCs accounted for 25.2%
of pledged aid compared to 21% in 2018, but its
volume has decreased from USD 3.0 billion to
USD 2.7 billion [3].

The widespread use of renewable energy sour-
ces, especially from the Sun (depending on solar
photovoltaic technology) and wind, has led to a no-
ticeable decrease in the cost of electricity (an in-
crease in renewable energy production can be seen
in Figure 1, where the main share falls on wind and
solar energy) [4].

Annual change, TWh
400

2010 2012 2014 2016 2018 2020

- Wind energy

Solar energy
Geothermal energy, biomass, etc.

Figure 1. Renewable energy production
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By 2025, an increase in the rate of electricity
generation from renewable energy sources is pre-
dicted by about a third, but with a limited increase
in the heating and heat production sector, as well as
in transport [5].

According to information provided by our-
worldindata.org, about 1/3 of the world's electricity
generation capacity in 2021 came from low-carbon
sources. For example, the share of electricity from
low-carbon sources in Saudi Arabia for 2021 was
0.23%; United Arab Emirates — 11.26%; Qatar —
0.25% (Figure 2). The countries of the Middle East,
while continuing to increase the pace of production
of low-carbon energy (solar, wind, biomass and
waste, geothermal, tidal, etc.), continue to lag be-
hind the world leaders.

Renewable energy sources, which make up
about 26-28% on a global scale, are actively devel-
oping all over the world. If in some countries of the
Middle East there is no nuclear energy (Figure 3),
then almost all countries are aimed at the active de-

velopment of renewable energy sources, as evi-
denced by the strategies adopted at the state level
and other planning documents. Thus, Egypt and
Morocco, despite the uneven dynamics of the de-
velopment of this segment, demonstrate fluctua-
tions between 13 and 18%, which is commensurate
with the use of renewable energy sources in the USA
and Russia [6].

The production of electricity per capita is indica-
tive. Despite ongoing efforts to develop renewable
energy sources, a large share of energy production
per capita comes from gas, coal and oil, as shown in
Figure 4.

The increase in renewable energy capacity in
the US, China and India combined will lead to
a significant reduction in the cost of energy. Cur-
rently, many countries are aimed at signing long-
term agreements on the purchase of electricity for
the needs of public utilities [7].

Figure 4 shows the expected sectoral develop-
ment of renewable energy demand from 2015 to 2025.

Russia
World
35%
30%
25%
20%
15%
Egypt
10% United Arab Emirates
5%
Qatar
0% — Saudi Arabia
1985 1990 1995 2000 2005 2010 2015 2021

Figure 2. Share of energy from low-carb sources

Source: Ritchie H, Roser M. Electricity mix. Our World in Data. Available from: https://ourworldindata.org/electricity-mix (ac-

cessed: 15.11.2022).
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Figure 3. Share of renewable and nuclear energy
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[l Coal M Gas [ Oil M Nuclear M Hydropower [l Wind [l Solar [l Other renewables

United Arab Emirates 13,211 kWh 14,887 kWh

United States IR 5,026 kWh 2,431kWh 13,038 kWh
Saudi Arabia 6,006 kWh 3,890 kWh 9,920 kWh
Russia 3,424 kWh 7,942 kWh
Europe I 6,409 kWh
Egypt 1,919 kWh

Morocco 997 kWh

0 kWh 4,000 kWh 8,000 kWh 12,000 kWh

Figure 4. Power generation per capita by source, 2021

Source: Ritchie H, Roser M. Electricity mix. Our World in Data. Available from: https://ourworldindata.org/electricity-mix (ac-
cessed: 15.11.2022).
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Figure 5. Projected industry development of global renewable energy demand in 2015-2025 [8]

and the neglect of the importance of this modern in-
1. Features of the technical and economic dustry. Preservation of the environment has become
development of renewable energy the responsibility of the whole world and therefore
in the countries of Middle East has stimulated national environmental protection ac-
Renewable energy is still a minor issue in public tivities during environmental disasters since the in-
opinion in the countries of the Middle East region. dustrial revolution. The energy sector contributes to
The reason for this may be due to the dominance of  industrial and economic achievements and is a pre-
the oil sector (oil and gas) in the local energy market  requisite for meeting basic human needs [9].
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Renewable energy sources play an important
role in achieving sustainable development; although
studies on it were started by accident in the 30s
of the last century, they still cause discussion and
study, especially after the energy crisis of the 1970s,
which affected the economic and social life in the
world. Industrialized countries have been looking
for alternatives to achieve economic independence
and security, and countries such as China, Denmark,
Iceland and Germany have succeeded in this.

The emergence and export of oil in the Arab
region was a decisive historical revolution in over-
coming the isolation of the region. Suddenly there
was a socio-economic transformation. Within a few
decades, something like a value revolution took
place, the result of which was a crack in the value
system, and many crafts were destroyed in favor of
the spread of a new production model, which also
brought a consumer culture in need for help [10].

Such components of the natural environment as
climate, geographical location and natural resources
had a significant impact on social life, since the
population density was formed in regions without
others, which contributed to the impact on the struc-
ture of production and the social organization of
these entities, thereby creating cultural diversity and
diversity of heritage, some of which were subject to
change, while others were reluctant to endure the
rigors of the times. It is well known that the society

M oil, gas
M coal
hydropower

M renewable energy

m other

of the Arab countries of the Persian Gulf as a whole
is a tribal society, which, before the discovery of
oil, relied on traditional models of production, such
as agriculture, herding, pearling and fishing. How-
ever, after that it was accompanied by many chang-
es at various levels.

The enormous influence of modern and advan-
ced technologies and facilities has effectively contri-
buted to the growth of modern cities with all their
amenities, beauty and speed of expansion. To achieve
the seventh United Nations Sustainable Development
Goal by providing clean and affordable energy,
the Kingdom of Bahrain has worked to capitalize
on affordable sustainable renewable energy, and the
Electricity and Water Authority has started to pro-
mote the use of renewable energy through a project
to install solar energy systems in houses, as well as
through the implementation of the solar energy plant
project with a production capacity of 100 MW.

The Arab countries are approximately 94% de-
pendent on fossil fuels as their main source of elec-
tricity generation, with a modest contribution from
renewable energy sources (solar and wind). A plea-
sant exception is the state of Sudan, which receives
electricity from the floods of the Nile River in addi-
tion to oil.

Figure 5 shows the percentage of the contribu-
tion of renewable energy sources to the energy pro-
duced in the Middle East region.

Figure 6. Percentage of renewable energy contribution to energy produced in the Middle East region, 2017-2022 [11]
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In the countries of the Middle East region, there
is a growing interest in the use of renewable energy
sources (especially solar and wind). Electricity pro-
ducers in the Arab countries that import energy
make a significant contribution to the diversification
of the national energy mix.

The total capacity of renewable energy sources
(without hydropower) in the Arab countries is about
5100 MW, including 1972 MW from solar photo-
voltaic system, 2559 MW from wind, 325 MW
from solar thermal concentrators and 244 MW from
bioenergy. At the end of 2017, Morocco, Egypt,
Tunisia, and Jordan, due to the lack of traditional
energy sources, have made great strides in using
wind energy to generate electricity.

At the end of May 2018, Jordan abandoned
the construction project with the participation of
the state corporation Rosatom of a large-capacity
nuclear power plant worth $10 billion, on the same
days Russia and Jordan signed an agreement on
the development of a project for the construction of
a small-capacity nuclear power unit (about 200 MW)
on the Jordanian territory for Russian project.

The request of the Russian side to pay for
the construction of the first nuclear power plant in
Jordan with loans from commercial banks caused
the cancellation of the agreement signed between
the commission and the Russian company Rosatom.
The Jordanian leadership has demonstrated a gen-
eral trend characteristic of the states in the Middle
East region — a phased transition to the use of solar
energy.*

The interest in the use of wind energy of
the governments of the states in the Middle East
region is increasing in the presence of regions cha-
racterized by a “wind rose” in terms of frequency
and average annual wind speed, which were ob-
tained as a result of scientific research. A significant
role is given to the local industry, which produces
some components of wind power equipment.

Photovoltaic solar system technology, given its
low cost and suitability for rural and remote areas,
is attracting the attention of most countries with
different economies and natural resources, whether
they are energy exporters or importers (e.g. Algeria,
Jordan). PV projects for lighting, water pumping
and desalination are expected to continue to expand

4 Jordan spoke about the reasons for the cancellation of the
agreement with Rosatom on nuclear power plants. RIA Novosti. 2018,
June 11. Available from: https://ria.ru/20180611/1522520409.html
(accessed: 15.11.2022).

in most Arab countries. And at present, Morocco is
still the first country in the region in the field of
concentrated solar thermal power plants.

2. Characteristics of the production
of electricity from renewable energy sources
in the countries of the Middle East region

Two millennia after the ancient Egyptians aban-
doned their God of Sun Ra, their descendants are
rediscovering the power of the Sun. In the southern
desert, half an hour from Aswan, Egypt is putting the
finishing touches on Benban, one of the world's lar-
gest solar farms. Its 6-meter panels produce 1.5 GW
of energy, enough to power more than 1 million homes.
“In ten years, we will still need oil for plastics and
other petrochemicals, but not for energy,” says Rabeaa
Fattal, a Dubai-based investor in Rising Sun, one of
Benban's 40 fields. Most of the energy in the mo-
dern Middle East and North Africa is built on oil.
This region exports more oil than any other region.
A quarter of the Middle East's electricity comes from i,
compared to three percent from renewable sources.
In the long term, the global trend is towards cleaner
energy sources. Renewable energy capacity in the
Middle East has doubled to 40 GW over the past
decade and should double again by 2024.

Last year, the Arab Republic of Egypt made great
strides in renewable energy production as renew-
able energy production reached nearly 24 GWh.
At the same time, wind and solar energy provided 41%
of the total amount of energy consumed in the country.

The renewable energy sector in Egypt has been
able to make significant gains despite the difficult
conditions facing renewable energy markets during
the coronavirus pandemic, most notably with the com-
missioning of a 250 MW wind farm located in the
Gulf of Suez. The Arab Republic of Egypt has sold
almost 2 million carbon certificates and has made im-
pressive progress in the implementation of a solar pho-
tovoltaic power plant near the city of Zaafarany [12].

Egypt is developing projects in the field of so-
lar and wind energy with a total capacity of appro-
ximately 3,570 MW. The private sector and foreign
investors have purchased about 3,500 MW of these
power generation facilities for about $3.5 billion.

Xlinks has announced the implementation in Mo-
rocco, in the area of Guelmim Oued Noun, the largest
project to create on an area of 1500 square Kilome-
ters of a wind and solar energy facility with a capaci-
ty of 10.5 GW. To export the generated energy,
3,800 km of high-voltage DC offshore cables will
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be laid and a huge battery storage facility with
a capacity of 5 GW/20 GW per hour will be built.

A total of 111 clean energy projects are in opera-
tion and development in Morocco, while the share
of renewable energy in the electricity generated in
the country is currently about 37-38%. In 2030,
the share of renewable energy sources in the King-
dom of Morocco should exceed 50%.

Hydropower
Wind power
Solar energy

Thermal solar energy '20

0

Electric power generated through the use of re-
newable energy sources, according to the Ministry of
Energy of Morocco, in 2021 amounted to 3.95 thou-
sand MW: 1.43 thousand MW due to wind energy
(13.4% of the total electricity capacity), 0.75 thou-
sand MW from solar energy (7.03% of total electrici-
ty capacity) and 1.77 thousand MW from hydroelec-
tric power (16.57% of total electricity capacity).

500 1000 1500 2000 2500 3000

Figure 7. Annual report of the renewable energy authority of the Arab Republic of Egypt

Investments in renewable energy projects in
Morocco amounted to USD 5.8 billion. The goal of
implementing large-scale projects is to generate up
to 52% of energy from renewable sources and cre-
ate up to 400 thousand jobs in 20 years.®

According to official government sources and other
publicly available information, in 2020-2021, in re-
sponse to the COVID 19 pandemic, Saudi Arabia
allocated $6.50 billion to support various forms of
energy through new or changed policies. These govern-
ment monetary commitments include: $5.59 billion
for unconditional use of fossil fuels under 5 strategies
(3 quantitative and 2 non-quantitative).® $906.67 mil-
lion were allocated for unconditional clean energy
under 3 strategies (1 quantitative and 2 non-quanti-
tative). 5.59 billion US dollars were allocated for oil
and gas production [13].

5 Tuma YM. Arab countries eye energy diversification, in-
cluding renewables. Mexico Business News. 2022, June 7. Avail-
able from: https://mexicobusiness-news.translate.goog/trade-and-
investment/news/arab-countries-eye-energy-diversification-including-
renewables? x_tr sl=en& x_tr_tl=ru& x_tr_hl=ru& x_tr_pto=sc
(accessed: 15.11.2022).

6 Saudi Arabia. Energy Policy Tracker. Available from:
https://www.energypolicytracker.org/country/saudi-arabia/ (ac-
cessed: 15.11.2022).
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The significant amount of public funds allocated
to support the Saudi economy and people through
monetary and fiscal policy in response to the crisis
could also benefit various elements of the energy
sector. However, these values are not available from
official legislation and statements and are therefore
not included in the database. Meanwhile, in addition
to monetary and fiscal measures, the database lists
other policies and regulations that can also provide
benefits to producers and consumers of various
types of energy. These public monetary obligations
are in addition to many other public policies that
were in place to support various forms of energy
prior to the COVID19 pandemic [9].

3. Prospects for the development of renewable
energy in the countries of the Middle East region

At the third session in Riyadh, the Arab Develop-
ment Summit adopted the Arab Strategy for the Deve-
lopment of the Use of Renewable Energy Sources for
2010-2030." The strategy provides a scientific and

7 Pan-Arab Renewable Energy Strategy 2030. International
Renewable Energy Agency. Available from:
http://www.irena.org/DocumentDownloads/Publications/IRENA
_PanArab_Strategy _June%202014.pdf (accessed: 15.11.2022).
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theoretical basis for the joint actions of the Arab states
in the field of renewable energy sources. Thanks to
the implementation of this strategy, the share of re-
newable energy sources in electricity generation in
the Arab region in 2020 reached 5.1%.

The Executive Office of the Arab Council of
Ministers of Electricity of the League of Arab States
adopted the Guidelines for Arab Countries on Re-
newable Energy and its Annex — Model of National
Renewable Energy Plans, and encouraged the Arab
countries to use them as the main guide in preparing

their respective national plans and to coordinate their
actions with the Committee of Experts on Renew-
able Energy and Energy Efficiency (associated with
the Council) and, with the help of a special metho-
dology, monitor the implementation of the decisions
of the above structure [3].

Table shows countries in the Arab region that
have announced official strategic goals and adopted
policies related to renewable energy. The Kingdom of
Morocco ranks first in terms of completion of renewa-
ble electricity projects, followed by Egypt and Jordan.

Renewable Energy Goals. Total installed capacity of renewable energy sources in the Middle East

Approved goals for increasing
the share of renewable energy

Total installed capacity

Deadlines of renewable energy sources

Country sources (% of total electricity for achieving the goal (excluding hydropower)
production in the country) for 2022, MW

Jordan 10 2025 564.4
UAE 25 2030 356.6
Bahrain 10 2035 6
Algeria 27 2030 435.2
Tunisia 30 2030 282.8
Syria 30 2030 13
Sudan 20 2030 202.6
Iraq 11 2025 37
Oman 10 2025 25
Palestine 10 2025 18
Qatar 20 2030 43
Kuwait 15 2030 41
Lebanon 12 2025 30
Libya 10 2025 5
Egypt 20 2022 866
Kingdom of Morocco 52 2030 1260.8
Saudi Arabia 30 2040 92
Mauritania 20 2025 119.2
Yemen 15 2025 400

The growing competitiveness of renewable ener-
gy gives analysts hope that this trend will continue
(Figure 5). Solar farms are cheaper, faster and safer
to build and maintain than oil and gas power plants.
A new solar power plant in the United Arab Emira-
tes will produce electricity about two-thirds cheaper
than gas and one-third cheaper than oil. Several
countries in the region are talking about becoming
exporters of renewable energy. Investors, however,
still have reason to hesitate. First, Arab autocrats
often promise more than they deliver. Take, for ex-

ample, Mohammed bin Salman, the de facto ruler of
Saudi Arabia, who made renewable energy the basis
of his economic reform plan. In 2018, the ruler and
Japan's SoftBank announced the world's largest so-
lar power project in the Saudi desert. However, after
six months it was postponed.

Regional instability in the states of the Middle
East region deters potential investors. The Iragi Ener-
gy Minister blames the protests for derailing his
plans to meet 20% of demand from renewable ener-
gy by 2030. Conflicts in neighboring countries have

153



Ermakov D.N. et al. RUDN Journal of Engineering Research. 2023;24(2):144-156

cast doubt on Jordan's efforts to export solar energy
to Lebanon. Egypt offered to buy solar power at
above market prices to attract investors to Benban.

There is also a risk that, in the long term, lower oil
prices will decrease countries' interest in solar energy.
Saudi Arabia, for example, may choose to burn more
oil for energy. The decline in revenues could force oil-
producing states to suspend new solar projects. But
such projects are largely driven by the private sector,
and they still compare favorably with fossil fuels.

Middle East, projected solar capacity*, GW

200
Egyét Israel
o g O
) ”—Kuwait
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Figure 8. A graph demonstrating
the planned growing competitiveness of renewable energy sources

Source: Per capita electricity generation by source,
2021. Our World in Data. Available from:
https://ourworldindata.org/grapher/per-capita-electricity-source-
stacked?country=USA~EGY~Europe~MAR~RUS~SAU~ARE (ac-
cessed: 15.11.2022).

The expansion of the use of renewable energy
sources requires the adoption of comprehensive
measures, in accordance with national conditions and
priorities, which, taking into account the degree of
coordination and integration of policies between the
relevant sectors and government bodies, will achieve
the greatest efficiency of green energy both at the re-
gional and international levels [10]. Nuclear energy is
also included among the sources of renewable energy,
however, the article itself predetermined the emphasis
on solar and wind energy, as the least expensive and
affordable for individuals. For example, 70% of ener-
gy in Yemen is generated by “domestic solar panels
of private households. The countries of the Middle
East region will have to repeat the successful Soviet
experience in implementing the GOELRO plan [14].

Jordan's refusal to sign a contract with Rosatom on
the construction of a nuclear power plant indicates that
this country has chosen solar energy as their priority.
An obvious problem with using solar panels is desert
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storms that cover the batteries with sand. An important
step towards the development of solar and wind energy
was the adoption of the Arab Strategy for the Develop-
ment of the Use of Renewable Energy Sources for
2010-2030, adopted at the third session in Riyadh at
the Arab Development Summit. The strategy provides
a scientific and theoretical basis for the joint actions of
the Arab states in the field of renewable energy sources.

Looking ahead to the future, Paddy Padmanathan
of Acwa Power, a Saudi firm that manages renewable
energy projects, argues, “Why shall we spend money
extracting fuel from the earth and refining it instead of
relying on God-given free sun and wind?”

The use of nuclear energy in the countries of
the Middle East region causes serious concerns among
the world community. Concerns about nuclear safety
in the Middle East are limiting the spread of nuclear
power. For example, Saudi Arabia and the UAE are
concerned about possible terrorist attacks. First of all,
this raises the issue of nuclear security, i.e., rapid
measures to prevent and detect malicious acts such as
theft, sabotage, unauthorized possession and illegal
transfer. But there is also the issue of security, i.e. en-
suring the operability of nuclear installations, prevent-
ing accidents or limiting their consequences. The coun-
tries of the Middle East are concerned about the avail-
ability of nuclear material for terrorist organizations,
which undermines their desire to develop nuclear
power in peacetime. The UAE, Turkey, Saudi Arabia,
Egypt and Jordan import most of their fissile material
for their current programs, and this raises the issue of
dependence on other countries. In addition, the region
is prone to frequent earthquakes (especially in Iran and
Turkey), high temperatures, frequent terrorist attacks,
and violent geopolitical disputes. When an earthquake
measuring 7.7 on the Richter scale hit Iran in 2013,
the disaster caused cracks in the concrete at the Bushehr
nuclear power plant. Solar and wind power do not
depend of earthquakes, unlike sandstorms. It is com-
pletely safe and does not create waste.

Any nuclear leak in the Persian Gulf would be
a major problem for those countries dependent on
seawater desalination. And finally, the Middle East,
with its relatively late start in the development of
nuclear energy, suffers from a shortage of qualified
specialists and a belated development of related tech-
nologies. The problems of using atomic energy are of
a political nature and are affiliated with the interests
of major world powers. Of course, it is beneficial for
Rosatom to build nuclear power plants in the region,
which made it possible to strengthen Russia's influ-
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ence on the region, however, our rivals use other ar-
guments to gain a foothold in the countries of the
Middle East region [8]. The issues of using nuclear
reactors in the countries of the Middle East will be
looked in more detail in the next article.

Conclusion

The presented materials make it possible to evalu-
ate both the economic and political effects of the intro-
duction of solar and wind power plants in the countries
of the Middle East region. By decision of the Executive
Office of the Arab Council of Ministers of Electricity of
the League of Arab States, the Guiding Principles for
Arab Countries on Renewable Energy Sources “Model
of National Plans for Renewable Energy Sources”
were adopted. The Arab countries use them as the main
guide in preparing their respective national plans and
coordinate their actions with the Committee of Experts
on Renewable Energy and Energy Efficiency.

The article shows that systems of solar panels and
storage batteries are capable of providing up to seventy
percent of the needs of the country's population for
electrical energy. In conditions of strong sun and a fa-
vorable prevailing and dominant winds (windrose dia-
gram), small solar panels and wind turbines located in
private houses are ways to solve the global state prob-
lems of saturating the country with energy. Numerous
programs of the countries of the Middle East region for
the development of solar and wind energy indicate
the correctness of their chosen strategy. The Russian
Federation undoubtedly has the necessary technological
resources to help the countries of the Middle East re-
gion in the development of solar and wind energy.
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HEpaBHOMEPHOCTH, TpaduK HArpy3KH,
HEOJTHOPOJIHOCTb IEKTPUUECKON CETH

ﬂﬂﬂ HUTHPOBAHUA

AHHOTanusl. YCTaHOBIIEHHAs! MOIIIHOCTh BETPOBBIX 3JIEKTPOCTAHIIMH B CO-
CTaBe JNIEKTPOIHEPIeTHUSCKUX CHCTEM DPACTET MPOrPECCHUPYIOIUMH TeM-
namu. B Poccuiickoit @enepannn NpuHAT KOMIUIEKC 3aKOHOJATEIbHBIX
MCp, HAIpaBJICHHBIX Ha YBCJIMYCHUC yCTaHOBJ’[eHHOﬁ MOIITHOCTU BETPOBBIX
anekrpocraniuii (BOC). HMccnenoBanue MocBsIICHO OLICHKE BIUSHHS BET-
POBBIX 3JIEKTPOCTAHIMI Ha 3J1eKTpodHepreTuyeckyto cucremy (99C). Pac-
CMOTpeHO Bo3zelcTBUEe pacmpenenenrns BOC mo ys3mam 3HEpProcucTreMsl
B cpaBHeHuH ¢ oxHoil BOC Oonbioit Momnoctu (Eiick). Ha ocHoBanumu
pacdera CyTOYHOTO K03 UIMeHTa HEpaBHOMEPHOCTH, Kodddunuenta
HCIIOJIB30BAHHUA yCTaHOBJ’[eHHOﬁ MOIITHOCTH W HEOAHOPOAHOCTHU DJJICKTPH-
YEeCKOW CeTH CHelaHbl cieayronme BeiBoAbl: Yy BOC Gonbioil MOmHOCTH
CyTOYHAsT aMIUTUTyaa KoJieOaHuii MOIIHOCTH HMeEeT OOJbIINe 3HAYCHUS,
BILTIOTH 10 HOMHHaNBbHOU MotmHocTd 3,4 ['BT; KUYM cucremsr BOC Bce-
raa Oyzer Hke mpu cpaBHeHHH ¢ BOC GonbIIoi MOIIHOCTH, pa3MeleH-
HOHM B OJHOM MCCTC C HAWJIY4YIINM BETPOOSHECPICTUYCCKUM IOTCHIUAIIOM;
pacnpenenenre BOC no y3nmam D9C moBbIIaeT WX KECTKOCTh (CHOCO0-
HOCTb HOAJEPKaHUS HANPSDKEHUS y371a IPH MU3MEHEHHH Harpysku) U, Kak
CIICICTBUE, HaAEXHOCTh. ['paduueckoe m300paxkeHHE UyBCTBHTEIBHOCTH
64-y3n0Boii cxembl anekTpuueckoi cetu 110-500 kB nemoHcTpupyeT yBe-
JIUYEeHNE KOJTUIECTBA )KECTKUX Y3JI0B.
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Abstract. Installed capacity of wind farms is growing rapidly in the electric
power systems. The Russian Federation has adopted a set of legislative
measures to increase wind farms (WF) installed capacity. The research focuses
on assessing the impact of wind farms in electric power system (EPS). In par-
ticular, the wind farms distribution impact over electric power system nodes
is considered in comparison with single high-capacity wind farm (Eysk).
Based on the calculations of the daily unevenness factor, installed capacity
utilization rate and grid heterogeneity, following conclusions are obtained:
the high-capacity wind farm has a higher daily power fluctuation ampli-
tude, up to a nominal capacity of 3.4 GW; installed capacity utilization rate
of wind farms system will always be lower when compared to a high-
capacity wind farm located in the same location with the best wind energy
potential; wind farms distribution across EPS nodes increase their rigidity
(the ability to maintain the node voltage as the load changes) and, as a result,
their reliability. The graphical illustration of the sensitivity of a 64 node
110-500 kV power grid demonstrates the increase in the number of rigid nodes.

Sigitov OYu, Kupreev SA, Mnatsakanyan VU. Positive impact of wind farms distribution in the electric power system.
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BBepeHune

B coBpeMeHHBIX PHEpProcucTeMax peLarTCs
CIIO’KHBIE CTpaTeTHYECKHE 33/1a4H, B YMCIIE KOTOPBIX
pa3BUTHE 3JIEKTPOCETEBOH MHAPACTPYKTYPBI, pacipe-
JIETICHHO! TeHepalyy, B TOM YHCIIe BO30OHOBIISIEMBIX
WCTOYHUKOB 3HEPTUH, U CHWKEHHE JIKOJIOTUIECKON
Harpy3KkH Ha OKpy’karoyto cpeny. CyliecTByomme
CLIEHApUH Pa3BUTHUS DJIEKTPOIHEPTETUUECKOTO KOM-
IJIEKCA B JOITOCPOYHOU MEPCIEKTUBE OTIUYAKOTCS
IIPOTHO3aMU APHEPronoTpelIeHns U yCTaHOBICHHOMN
MOIIIHOCTBIO Pa3JIMYHBIX THUIOB 3JEKTPOCTAHLUH.
Cuenapuu nporsosza mo cocrosHuro Ha 2019 r.
YUMTBIBAIOT TPU HANpPAaBICHUS Pa3BUTHS: KOHCEP-
BaTHBHBIN, HHHOBAIIMOHHBIA U sHepromepexon [1].
OTnurie HampaBIICHUH COCTOUT B BEIOOpE Tocymap-
CTBEHHOW SHEPreTUYECKOW MOJMUTUKKA U IMyTH pas-
BUTUSI TEXHOJOTUM MPHU HEU3MEHHON UMCIEHHOCTH
HAacCeJICHUS! U CPETHEr00BBIX TEMIIaX POCTa MHPO-
BOTO BaIOBOTO BHyTpeHHero npoaykra (BBII). Ilpu
3TOM BO BCEX CIIEHAPHUIX OTMEYAeTCs HaHMOOIBIIHN
MPUPOCT AIEKTPOCTAHIUN HA OCHOBE BO30OHOBIIsIC-
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MBIX UCTOYHHKOB 3Hepruu. HanbomnpIiee cHIKEeHNE
JIEMOHCTPHUPYIOT YrOJIbHBIC JIEKTPOCTAHIIHH.
Betposrie anextpocraniun (BOC) B Hacros-
ee BpeMsi JEeMOHCTPUPYIOT BBICOKHE TEMBI POCTA.
B nepuon ¢ 2001 mo 2021 r. ycTraHOBIEHHAs MOIL-
Hocte BOC B mMupe BbIpocna moutu B 35 pas, ¢ 24
no 837 I'Bt [2]. 3a mepuon 2010-2020 rr. mupo-
Bass mpuBeneHHas ctoumocTh (LCOE) koHTHHEH-
taneHbix BOC cHm3mimacs Ha 56 % — ¢ 0,089 no
0,039 momn. CIIA/xBtu. [Ins Hambosiee qOpOruX
odpdmopueix BOC cHmwkenue cocraBmino 48 % —
¢ 0,162 mo 0,084 momn. CHIA/xkBtu [3]. Betrpo-
sHepreTudeckue yctaHoBku (BOY) B cBoro ouepens
aKTUBHO Pa3BUBAIOTCS B HANPABICHUU YBEIUYCHUS
WX YCTaHOBJICHHON MOIITHOCTH, KOTOpasi OCTUTAET
oT 12 no 15 MBT npu 1nameTpe poTopa BETPOBOM
TypOuns! ot 211 10 236 M. Ha 2014 1., 10 JaHHBIM

1Vv236-15.0 MW. URL:
https://www.vestas.com/en/products/offshore/VV236-15MW
(accessed: 12.07.2022); Haliade-X offshore wind turbine. URL:
https://www.ge.com/renewableenergy/wind-energy/offshore-
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AWEA, cpenHsis BeIcOTa OalllHU BETPOIHEPreTHYe-
ckoii ycranoBku (BOQY) cocraBuina mopsizka 80 M
(puc. 1)%, uTo TakKe CIOCOGCTBYET yBEIMUYEHHIO
HOMHHAJHHONH MOIIHOCTH M TOBBIMICHHI0 KO3(du-
LIMEHTa YCTAaHOBJICHHON MomHocTu BJOY (Bcnen-
CTBHE YBEIMYECHUSI CKOPOCTH BETPa C BHICOTOM).
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Puc. 1. BbicoTa 6allH1 BETPOIHEPreTUYEeCKNX yCTaHOBOK
B CLUA (Hub Height) Ha 2000 (a) n 2014 (6) rr., m
Figure 1. Tower height of wind turbines
in the USA in 2000 (a) and 2014 (6), m

VYkazaHHOe pa3BUTHE TEXHOJOTHM BETPOBBIX
ANIEKTPOCTAHIIMI MPUBOJMUT K POCTY MX YCTaHOBJICH-
HOW MOIIHOCTH B 3HeprocucteMe. [Ipu 3TOM OCHOB-
Has TpobJIeMa, CBSI3aHHAs ¢ KOJICOAaHUSIMH TCHEpaIiH
BOC, ocraercs akTyalbHOM BO BCEX IHEProcucTeMax
mupa. C Opyroil CTOPOHBI, POCT YCTaHOBJICHHOH
morHocTH BOC B 3HEprocucTteMe B HEKOTOPOH CTe-

wind/haliade-x-offshore-turbine  (accessed: 12.07.2022);
DEC Rolls Out 13 MW Offshore Wind Turbine. URL:
https://www.offshorewind.biz/2022/02/23/dec-rolls-out-13-mw-
offshore-wind-turbine/ (accessed: 12.07.2022).

2 Awmepukanckas accommanus BeTpodHepretukn. URL:
https://www.awea.org (nara obpamenus: 12.07.2022).

MIeHU CHIDKaeT HeraTwBHBIM 3¢p¢exT BOC 3a cuer
UX paclpeneneHus o sHeprocucteme. Takoe CHU-
JKeHHEe HeraTUBHOTO 3(deKxTa MOKHO pacCMOTPETh
nipu cpaBHeHNH BOC G0IBII0H MOIIIHOCTH M CHCTEMBI
BOC. Ilox cucteMoli BETPOBBIX 3JEKTPOCTAHIUN TO-
HHMAaeTCs. COBOKYITHOCTH BETPOBBIX SJIEKTPOCTAHLMI
W/WIH OTJIENBHBIX BETPOBBIX TYypOWH, HAXOISIIUXCS
Ha YAJIEHHOM PacCTOSIHUH JPYT OT APYra U MOAKIIIO-
YEHHBIX K AJIEKTPOIHEPTETUUECKOH CHCTEME.

1. MpenmywectBa paccpeportouyeHna BAC
B 3Heprocucreme

PeansHoe u3menenue Harpysku BOC moxHO ormi-
peaenuTh Ha OCHOBE JIaHHBIX SKCIUTyaTtauuy. M3mene-
HUE Harpy3KH CIEAYeT ONpeNeNsiTh M0 BCEM UCTOYHH-
kaM BOC, BXOISIX B SHEPTOCUCTEMY. AHATIOTTIHBIN
TIOJIXOJ] UCTIONB3YyeTCs TIPH OIIPEAETIeHUH AuCTIeTYep-
CKOro rpadika reHepalniy SHEProCUCTEM, KOTa IIpU
PETYIMPOBaHUM HArPY3KH 3JIEKTPOCTAHIIMA OPHEHTH-
PYIOTCS Ha M3MEHEHHE OOIIeH Harpy3Kd SHEprocH-
CTeMBI, a HE OTIENBHBIX moTpeduteneil. Ha puc. 2
MPOIEMOHCTPUPOBaH d((EeKT HAOKEHUS TPaAPUKOB
redepanun BOC mo 5-MUHYTHBIM W3MEpPEHHSM B
sHeprocucteme Ascrpamun’. K sHeprocucteme To-
kmodensl 69 BOC ot 20 no 452 MBT cymmapHoi
ycTaHOBIIeHHOW MomiHocThi0 8587 MBT. Ilpn stom
Harpy3Ka 3HeProCUCTEMBI COCTaBIIsIeT okoiio 27 I'BT.

W3 pucyHka BHIHO, YTO 3JEKTPOCTAHLIUU HME-
10T pa3NIn4Hble rpaduKu reHepalyu 1, Kak CIeJCT-
BUE, KOA(POUIMEHTHl UCIOJIL30BaHUS YCTAHOBJICH-
Hoit MomHOCcTH (KUYM) B Teuenue cyrok. KUYM
COBpPEMEHHBIX KOHTHHEHTaJbHBIX BOC cocraBuser
nopsiaka 30-35 %, a obdmopasix BOC — 35-55 %.
B MexnyHaponHOM OTYeTe IO BETPOIHEPTETHKE 3a
2021 r. mporuo3upyetcs yBenmmuenne KUYM BOC
B uHTepBasie 32-58 % k 2050 r. i1 KOHTUHEH-
tanbHbIX BOC u B muTepBane 43—60 % x 2050 r.
st opdmopueix BOC [4].

KHUYM BOC ompegensercs Kak OTHOLICHUE
(hakTHIecKOl BRIPAOOTKH K BHIPAOOTKE MPH HUCIIOIh-
30BaHUM BCEH yCTAaHOBJIEHHOHW MOLIHOCTH B Tede-
HHUE pacCMaTPUBAEMOr0 Nepro/ia BPEeMEHH, TO €CTh
TeOpPEeTHIECKON BEIpaboTKeE [5]:

3
KMyMB3C = a(baKT; (1)

Teop

3 Aneroid Energy. URL: https://anero.id/energy (nata 06-
pamenus: 12.07.2022).
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7€ Jgair — PaKTHUECKas BHIPAOOTKA HNEKTPUYECKOH
sHeprun BOC B TeueHne paccMaTpUBaeMoro nepu-
ona BpeMeHH, MBT4; 3.0, — TEOpPETHYECCKAS BBIPA-
6oT1ka snexkTpuyecko sHeprun BOC mpu ucnons3o-
BaHWM BCEM YCTAaHOBJIICHHOW MOIIHOCTH B TE€YCHHE
paccMaTpuBaeMoro nepuoaa BpeMenu, MBr-u.

[ ynoOHOro mnpexacTaBlieHHS pe3yIbTAaTOB
pacueTra IPUMEHSAETCSI METOJ MOBTOPSAEMOCTH Be-
JMYUHBI B 33/laHHBIX MHTepBanax. IloBTopseMmocTsh
yCTaHABIMBAaeT OTHOIIEHHE YHCIIa CIy4yaeB CO 3Ha-
YEHUSIMH, BXOSIIMMH B 3aJJaHHBIH HHTEpBal, K 00-
memMy gucity ciaydaeB. [loBropsiemocts KUYM B3C
orpenensieTcs o popmyie

m
t(AKUYM,, ) = po 100%, @)

rae t(AKUYM,, ;) — nosropsemocts KUYM BOC
B untepanax AKUYMg,. j, %; m — uucio 3naueHuit
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ko3 duieHTa HUCHONB30BaHMs  YCTaHOBICHHOM
MomHOoCTH KUYM, 15 ; B paccMaTpuBacMOM WHTEP-
Bane AKUYM,, j, 0.e.; n — obuiee 9ucno 3HaueHui
KOO(QQUIMEHTa HCIOIB30BaHMUs yCTaHOBICHHON
MoiHoctd KUYM,,.; B TeUeHHE paccMaTpUBAEMOI0
nepruoja BPEMEHH, TO €CTh BO BCEX HHTepBallaxX
AKUYMg, j, 0.€; ] — KOJIMYECTBO MHTEPBAJIOB; | —
KOJIMYECTBO M3MEpPEHHI CKOPOCTH BETpa B paccMat-
pUBaEMOM TIEPHUOJIC BPEMEHH (HEIEIS, MECSIIL, TO.).

B pacuerax KUYM ompenensiercss mpu KaxxaoM
M3MEpEeHNH CKOPOCTH BETpa, TO €CTh Ha EIWHUIHOM
yuyactke Bpemenu. [lostomy untepsamsl AKUYM,, ;
TIOKA3bIBAIOT OTHOLIEHHE (akTryeckoil MouHoctn BOC
K ycraHoBneHHON MomaoctH BOC, TeM cambiM oTpa-
JKasl MPOAOIDKUTENBHOCTh Pa3iIMYHBIX PEXUMOB pabdo-
TBI C OIPEAENIEHHON MOITHOCTBI0. Harmydmmm ycnosu-
eM sBysieTcs Hanbonbuiee 3Hauenne t(AKUY Mg, ;)
B HanOosnbem untepBaie AKUY My, ;.

Wed 03:00 06:00 09:00

12:00 15:00 18:00 21:00

Puc. 2. ilameHeHne MmowwHocT B3C 25.05.2022 .
Figure 2. Wind farms power generation changes for 25.05.2022

dopmupoBaHHEe W OIEHKa TPa(UKOB IIEKTpHIC-
CKHMX Harpy3oK SIBJISIOTCS BRKHBIMH 33[a4aMd B BO-
Mpocax AWCIETYEPCKOro ympasieHus. ['paduku smek-
Tpudeckux Harpy3ok O0C oTpaxaroT KojiebaHus
CIIpoca Ha AIEKTPUUECKYIO SHEPTHIO BO BpEMEHH [6] U,
COOTBETCTBEHHO, ONPENEIIOT PEKUMBI PAaOOTHI HIIEK-
TPUUYECKHX CTAHIMH B 3aBUCUMOCTH OT UX Turma. B co-
OTBETCTBHUH C YKa3aHHBIMHU TpauKaMH OTPeNesioTcs
BpeMsi TycKa M OCTaHOBAa T'€HEPUPYIOLIUX OOBEKTOB,
SKOHOMMYECKH 3 PEKTUBHBINA PEKUM PabOTHI AJIEKTPO-
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SHEPreTHYECKON CHUCTEMBI, IUIAHUPYETCsl NPOBEICHHUE
PEMOHTHBIX paboT U JIp.

B pabore O.I1. Banamopa’ onucaHbI Tokas3aTen,
xapakrepusytone rpaduku Harpy3ku IIC, Takue
KaK KO3 (UIMEHT akTHBHON MOIIHOCTH, KO duIm-
€HT 3arpy3KH M0 aKTUBHOW MOIIHOCTH, KO3(dHLIEeHT

4 Banawos O.I1. DnekrpocHabxeHue: yuebHOe mocodue
JUISL CTYZICHTOB, oOy4Jaronmxcs 1o HampasieHno 140400 «Dmnek-
TPOPHEPIeTHKa M DJIEKTPOTEXHHKA» BceX (opMm oOydeHus /
PyOrioBckuii MHIyCTpUANIBHBIA HHCTHTYT. PyOroBck, 2014. 126 c.
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CYTOYHOH HepaBHOMEPHOCTH MOTpeOneHus, koddou-
LEHT ME)KHENETIbHOH HEepaBHOMEPHOCTH, KOI(PdHULH-
€HT JICTHETO CHIDKEHUSI MAKCUMAIBHBIX HAarpy30K H Jp.
JanHble mapameTphbl MO3BOJISIIOT PaliOHATFHO HHTE-
rpupoBath cucremy BOC B 33C, momoras B perieHnu
3a/1a4 IPH IPOSKTUPOBAHUH M SKCILTyaTallui OObEKTOB
3JIEKTPOIHEPTETUYECKOIN CUCTEMBIL.

Hanpumep, cyrounslii koapduimeHT HepaBHO-
MEpHOCTH NPUMEHSETCA [UId aHalu3a KoyeOaHuit
rpaduka reaepammu BOC (cuctemsr BOC) B Teue-
HUE 3aJ]aHHOrO Tepuoja BpemeHu. [lo 3HaUYeHUsIM
K03 uLreHTa B TEUEHHE paccMaTpHBaeMOro MEPUOAA
BPEMEHH MOKHO OLEHUTh BO3MOKHOCTb PETYJIMPO-
BaHUs CYMIECTBYIONINX TPAJAUIMOHHBIX 3JIEKTPO-
CTaHIUH W ONPEAETUTb MEPONPHUATUS I TOBBI-
LIEHNA UX JUara3oHa peryiupoBanus [7].

CyTounbIil KOO(QPHUIMEHT HEPAaBHOMEPHOCTH
MoKa3bIBaeT M3MEHeHue rpaduka renepanun BOC
(aMIUIATYIB1) B TEUCHHUE CYTOK:

_ Prnax = Pmin (3)

KH cyT.i —

B YCT.B3C '
rae P, — MuauManeHas momHocTs BOC B Teue-
HHUE CYTOK, MBT; P, ,x — MakCUMaJIbHasi MOIIIHOCTh
BOC B Teyenne cyrok, MBT; By, — ycTaHOBICHHAS
moiHocts BOC, MBT.

[ToBTOpsieMOCTh CyTOUHOTO KO3 PHULIMEHTA HE-
PaBHOMEPHOCTH oIpeaensieTcs no Gpopmyiie

m
t(AKy yrj) = g 4)

rae t(AKH CyT.j)
s ummenta nepaBaoMepHOCcTH BOC B mHTEpBaAIax
AK, cyr.j» 0.€.; M — YKUCIIO 3HAYCHUH CYTOYHOIO KO-

— HOBTOPAEMOCTb CYTOYHOTI'O KO-

>bdunmrenta HepaBHOMEPHOCTH K, ¢yr; B paccMar-
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AKUYM, g, ;

J
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40-50

30-40
20-30
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0,0-10

puBaemom uHTepBane AK o j, 0.€.; N — obuiee
YHCIIO0 3HAYCHHUI CYTOYHOTrO Kod(duimeHTa Hepas-
HOMEPHOCTH Ky cyr; B TEUEHHE PACCMATPUBAEMOTO
nepuosia BPEeMEHH, TO €CTh BO BCEX HHTEpBasiaxX
AK, cyr.j» 0.€.; ] — KOJMYECTBO MHTEPBAIIOB; | — KO-
JMYECTBO CYTOK B PacCMaTPHBAacMOM II€PUOJIEC Bpe-
MeHH (HeIels, MECSII, TOM).

CyTouHblii K03((HULMEHT HEPaBHOMEPHOCTH -
(EeKTUBHO HCHOJB30BaTh NpH BEIOOpE cOcCTaBa
BKITIOUEHHOTO T€HEPUPYIOIIEr0 000pyIOBaHUS pe-
TYJUPYIOIINX CTaHIUH HA CYTKH BOEpEI, TO €CTh
npH BBIOOpE HEOOXOMMOro 00beMa PeryIMpOBaHHMS.
ITpy 3TOM HAMIYYITHUMH YCITOBUSIMH SIBIISIOTCS

t(4K, CYTJ-) - min, npu 4K}, ¢yr; = max.  (5)

Takum o0pa3om, MO 3HAYEHHSM ITOBTOPSEMO-
CTH CYTOYHOTO KO3()(UIIMCHTOB HEPABHOMEPHOCTH
BO3MOXHO OLEHUTh HEOOXOJUMOCTb WJIH JOCTaTOY-
HOCTh B DOC BBHICOKOMAHEBPEHHBIX DJIEKTPOCTaH-
WA W/MIM HaKOMHUTENeW SJIeKTPHYECKOH JHEepPruu
C Mana3o0HOM M CKOPOCTBIO PETyJIUPOBaHUS, CIO-
COOHBIMH B MUHHMaJIbHOE BpeMsi HabpaTh HelI0oCTa-
OIIYTO TPOTHO3UPYEMYIO MOIITHOCTb.

2. Pe3ynbTaTtbl CpaBHEeHUs cuctemsl B3C
n BAC GonbLuoii MowHOCTU

Jns monreepxnenus 3¢gdexruBHOCTH pacmpe-
JCIICHUAX BETPOBBIX SHCKTpOCTaHHI/Iﬁ B YAAJICHHBIX
JIpyT OT Jipyra mMectax (Ha pacCTOsHHE, IPU KOTO-
POM BpeMeHHbIE TpaUKH CKOPOCTH BETpa Cylle-
CTBEHHO pa3jM4yaroTCs, TO ecTh cuctembl BOC)
Jlajiee IpeAcTaBlIeHbl Pe3yIbTaThl CPABHUTEIBHOTO
pacuera BOC 060ibIIOH MOIIHOCTH M CHUCTEMBI
BOC.

0 [

0,

h=)

. B3C (Eiick)

Wind farm “Eysk”

0 5,00 10,00 15,00

20,00 25,00 30,00 35,00

. Cucrtema BOC t(AKI/IYMC_Bscj)

Wind farm system

Puc. 3. lNMoestopsemoctb KNYM B3C Eincka u cuctemsl BOC
Figure 3. Repeatability of installed capacity utilization rate for wind farm (WF) “Eysk” and wind farm system
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Puc. 4. [TOBTOPAEMOCTb CYTOYHOIo KoadpuumeHTa HepasHomepHocTn BOC Elicka u cuctemsl B3C
Figure 4. Repeatability of daily unevenness factor for wind farm “Eysk” and wind farm system

PacdeTsl npoBOIATCS HA OCHOBAHUM TpEXyaco-
BBIX M3MEPEHUH CpeqHEN CKOPOCTH BETpa 3a JIBYX-
MUHYTHBII MHTEpBall BpeMEHHU Ha BbicoTe 10-12 M
JUIS HaceNeHHBIX MyHKTOB: Eiick, Taraupor, Kou-
CTaHTMHOBCK, MaprapuroBo, JlomxaHckas, Hoso-
poccuiick, I'enenmxuk, Tyance, CraBponons, Kpac-
Has llongHa. YcTaHOBIIEHHAas MOIIHOCTH CHUCTEMBI
BOC cocrasiser 3,4 I'Bt. BOC 0051511101 MOIITHOCTH
(amamormuno cucteme BOC cocrasisier 3,4 T'BT)
pacrioniaraeTcs B HacEJIEHHOM ITyHKTe EHick.

BripaboTka >1eKTpHUUECKOW SHEpruM 3a pac-
cmaTpuBaeMsblil iepuoj cucteMsl BOC cocrasnser
622 I'Bt-4, a BeipaboTka BOC Elick — 752 I'Bty,
yro Ha 17 % Oonpme. KUYM cucremsr BOC —
25 %, a KUYM BOC Eiick — 30 %, 4TO aHAJIOTHYHO
BbIpaboTke Oonbuie Ha 17 %. Ha puc. 3 mokasano,
yro juist BOC Elick xapakTepHbI BBICOKHE MOKa3a-
Tenmu nopropseMocty KUYM B HaumbOosbmmx WH-
tepBanax (90-100, 80-90, 50-60, 30-40).

YkazaHHOE BBIIIE CPABHEHHE NTAPAMETPOB MOKa-
3pIBaeT npeumymiectso onuoit BOC Eiick B cpas-
HeHuH ¢ cucteMoii BOC. 310 00BIcHSIETCS TEM, YTO
KUYM mnacenenHoro mnyHkra Elck 3Ha4MTEIBHO
OTIIMYAETCs] OT OCTAJIbHBIX HACEJIECHHBIX ITyHKTOB,
obpasyronux cucremy BOC.

TeM He MeHee y mapaMeTpa, XapaKTepHU3yIOLIEro
konebanust reHeparmu BOC, HabmomaroTcs ydinue
3HaueHus s cuctemel BOC. TloBropsieMocTh CyTOY-
HOTo KO3((uLIeHTa HePaBHOMEPHOCTH TIPEICTABICHA
Ha puc. 4. Y BOC Eilick oTMedaeTcs BbICOKas IIOBTOPS-
eMOCTh Hauxyumx uHTepBasioB (ot 70-80 mo 90-100),
TO €CTh 3Ha4YMTeNlbHOE Konebanne mMomuHoctn BOC
B TEYEHHE CYTOK, BKIro4as ammummtyny 3,0-3,4 ['BT.

5 Pactincanme moroast. URL: https://rp5.ru (nara o6parme-
nust: 12.07.2022).
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3. BaugHue pacnpepeneHue BAC
Ha HEOAHOPOAHOCTb 3JIEKTPUYECKOI ceTn

Pacnionoxenre BOC B y3inax 93C, moMumMo u3me-
HEHMs1 OanaHca TeHePUPYIOIINX MOIHOCTEH, IPUBEIET
U K W3MEHEHUIO KOH(MUIypalyy 3JIEKTPUUECKOil ceTh
U, KaK CIEACTBUE, ee HeomHopoaHoctu [8]. Heomno-
poaHocTs D2C onpenenseTcs: pa3aIuyHbIM COYETAaHUEM
napametpoB 3neMenToB DDC (JIMHUIA 3JeKTporepea-
4y, TpaHchOpMaTopoB, HArpy3KH, UCTOYHUKOB I'€He-
pauun). HeoqHOPOAHOCTE MPHUBOAWUT K TOSIBJICHHIO
YyBCTBUTENBHBIX y3JI0B DOC, B KOTOPHIX W3MEHEHHE
Harpy3Kd MOXKET IIPUBECTH K 3HAYUTENIBHBIM OTKIIO-
HEHUSIM HalpsDKEHHUS, a 3HA4YUT, B HEKOTOPBIX CITy4a-
X K HApyLICHHUIO JIOIyCTUMBIX OTKJIOHCHHUH.

B cBs3u ¢ 3TuUM, A7 ONpeAereHus] BIUSHUS
yctaHoBkd BOC B y3nax 99C npuMeHsieTcss METO
OLICHKH HEOIHOPOIHOCTHU CETH, OCHOBAHHBII Ha ompe-
JIETIEHUH 1yBCTBHUTEJBHBIX Y3JI0B — XKECTKHX U CEHCOp-
HbIX [9-10]. XKectkum cunTaercs y3ein, HapsHKCHHE
KOTOPOTO U3MEHSETCS! MEHBLIE BCErO MPH U3MEHEHUN
€ro Harpy3ku Ha €MHHILY, TO €CTh y3eJl C XOPOIIH-
MH BO3MOXXHOCTSIMH HOJJCPKaHHS HANPSKCHUS.
VY3516l ¢ IPOTHUBONOJIOKHBIMU CBOWCTBAMU Ha3bIBa-
10T CEHCOpPHBIMH. JlaHHBIH METOX OCHOBAaH Ha aHa-
JM3e ypaBHEHHs HeOajlaHca PeaKTUBHON MOIIHOCTH
10 MOIYJIO HAaNpsDKEHHs, KOTOpOe B pe3yJIbTaTe
npeo0pa3oBaHUii MOXKHO MIPEACTaBUTD B BUIIE

aWQi N
Sy, = Ui@bu — Z bij), (6)
l j=1
Jj#i
e OWy, /0U; — npon3BoaHast PEAKTUBHON MOLIHOCTH
0 MOJIyJTIO HampspKeHust; U; — HOMHHAIBHOE HAIpsDKe-

Hue i-ro y3na; U; = const, b;; — cOOCTBEHHAst IPOBOJIH-
MOCTB I-TO y371a; Djj — B3arMHas poBOIMMOCTB Y37IOB | U .
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Pexxnm 6e3 BOC / Electric power system mode without WF B3C 50 % / Electric power system mode with 50% WF generation

B3C 100 % / Electric power system mode with 100% WF generation

Puc. 5. N'padunyeckoe n3obpaxeHne YyBCTBUTENLHOCTHY Yy310B anekTpuieckoin cetn 110-500 kB ¢ cuctemoit BOC
Figure 5. The graphical illustration of 64 nodes sensitivity in 110-500 kV electric power system with a wind farm system

Pexunm 6e3 B3C / Electric power system mode without WF B3C 50 % / Electric power system mode with 50% WF generation

B3C 100 % / Electric power system mode with 100% WF generation

Puc. 6. Npadunyeckoe nsobpaxeHue YyBCTBUTENbHOCTHM y310B anekTpudeckoin cetn 110-500 kB ¢ B3C Eincka
Figure 6. The graphical illustration of 64 nodes sensitivity in 110-500 kV electric power system with the wind farm “Eysk”
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HawnGonbmiee mpupamnieHue HanpsbKeHusI OyaeT
COOTBETCTBOBaTh Hanbosiee ceHCOpHOMY y3iy. B ka-
yecTBE INpuUMepa paccMoTpeHa 64-y3ioBas cxema
3NEKTPUUECKOH ceTH KiaccoM Hampsbkenus 10, 110,
220, 500 xB. Ha puc. 5 u 6 mpencrasieHo rpadpu-
YeCcKoe M300pa’KeHHE TyBCTBUTEIHFHOCTH Y3JIOB JJIEK-
TPUYECKON CETH: OT Haubosee CEHCOPHOTro (KPacHBIH,
JKEIITHIN) K HanOoJsee )KeCTKOMY (3€JIEHBINH, CUHUH).
AHanM3 TOMY4YeHHBIX PE3yIbTaTOB IMO3BOJSET CHE-
JIaTh BBIBOJI, YTO pacipesielieHne UCTOYHUKOB reHe-
pauuu B y3/1aX Harpy3KH, B Y4aCTHOCTH pa3MelleHre
B3C, nonoxxutenbHO CKa3bIBa€TCSl HA U3MEHEHUU
OTKIIOHEHUS HAPSHKEHHS B DIIEKTPUIECKOH CEeTH.

3akJsiloueHue

Pacnpenenenne BOC oka3piBaeT BIMSHHE Ha
rpapux reHepammu OIC. Yem Ooinblie ycTaHOB-
neHHas MortHocTh BOC, TeM 3HauuTeNbHEE OyIeT
BIIUSIHUE, OJHAKO €r0 OTPHIATEIbHYIO COCTABIISIO-
LIYI0 MOXHO CHU3UTH MPH IIOMOIIH PacIpe/leNeHus
BOC na ymanenHoe apyr ot Apyra paccTtosiHue (cu-
ctema BOC) u BbIOpaB onTHMainbHBIE MECTa ycTa-
HOBKHU. B Takom cirygae cucrema BOC moxer oka-
3aTh M TIOJIOXKUTENBFHOE BIIMSIHNE, CHUXKasl CyTOYHBIH
K03 PULIMEHT HEPaBHOMEPHOCTH rpaduka reHepa-
uuu 93C. B npeacraBieHHOM IpUMEpPE B OTIMYHE
ot cucremsl BOC, y BOC Eiick 0onpmioit MomiHo-
CTH CyTOYHas aMIUTUTyJa KoJeOaHUM MOIIHOCTH
uMeer OoJbIIMe 3HAYEHHS, BIUIOTH O HOMMHAIIb-
Ho#t MmomtHocTH 3,4 I'BT.

KUYM cuctemsr BOC Bcerna Oyner Hipke mpa
cpaBHeHnH ¢ BOC 00bII0i MOITHOCTH, pa3MelIeH-
HOW B OJTHOM MECTE C HAWIyYIIUM BETPOIHEPreTH-
YeCKUM NOoTeHIHaaoM. OUeBUAHO, YTO 3TO CBSI3aHO
C OTCYTCTBHEM aOCONIOTHO OJMHAKOBHIX MECT IIO0
BeTposHepreTudeckuM pecypcam. KUYM cuctemsr
n3 mwectd BOC B npeacTaBneHHBIX pacyeTax cocTa-
Bui 25 %, a KUYM BOC 0o0ibiIoii MOITHOCTH —
30 %, uto Gombmre Ha 17 %.

Tak kaxk BEeTpO3HEpreTHKa MpeaCTaBIseT COO0H
OCHOBY pacIlpe/leJICeHHO} IreHepalyy, TO B CJI0KHB-
meiics curyarun Torosnoruud DIC (0ombIIoe KOH-
YECTBO JIMHUH 3JIEKTPOIIepeadn Pa3INuHbIX KJIACCOB
HaNpsHKeHHsI, TpaHC(HOPMaTOpPOB, HArPy3KH, UCTOU-
HUKOB TEHEpalWHu) 3TO SBJISIETCS MPEHMYIECTBOM
111 oOecrieyeHnst HaIeKHBIX YCIYT B 00JIaCTH 3JIEKTPO-
cHaOxeHus. JlocTuraercs oCTaBJIeHHAs 3a/1a4a IIyTeM
pacmionoxxeanss BOC B uyBcTBUTENBHBIX y3nax 33C,
TE€M CaMbIM IOBBIIIAs UX JKECTKOCTh U, KaK CIe-
CTBHE, HAJEKHOCTb.
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KiroueBble ciioBa:

PpOTaTUBHAs IOBEPXHOCTH, CITUPONJATBHAS
MIOBEPXHOCTH, IOBEPXHOCTH IIEPEHOCA,
MOBEPXHOCTH KOHTPYIHTHBIX CEUEHUN

Jlns uMTHPOBAHUSA

IpeacTaBUTeNel OJUHHAIUATH APYTUX KiaccoB. CocTaBieHa Kiaccu(uKarms
KMHEMaTU4eCKUX IOBEPXHOCTEH 00ILero Buaa ¢ KOHIPYIHTHBIMH 00pasy-
IOLIMMH, TJIe TIOMUMO KJIaCCOB U TPYIII, COAEPKALINX ITOBEPXHOCTH, 00pa-
30BaHHBIE JKECTKOH KPUBOM IPH €€ JBIKEHWHU B IIPOCTPAHCTBE, YKa3aHbl HaU-
Oornee M3BECTHBIE KOHKPETHBIE KHHEMAaTHUeCKUe MOBEpXHOCTH. [IpH 3TOM yum-
THIBAJIMCH CIIOCOOBI 0Opa30BaHMs KHHEMATHYECKHX MOBEPXHOCTE: 1) Hasmmume
HETIOJIBIKHOTO M MOABMYKHOTO aKCOMJIA C JKECTKO CBS3aHHOW C HUM oOpa-
3yIOIeil KpUBOH; 2) HEMIO/BIKHOW HAMpaBJISIONIeH KPHBOil i 00pa3syroLei
TIOJBUKHOM XKECTKON KPUBOM, CKOJIB3SIIEH BIOJIb HAIIPABJISAIOLIEH KPUBOIA,
nprdeM KPUBBIM HEOOS3aTEIbHO MMETh OOIIYIO TOUKY; 3) MOBEPXHOCTH Iie-
peHoca O/IHOH IJIOCKOM KPUBOM BIOJIb IPYToM, IPUYEM KPHBbBIE HMEIOT OJIHY
00LIyI0 TOUKY CKONBXeHUsI. [Ipeanoskenue o opraHu3aliy Kiacca KuHeMa-
THYECKHUX ITTOBEPXHOCTeH OOIIEro BHIA HE MOJpa3syMeBaeT WX HCKIIOYCHHS
U3 JPYIUX KJIaccoB MOBepXHOCTEeH. TepMUH «KMHEMAaTHYECKUE TIOBEPXHOCTU
o0Iero BHJI@» HCIONB3yeTcs, KOrAa HYKHO II0Ka3aTh Ooliee IIMPOKYIO
TPyIIly NOBEPXHOCTEH, a HE MEPEUUCIIATh BCE KJIACChl IOBEPXHOCTEH, Ky/a
BXOJAT HcclieyeMble moBepXHocTH. OIMMcaHo NPHUMEHEHNEe KHHEMATHIEeCKUX
HOBEPXHOCTEH B CTPOUTENBCTBE, MAIIMHOCTPOCHUH, TAaHO OOBSICHEHHE HEKO-
TOPBIX NPHUPOJHBIX SBJICHUH U NPOLECCOB B AIEKTPOAMHAMHKE, TUHAMHKE
KHUAKOCTH U acTPO(U3HUKE UL MOACIUPOBAHMS CIIUPATBHBIX OOBEKTOB.

Krivoshapko S.N. Kinematic surfaces with congruent generatrix curves // BectHuk Poccuiickoro yHHBEpCHUTETa PYKObI
napozoB. Cepust: Umkenepusie nccienoBanus. 2023. T. 24. Ne 2. C. 166-176. http://doi.org/10.22363/2312-8143-2023-

24-2-166-176

Introduction

The paper [1] allocates all analytical surfaces
into 38 classes. The same surface can be included in
several classes. For example, a spherical surface is
in the class of rotational surfaces, in the class of
constant Gaussian curvature surfaces, or constant
mean curvature surfaces, or in the sub-class of cy-
clic rotational surfaces, or Weingarten surfaces, etc.

Kinematic surfaces of general type are identi-
fied as a separate class of surfaces. The generating
curve of a kinematic surface of general type, mov-
ing to each subsequent position, may retain a certain
character of movement, but the motion parameters,
positions of axes and directions of infinitesimally
small summands of motions of the generating line
are continuously changing. These motions may be
of the following types:

(1) translational motion of alternating direction;

(2) rotational motion with continuously alter-
nating position in space and direction of the axis of
rotation;

(3) screw motion with continuously alternating
position and direction of the screw axis, and conti-
nuously alternating screw motion parameter.

Depending on the motion type of the generating
curve, kinematic surfaces of general type may be

classified into (1) translation surfaces; (2) rotational
surfaces; (3) spiroidal surfaces (Figure 1).

Sometimes kinematic surfaces of a general type
are called congruent section surfaces. A congruent
section surface refers to a surface that contains
a continuous uniparametric family of plane lines.
The surface is derived from the motion of a given
rigid plane line (generatrix) [2]. For the first time,
the distinguishing of congruent section surfaces into
a separate class was suggested by famous scientist,
Doctor of Physical and Mathematical Sciences,
Ivan I. Kotov (MAI, Moscow) in 1973.

The distinction of surfaces into separate classes
simplified the presentation of construction methods
of these surfaces by means of computer graphics
and descriptive geometry of surfaces [3].

Kinetic surfaces and structures constitute a spe-
cial group of structures that are closer to trans-
forming structures. In recent years, kinetical facade
surfaces have appeared: architectural facades which
dynamically change, transforming buildings from static
monoliths into permanently moving surfaces [4].
They are not included in the class of surfaces under
consideration. The group of kinetic surfaces can
comprise torse surfaces obtained by parabolic bend-
ing of a plane workpiece [5].
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1. Purpose of the study

The purpose of the study is to search for the
main published papers where kinematic surfaces are
studied. Then, for ease of reference, to try and di-
vide them into subclasses, groups and sub-groups
and, finally, to classify them graphically, as it was
done, for example, for linear surfaces [12], or rota-
tional and translation surfaces [13].

The proposal for organizing a class of kinematic
surfaces of general type does not imply their exclu-
sion from other classes of surfaces. The term “kine-
matic surfaces of general type” is used when it is
necessary to indicate a wider group of surfaces ra-
ther than to list all the surface classes which include
the surfaces under study.

Tatiana Yu. Alaeva [14] believes that “the dif-
ficulty of classifying surfaces consists not only in
their infinite diversity and complexity of geomet-
rical characteristics, but primarily in the multiplicity
and variety of ways of forming and defining surfac-
es, between which it is sometimes complicated to
find something in common. Therefore, it is not pos-
sible to classify surfaces based on how they are de-
fined. It is incorrect to divide surfaces into kine-
matic, wireframe, graphical, topographic, etc. These
features describe the way the surface is defined,
not the surface itself. Any surface can be defined in
an unlimited number of ways. The basis for classi-
fying surfaces can only be their geometric features.”

However, despite the different opinions on clas-
sification issues, the method, based on the surface
formation of a rigid (congruent) plane curve moving
in space, will be considered as a basis for the classi-
fication of kinematic surfaces.

2. Explanation of the symbols

The darkened frames indicate the surface classes
commonly accepted in practice. The non-darkened
frames with an outline in the form of a solid line in-
dicate subclasses, groups and sub-groups of surfaces.
In the dotted outline frames, the names of the specific
surfaces are given. The frames with bold outline
specify the “Translation surfaces” class and two sub-
classes of “Rotational surfaces” and “Spiroidal sur-
faces”, which are fully included in the “Kinematic
surfaces of general type” class. The instances of
other classes represented in the darkened frames in
Figure 1 are only partially included (Figure 1).

The numbers in parentheses indicate how many
specific surfaces described in the scientific literature

belong to a given surface group. The numbers in
square brackets identify the reference number in the
“Reference list” section, in which the corresponding
surfaces are examined most thoroughly.

3. Summary of studies on kinematic surfaces

According to Figure 1, the “Kinematic surfaces
of general type” class has instances of 14 surface
classes that have the same property — the surfaces
are formed by the motion of congruent curves in
space. For example, if we consider that rotational
surfaces are formed by the rotation of a meridian
around the surface axis, then these surfaces can be
attributed to the considered class of surfaces.

It is generally accepted that kinematic surfaces
are sub-divided into translation, rotational and spiroidal
surfaces. However, the following classification de-
monstrates that some more surfaces of 11 classes
can be included in this classification.

Translation surfaces refer to surfaces formed
by a parallel (progressive) translation of a curve of
one direction so that a certain point of the curve
slides on another curve. The directrix and generatrix
curves of the direct translation surface lie in mutu-
ally perpendicular planes. One translation surface,
the Scherck surface (the first) is even in the “Mini-
mal surfaces” class. Diagonal translation surfaces
are formed by a parallel translation of a plane curve
so that its two symmetric points continuously touch
the plane outline. In some works, velaroidal surfaces
are considered as translation surfaces. A velaroidal
surface refers to a translation surface with a genera-
trix curve that changes its curvature in motion that
results in a surface on a plane rectangular plane.
Hence velaroidal surfaces cannot be considered a class
of kinematic surfaces formed by congruent sections.
An extended classification of the translation surfac-
es is given in the paper [13].

A rotational surface is formed by an arbitrary
curve in the case of rolling without slipping of
the moving torse, with which the generating curve
is rigidly connected, over the stationary torse [15].
Thus, the whole class of rotational surfaces can be
included in the class of kinematic surfaces of gen-
eral type. Plane, cylinder, cone and straight line are
private torse forms. The torse can only roll without
slipping along its curvature. Figure 1 contains ten
possible combinations of stationary and mobile axoids.
A cone and a cylinder, a cylinder and a torse cannot
form pairs of axoids for rotational motion. A skew
helicoid can also be viewed as a rotational surface.
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In this case, the mobile axoid must be assumed to be
the plane that will roll along the stationary circular
cylinder. The generatrix straight line must be parallel
to the movable plane, cross the axis of the straight
circular cylinder at a given acute angle and be rigid-
ly connected to the movable plane. A Lust ruled
rotational surface is formed by rolling a cylinder of
R/2 radius on a cylinder of R radius with the genera-
trix straight line lying in the meridional plane of
the movable cylinder [16].

A spiroidal surface can be defined by two sta-
tionary and mobile axoids adjacent to each other along
a common generatrix (Figure 1), and a generatrix line
rigidly connected to the mobile axoid in its initial
position. The mobile axoid is due to the helical mo-
tion [15; 17]. A spiroidal surface with “cone-plane”
axoids and a generating straight line lying in a mova-
ble plane is called a ruled conical screw shell. If,
however, a circle is considered to be the generatrix
curve, then it is called a cyclic conical screw shell.
An ordinary screw surface can be called a degener-
ate cylindrical screw shell if we assume that the sta-
tionary axoid-cylinder has degenerated into its axis —
a straight line. The Rachkovskaya — Harabayev spi-
roidal ruled surfaces are formed by the generatrix
a selected straight generatrix of a given arbitrary cone,
taken as a mobile axoid, which rolls with slipping
along another torse surface, i.e. a stationary axoid.
The apex of the cone is always on the edge of regres-
sion and the two ruled surfaces are in contact with
each other at every moment along their common
straight generatrix [9].

A large number of kinematic surfaces can be
identified in the “Cyclic surfaces” class. For exam-
ple, the group of tubular surfaces with a generating
circle of constant radius contains interesting surfa-
ces such as a circular torus, a tubular spiral, a tubu-
lar screw surface, a tubular surface on the sphere
(Figure 2), a tubular loxodroma, etc. All these sur-
faces are described in the encyclopaedia [1]. Tubu-
lar surfaces refer to the “Normal cyclic surfaces”
subclass [7]. There are also kinematic surfaces in
the subclasses of “Cyclic surfaces with parallelism
plane” and “Cyclic surfaces with circles in beam
planes”. The most familiar cyclic surfaces with cir-
cles of constant radius in the beam planes are the
St. Elijah surface, the clover knot, the circular screw
and the circular spiral surfaces. In principle, all cyclic
surfaces with a generating circle of constant radius
can also be included in the class of congruent sec-
tion surfaces.
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Recently a series of articles concerning study
and visualization of congruent section surfaces on
pendulum-type cylinders has appeared [8; 18].
Figure 3 shows a surface which can be simulta-
neously attributed to cyclic surfaces with paralle-
lism plane or to congruent section surfaces of pen-
dulum type on cylinders.
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Figure 3. The computer model of the two joined cyclic surfaces
of congruent circular sections of pendulum type

There is no consensus among geometricians on
which surfaces should be included in the “Spiral
surfaces” class. In [19], this class comprises spheri-
cal, conical and cylindrical spiral surfaces. However,
the [1] divides these surfaces into 4 classes: “Spiral
surfaces”, “Screwed surfaces”, “Screw-shaped sur-
faces” and “Spiral-shaped surfaces”.

In this study, the classification is based on the
following definitions of the 4 classes listed below,
whose instances can be included in the kinematic
surfaces of general type.

A screw surface is formed by a congruent
curve in screw motion, i.e. the generating curve ro-
tates evenly around the axis of rotation and simulta-
neously makes a translation motion in the direction
of the same axis. If the ratio of straight-line velocity
to angular velocity is constant, the screw motion is
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called ordinary, and the surface is called an ordi-
nary screw surface (Figure 4). A sinusoidal helicoid
is a twisted surface with congruent sinusoids in
parallel planes. The surface under consideration is
formed by rotating a sinusoid located in a plane
perpendicular to the axis of rotation. The sinusoidal
helicoid is presented only in [1]. The Dini helicoid,
which is formed by the ordinary screw motion of
a tractrix, is very well-known. Pseudosphere is a par-
ticular case of the Dini helicoid. If in screw motion
the ratio of translation velocity to angular velocity is
variable, then the trajectories of points of the gener-
ating curve will be cylindrical screw lines with vari-
able pitch, and the screw sur-face will be termed
a screw surface with variable pitch.

Figure 4. A variety of a screw surface
of the congruent parabolic sections with the axes parallel
to the axis of the guiding cylinder

The generatrix rigid curve forming a spiral sur-
face makes a screw motion and simultaneously un-
dergoes a similar transformation with a similarity
coefficient, proportional to the rotation angle and
with a constant similarity centre located on the rota-
tion axis (Figure 5). The trajectories of curve points
in the specified motion will be located on circular
cones.

Figure 5. The spiral surface with a generatrix ellipse

Any spiral on any surface can be considered
as the directrix curve of a spiral surface. However,
the generatrix curve cannot change its shape as it
moves along the directrix curve. Any spiral on any
surface can be considered as the directrix curve of
a spiral surface, but the forming curve cannot
change its shape as it moves along the guiding curve.
A large set of spirals on rotational surfaces is given
in [20]. A tubular surface on the sphere (Figure 2)
can also be called a spiral surface.

Screw-shaped surfaces refer to surfaces con-
structed by generatrix rigid curves which, in addi-
tion to a simple screw motion about the screw axis,
make some additional motion (Figure 6). Screw-
shaped surfaces can degenerate into screw surfaces
under certain selection of geometric parameters.
Screw-shaped surfaces with congruent generatrix
curves are uncommon in the scientific literature.

Figure 6. The screw-shaped twisted surface
of the elliptical cross section in the beam planes

Carved surfaces are the surfaces in which
the planes of one family of curvature plane lines
are orthogonal to the surface.

A carved surface of general type may be con-
sidered a surface formed by a plane generatrix curve
with one point moving along an arbitrary directrix
curve. The curve must be in the normal plane of
the directrix curve all the time. In this case, all co-
ordinate lines of one family are congruent curves
and the other family of coordinate lines is orthogo-
nal to them. A carved sinusoidal surface is formed
by a plane sine generatrix as one of its points moves
along a plane sine directrix in the normal plane of
the sine directrix (Figure 7). The carved sinusoidal
surface can also be attributed to the class of undu-
lating surfaces. Six more carved surfaces of general
type are described in the encyclopaedia [1].

A Monge carved surface can be constructed by
the kinematic method of rolling without slipping
a plane with a plane line (meridian) along a deve-
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lopable surface. The simplest example of a Monge
surface is a rotational surface. The method of con-
structing carved surfaces makes it possible to divide
them into three groups depending on the type of
directrix surface (stationary axoid): carved surfaces
with cylindrical, conical and torse directrix surfaces.
A ruled conical shell of rotation is a Monge carved
surface with a conical directrix surface and a gene-
ratrix straight curve lying in a plane that rolls with-
out slipping along a circular cone.
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Figure 7. The carved sinusoidal surface

An example of a congruent section surface is
a twisted surface with congruent ellipses in parallel
planes, which is formed by rotation of ellipse
X = X(v) = bcosv; Y = Y(v) = csinv, located in
the plane perpendicular to the rotation axis. The origin
of the movable coordinate system oXY is located on
the stationary coordinate axis Ox (Figure 8).

Figure 8. The twisted surface with congruent ellipses
in parallel planes

Sometimes it is difficult to classify some sur-
faces into a familiar surface class, so it was neces-
sary to organise the “Undulating, waving and corru-
gated surfaces” class.

Undulating surfaces are formed by the recipro-
cating and oscillating motion of rigid generatrix
curves fluctuating relative to pre-selected basic sur-
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faces, planes or lines. According to the definition of
these surfaces, they can also include many familiar
kinematic surfaces of a general type, as shown in
Figure 1.

Waving surfaces are formed by the reciprocat-
ing and oscillating motion of generatrix curves
which not only fluctuate relative to selected basic
surfaces, planes or lines, but also deform them-
selves (Figure 9). Consequently, this group of sur-
faces cannot be included in the “Congruent section
surfaces” class.

Figure 9. The waving surface with the pseudo Agnesi curls
on a circular plan

Corrugated products are made by bending sheet
metal and non-metal materials to give their surfaces
a wave-shaped form with different sections in order
to increase their strength.

4. Applications of kinematic surfaces

The monograph [21] addresses some issues of
dynamic shaping in architecture. Some ideas from
this research can be used for the surfaces under con-
sideration.

Vyacheslav N. lvanov [22] suggests several
sketches of single and multi-wave vaulted coverings
in the form of tubular shell fragments. Three real
structures in the form of congruent section surfaces
are indicated in [8]. In [23], among hundreds of
structures illustrations, one can find a dozen of pub-
lic buildings in the form of congruent section sur-
faces. Alexey V. Efremenko in his PhD thesis [24]
reveals that the choice of the optimal coverage of
a construction site can be made by selecting paired
combinations of axoids and varying their parame-
ters and parameters of generatrix curves, which al-
lows obtaining multivariant solutions for the model
based on rotational space transformations. The method
developed by the author was used in the design of
coverings for a water sports complex in Rostov-on-
Don and a shopping mall in Kamensk.

Screw surface of parabolic congruent sections
with axis parallel to vertical Oz axis in beam planes
passing through Oz axis is used as chute for descend-
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ing of bulk or liquid cargo (Figure 3). There is a de-
scription of a spiral screw conveyor surface [25].

In [26] it is proposed to use spiral minimum
surfaces in astrophysics for simulation of spiral ob-
jects or in fluid dynamics. The technical literature
gives examples of the use of spiral surfaces on cir-
cular cones in waste-heat boilers [27], vibrating
conveyors, loading devices of a barrel, extraction
apparatus, etc.

Vladimir V. Torshin [28] describes many natu-
ral objects and phenomena by means of spiral (spiral-
shaped) surfaces. In addition, the researcher found
an application of spiral surfaces to represent phe-
nomena in electrodynamics.

Corrugated surfaces are the most widely used
in mechanical engineering.

The possibility of practical application of engi-
neering and computer graphics methods and computa-
tional geometry to visualise frames, required for ma-
chining of parts on metal-cutting equipment, is studied
in [29]. Here, methods of system mathematical model-
ling of congruent section surfaces are considered.

Many examples of screw-shaped building and
mechanical engineering constructions are given in
the overview [30]. These include screw-shaped frag-
ments of constructions and buildings, screw supports
and anchors. Screw-shaped surfaces can be seen in
constructions of building machines and mechanisms,
screw lifts, in gear shapes and gear transmission
grooves, and in heat-exchange units [31]. Screw and
screw-shaped surfaces are common in blade shapes
in the marine, aircraft and other mechanical engi-
neering industries. Some examples of the cyclic
surfaces, indicated in Figure 1, used in practice are
given in [32].

There are hundreds of actually constructed fa-
cilities in the form of rotation and translation sur-
faces. They have been described in thousands of
publications.

In view of the extensive use of kinematic sur-
faces in practice, mechanical engineers provide ana-
Iytical [33] and numerical [34] methods for the cal-
culating the strength of products and constructions
in the form of various types of kinematic surfaces [35]
under static and dynamic loads [31]. Geometricians
also continued geometric researches [36].

5. Results

The surfaces of 38 classes were analysed. Thus,
it was found that kinematic surfaces of general type
with congruent generatrix curves exist in 14 classes.

A classification of kinematic surfaces was compiled.
It is necessary to note that the first attempt to set up
a classification of kinematic surfaces was undertaken
by Zolotuhin [37]. The methods of kinematic sur-
face formation were used while making the classifi-
cation. The classification will simplify the presenta-
tion of methods of construction of these surfaces by
means of computer graphics. In [38] examples of
surface construction with the system of plane co-
ordinate lines using MathCad and AUTOCad soft-
ware packages are considered. In particular, drawings
of normal surfaces with constant generatrix curve,
Monge carved surfaces, translation surfaces, cyclic
surfaces, screw surfaces with generatrix curves in
beam planes and other kinematic surfaces are shown
in Figure 1.

The material in the “Applications of kinematic
surfaces” section provides an insight into how geo-
metric studies influence the development of certain
branches of mechanical engineering, construction
and the modeling of natural phenomena.

Conclusion

In this study, a classification of kinematic sur-
faces with a rigid mobile generatrix curve is first
proposed. The inclusion of individual surface groups
into the classification is explained. The references
mentioned are focused only on the geometrical
problems of the considered surfaces, their applica-
tion in practice and visualization of the surfaces
by means of computer graphics.
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MaTtemaTuyeckada moaenb peKynepauum
3/1eKTPUYECKOW SHEeprum TPaHCNoOPTHOro CpeacTea
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Hcropus ctaTtbu AnHoTamms. B Hacrosiee Bpemsi HauOosee 3Hepron(HeKTUBHBIMU SIBIISIOTCS
Tocrynmna B penakuuto: 12 HosiOpst 2022 1. ANIEKTPUYECKHE W THOPHUIHBIC aBTOMOOWJIM, KOTOPBIC, HECMOTPSI Ha BBICOKYIO
Jopabotana: 21 smBaps 2023 r. CTOMMOCTb M HEJIOCTATOYHOE KOHCTPYKTHBHOE COBEPILEHCTBO, BBITECHSIOT Tpa-
TpunsTa k myomukanwm: 25 despass 2023 1. JIMIMOHHBIC ABTOMOOWIIH C IBUTATE/ISIMH BHYTPEHHErO cropaHusi. B THOpuaHbIe

ABTOMOOMIIM OTHOCHTEIIBHO JIETKO BHEAPUTH CUCTEMbI cOOpa SHEPIUH C HCTIONB30-
Karouesbie cioBa: BaHHWEM PEBEPCUBHBIX DJIEKTPHYCCKUX MAIIMH U 3JICKTPHIECCKUX aKKyMYJIITOPOB.
y3¢J1 peKynepannu, pacxoa TOIIMBa, HcenenoBana reHepariyis J1eKTpHYECKON SHeprin Ha aBromobmite. Hcrnons3osa-
Matlab Simulink, ruépuHble aBBTOMOOUIH JIICh METOMIBI MATEMATHYECKOTO ¥ MMHTALIAOHHOTO MOZIETMPOBAHKS. [10TydeHE!

Pe3yNbTaThl, MoKa3biBatoye 3QHEKTUBHOCT IKCILTyaTallK TPAHCIIOPTHOTO
CpPEZICTBA C Y3JIOM PEKyIepalyy IeKTpUIecKoi sHeprud. [IpuBonsTcs qaHHbIe
CTeHEPHPOBAHHOTO ANIEKTPUUECKOTO TOKA B BUJIE MOTyYaeMOTrO HANPSLKEHUS [IPU
JIBIJKEHUM TPAHCIIOPTHOTO CPEACTBA MO PA3IMYHBIM BUIAM JOPOXKHBIX MOKpPHI-
Tiid. [locpencTBOM MMHUTAMOHHOTO MOEIMPOBAHUSI YCTAHOBJIEHO, YTO OJUH
peKyIiepaTop MOXKET BBIPa0AaTHIBaTh B cpenHeM okolo 3 B, a co Bcex ycraHaBm-
BaEMBIX UYETBIPEX PEKyINepaTopoB MOXKHO MOMY4uTh 12 B, uTo mocratouHo st
3apsyIKK HAKOTIMTEIeY THOPHUIHON CHIIOBOH YCTAaHOBKHU.
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machines and electric batteries. The results of a study on electrical energy
generation in a vehicle are presented. The methods of mathematical and
simulation modelling were used. The efficiency of operation of a vehicle

with an electrical energy recovery unit is shown. The data of the generated
electric current in the form of the received voltage when the vehicle is moving
on various types of road surfaces are given. As a result of simulation modelling,
it was found that one recuperator can generate an average of about 3 V,
12 V can be obtained from all four installed recuperators, which is enough
to charge the storage units of the hybrid power plant.
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BBepeHune

MupoBasi TEHAEHLUS pOCTa LIeH Ha TOIUIMBO U
JKECTKasi PhIHOYHAS KOHKYPEHIIUST BEIHYKIAI0T pas-
pabOTYMKOB M TPOU3BOAUTENECH MPOBOIUTH MHTEH-
CHBHBIC HCCIICZIOBAHUSI  YCKOPATH BHEAPEHHE 3HEp-
o3 PEeKTUBHBIX CHJIOBBIX YCTAHOBOK W CHCTEM IIPH
CO3/IaHMU HOBBIX TPAHCIIOPTHBIX CPEICTB PA3IHIHOTO
HazHavyeHus [1-2]. B Hacrosiee Bpems Hambosee
9HEprod()(HEeKTUBHBIMH  SIBJISIIOTCSI  AJIEKTPUYECKHE
U THOPUIHBIC aBTOMOOWIIH, KOTOPHIE, HECMOTPS Ha
BEChMa BBICOKYIO CTOMMOCTH U €Ill€ HEJOCTaTOYHOE
KOHCTPYKTHUBHOE COBEPIICHCTBO, BBITECHSIOT Tpa-
IOUIHOHHBIE aBTOMOOMIH [2-3].

JanpHeilee yBenuueHne IPOU3BOICTBA IIEK-
TpoMoOMJIeld ¥ THOPUIAHBIX TPAHCIIOPTHBIX CPENICTB
MO-TIPEKHEMY OrpaHu4HuBaeTcs neduuTom 3 dex-
TUBHBIX, KOMITAKTHBIX, 0€30MaCHBIX U YHEPTOEMKHX
AKKyMYJISITOPOB (MOHHO-JIMTHEBbIe, HaHOpOCHATHI
JIMTHUSI, HUKEIb-METAUIOTHAPUTHBIE U ap.) [4-5].
B ruOpuaHBIX aBTOMOOWIISX OTHOCHTEIHHO JIETKO
BHEJIPUTH CUCTEMBI COOpa SHEPTHH C UCTIOIH30BAHHU-
€M PEBEPCUBHBIX AJIEKTPHUYECKUX MAIIMH U 3JICKTPH-
YECKUX aKKyMyJATopoB [6]. IIpu 3TOM OCHOBHBIM
HampaBJeHHEM peKyleparii SHePTUH, yKe peajn-
30BaHHBIM, SIBJISIOTCS Pa3JIMYHbIC IPAKTHYECKU TPO-
BEPEHHBIE CHCTEMBI BEIPA0OTKH, HAKOIUICHUS U Pe-
aJM3alu JEKTPUUECKON SHEPTUH, TIOTy4yaeMOn Mpu
TOPMOKEHUH MaIIuHbI [7-8].

B [9] paccMoTpeHO yCTpOWCTBO CHCTEMBI MOJI-
peccopuBaHMs TPAHCIIOPTHOTO CPEICTBA C PEKyIie-
parmeil MexaHn4ecKoi 3Hepruu KojaebaHuit TpaHc-
IIOPTHOTO CPEACTBAa B 3JEKTPUUECKYIO SHEPTHIO.
[IpencraBnena MaremaTndyeckass MOJENb CHCTEMBI
MTOJIPECCOPHUBAHMUS TPAHCIOPTHOTO CPEJCTBA HA OC-
HOBE aMOPTH3aTopa ¢ PeKynepaTuBHBIM d()(HEKTOM.
C moMoIIp0 MaTeMaTHYeCKOW MOJIENTH ONpe/iesieHa
MOIIIHOCTh, KOTOPYIO CIOCOOHa pEeKyHnepHpoBaTh
cUCTeMa TOJPECCOPUBAHUS TPAHCHOPTHBIM CpEJ-
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CTBOM MpU JBM)XEHHM IO AOpPOraM HEOIHOPOJ-
HOTO KadecTBa (acabTOBOH W TPYHTOBOM) C pas-
JIUYHON CKOpPOCTHIO. 3aUKCHPOBAHO, YTO MPH JBU-
J)KEHHH TPAHCIOPTHOTO CPEACTBA CO CKOPOCTHIO
40-50 xkm/4 1o ac¢anbTOOETOHHON JOPOTe CPEeaHsI
peKynepupyemMas MOIIHOCTh CHUCTEMBI COCTAaBIISIET
0,011 xBt, a mpu nBHXEHUM 1O TPYHTOBBIM JJOPO-
ram — 0,206 xBT.

B cBoro ouepenp B [10] onuceiBaeTcst moaxon
K 9HeprodPPeKTUBHOMY HCITOJIB30BAaHUIO aKTUBHOM
3JIEKTPOMEXaHN4eCcKOi noasecku. B paboTe ocHOB-
HOW TIEJBIO SIBIIIETCS MUHUMU3AIUS TIOTEPh SHEPTHH
B aKTHBHOM ITO/IBECKE ITOCPEACTBOM HCIIOIb30BAHMUS
PEKYIIEepaTUBHOTO JieMIipupoBaHus KOeOaHui BuU-
JKUTEJICH.

IIpoBeieHHBIN aHATU3 AITOPUTMOB YIIPABJICHUS
napaMeTpaMy MOJBECKH IOKa3all, YTO OHH HMEIOT
CIIOKHYIO CTPYKTYpY M Ul MX peaju3aluu HeoO-
XOJIIMBI CITO’KHBIE CUCTEMBI YIIPaBIICHHS.

B [11] npuBeneHbl pa3inyHbic BHIbI YCTPOWCTB
peKyrepauy NOABECKH aBTOMOOHIIS, ONpEaeSICHBI
Haubosee nepcrnekTuBHBIe U3 HUX. Co31aH oOpasenn
ANIEKTPUIECKOTO aMOPTH3aTOpa-peKymneparopa ¢ Bbl-
COKMMHU 3KCIUTyaTallMOHHBIMU CBOMCTBAMH, KOTOPBIN
OTHOCUTCSl K THUIy JIMHEHHBIX 3JEKTPOMAarHUTHBIX
TeHePaTopOB.

ITocTpoeHbl IUKJIOrpaMMBI 10 BPEMEHU JIEHCT-
BUTENBHBIX 3HAYEHUI HHAYLIMPYEMOTO IEPEMEHHOTO
TOKA, TIOJYYEeHBI 3HAYCHUSI TTPOU3BOJAUMON YCTpPOii-
CcTBOM paboThl. IIponsBomnMas yCcTpoiCTBOM 3HEp-
rust Bappupyetcs B npeaenax ot 0,3 1o 1,9 kBr-u.

Pe3ynpTaTel MHOTOUMCIEHHBIX HCCIEI0BaHUM
YKa3bIBAIOT Ha MEPCHEKTUBBI MTOBBIIICHNS SKOHOMHUY-
HOCTH TPaHCTIOPTHBIX CPEJICTB 3a CUET CO3JaHHs B
uX mojBeckax 3 (QEKTUBHBIX CUCTEM PEKyIepalny.
Hewnz6exHbie konebaHus MOIPECCOPEHHOW MAcChl
IBIDKYIIETOCS aBTOMOOWIIS, €CTECTBEHHO, IMOTPEO-
JISIOT YacTh MOLTHOCTH CHJIOBOW YCTaHOBKH, Ha KO-
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TOPYIO 1O Pa3HBIM OLICHKaM, B 3aBHCUMOCTH OT JIO-
POXHBIX ycinoBuH, mpuxoautcs He menee 10-20 %
MOTEepb. DTa PHEPTHs MOXET OBITh HCIIOJIb30BaHA
0e3 ymepOa ms cHmkeHus 3¢ dekTHBHOCTH Pado-
TBI TIOABECKHU.

Llenv uccnedosanus — wW3ydyeHHWE TeHEPALUU
JNIEKTPUYECKON DHEPTHMH U W3MEHEHHUS TUIABHOCTH
X0Za TPAHCIIOPTHOTO CPEICTBA C y3JIOM peKyIliepa-
UM HIIEKTPUYECKON SHEPTHH C TOMOLIBIO MOZEIH
B cpeae MATLAB Simulink.

1. MaTtepuanbl u meToabl

OCHOBHBIMHU 3JIEMEHTAMH QJICKTPOMAruuTHOI O
peKymnepaTopa SBISIFOTCSI KOPITYC, IITOK W KPBIIIKa
Koprryca. B ocHOBe pa3zpabaThiBaeMOil KOHCTPYKIHH
JIMHEHHOTO peKyTeparopa JICKUT IJIEKTPOMArHUTHAS
cucreMa. JlaHHas cucTeMa COCTOUT U3 TIOCTOSITHHOTO
MarHura, 125 JUCTOB 3JIEKTPOTEXHUYECKON CTalnu U
9 karymek. Kpenutbes pekymneparop 6yaer 6onro-
BbIMH COCAWHCHHUAMU B JIBYX MECTaxX — B BerHeﬁ
4acTH KOpITyca K pame aBTo0yca U IITOKOM K Oalike
TIOABECKH.

KomrmoHoBouHast cxema pa3pabaTbIBaeMOro 3JeK-
TPOMAarHUTHOIO PEKyTepaTopa MpeIcTaBieHa Ha puc. 1.

Maruut (9), npukieeHHblil Ko wWTOKY (7), co-
BEpIIIaeT BMECTE C HUM BO3BPATHO-TIOCTYNATEIBHBIC
JIBIDKEHWS TIPH KOJIeO0aHNH KoJieca aBTo0yca, IPH ATOM
MarHUTHOE MOJIe€ MAarHUTa IMEepPeceKaeT MarHUTHBIC
nouist Katymiek (3), HAMOTaHHBIX Ha JIUCTBI AJIEKTPO-
TexHu4eckor ctanu (1), BCIeacTBHE Yero B CUCTEME
HaBomuTCs dnekrTpoasmkymias cuia (3JC) unmayk-
uu. K xopmycy kpenutcs kpbiiika (5) ¢ moMoIipio
4yeThlpeX OOJTOBBIX COCIWHEHHH, COCTOSIIUX H3
raiikn (12), mait6er (13) u 6oara (14). B kphimky
YCTaHABJIMBACTCS BTYJKa W3 AHTU(PPHUKIIMOHHOTO
Marepuaia, MO3BOJISIONIAs INITOKY COBEpINATh II0-
CTymaTesbHbIe JBMKeHHs. Mamkera (6) He M03BO-
JSIET TMOMACTh MbUTM M JPYTMM HHOPOIHBIM Tela
BHYTpb ycrpoiictBa. Bepxuuii (4) u nwkuuit (10)
U30JIATOPBI DKPAHUPYIOT JJIEKTPOMArHUTHBIA y3el
OT METAJUIMYECKOT0 KOpIyca, TeM CaMbiM YMCHb-
nrast motepu. C moMoIneio BTYIIOK (8) pexymepaTop
KPEMUTCS K paMe aBTOMOOWJISI M OaJIKe MOJIBECKH.

PexynepaTtuBHOE yCTPOUCTBO yCTaHABIUBAETCSA
TaK K€, Kak aMOPTHU3aTOpP, ¥ UMECT Ty K& BEJTMIUHY
X0Jla IITOKA. B BepXHel 4acTu KpeIJIEHUE MpOU3BO-
JIATCSI K paMe TPAHCIIOPTHOTO CPECTBA C TIOMOIIBIO
OOJITOBBIX COCAMHEHMM, B HIDKHEH — K OaJike IOJ-
BECKH TaK)KE C TIOMOII[BIO OOJITOBBIX COCANHEHHHA.

B 5 7 6

Puc. 1. KoMnoHOBO4YHas cxema TMHENHOro S1eKTPOMarHUTHOrO pekyneparopa:
1 — aneKkTpoTEXHMYECKAs CTalb; 2 — KOPNYC; 3 — KaTyLiKa; 4 — BEPXHUIA U301aTOp; 5 — KpbIlKa kopnyca; 6 — MaHxeTa; 7 — LTOK;
8 - BTynka kpenneHus; 9 — MmarHnT; 10 — HUXHUI n3onaTop; 11— BTy/ka U3 aHTMPPUKUMOHHOIO MaTepuana; 12 - ralika; 13 - wainba; 14 - 6ont
Figure 1. Layout scheme of a linear electromagnetic recuperator:
1 - electrical steel; 2 - housing; 3 - coil; 4 — upper insulator; 5 — housing cover; 6 — cuff; 7 - rod; 8 - fastening sleeve;
9 - magnet; 10 - lower insulator; 11 - sleeve made of anti-friction material; 12 - nut; 13 — washer; 14 - bolt

I[IpuMep KOMMOHOBOYHON CXEMBI IOJBECKU
TPAHCIIOPTHOTO CPEACTBAa C Y3JOM peKylepanuu
ANIEKTPUYECKON SHEPTUH MPEICTABICH Ha PUC. 2.

D¢ heKTHBHOCTh JAHHOTO YCTPOMCTBA 3aKIIIO-
yaeTcs B CIIEAYIOIIEM: YMEHBIIAIOTCS 3aTpaThl Ha
TCHEpAIMI0 AJICKTPUYCCKON SHEPrUuM IS 3apsIKd

aKKyMYJIITOPHBIX OaTapel, yBEIWYMBAETCA ILIaB-
HOCTb XOJa TPAaHCIIOPTHOTO CPECTRA.

Jnst nceeioBaHus peKyTiepaniy JeKTPUIECKOTO
TOKa HEOOXOAMMO OTPEAEITUTh CKOPOCTh TBUKCHUS
ITOKa peKyIepaTopa, KOTOPBIA B 00IIeM yCTpOW-
CTBE MOJABECKH SIBISICTCS JSMII(PUPYIOIIUM 3JIEMEH-
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ToM. CKOpOCTh ABM)KEHHUS IITOKAa MOYKHO OIpee-
JUTH 10 MX MaTeMaTHYeCKOH MOJENH, COCTaBIICH-
HOH IO cXeMme, IPeACTaBIEHHON Ha puc. 3.

UtoOBI MOJIETIMPOBATH ABHKCHUE KOJIECA B BEPTH-
KaJIbHOM TUIOCKOCTH, HEOOXOIMMO pacrojiaraTth HH-
(hopmarmeli 0 CHIOBBIX (paKkTOpax, JCHCTBYIOIIUX Ha
HETO B K&)XIBIf MOMEHT BpeMeHH. B o0miem ciydae Ha
i-e Koeco J-ro 6opra neiictBytor [12-13]:

— cujia B I-M YOpPYroMm 3JeMeHTe j-To Oopta
Pynij (hij), H;

— cua B i-M JeMI(UPYIOIEM 3JIEMEHTE |-TO
6opta Py (hy,), H;
d?z;;

5] H;

dt?

— ynpyras P,.;, H n gemndupyromas Py, H
COCTaBJISIIOIINE CO CTOPOHBI IITHHBI.

— BeC Korieca Mijg, KT ¥ CHJIA MHEPLIAU M

Puc. 2. KoOMNOHOBOYHasa cxema NOABECKM TPAHCMOPTHOIO CPEeACTBA CO BCTPOEHHBIM PEKynepaTopoMm:
1 - pama; 2 — amopTu3artop; 3 — KomnaekT peccop; 4 — 6anka ¢ yCTaHOBNEHHbIM Ha Hell MOBOPOTHbLIM KyNakoM; 5 — pekynepaTvBHOe YCTPOWCTBO
Figure 2. Layout scheme of a vehicle suspension with a built-in recuperator:
1 - frame; 2 - shock absorber; 3 - set of springs; 4 — beam with a mounted steering knuckle on it; 5 - recuperative device

3

Puc. 3. CxeMa B3auMOAeNCTBUS KOneca C OrnopHbIM OCHOBAHUEM:
v — ckopocTb aeuxeHus KM; F;— cuna B i-it noasecke j-ro 6opTa;
F.;— cuna B i-m konece j-ro 6opTa; m,g — BeC Koneca
Figure 3. Scheme of wheel interaction with supporting base:
v - speed of the vehicle; F; - force in the i-th suspension of the j-th side;
F.;— force in the i-th wheel of the j-th side; m;g — wheel weight
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ypaBHCHI/IC JABHXXCHH KOJIECA UMECT BU/T

my;Zi; = =Pyij(hip) = Paj(hy) +
+Pyyij (hij) + Puij(hij) — mijg. 1)

Ynopyrue u aeMndupyonme XapakTepUCTUKN
MOJIBECKH M IIMHBI OyJIeM 3a/1aBaTh B BHJIE 3aBHCH-
mocreii [14-15]:

— yHOpyrue XapakTepUCTHKU KaK 3aBUCHUMOCThb
YOpyTO#l CHJIBI OT MPOTHOAa;

— neMmndupyronme XapakTepIUCTHKA KaK 3aBHCH-
MOCTb JIeMI(UPYIOIIEH CHITBI OT CKOPOCTH IPOTHOA.

OJNEeKTPOMarHUTHBIM peKynepaTop MOXKHO Ipefl-
CTaBUTH B BUZIE CXEMBI Ha pHC. 4.

Mot mosmydeHus 3HaUeHUH TOKOB HEOOXOIUMO
OOBIYHYIO Tpex(a3Hyl0 BpalaloIlylocs MaTeMaTu-
YeCKyl0 MOJIeNb TeHeparopa mpeodpa3oBaTth B MO-
Jiellb TUHEWHOT0 TeHepaTopa.

[Mocne mpeobpazoBanunii Ilapka n Knapka mo-
JydaeM MaTeMaTHYeCKyH) MOJENb CHIIbI TOKa JIU-
HEUHOTO 3JIEKTPOMarHUTHOI'O T€HEepaTopa:



Jinn 3.H. n ap. BectHnk PYAH. Cepusi: iHxeHepHble nccnenoranus. 2023. T. 24. Ne 2. C. 177-186

Igdzlgﬁsin(p+15acos o0; (2)
Isq = Isp COS @ — Isq SIN @, 3)

Te @ — YroJl MeXay HaIllpaBICHHEM JIBIDKCHHUS Te-
HepaTopa U IPOJOJBHON OChIO, paj; Isg — TOK B He-
MOBWXKHON (ha3ze momepedHor ocu, A; I[sy — TOK
B HETNOJIBMYKHOH (pa3e MpoI0IbHON ocH, A.

YpaBHEHHE JUHAMUYECKOTO PaBHOBECHS CTaTO-
pa, OMHUCHIBAIOIIEE COCTOSHUE DJICKTPHUCCKOW Ma-
LIUHBl U TPEJCTABISIONIEEe PABEHCTBO CTATOPHOTO
HanpspkeHus: coBokynHoct OJIC u majgeHus Ha-
MIPSOKEHUST HA aKTUBHOM M PEaKTHBHOM COIPOTHB-
JIGHHUSX CTaTOPHBIX 00MOTOK [16—17]:

Usq=—E + IRs + jo(Isalsa+ Isolsg),  (4)

riae Usq — BeKTOp HampspKeHus cratopa, B; |s — Bek-
TOp TOKa CTaTopa, A; ® — CKOPOCTH BpAIIECHHs OCEH
KOOPJIMHAT; | — MHUMAsl €MHHIIA; Isau sq — OCEBBIC
COCTaBJISIOIINE TOKA cTaTtopa, A; Lsg 1 Lsq — HHIYK-
THUBHOCTH ctaropa no ocsim d u g, ['H; RS — akTuB-
HOE COIIPOTHUBIICHHE cTaTtopa, OM.

Ycunme, KOTOpoe BO3HUKAET B pe3yjIbTaTe pa-
0OTBI peKyIepaTopa W SBISETCS ASMIPUPYIOMIEH
CHJION, MOXKHO OTIPENENUTH 10 hopMyIie

F="5 (5)

N

rae U — Benmu4rHa OCTOSSHHOTO HAIPSDKEHUS, BO3-
HUKAIOWIEro B pekyneparope, B; [ — BenuunHa 1o-
CTOSTHHOTO TOKa, A; t — BpeMs ¢ Hadana paboTHI
YCTPOICTBA, C; S — pacCTOsIHUE, MPONJIEHHOE IIITO-
KOM PEKYIEPATOPA, M.

AKD

-

leHepatop / Generator Mpeob6pasosatens / Converter

KonebartenbHblil KOHTYpP / Oscillating circuit

Puc. 4. PacuyeTHasa cxema pekynepaTuBHOM YCTaHOBKMN
Figure 4. Calculation scheme of the recuperative plant

w1

s1

Electric System1

w2

s2

w3

Electric System2

s3

w4

s4

Oscillatory system

Electric System3

Electric System4

Puc. 5. O6wada 610k cxema pekynepauum 31eKTPUHECKON 3HEPIN
Figure 5. General block diagram of electrical energy recovery system
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Puc. 7. Bnok-cxema pekynepaTtmsHoOro ycTponcTea

Figure 7. Block diagram of a recuperative device

Puc. 8. bnok-cxema gemndupyioLleii cunsl pekyneparopa
Figure 8. Block diagram of the damping force of the recuperator
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MuTalMoOHHOE MOJACIUPOBAHUE B CpeEc
MATLAB Simulink mo3Bossier Ha OCHOBE MaTeMa-
TUYECKON MOJIENIH MTPOBOJAUTH BCECTOPOHHHUE HCCIIE-
JIOBaHHS pa3pabaThIBAEMO CHCTEMBI .

OO6mrass 010K cXema peKyIepamnuy dJIeKTPHUIe-
CKOW SHEpPruM BCIEACTBUE KOJICOAHUI KOJieC TpaHC-
MOPTHOTO CPeNCTBa, co3nanHas B cpene MATLAB
Simulink, npencrasiena Ha puc. 5.

Biok ompeeneHnst CKOPOCTEH ABMKEHHUS TIITO-
KOB pEKyIepaTopoB M300pakeH Ha puc. 6, a Oio-
KM OIpeAelicHUus] MapaMeTpoB peKylepamu —
Ha puc. 7-8.

2. PesynbTaTtbl U 06CcyXaeHue

Pesynbrarsl reHepanuu 3JEKTPUYECKOU SHEPTUU
TIpU €371 TI0 Pa30UTON TPYHTOBOW M 1O acgaybTo-
OCTOHHOI MoporaMm mpejacTaBieHbl Ha puc. 9 u 10
COOTBETCTBEHHO. V3 cpaBHEHHS MONyYEeHHBIX T'pa-
(PUKOB BUAHO, YTO NPH IMOE3IKE M0 AOpore ¢ O0Ib-
LIMM KOJMYECTBOM HEPOBHOCTEM aMIUIMTyAA KoJje-
OaHUll HAIPsDKEHUsT OOJIBIIE, YEM MPH TOE3]KE IO
acanpToberonHon mopore, Ha 0,01 B. Cpennee
3Ha4YeHHE HANPSIKEHHWs Ha OJIHOM pEeKyIlepaTrope
COCTaBIIIET MpUMEpPHO 3,2 B, mpu uCnosib30BaHUUN
YETBIPEX PEKYNEepaTopoB CyMMapHOE HalpsKeHHE
COCTaBUT OKoJI0 12 B, 4T0 1ocTaTouHO Ui 3apsAaKu
AKKyMYJISITOPOB 3JIEKTPOJIBUTATETIS.

Puc. 11 nemoHcTpHpyeT pe3yibTaThl MOAEIH-
poBaHHA AeMIIDUPYIOMIEH CHIIBI HAa peKymnepaTope.
Benuunna nemndupyromieid Cuitbl Ha peKyreparope
MEHbIIIE, YeM Ha aMOPTU3ATOPE, 1, COOTBETCTBEHHO,
IJIABHOCTh XOJA MPHU 3aMEHE aMOpTHU3aTopa Ha pe-
KyIepaTop MOBBICUTCS, YTO BUIHO Ha puc. 12 u 13.
W3 rpaduxoB MOXKHO clienarh 3aKII0YEHHUE, 9TO Tie-
puo koneOaHWil IEHTpa Macc TPAHCIIOPTHOTO Cpe/l-
ctBa yBenuuuics ¢ 0,75 no 0,85 ¢, unu Ha 12 %.

PesynpraTtel koneOaHWA IIEHTpa Macc TpaHC-
MOPTHOTO CpeAcTBa 0e3 peKynepaTopoB W IMpH 3a-
MEHE aMOpTH3aTOPOB Ha PEKYIEpaTophl MpPeICcTaB-
neHsl Ha puc. 12 u 13 coorBercTBeHHO. Konebanus
LIEHTpa Macc TPAHCIIOPTHOTO CPEZICTBA C PEKyIepa-
TOpaMH, Kak 3TO CJIEAYyeT U3 PUCYHKOB, HE MMEIOT
BBICOKOYACTOTHBIE COCTABISAIOIINE, YTO TOBOPHUT
0 cTabWJIM3aluuy mpolecca KoaeOaHus IeHTpa Macc
TPaHCIOPTHOTO CPEJICTBA.

1 MATLAB/Simulink. URL.: http:/matlab.exponenta.ru (zara
obpamenust: 12.10.2022); MATLAB for Artificial Intelligence.
URL.: http://mww.mathworks.com (nara o6pamenus: 12.10.2022).
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Puc. 9. MIameHeHne HanpsXeHnsa Ha pekyrnepaTMeHOM
YCTPOIACTBE NpM Noe3ake no pasbuton rpyHTOBO opore
Figure 9. The results of voltage change
on the recuperative device when driving on a broken dirt road
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Puc. 10. VIaMeHeHne HanpsXeHnsa Ha pekynepaTMeHOM
YCTPOICTBE Npun noesake no achanbTobeTOHHOW Aopore
Figure 10. The results of voltage change on
the recuperative device when driving on an asphalt concrete road
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Puc. 11. lameHeHune gemndupytowen cmnbl Ha pekynepaTtope
Figure 11. Results of damping force on recuperator
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Puc. 12. Kone6aHuns LeHTpa TPAHCNOPTHOIro cpeacTea
Macc 6e3 pekynepaTopos
Figure 12. The results of oscillation of the center of mass
of the vehicle without recuperators
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Puc. 13. KonebaHusa ueHTpa Macc TpaHCNOPTHOIO cpeacTsa
C pekynepaTtopamu

Figure 13. The results of oscillation of the center of mass
of the vehicle with recuperators
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3akno4yeHue

[Nonmy4yeHbl 3HAYEHUS HANPSIKCHUS, TCHEpUpPYe-
MOTO OJTHUM PEKyIepaTOPOM AJIEKTPUIECKOTO TOKa
[IpH JBHKCHHH TPAHCIIOPTHOI'O CPEICTBA IO JOPO-
raMm ¢ paziIUYHBIM JOPOXHBIM MOKpeITHEM. Kpome
ATOTO, MOJNyYEHBI 3HAUCHUS AEMIT(PUPYIOMIEH CHITBI
Ha OJIHOM PEKyIlepaTope W KojiebaHus IIEHTpa Macc
TPaHCIIOPTHOTO cpejicTBa. V3MeHeHnIo mojBepra-
JIOCh TOJIbKO 3HAYCHUE KOOPIMHATHI OMOPHOU IO-
BEPXHOCTH, APYTHE TapaMeTphl (IIeKTPOMAarHUTHAS
WHJYKIIHSI, Macca TPaHCIIOPTHOTO CPEJICTBA, CKOPOCTh
I[BI/I)KCHI/ISI) OCTaBaJIMCh OAMHAKOBBLIMHU JIA KaXXIO-
TO OTIBITA.

CpaBHeHHE Pe3yJIbTaTOB IOKA3ajio, YTO TPH TO-
€3[Ke 0 J0pore ¢ OOJIBIIMM KOJIUYECTBOM HEPOB-
HOCTEH aMIUTUTY 1A KOJIeOaHUi HAPsDKEHUs OOJIbIIe,
geM TpH Moe3IKe 1Mo acdanbToOETOHHON mopore,
Ha 0,01 B. Cpennee 3HaueHHe HaNPSKEHUS HA OJI-
HOM pEeKymepaTope cocTaBisieT mpumepHo 3,2 B,
IIPH UCTIOJIb30BAaHUH YETHIPEX PEKyNepaTOpPOB CyM-
MapHOe HampspKkeHue okosio 12 B, 4ro mocratodno
JUIA 3apsSAKA aKKyMYJISTOPOB IS DJIEKTPOJBUIaTe-
ns. Bennuuna gemmndupyromeii Cuibl Ha peKyrnepa-
Tope OOoIbIle, YeM Ha aMOPTH3aTOPE, CIIE0BATEb-
HO, TUIABHOCTh XOJIa TPH 3aMEHE aMOpTHU3aTopa Ha
peKynepaTop MOBBICUTCS, TEPUOJ KOJIcOaHUI 1eH-
Tpa MacC TPAHCIIOPTHOTO CPEICTBA YBEIHYHIICS C
0,75 no 0,85 ¢, uro coctaBmiio 12 %.
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)1.]15[ HUTHPOBAHUA

AHHoTanus. J{yis1 peleHust 3aa4n CHU)KEHUS! 3arPsI3SHEHHOCTH OKpY KAalOIer
cpelbl BEIOpOCaMyl IBUTATeIlsi BHYTPEHHETO CTOPAHHMSI HCCIIeJ0BaHA TOKCHIHOCTD
OJTHOLIMJIMH/IPOBOTO, YETBIPEXTAKTHOTO, BEPXHEKJIANIaHHOTO JBUrareins Biggs
& Stratton. B xauecTBe OLIEHKH TOKCHYHOCTH HCIIOB30BaHbI JAHHbBIC, PETH-
ctpupyembix (MHOPAKAP SM3T) B orpaborasmux razax (OI') cuiioBoro
arperata NOx, CO u CH. OneHka TOKCHYHOCTH ABUTATENs, pabOTaIOIIEro
10J1 HAarpy3KOii, MPOBE/IeHa C MIOMOIIBIO UCIIBITAHUHN (AMHAMOMETPHYECKHUN
crean CARTEC LPS 2510) ocHameHHOro IBHTAaTeleM TPaHCIOPTHOTO
CpeZICTBA YMPOIIEHHOH KOHCTpyKiuu (Oarru). [loka3zaHo, 4To Ha MPUCYT-
ctBue B oTpadorapmmx razax CO, CH u NOxX oka3bIBaeT BIUSHUE HE TOIBKO
Hanu4yue B OGH3WHE CIMPTA, HO M YacTOTa BPALICHUs KOJEHYATOro Baja.
VYcranosieno, uto monsi CH B oTpaboTaBIIMX ra3zax CHJIOBOTO arperara,
pabotatoniero Ha OEH3MHE HMXKE MPEAETIbHO JIOMYyCTUMOIO COACpIKAHHS
yraeBosopooB B OI' He OCHAIEHHBIX CHCTEMOI HelTpanu3auun OeH3H-
HOBBIX JBUTaTeneil. V3 naHHBIX, MOJyYeHHBIX MPH UCTIBITAHUW HA CTEHJE,
cienyer, yto nonss CH B orpaboTaBmInx rasax Moropa, paboTaromero Ha
OensuHe, B cpeaHeM Ha 48 % BwIIe, YeM B 0TpabOTaBIINX Tra3axX JBHUraTe-
75, TUTAEMOT'0 CMEChIO, COCTOsIIeH U3 OeH3nHa U cniuprta. [lokazaHo, 4yTO
3HAYUTENBHOE YBEJIMYEHHUE MOIIHOCTH Ha KOJjece He MPUBOJUT K PE3KOMY
Bo3pacrtanuio conepxanuss CH B orpadoraBmux razax. Joms CH B otpabo-
TaBIIMX I'a3aX B II0JyYeHHOM HHTEPBAJe CKOPOCTEH BETMYMHA TOCTOSHHASL.

Xoosikos A.A., Xnonkos C.B., Ucmomun J[.B., Anubexosa /.P., Hapooicnwviti A.A. TOKCUIHOCTh OEH3WHOBOTO JBUTATENS
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Abstract. The single-cylinder, four-stroke, overhead valve Biggs & Stratton
engine was studied for the possible toxinity with the view of solving the envi-
ronmental pollution problem related to the internal combustion engine emis-
sions. As an assessment of toxicity, the data recorded (INFRACAR 5M3T)
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in the exhaust gases of the power unit NOx, CO and CH was used. Evalua-
tion of the toxicity of the engine running under load was carried out by test-
ing (CARTEC LPS 2510 dynamometer) an engine-equipped vehicle of
simplified design (buggy). It was shown that the presence of CO, CH and
NOX in the exhaust gases is affected not only by the presence of alcohol in
gasoline, but also by the crankshaft speed. It was found that the proportion
of CH in the exhaust gases of the power unit running on gasoline is lower
than the maximum allowable content of hydrocarbons in the exhaust gases
of gasoline engines not equipped with a neutralization system. According to
the data obtained from bench tests, it follows that the proportion of CH
in the exhaust gases of a gasoline-fueled engine is on average 48% higher
than in the exhaust gases of an engine fed with a gasoline-alcohol mixture.
It was shown that a significant increase in power at the wheel does not lead
to a sharp increase in the CH content in the exhaust gases. The proportion
of CH in the exhaust gases in the obtained speed range is a constant value.

Khodyakov AA, Khlopkov SV, Istomin DV, Alibekova DR, Narozhnyy AA. Toxicity of a gasoline engine for small-scale
mechanization. RUDN Journal of Engineering Research. 2023;24(2):187-195. (In Russ.) http://doi.org/10.22363/2312-

8143-2023-24-2-187-195

BBepeHune

[Iupokoe uCHOIB30BaHME B CaJOBOW TEXHHU-
Ke (ra30HOKOCWJIKax, KyJbTHBATOPax), AJIEKTpUye-
CKUX T'eHepaTopax, KapTUHrax u Oarru JBUraTeseu
Briggs & Stratton, He OCHAIIEHHBIX KaTaJIUTHYE-
CKHMM HEHTpaJIu3aTOpOM, CTaBHUT 3ajady OIpenese-
HUS TOKCUYHOCTH oTpaboraBimux razos (OI') cuio-
BOTO arperara.

[IpoBenenne uccnenoBaHuil, CBA3aHHBIX C aHa-
JM30M COZEPKaHHUs B OTPAOOTABLIMX I'a3aX TOKCHY-
HeIX KomnoHenTos (CO, CH, NOy)! [1-2], neobxo-
JIIMO HE TOJILKO JIJIsl IMarHOCTUPOBAHUST HEHCIIPAB-
HocTel nBurareneit Briggs & Stratton, HO u s
MIPEIOTBPAILEHHS YBEJINYEHUSI TOKCUUHBIX BBIOPO-
coB [3—6], BBI3BaHHBIX HAPYIICHUSIMA HOPMaIbHOMN
pabotsl MoTopa [7-13]. Kpome HeucmpaBHOCTE,
MPUBOSIINX K Bo3pacTaHuio Tokcuynoctu OI, Biu-
SHUE Ha cojJepkaHwe B oTpaboraBmmx razax CO,
CH, NOyx moxeT oka3pIBaTh U caMO TOILIUMBO [14].
[Tostomy Heobxomumo onpenenuTs coaepkanue CO,
CH, NOy B oTpaboTaBmmx raszax ABHTaTels, pado-
Taromero Ha 6enszuHe. OlEHKa BIUSHUS TOIJIMBA Ha
TokcnuHocTh OI' mpoBoAMIach Ha TOM e JBHUTraTe-
e, HO paboTaromeM yxe He Ha OeH3uHe, a Ha cMe-
cs1x OCH3MHA CO CITUPTOM.

! I'op6ynoe B.B., Ilampaxanvyes H. M. TOKCHIHOCTb JBU-
rareyieil BHyTPEHHETO cropanus: yuebHoe nmocooue. M.: U3a-so
PY]IH, 1998. 214 c.; Anvgheposuu B.B. TOKCHYHOCTH JBHUTATE-
JIell BHYTPEHHETO CropaHus: y4eOHO-METOIUuYecKoe mocobue:
B 2 uw. Y. 1. AHanm3 coctaBa OTpabOTaBUIIMX Ta30B. MHUHCK:
BHTY, 2016. 54 c.; Iloknao JI.H. KoHTpoib TOKCHYHOCTH OT-
paboTaBIIMX Ta30B aBTOMOOWIEH: OcoOue ISt JIAOOPATOPHBIX
pabot mo aucrmmuiHe «TPaHCIOPT W OKpYXKAromas Cpenay.
Munck: BHTY, 2012. 34 c.
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1. AkcnepumeHTanbHas 4acTb

OObexkTaMu uccnenoBanus ObLTH MPoObI OeH-
suHa Mapku AU-98 (b-1) u cmece AN-98 ¢ u3o-
nporioBbM criupToM (C3sHgO, abcomoTupoBaHHbBII
I'OCT 9805-84), comepxamas 5 u 10 % CsHgO
(CM-5, CM-10).

HcnblTaHuio NOABEpraiyd JBUraTelb, YCTaHOB-
JICHHBIN HA JIETKUHA YeTHIPEXKOJIECHBIN aBTOMOOWIIb,
ynpouieHHo!W KoHcTpykimu (Oarru). Tpancmuccus
TPAHCHOPTHOTO CPEJCTBA COCTOsUIA U3 LIEMHOH (TJaB-
HOW) mepenayn u Bapuatopa. [IpoOs1 OeH3uHa u cMe-
cu, conepxkamme C3HgO, o0bemom He Boie 150 mi
3anuBajd B TOTUIMBHBIN 0aK OJHOIMJIMHIPOBOTO,
YEeTBHIPEXTAKTHOTO, BEPXHEKIANaHHOTO JBUTATENs
(Biggs & Stratton) momHoCTRIO 7,4 KBT (KpyTsimmit
moMeHT 3600 06-MI/IH’l). Pabounit 00eM aBUTATE-
151 306 ev®.

[ns onpeneneHus M3MEHEHHH COACPKaHUS
B OTpa0OTaBIINX ra3aXx TOKCHYHBIX KOMIIOHEHTOB,
CBSI3aHHBIX C PabOTAIOLIMM IIOA HArpy3KOW IBUTIa-
TEJIEM, HCIIONB30BaM JWHAMOMETPHYECKHN CTEH]
CARTEC LPS 2510. WcnbITanust IpOBOAWIM B MOJ-
nporpamme F-const. B pexxume F-const, cormacHo
TEXHUIECCKON TOKYMEHTAITUH, aBTOMOOWIIb TPH (HHK-
CHUpPOBAHHOM (TIOCTOSTHHOM) COTIPOTHBIICHUHU IBHKE-
HUIO KOJIEC JIOJDKEH pa3BHBAaTh MAaKCUMaJIbHO BO3-
MOJKHYIO MOIIHOCTB. [IpoTOKON HMcHBITaHUH pexu-
Mma F-const conepxut cienyromiye AaHHBIE: COMPO-
TUBJICHUE HA KOJIeCce, MOIIIHOCTh Ha KOJIECE, CKOPOCTb,
000pOTHI ABHTATENS, TArOBOE ycuare. O THOBpEMEHHO
NP HCHBITAHUU Ha CTEHAE PErUCTPHPOBAIM CO-
nepxkaane B OI' CO, CH, NOy.
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KoHTpois conepkanus B 0TpaOOTABIIHX Ta3ax JBU-
rarenst Briggs & Stratton moHookcuaa yriepoma (CO),
HecropeBmux yrieBomopoaos (CH) u okcumoB azo-
ta (NOx) npoBoawiu razoanamuzatopom MHDPA-
KAP 5M3T (xnacc npubopa 0). B tabdn. 1 npusenex
muama3zon usMepsiembix 3Hadennin CO, CH u NOy
U TIpeJIeNbl JIOMYCKaeMbIX OTPEITHOCTEH.

[MonroroBky nmpubdopa k paboTe u MpoBeICHUE
KOHTponsi coaepxanuss B OI' TOKCHYHBIX KOMIIO-
HEHTOB OCYIIECTBISUIH, PYKOBOACTBYSACH COOTBET-
CTBYIOILIEM TEXHUYECKOM HmokyMeHTanueil. Tak,
HampHuMep, yCTpoicTBO 3a6opa mpoOsl (30HI) ras3o-

aHalM3aTopa yCTAaHABIMBAJIM B BBIXJIONHYIO TPYOy
TPAaHCIIOPTHOTO CPEICTBA, COTJIACHO WHCTPYKIIHH,
Ha TiyomHy He MmeHee 300 MM OT cpeza U QUK-
CHpOBaJM YCTPOMCTBO 3abopa MpoOBI creIuaihb-
HeIM 3akuMOM. Kpome m3mepenust CO, CH, NOx
PETHCTPUPOBATN TakXke (TaXOMETPOM) OOOPOTHI
nBuratens (N; 4acToTa BpalleHHS KOJEHYATOTO
Baja). M3aMepeHus BBINOIHSIN pU paboTe MOTOpa
(He MeHee 2 MUH) B HarpyxeHHoM (pexxum F-const)
YU HE HArpyXEHHOM (PEXHUM XOJOCTOTO XO0HAa) CO-
crossHnu. CUIIOBOM arperar mpeBapHuTENIbHO TPO-
rpeBaIy.

Tabnnuya 1

AnanasoH namepsaeMbiX ra3oaHanu3satopom 3HavyeHuii CO, CH, NO, n npeaenbl aonyckaemMoi NnorpewHocTun

Namepsaemaq BennumHa Anana3oH uamepeHumn

Mpeaensbl AonyckaeMoii NOrpeLHocTn

AGconioTHOM OTHOCUTENbLHOIA
O6bemHas gona CO, % Or0po5 +0,03 +3
O6bemHas gons CH, man™ Ot 0 oo 2000 +10 +5
O6bemHas gons NO,, mnH™ OT1 0 oo 4000 +100 +10
Table 1

Range of CO, CH, NOx values measured by the gas analyzer and maximum permissible error limits

Measured value Measurement range

Maximum permissible error limits

Absolute Relative
Volume fraction of CO, % From0to5 +0.03 +3
Volume fraction of CH, ppm From 0 to 2000 +10 +5
Volume fraction of NO,, ppm From 0 to 4000 +100 +10

2. Pe3synbTaTbl U 00CYyXaeHUue

B tabn. 2 npexacraBiieHb! JaHHbBIE, TOTyYSHHBIE
mpu paboTe ABHUTATENS B PEKUME XOJIOCTOTO XOAa.
U3 comocraBneHus JaHHBIX CIeyeT, YTO 00beMHasl
nonst CO u CH B orpaboTaBIInX ra3ax mpH cropa-
HUM OeH3MHa Bblle UX comepxkanusi B O, oOpasy-
IoIUXcs Tpu paboTe ABHUTATENs HA CMECAX CO CITUp-
toM. [lapamerp ¢ oxcumoB azora B OI', HaoOoporT,
Bo3pacraeT. [Ipuyem makcumanbHoe 3HadeHre NOy
Habmronaercs ans Oensuna ¢ 10 % C3HgO u npm

pabote aBuratens Ha 0oyiee HU3KUX 000poTax. ITo
CBUJETEILCTBYET, YTO HAa NPUCYTCTBHE B OTpaboO-
taBmux razax CO, CH u NOx oka3pIBaeT BIUsSHHE
HE TOJIbKO HAJIM4YUE B OCH3WHE CIUPTA, HO M YacTO-
Ta BpaIlCHHs KOJICHYATOTrO BaJa.

st ompeneneHus TECHOTHI CBSI3U MEXIY ¢ U
koHueHTpanueil CsHgO B TOIUIMBE, a TaKKe MEXIY
¢ u N (4acToTa BpallCHHUS KOJCHYATOrO Bayia) K
MIPEICTaBIICHHEIM B TaOJ. 2 NMaHHBIM MPUMEHSIICS
KOPPEISIMOHHBINA aHanu3 (puc. 1).

Tabnuya 2
O6bemHag ponga ¢ CO, CH u NO, B oTpaGoTaBLunX rasax npu paboTe ABUrarens B peXvume XonocToro xoaa
Tonnueo Copepxanue B Tonnuee C;H;0, % OGopoTbl ABUratens, MuH™"' | ¢(CO), % | ¢(CH), man~"' | ¢(NO,), Man™"
B-1 0 2450 2,8 361 157
CM-5 5 1840 1,5 149 234
CM-10 10 1750 0,4 104 315
Table 2
Volumetric fraction ¢ of CO, CH and NOx in exhaust gases when the engine is idling
Fuel C;H;0 content in fuel, % Engine speed, min' ¢(CO), % | o(CH), ppm™ | ¢(NO,), ppm™
B-1 0 2450 2.8 361 157
CM-5 5 1840 1.5 149 234
CM-10 10 1750 0.4 104 315
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BennuuHbl mpencTaBieHHBIX B TabiMIax Ko-
a¢durmentoB xoppensun (r) soime 0,9 (pucy-
HOK). Takwe 3HadeHus mapamerpa I MO Koidde-
CTBEHHO-KAa4eCTBEHHOW IKaje Yeamoka xapakre-
PHU3YIOT CBSI3b MEXIY N U (p, MEXKAY COJEpKAHHEM
B OcH3uHe cnupra u o0bemHbIMH Joisimu CO, CH,
NOx kaK OYeHb CHJIbHYI0. AHAJIOTHYHAs CBS3b CYy-
mectByeT u B paay ¢(CO) — ¢(CH), ¢(CO) — ¢(NOy),
a taoke Mexay O(CH) u @(NOy).

CTaTUCTHYECKYI0O OLEHKY KO3 (UIUEHTOB
KOPPEJSIIIUU TPOBOJMIN, CpPaBHHUBAas pacyeTHHIE
3HAYEHHUS [pacy C KPUTHUECKOM BEIMYUHOM [iepur.
Oxka3anoch, YTO CBUAETEIBCTBYIOIIEE O 3HAYMMOMN
JTHHEHHON CBS3M |rpaaI > erHT| (repur = 0,997 mpu
ypoBHe 3Hauumoctu 0,05) HaOmomaercs st map
n-CH, o(CO) — @(NOx), conepxanue cripra — ¢(NOy),
cogepxxanue crmupra — @(CO). 13 sTHX ueTbIpex
Tap TOJBKO CojiepkaHne B oTpaboTaBmmx razax CH
CBSI3aHO C XapaKTEPHCTUKOH (YacTOTOW BpalleHUs
KOJIGHUATOro Bajla) CHJIOBOrO arperara. Ilostomy
WCIBITaHUE JBHTATENs B pexkuMe F-const (mopn Ha-
Ipy3KOi) ¢ OMHOBPEMEHHOW pernucTpaiueil B oTpa-

6otaBmmx razax CO, CH u NOx mpoBogunu mpu
n = 1636 + 52 mur ' (¥3 %), a moka3aTeiem,
M0 KOTOPOMY OLICHUBAIA TOKCHYHOCTH JBHUTATEIs
(pabotaromiero Ha OCH3MHE U Ha cMecH OEH3WHA CO
crapToM), 66110 comepskanue B OI' CH.

B Ttabm. 3, 4 nupenacraBieHbl JaHHEIC,
MOJIyYeHHBIE TPU HCIBITAHUH Oarrd Ha CTEHIE
CARTEC LPS 2510 B pexxume F-const. M3 como-
CTaBJICHUSI NaHHBIX ciemyeT, 4to pomst CH B O
nBUTaTeNs, paboTarolero Ha OCH3WHE, B CPeIHEM
Ha 48 % BbIIIe, YeM B OTPabOTABIINX ra3ax MOTO-
pa, MUTAEMOr0 CMEChIO, COCTOsIIEHd U3 OCH3MHA
U cnupTa. AHAJOTHYHBIA Pe3yJbTaT MOJIyYCH HpU
paboTte cuiioBoro arperata 0e3 Harpy3Ku (B pexxumMe
xoioctoro xona). lons CH B orpaboraBmux razax
JBUTATENs, paboTaroniero Ha OEH3WHE, BHIIIE Mapa-
MeTpa @, IOJIYYSHHOT0 Ipu paboTe MOTOpa Ha CMe-
csix (tabi. 2). DTO COOTBETCTBYET NPUBOAWMBIM
B JINTEPAType CBEJCHHUSIM O CHU)XEHHUU BBHIOPOCOB
CH, xotopoe sBISETCS CIEICTBHEM OoJiee IOJIHO-
ro, 4eM OCH3MH, CrOpaHus cMecel OCH3MHA CO CIHp-
tom [10-13].

JaHHble
O6opoTbi co CH NO,
2450 2,8 361 157
1840 1,5 149 234
1750 0,4 104 315
Koppenauua
O6opoTbl co CH NO,
ObopoTbl 1
CcO 0,936919933 1
CH 0,998930926 0,952076931 1
NO, -0,91318055 -0,998035571 | -0,9310447 1
JaHHble
Copep:xaHue cnupTta Cco CH NO,
0 2,8 361 157
D 1,5 149 234
10 0,4 104 315
Koppenauna
CopepxaHue cnupta co CH NO,
Cogep:xaHue cnupTa 1
CcO -0,998844598 1
CH -0,93627827 0,952076931 1
NO, 0,999893197 -0,998035571 | -0,9310447 1

KoppenaunoHHbIA aHann3 AaHHbIX, BbIMOJIHEHHbI C MOMOLLBIO TabnnyHoro npoueccopa Microsoft Office Excel
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Diata
Wheeling co CH MO,
2450 2.8 361 157
1840 1,5 149 234
1750 0.4 104 315
Correlation
Wheeling Wheeling Co CH MO,
1
o 0,9369159533 1
CH 0,998930526 0,852076931 1
NO, -0,91318055 -0,938035571 | -0,9310447 1
Date
Alcohol content o CH NQ,
a 2,8 361 137
5 1,5 149 334
10 0.4 104 315
Correlation
Alcohol content co CH WO,
Alcohol content 1
o -0,993844598 1
CH -0,93627827 0,952076931 1
NO, 0,959893197 -0,958035571 | -0,9310447 1

Correlation data analysis performed using Microsoft Office spreadsheet processor

Tabanuya 3
ConpoTuUBNEHNE, MOLLHOCTb Ha KOJlece, CKOPOCTb, TAroBoe ycunuve u o6bemHas gonsa CH
B OTpabGoTaBLUMX rasax gBuratens, padbotaiowero Ha 6eHsnHe AU-98
ConpoTuBneHue MowHoCcTb 1 1
Ha Konece, H-m Ha konece, KBT CKOpOCTb, KM-4Yac Tarosoe ycunue, H o(CH), mnH

20 1,5 43,1 120 371

30 1,8 36,5 190 369

40 2,4 34,5 250 357

Table 3
Resistance, power to the wheel, speed, tractive effort and volumetric fraction of CH
in the exhaust gases of an engine running on Al-98 gasoline
Wheel resistance, N-m, | Power to the wheel, kW Speed, km-hour™ Tractive effort, H ¢(CH), ppm™’

20 1.5 43.1 120 371

30 1.8 36.5 190 369

40 2.4 34.5 250 357

Tabnuua 4
ConpoTuBneHne, MOLWHOCTb Ha KoJsiece, CKOPOCTb, TArOBOe ycunme n o6bemHas gona CH
B oTpabGoTaBLUMX rasax gsurarend, padotaowero Ha 6eHanHe ¢ 10 % M3oNPONUIOBOro cnNupTa
ConpoTtueneHve MowHocTb 4 -1
ua konece, H-m Ha Konece, KBT CKOpOCTb, KM-4ac Tarosoe ycunue, H ¢(CH), MmnaH

20 1,3 39,1 125 186
30 1,6 34,1 190 189
40 2,4 31,0 253 191
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Table 4
Resistance, power to the wheel, speed, tractive effort and volumetric fraction of CH
in the exhaust gases of an engine running on 10% isopropyl alcohol gasoline
Wheel resistance, N-m, | Power to the wheel, kW Speed, km-hour™ Tractive effort, H ¢(CH), ppm™’
20 1.3 39.1 125 186
30 1.6 34.1 190 189
40 24 31.0 253 191

[onyuennsie 3nauenus ¢(CH) = 357-371 mma*
HIDKE TIPEeAeTbHO AOMyCTUMOTO (HOPMHPOBAHHOTO)
conep:kanus yriaeBoaopoaoB B OI' mist gBurarenei,
pabotaromux Ha OeH3WHE M HE OCHAIIEHHBIX CHU-
creMoii Heftrpammsarmu (600—1200 mirH ).

B xone ncnsitanmii B pexxume F-const (cormac-
HO TEXHMYECKOMY OIHCAHHUIO JTHHAMOMETPHYECKO-
ro creaga CARTEC LPS 2510) 6arru noimxeH pas-
BUBAaTh MaKCHMAJIbHO BO3MOXHYIO MOIIHOCTH (Ny)
npu (puUKCHpOBaHHOM (IIOCTOSIHHOM) COIPOTHBIIE-
HHUHU JBYOKeHHUIO Koec (Py).

[Ipu yBenuuenuu Px MakCUMaIbHO BO3MOXKHAS
MOIITHOCTE Bo3pacrtaer ¢ 1,3 mo 2,4 kBT, TO ecTh Ha
46 %, a ckopocTh MeHsieTcst Ha ~20 % (tadum. 3, 4).
Wsmenenue momu CH B oTpaboTaBminx raszax c po-
ctoM N¢ (M COOTBETCTBEHHO C M3MEHEHHEM CKOPO-

cTH) cocraBmio Bcero 4 %. DTo HUXKe Tmpenena
JoryckaeMoi morpemHocTy usmepenuss CH, pas-
HOM +5 % (Tabn. 1). CnemoBaTenbHO, 3HAYUTEIh-
Hoe yBennueHrne N He TMPUBOIUT K PE3KOMY BO3-
pacranuto cogepxkanus CH B oTpaboTaBIInX rasax.
Hons CH B OI' B mosyueHHOM HHTEpBaJIe CKOPO-
CTe¥ BeTMYMHA TIOCTOSIHHASI.

[y OUEHKH BIHMSHHS TPUCYTCTBYIOIIETO B
OeH3WHE cHHUpTa Ha coliepKaHue B OTpabOTaBIIMX
razax NOy mpoBeieHbI HCITBITAaHUS OTHOMMIHHIPO-
BOTO, YETHIPEXTAKTHOTO OEH3WHOBOT'O ABUTATENS
LIFAN 170 F mommuoctsto 5,1 kBT (kpyTsimuii Mo-
MeHT 3600 06-MuH 1) (Tabn. 5). DTOT CHIIOBOII ar-
perar Tak e, Kak M JBUrareib Briggs & Stratton,
YCTaHaBIIMBAETCS HAa MOOWIIBHBIX SHEPTETHUECKUX
CpeJICTBAaX MaJlol MeXaHU3aluH.

Tabnuya 5

O6bemHag ponda NO, B oTpabGoTaBlumnx rasax npu pa6orte aeuratend LIFAN 170 F
B peXuMe X0JIOCTOro XxoAa Ha 6eH3uHe n cMmecu 6eH3nHa co CNMUPTOM

. OGopoTbl gBUraTens, MUH '
K:;ﬁg::::'gr BeH3uH Cmecb 6eH3uHa ¢ 20 %nU30nNponuIOBOro cnupTa
1640 | 1950 | 2240 | 2480 | 3430 1815 1928 2213 2429 3598
@(NO,), maH™" 18 41 63 84 182 8 13 50 61 152
Table 5
Volumetric fraction of NO, in the exhaust gases when the LIFAN 170 F
engine is idling on gasoline and gasoline-alcohol mixture
Toxic Engine speed, min™
component Gasoline Mixture of gasoline with 20% isopropyl alcohol
of the exhaust 9 o ISopropy
gases 1640 | 1950 | 2240 | 2480 | 3430 1815 1928 2213 2429 3598
@(NO,), min™' 18 41 63 84 182 8 13 50 61 152

Ucneitanue LIFAN 170 F npoBomuiocs ¢ 1ie-
JIBbIO TIOJTYYCHHUS PE3YJIBTATOB, KOTOPBIE MOTYT OBITH
HekoTopoii koppekuuel nanHbIX O(NOy), momydeH-
HBIX TIPH HCIIBITAaHWU ABuratens Briggs & Stratton
(cm. Tabm. 2).

W3 conocraBnenus gaHHbIX (Tadmn. 5) ciemyer,
yro conepkanne NOy B oTpaboTaBImx razax JBUTa-
Tenst, paboTarolero Ha 6eHsuHe, Boie (Ha 21-68 %),
gem ((NOy) B OI" MoTOpa, MUTaEMOr0 CMEChIO OCH-
3uHa co crnuproM. IIpm 3TOM Habmomaercs pocT
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conepkanusi NOyx B OI' ¢ yBenuYeHHEM YaCTOTHI
BpAIICHUS KOJICHYATOrO BaJa.

Tecnoty cszu mexay @(NOx) u yactoToit
BpAlllCHUS KOJEHYATOTO Baja OICHUBAIU KO-
¢unmenToM Koppemsauu. Koadduiment xoppems-
man I mexay O(NOy) u n mis mBurarens, pabo-
TalOIero Ha OCH3MHE, TaK ke, Kak W JJI1 MOTOopa,
mUTaeMoro cMmechbio, cocraBui 0,99. Dto 3HaueHHE
CTaTUCTUYCCKU 3HAYMUMO, TaK KaK [pur IPU YPOBHE
snaunmoctu 0,05 cocrasuser 0,878 [14].
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YcraHoBneHne (QyHKIMOHANBHON 3aBUCUMOCTH
@(NOx) OT yacTOTHI BpallleHHsI KOJEHYATOTO Baya
MPOBOJMIN C MOMOIIBIO PErpEeCCHOHHOIO aHaH3a
(cTaTucTUYECKUM aHATUTHUYECKUI METOJ, MOJENb
MTapHOW TUHEHHOW perpeccun).

B T1abn. 6, 7 npuBeneHbl pe3ynbTaThl BHINOI-
HEHHOTo B TabimuyHoM mpoueccope Microsoft Of-
fice Excel perpeccuonnoro amamusa (F-xpurepmii
®umepa; R? — ko>QPULMEHT IeTEPMUHALINN).

Pacuer cpemgneil oTHOCHUTENIHHON OIIMOKU am-
npokcumanmi ( A , %) IPOBOIIIH IO hopMyIIe

A= 1;!0 /Z(J/i—f/i)z’
4 n

rae y; — cpeaHee apupMeTHICCKOe 3HaUYeHHe (aKTH-
YECKOTO Pe3yJIbTATUBHOTO MpHU3HAKA; y; — (akTude-
CKOE 3HaueHHe Pe3yJIbTaTHBHOIO MPU3HAKa; J; — Teo-
PETHUYECKOE 3HAUSHHE PE3YIbTATHBHOTO MPHU3HAKA.

W3 comocTaBieHus] KpUTHUSCKUX U PACUCTHBIX
3HaYeHHU Kputepus Duinepa cieayeT, uTo ypas-
HEHUs perpeccuu anekBatHbl (Fyacq > Fpur). Tou-

HOCTb MaTeMaTU4Ye€CKOW MOJeNH (K ) cocTaBuia
6 % 11 JaHHBIX, TOJYYEHHBIX MPU paboTe BUTA-
Tens Ha OeHsuwHe, U 8 % A MOTOpA, TTHUTAEMOTO
cMecpio OeHsnHa ¢ 20 % H30MPOMMIOBOTO CIHP-
Ta (Tabu. 6, 7). DT 3HadeHUs A 06IaZAIOT TOU-
HOCTBIO, KOTOpasi SIBISIETCSI JOCTATOYHOW, YTOOBI
nonoOpaHHYI0 K UCXOAHBIM JaHHBIM MOJENb CUH-
TaTh Pe3yJbTaTUBHOM.

3uayenue R?, Tak e Kak M I' JUIsl JaHHBIX, TO-
JYYEeHHBIX IPU pabOTe ABUTATENsl HA CMECH, OJIM3KU
K 1, To ecth nuneitHas cBsizb Mexay O(NOx) u n
cunbHast, 99 % 3uauenuii @(NOx) 00ycioBIEHO
BJIMSIHUEM Ha 00pa30BaHHE TOKCHYHOTO KOMITOHEH-
Ta YaCTOTHI BPAIEHHs KOJEHYATOTO Bajia JBHUTraTe-
a4, 1 % gaHHBIX 3aBUCUT OT JAPYTUX, HE BKJIIOYEH-
HBEIX B MOJIEITb, (haKTOPOB.

Tabnuua 6
XapakTtepucTuka perpeccuoHHON moaenu ana AaHHbix (y = o(NO,); x= n),
nonyvyeHHbIX Nnpu padéoTe asuratensa LIFAN 170 F B peXXume XonocToro xoaa Ha 6eH3uHe
) A % Frac Foum R
YpaBHeHue perpeccun y = 0,0926x — 139,77
4412 7,7 0,9932
Table 6
Regression model characteristics for the data (y = ¢(NO,); x= n),
obtained when the LIFAN 170 F engine is idling on gasoline
R . N /E\, % Fictimatea Firitica R
Regression equation y = 0.0926x — 139.77
441.2 7.7 0.9932
Tabnuuya 7

XapakTepucTuka perpeccUoHHOi Moaenu anga AaHHbix (¥ = ¢(NO,); X = n), nony4yeHHbIX Npu paboTte
asuratensa LIFAN 170 F B peXXuMe X0Nn0CTOro xoaa Ha cmecu 6eHauHa ¢ 20 % usonponuioBoro cnupTa

YpaBHeHue perpeccum y = 0,0809x — 137,0319

A % Froce Fom R

366,3 7.7 0,9919

Table 7

Regression model characteristics for the data (y = ¢(NO,); x= n),
obtained when the operation of the LIFAN 170 F engine is idling on a mixture of gasoline with 20% isopropyl alcohol

Regression equation y = 0.0809x — 137.0319

A % Fqtimatea | R

366.3 7.7 0.9919

3aksiloueHue

[IpencrapienHbie B paboOTe pe3yIbTaThl UCCIIC-
JIOBaHWH TOKAa3aliy, YTO Ha MPHUCYTCTBHE B OTPabo-
taBmnx razax CO, CH u NOy oka3biBaeT BIMSHHE

HE TOJIBKO HAJIN4YHUEC B 66H31/IHG criypTa, HO ¥ 4acCTo-
Ta BpallleHUs KOJICHYATOTO Bayia. Y CTAHOBJICHO, YTO
nonst CH B oTpaboTaBImIMX ra3ax CHIOBOTO arpera-
Ta, paboTaromiero Ha OCH3WHE, HIDKE TMPEICITHHO
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JOIYCTUMOTO coJepKaHus yrieromopoaos B OI,
HE OCHAIEHHBIX CHCTEMOW HEWTpamu3anuu OCH3H-
HOBBIX ABHUTratenell. 3 maHHBIX, MOMyYeHHBIX TpPH
WCIIBITAaHUM Ha CTeHIe, ciaeayeT, uro goist CH B OI'
JBHUTraTessl, padoTaromero Ha OeH3uHe, B CpeJIHEM
Ha 48 % BbIIIE, YeM B OTPa0OTaBIINX I'a3ax MOTOPA,
ITUTaEMOTO CMECHIO, COCTOSINEH 13 OEH3MHA U CITHp-
Ta. [TokazaHo, 4YTO 3HAUUTENHHOE YBEITMUEHUE MOIII-
HOCTH Ha KOJIeCe HE MPHUBOJUT K PE3KOMY BO3pacTa-
Huto coaepxkanus CH B oTrpaboTaBmmx razax. Jlomus
CH B OI' B mosy4eHHOM HHTEpBalieé CKOPOCTEH Be-
JMYWHA OCTOSIHHAS.
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HUctopus cratbu AnHotammsi. B 3ananHoit yact OpeHOyprckoit o0IacTH ¢ LENbI0 BBISIBICHHS
Tocrymina B penaximo: 26 nexabps 2022 . JIMTOJIOTHYECKUX U CTPATUIpaUIecKyx JIOBYIIEK MPOBEIEHB! IUCTAHIMOHHbIE
Hopaborana: 17 deppans 2023 r. HCCIIEZIOBAaHUs HA YITI€BOAOPOABL. JIIs BBIABIECHUS MECTOPOXKICHUI YIIIEBOMIO-
TpunsTa k myonukanyu: 27 despass 2023 1. pomoB mpuMeHsiIcs MeTo TIo TexHoNorni CRS (KOMITIEKCHOTO TMCTAHIMOHHOTO

aHanu3a). Ha ntHeBHON MOBEpXHOCTU U3y4aeMOro paifoHa BBIIENECHBI KaK CIEK-
Karouesnbie ciioBa: TpaJIbHBIC AHOMAJINH, CBS3aHHBIE C U3BECTHBIMUA aHTHKIMHAIBHBIMU, CTPYKTYP-
KOMIUICKCHBIH IMCTaHIMOHHBIN aHANK3, HBIMH, PU(QOBBIMH U JIMTOTOTUIECKUMU 3IEXKaMH U3BECTHBIX MECTOPOXKACHUIA,
KOJIraHCKasl TOJIIA, TCPPUTCHHBIC KOJI- TaK | JICHTOOOPAa3HbIC 3aJICKH, HACHTU(PUIIMPYEMbIC KaK Majeopyciia BEpXHEro
JICKTOPBI, BEPXHHIA [ICBOH, YIJICBOAOPO/IBI JIEBOHA, IIPEJCTABJICHHBIE TEPPUIeHHBIMH OTNIOXeHUsAMH. [Ipu conocraBineHnu

CIIEKTPAIbHBIX YTJICBOJIOPOHBIX aHOMAJIMH, BBIICTICHHBIX B Pa3HBIX JIHAIa3o-
Hax, Y/1aJI0oCh BBISIBUTh MX HaJl U3BECTHBIMU MecTopokneHussmMu. [loxreeprknena
TIEPCIIEKTUBHOCTD PsiJia CTPYKTYP, paHee BhIBICHHBIX MPU CEHCMHYECKUX pado-
Tax, YTO TOBOPUT O HAJIMYMH B HUX YTJIEBOZOPOI0B. Kpome Toro, Ha ceBepe n3y-
YaeMo#l TIOIa/M B OacceiiHax COBPEMEHHBIX pek MOXOBOW 1 AJTAMOBKH BBIZIC-
JIEHBI JICHTOOOpa3HbIe aHOMaIMK. He MCKITFOYEHO, YTO 3TH JIMTOJIOTMYECKH Kpa-
HUPOBAHHBIE 3AJIEKHA MOTYT IPEICTABIIITH HOBBIH THIT 3aJIEKEH B TAHHOM palioHe.
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Received: December 26, 2022 of the Orenburg region in order to identify lithological and stratigraphic
Revised: February 17, 2023 traps. The main research method was CRS technology (complex remote
Accepted: February 27, 2023 sensing) to find hydrocarbon deposits. On the surface of the study area,

© IMuuyrun C.B., Kotensuukosa E.M., Ycosa B.M., YcoB A.A., 2023
This work is licensed under a Creative Commons Attribution 4.0 International License
aram  https://creativecommons.org/licenses/by-nc/4.0/legalcode

196


https://orcid.org/0009-0002-4756-3856
https://orcid.org/0009-0002-4756-3856
https://orcid.org/0000-0001-8909-8953
https://orcid.org/0000-0001-8909-8953
https://orcid.org/0000-0002-0023-5913
https://orcid.org/0000-0002-0023-5913
https://orcid.org/0009-0009-9691-8126
https://orcid.org/0009-0009-9691-8126

TMuayrun C.B. n ap. BectHuk PYOH. Cepusi: MHxeHepHble uccnenoBanmns. 2023. T. 24. Ne 2 C. 196-205

Keywords:

complex remote analysis, Kolganian
stratum, terrigenous reservoirs,
Upper Devonian, hydrocarbons

were identified both spectral anomalies associated with the known anticlinal,
structural, reef and lithological deposits of known deposits, and ribbon-like
deposits, which were recognised as Upper Devonian paleorusses, represented
by terrigenous deposits. When comparing the spectral hydrocarbon anomalies

detected in different ranges, it was possible to discover them over known
deposits. The promise of a number of structures previously identified during
seismic work was confirmed, which indicates the presence of hydrocarbons
in them. In addition, in the north of the study area in the basins of the modern
Mokhovaya and Adamovka rivers, ribbon-like anomalies were observed.
It is possible that these lithologically shielded deposits may represent a new
type of deposits in the area.
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BBepeHune

[NocTenenHoe ucueprianye yrieBoJOPOIHBIX pe-
CYpCOB XapakTepHO Kak s Poccuu, Tak m nms
JIPYTUX CTpaH MHpa. XOTs OIIEHKH PEeCcypcoB U 3a-
macoB HeTH W ra3a B Poccuu moka He BBI3BIBAIOT
OIACeHUH MX MCYEPIIaHUS, 10 OTAEIBHBIM 00JacTsIM
Poccun HaOmronaercsi ycToMuMBOE CHIDKEHHE O0B-
eMoB uX 1no0bsrau. OpeHOyprckas 00IacTb He SIBIS-
€TCsl UCKITIOYCHUEM.

OpenOypreckas 00y1acTh BXOAWUT B YMCIIO Hau-
0oJiee IPOMBIIIICHHO Pa3BUTHIX perHoHOB Poccuu.
Benymiee mecto B o0nacTu 3aHMMaeT J0ObIYA U T1e-
pepabotka HeTH U IPUPOAHOTO raza. CTOUT OTMe-
TUTb, YTO OTJIOXKEHHUSI JEBOHCKOI'O BO3pacTa SBJISi-
IOTCSl JOCTaTOYHO TEPCIEKTUBHBIMH MPAKTHUECKH
Ha Bcell Teppuropun OpeHOyprekoit obnactu. [oc-
yIapCTBEHHBIM OajlaHCOM 3aracoB IOJIC3HBIX HC-
komaembIx (HeTh) Ha 1 sHBaps 2022 1. B Open-
Oyprckoit obnactu yureHo 302 MeCTOPOXACHUS
(254 wedrsanbix, 28 razoHedTsAHBIX, 2 Hedreraso-
BBIX W 18 HedrerazokoHIEHCATHBIX) ¢ pa30ypeH-
HBIMH TEXHOJOTMYECKHMHU HM3BJIEKaEMBIMHU 3amaca-
MU He(TH: Ha pa3pabaThIBAEMBIX MECTOPOXKICHHUAX
kat. A+B1 — 870,693 muH T, Ha pa3BeabIBAEMBIX
kat. C1 — 132,960 miH T, Bcero — kat. A+B1+C1 —
1003,653 vt T

B Openbyprckoit o6macti 100bI4Ya XKUAKUX YT-
neBofopooB (YB) mocTenmeHHO CHMKACTCS. €CIH
B 2013 1. mo6sBanock 23,2 mutH T HedTH, 0,5 MITH T

! CripaBka 0 COCTOSIHMM M MEPCTIEKTUBAX MCTIONB30BAHHS
MHHEPAIBHO-CBIpEeBOi 0a3pl OpeHOyprckoit obmactu Ha
15.12.2022 r. lloarorosiena ®I'BY «BCEI'EN» B pamkax BbI-
nonHenust ['ocynapcrBenHoro 3amanust denepaabHOro areHTCTBa
110 Heporob3oBanmio oT 14.01.2022 r. Ne 049-00018-22-01. URL:
http://atlaspacket.vsegei.ru/#2717c267d8115ae37 (07.04.2023).

koHzaeHcara, To B 2020 r. moOwito 21,6 MIH T
Heptu?. CrenoBaTenbHO, IS BOCCTAHOBIEHHS J10-
Opram HedTH 1 Ta3za B OpeHOyprckoi 00IacTH Tpe-
OyeTcs BRISIBICHUE 3ajeXell HeTH HOBOTO THUIIA.
TakuMu 00BEKTaMH, MO HAIIEMy MHEHHIO, MOTYT
OBITH 3aJIe)KM HEPTH B TEPPUTECHHBIX OTIIOKECHHUSX,
JIOKaJTN30BaHHBIE B IpeJeNax MaleoI0JINH BEepXHe-
JICBOHCKOM pEYHOU ceTH. XapaKTEpPHBIM IIOHCKO-
BBIM NPU3HAKOM YKa3aHHBIX 00BEKTOB MOXKET OBITH
JIeHTOOOPAa3HbIM XapaKTep HCKOMBIX YIJIEBOAOPO.-
HBIX 3aJIeXKEH.

OpHako 3ajgada BBISBICHUS HOBBIX OOBEKTOB
HedTH U raza B OpeHOyprckoit odmactu 6e3 mpose-
JISHHSI BEChbMa 3aTPAaTHBIX CEHCMHYECKHX U OYypPOBBIX
padoT sBJIgETCS BechMa MpoOlieMaTHYHOH. B nanHOM
clly4ae MOTYT OBITH HCIIOJIb30BAaHBl TEXHOJOTHH
JUCTAaHLUMOHHOTO aHalINW3a Ha YIJIeBOJOPOIBI IIO-
CPEJICTBOM HCHOJIb30BaHUA KOCMHUUECKUX CHUMKOB.

B Hacroseit pabote mpemyiaraeTcs Ha pEruo-
HAJIbHON CTaIUH MCCIECIOBAHUN 110 TIOMCKY YIJIEBO-
nopomoB texHonorust CRS (complex remote sensing —
KOMIUICKCHBIW JHMCTAHIIMOHHBIA aHanu3), pa3pado-
TaHHasg B POCCUUCKOM TIEOJOTMYEeCKOW KOMIIAaHUU
«O3I'EO», nMeromasi HEOCIOPUMBIE TIPEUMYIIIECTBA
M0 CPaBHEHHIO C TEXHOJIOTHSIMHU, pa3paboTaHHBIMU
kak B Poccun, Tak u 3a pyOe:koMm.

Hampumep, cornacHo I'A «HHOTEPY, nesTeNnb-
HOCTh COBPEMEHHOI'0 He(TEera3oBOro KOMILIEKCA
B Poccun TpebyeT mupoKoro npuMeHeHHs Teornpo-
CTpaHCTBeHHOH HH(popManuu u reorpaduyeckux
napopmarmonnaeix cucteMm (I'MC) yxe Ha cragmm

2 HpI/IMeHeHI/Ie KOCMHWYCCKUX CHHMMKOB B He(i)TeI‘aSOBOﬁ oT-
paciu. Munorep. URL: https://innoter.com/articles/primenenie-
kosmicheskikh-snimkov-v-neftegazovoy-otrasli/ (07.04.2023).
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nouckos’. KocMudeckne CHUMKYM MPUMEHSIOTCS Ha
CTaJIN¥ U3YyYCHUS TEOJIOTHYECKOTO CTPOCHUS U Tep-
CIIEKTHB He()TEra30HOCHOCTH OCAJ0YHBIX 0acCeiHOB,
C MX TOMOIIBIO0 OCYIIECTBIISIETCS] MPOBEJCHUE KOM-
IUIEKCHOTO aHajh3a BCeX HMEIOLIMXCS IUCTaHIIU-
OHHBIX, JAHAIMA(PTHBIX ¥ T'e0JOr0-Te0(hU3NIECKIX
JNaHHBIX. [ M3y4eHHsl TeoJIOTHYECKHX OOBEKTOB
Ha KOCMHYECKUX CHUMKAaX MPOBOAMTCS MX TpaHcop-
MHUPOBaHHE U MOHTaX, CO3/IaHME [[BETOBBIX KOMITO3H-
WH, GUIIETPALKs, aBTOMaTHIeCcKas KiacCu(hUKaIus,
JMMHEAMEHTHBIN aHanmu3 (BbIJC/ICHHE JIMHEaMEHTOB
B BH3YaJbHOM U aBTOMaTHYE€CKOM PEKUME, IIOCTPO-
€HHe pOo3-IuarpamMMm M CXeM IUIOTHOCTH JTHHeaMeH-
ToB). [Ipomie roBops, aHanM3 MepCIeKTHB HedTe-
ra30HOCTHOCTH CBSI3aH TOJBKO C JIMHEAMEHTHBIM U
TaHIIaQTHEIM aHATH3aMH.

AHAOTUYHO OIIEHWBAIOT PETHOHAIBHBIE Mep-
CTHEKTUBBl HE(PTEra3oHOCHOCTH M JpPyTHe POCCHH-
CKHE KOMITAHUH, HarpuMep aBTopsI [1].

Anro-ameprkanckas kommanus ERDAS Imagine
paspaboTana makeT oO0paboTKH KOCMUYECKUAX M300-
paxeHHid A7l IPOTHO3a Ha HEPTh W Ta3 HA OCHOBE
JUHUAMEHTHOTO aHalin3a W UHU(POBBIX MoOJenei
penbeda Ha OCHOBE HMCIOJIB30BAHUS IPOrPAMMHOTO
moaynsi LESSA mis makera ERDAS Imagine [2].
Moayne LESSA (lineament extraction and stripes
statistic analysis) ucrosnb3yercsi B Te0JOrHYECKOM |
CEeMCMOJIOTHYECKOM PaHOHUPOBAHUM ISl U3YYCHHS
nvHeaMeHToB [3].

Awmepukanckas komranus L3Harris Geospatial
paspaborana Texnonoruio ENVI — Benenenue 3ta-
JIOHHBIX OOBEKTOB 110 MIHUPOKOMY CHEKTPY MOJIE3HBIX
HCKOTIAeMbIX, B TOM YHCJE YIJIeBOAOPOIOB, Ha OC-
HOBe (hOPMUPOBAHUS OMOINOTEKN HTAIOHOB HEDTH
u raza. CpaBHUTENbHBIH aHAlM3 CHEKTPalbHBIX
CHUMKOB C 3TaJOHHBIMHU JJAHHBIMH OUOJIMOTEKH IS
BBIJICTICHHUSI aHAJIOTUYHBIX OOBEKTOB SIBIISIETCS OC-
HOBOU TexHoJ0oTHH [4].

OcHOBHO# MpoOIEeMOil BceX NEepeuUCICHHBIX
TexHoJiornu, 3a uckiouenneM CRS, saBasgercs we-
BO3MOXKHOCTH BBISIBJICHHS TPSAMBIX MPHU3HAKOB HC-
KOMBIX YIJIeBOJIOpoJ0B. OHU OCYIICCTBISIOT JIMHE-
AMCHTHBIN, NaHIIa(THBIN aHaIW3bl U TPOBOIST
COTIOCTABIICHHE CIIEKTPAJIbHBIX TIOPTPETOB BBISBIICH-
HBIX MECTOPOXICHUIH HEPTH U Ta3a ¢ H3y4aeMbIMH
TeppuTopusiMu. [IpakTUYECKUI pe3yabTaT dTHUX UC-

3 CnpaBka O COCTOSIHMM M IIEPCIIEKTHBAX MCIOJIb30Ba-
HUSL MUHEpPalbHO-CBHIpheBOH 0a3pl OpeHOyprkoit obiactu
Ha 15.03.2021 r. CII6.: BCEIEM, 2021. URL:
https://www.rosnedra.gov.ru/data/Fast/Files/202104/b1led3ce2b
7dff8142daf36cec9dd3b76.pdf (nara obpauienus: 12.09.2022).
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CIEeIOBaHUU JUIsI TIPOTHO3UPOBAHUS MECTOPOXKIEC-
HUil He()TH ¥ Traza HACTOIBKO MAaJO3HAYUM, YTO Be-
nymue HeTstHUKH Poccun TaBHO MOTEPSITA BCSIKUH
HWHTEPEC K HUM.

OTtnuune I/ICHOJII)?;YCMOﬁ aBTOpaMH TEXHOJIO-
rnu CRS 3akirogaeTcs B TOM, YTO Ha JHEBHOM ITO-
BEPXHOCTH IIPpH aHAJIN3€ KOCMHUYCCKUX CHUMKOB BbI-
SIBIISTIOTCSI CHIEKTPAbHBIE aHOMAIUU YTIIEBOJAOPOJIOB,
oOpazyroryecs: OT MUTpayy (IIOUIOB YTIIEBOAOPO-
JIOB OT 3aJIEKHU JO JHEBHOW MOBEPXHOCTH. 3a CUET
JUTITEITFHOCTH TIPOIIECCa MUTPAITUH B JIECSITKH, 2 HHOTIA
COTHHU MJIH JIET, YIa€TCs OOHAPYKUTh Ha MIOBEPXHO-
CTH CJIeNbl 3aleKeld Ha TIIyOMHaX 0 5—6 ThIC. M.
[Ipu sTOM Mep370Ta MM MOIITHBIC 3AJECKUA COJICH
XOTA U YMCHBIIAIOT IMPOHECC MUT'PpAITUN HC(I)TGI‘aBOBI)IX
(TFONIOB, HO MOJHOCTHIO HE DKPAHUPYIOT HedTera-
30BBIE 3aJIEXKU.

1. KonraHckas Tonuwa

['maBHBIM OOBEKTOM WCCIECIOBAaHUS SIBISIFOTCS
BEPXHEJECBOHCKHE TEPPUI'CHHBIC OTIIOKEHHS KOJITaH-
ckoil Tommu QpaH-pamenckoro Bozpacta. C oTio-
JKEHUSIMHU KOJITaHCKOW ToMy (Tu1acTsl rpymiisl D3kl)
cBsizaHo 0k0J10 40 % o0beMa pa3BeJaHHBIX 3aIacoB
Hedptrt Boctouno-OpeHOyprckoro He(TerazoHOCHOTO
paiiona. Tomma croxxena cepreit MouHbIx (1o 100 M)
Mayek TEPPUICHHBIX MOPOA BHYTPH KapOOHATHOTO
MaccuBa BepxHe(paHCKO-HIKHE(PAMEHCKOro Bo3pac-
Ta. Apeai pa3BUTHS TEPPUTECHHBIX OTIOXKECHUH KOJI-
TraHCKOM TOJIIIH C TJIOMAABIO He MeHee 15 Thic. Kv®
npocTupaeTcsa K ceBepo-3anany oT OpeHOyprckoro
Baja Ha paccrosaue Oonee 100 kM [5]. B xonran-
CKUX pe3epByapax OTKPBIT sl MEIKUX U CPEAHUX
MecTtopoxkaeHui HepTn OpeHOyprckolr oOmacTu:
®unatoBckoe, Baxurosckoe, [Jonenko-CrIpTOBCKOE,
Jauno-Penunckoe, [lapuuanckoe. Bmecte ¢ Tem
TOJIIA OCTAETCS MEPCIEKTUBHBIM O0BEKTOM Ha TO-
UCKH He()TH Ha fore peruona [6].

DopMUPOBAHUIO KOJTAHCKOM TOJIIH, paclpo-
cTpaneHHol Ha tore OpeHOyprckoil obiactu, Imo-
BUAMMOMY, MOCHOCOOCTBOBaJl YCHJIMBILHUICA CHOC
TEPPUTEHHOr0 MaTepralla C CyIIH, CYLIeCTBOBABLICH
B paifoHe coBpemenHoro Comb-Mnernkoro ceoma u
Ipeypansckoro nporu6a [7]. Pax aBTopos® orpa-
HUYMBAIOT PaclpoOCTPaHEHUE KOJITAaHCKOW TONIIH B
npenenax Konrano-boprcoBckoit BmaauHbl Ha rpa-

4 Egppemos B.A., Iwaee A.M. Otuer Vpanbckoii napTuu
0 reoJiorrmdeckoM nomzydeHnd maciiraba 1:200000 1 moaroroBke
k mnanuio I'ocreokaptsl-200 muctoB M-40-1, 11 8 1994-2000.
Hexwunka; 2001. Pocreondona uns. Ne 9341,
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HuLe Boctouno-Openbyprckoro cBog0BOro MOAHS-
tust 1 By3ynykckoi Bnagussl (puc. 1).

OnHako 3aMBIKAHUE PACIIPOCTPAHEHUS KOJTaH-
CKOH TOJIIIM B CEBEPO-3aIa[HOM HAIPaBICHUU HaMH
MOHMMAETCS HE KaK BBIKIMHHBAHHE TEPPUTEHHBIX
OTJIOKEHUH, a KaK Iepexo/1 OTI0KEHUH PHOPEKHO-

MOpPCKUX (haluii B TEPPUTCHHBIE OTIIOKECHHS PEUHBIX
MAJICONONUH WM B TEPPUTCHHBIE OTIOXKeHus1 FOxHO-
OpeHOyprckoit cucTeMbl TPaOeHOB.

I'eonormueckuii paspes no auanu A — Al npu-
BeJIeH Ha puc. 2. MecTomnosokeHue paspesa Moka-
3aHO Ha pHcC. | KpacHOH JIMHUEH.
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Puc. 1. MNnowaabs pacnpocTpaHeHNs KONraHCKON TONLWMN

Ha TEKTOHNYECKON CXeME NOACONEBOrO KOMMNAEKCa B npegenax ndy4yaemMmoro pa|7|0Ha:

a - nnowanp pacnpocTpaHeHnsa konraHckor Tonwm (Dgkl) B KonraHo-Boprcosckolt BnaguHe; 6 — loro-BOCTO4HbIN CKNOH Bonro-Ypansckol aHTeknnabl;
B — BocTouHo-OpeHbyprckoe cBoaoBoe nogHatue; r— Conb-Uneuknii ceon; 4 — nokansHble nogHsaTua: 1 — KanuToHoBckoe, 2 — KOxHo-Panoeckoe,

3 - BocTouHo-Paposckoe, 4 — 3anaaHo-CamMapkuHckoe, 5 — KapuHoBckoe, 6 — OxHo-CbipToBCKOE, 7 — ApXxaHrenoeckoe, 8 — JlanteBckoe,

9 - Ctpykoeckoe, 10 - Lyeanosckoe, 11— OxHo-JlanTeeckoe, 12 - Cagosoe, 13 — MpupasnomHoe, 14 — Tatuwesckoe, 15 — lOxHo-Kapaaunoeckoe;

e — OpeHObyprckuit Ban; x — rpaHvua BoctouHo-OpenByprekoro ceonosoro nogHatus u Conb-Mneuckoro ceoaa no KPoBne apTUHCKOro Apyca;
3 — pasnomsl: a - Openbyprekuii, 6 — NepeBONOLKUIA; ¥ — U3OTUMNCHI KPOBJIW TYPHENCKOr O SPYCa; K — M30rUMChl KPOBAW apTUHCKOrO sipyca
Figure 1. The area of distribution of the Kolgan strata on the tectonic scheme of the subsalt complex within the studied area:
a - the area of distribution of the Kolgan strata (Dskl) in the Kolgan-Borisov depression; 6 — the southeastern slope of the Volga-Ural anteclise;

B - the East Orenburg arch uplift; r — the Salt-lletsky arch; g - local uplifts: 1 — Kapitonovskoye, 2 - Yuzhno-Radovskoye, 3 — Vostochno-Radovskoye,
4 - Zapadno-Samarkinskoye, 5 — Karinovskoye, 6 — Yuzhno-Syrtovskoye, 7 — Archangelovskoye, 8 — Laptevskoye, 9 — Strukovskoye,
10 - Shuvalovskoye, 11 - Yuzhno-Laptevskoye, 12 - Sadovoye, 13 - Prirazlomnoye, 14 - Tatishchevskoye, 15 - Yuzhno-Kardailovskoye;
e — Orenburg shaft; x — border of the East Orenburg arch rise and the Sol-llets arch along the roof of the Artinsky tier;
3 - faults: a — Orenburg, 6 — Perevolotsky; u — isohypses of the roof of the Tournaisky tier; k — isohypses of the roof of the Artinsky tier
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Puc. 2. l'eonornyeckunin paspes no nnHum A — A1 B gonuHe p. Camapsl:
KonraHckas Tonwa — Dkl BbiknuHuBaeTcs y Conb-Uneuxoro ceoaa (A1) n norpyxaetcs B HanpasaeHuu K byaynykckoi BnagnHe (A)
Figure 2. Geological section along the A — A1 line in the Samara River valley:
The Kolgan strata — D3kl wedges out at the Sol-lletsk arch (A1) and sinks in the direction of the Buzuluk depression (A)

Ha mpencraBneHHOM paspese HabOiromaeTcs
yBennuenne morrHocTr Konranckoi tommu (Dskl)
¢ roro-soctoka (100 M) Ha ceBepo-3aman (200 m),
MIpHYEeM OTCYTCTBYIOT CKBXUHHBIE JTAHHBIE 110 (a-
MAJIbHOM CMEHE OTJIONKEHUW Ha KpailHEM ceBepo-
3armagHOM HampaBiIeHUU pa3pesa.

[NockoneKy B cTpaTUrpadmIecKoM paspese HIKe
BBICOKONPOAYKTHUBHOM Konranckoi Tonmuy BepxHe-
ro neBoHa (Dskl) HedremarepuHckre mOpomsl OT-
CYTCTBYIOT, IPEATNOJIaraeTcs, 9YT0 MUrpauus HeQTH
Ha PacCMaTpHBAEMYIO0 TEPPUTOPUIO OCYILECTBIISIACH
IO TIOPUCTHIM TEPPUTEHHBIM KOJUIEKTOPaM HUKHETO,
CpeIHero M BepxHero aeBoHa. Obiiee HanpaBiIeHUE
MUTrpaluy oT TTyOMHHBIX YacTeil Bysymykckoii Bma-
muHBl Ha BocTouno-OpeHOypckoe CBOAOBOE TIOI-
usatue u Conb-Uneuxwuii cBoa.
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2. AucTaHUNOHHbIE uccnenoBaHUs

[pu nmpoBeneHUH JIUCTAHIIMOHHBIX HCCIEA0BA-
HUI Ha IJIONIAJX B BEPXOBbsX p. CaMapbl UCIIOJb-
30BajiaCh TEXHOJIOTHSI KOMIUIEKCHOT'O JTUCTAHIIMOH-
Horo aHanmu3a (CRS), paspaboTanHas B KOMIaHHUU
«O3I'EO». OcnoBoit texnonorun CRS s noncka
MECTOPOXICHUH He(THU M ras3a SABJSCTCS MPOBEIC-
HUE PsJia OTNIEBHBIX HE3aBHCUMBIX aHAIHU30B I'e0-
JI0ro-re0(hU3NIECKUX MaTepHAasoB, JaHHBIX KOCMU-
YECKOW CheMKH W COTIOCTABICHUE UX MEXKAY COOOM.
CoCTaBHBIMU 4YaCTSAMHU METOJA. aBTOMAaTH3UPOBaH-
HBI aHaIM3 TEIIOBOTO MOJIs, SKCIEPTHOE Aeimd-
pHpPOBaHUE TEKTOHHKH B TEIIOBOM JHAINa30HE, JIH-
TOJIOTUYECKOE JeHIM(PPUPOBAHNE BEIIECTBECHHBIX
KOMIUICKCOB B BHJIMMOM JHalla3OHE, CIICIUaTU3U-
POBaHHBIM aHAIM3 HAa BBIABICHHE CHEKTPATbHBIX
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aHOMaJIU{ yTIEBOAOPOJAOB B BHUIUMOM, CpPEIHEM
1 ONMXXHEM CIIEKTPAlbHBIX AHMana3oHax. Mckomble
CIEKTpaJIbHblE aHOMAJIMM MOTYT OTpa)kaTb MHUKpO-
W3MEHEHUS PAaCTUTENBHOTO IOKPOBa JMOO MHUKpO-
M3MEHEHUs IIBETHOCTH IOYB WJIM TOPHBIX TIOPOJ Ha
3aneXaMu  yriieBofoponoB. ConocTaBieHHE MOITy-
YaeMBbIX PE3yJIbTAaTOB C PE3yJIbTaTaMU MPEIbIIYIINX
T€0JIOT0-Te0(PH3MYECKHX HCCICAOBAHUN MO3BOJISET
OTIpEneNsiTh UCKOMBbIE OOBEKTHI — MEPCIEKTHBHBIC
IUTOILAAN AJIsl OTKPBITHUS 3anexeil HedTH u rasa.
TexHoyoruss NUCTaHIMOHHOTO TOMCKAa MECTO-
POXIEHHH YITIEBOJOPOAOB CO3/aHa CHELUAINCTa-
mu kommaauu «O3I'EO» B 2002 1., HEOTHOKPATHO
MOJIEPHU3HUpOBAJIach U yCIHEIIHO NMPHUMEHsIAch B
paszmuunbix ctpanax (CIHA, Komym6usi, [laparsaii,

I'peuus, JIuBus, Manu, Uopnanus, Poccus, Kazax-
craH, Y30ekucraH, Adranucran, Kurair, KH/IP, Un-
JIOHE3Ws) B paMKaxX TPUALATH KOMMEPUYECKUX Mpo-
€KTOB M YCIICIITHO anpoOUpOBaHa.

HccnenoBanus mMpoOBOMIIKCH B PA3TMIHBIX KITMMA-
TUYECKHUX 30HAX: TYHIPE, JECOTYHApPE, B 30HAX TaWru
Ha ceBepe Poccuu, creneit, npepuii [laparsas, B JKyH-
rsix KonmymOun u MiHnoHe3uun, B MycThiHsAX Texaca,
Maimy, JluBuun, Mopnanun, Y36ekuctana u Kazaxcra-
Ha. D dexTnBHO puMmeHenne TexHojorun CRS u B
peruoHax ¢ OOWIBHBIM PAaCTUTENIFHBIM TTOKPOBOM, Xa-
paktepabM 111 OpeHOyprckoii obiactu. 31ech B Ka-
YeCTBE ITAJIOHOB MPH IUCTAHITUOHHBIX UCCIIEIOBAHHU-
SIX MOTYT UCIIOJIb30BaThCs OJFDKaMIe pa3BelaHHbIe
1 KCIUTYyaTUPYIOIIHAECS MECTOPOXKIICHUS He()TH U ra3a.
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Puc. 3. AKTyaJ'II/I3aLI,VI$'-| TEKTOHUKN Ha OCHOBE aHaJIn3a Ten1o0BOro nosid:
a — KOHTYpPbI BbISIBNIEHHbLIX MECTOPOXAEHWNA HedTN U ra3a U U3 Ha3BaHWS; 6 — KOHTYPbI BbIIBIEHHBIX CTPYKTYP MO CECMUYECKUM AAHHbIM;
B — NpegnonaraemMble pa3pblBHbIE HAPYLLEHUS; I — COBPEMEHHAS peyHas ceTb; 4 — NpeanoaraeMble NaneoaovHbl
Figure 3. Actualization of tectonics based on the analysis of the thermal field:
a - contours of identified oil and gas fields and from the name; 6 — contours of identified structures based on seismic data;
B — suspected discontinuous faults; r— modern river network; g — suspected paleodolines
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st aHanu3a TEImIOBOrO MOJIS KCIOJb30BAICS
11 kananm xocmmuyeckoro cHumka Landsat-8. Drtor
KaHAJI PETUCTPHUPYET caMoe JTMHHOEe WH(]pakpac-
Hoe u3nmydeHue B auanaszone 11 500-12 500 nm, ca-
MO€ TIyOMHHOE W3Iy4eHHe 3eMIIM, KOTOPOE MOMKET
peructpuposats TIRS (Thermal InfraRed Sensor)
YCTaHOBJICHHBII Ha YKA3aHHOM CIIyTHUKE. Pa3noMsbl
Ha TpaHUIAX OJIOKOB pa3AeIsioT, KaK IMPaBUIIO,
pa3Hble TEIUIOBBIE MOJS, @ CaMU Pa3IOMbl H3-3a
HACHIIICHHS BJIarod 4acTO MMEIOT MTOHIKEHHOE JTH-
HEHOe TeruioBoe moJie. s HarjasgHOCTH TeIuio-
BOE€ MOJI€ NEPEBEACHO B BUJ TEIUIOBOM KapThl IO
texnonorun CRS (puc. 3). AHanu3 TEIIOBOTO MOJIs
M3y4aeMOU TUIOMIAAM MO3BOJIMII BBISIBUTH HECKOIb-
KO Pa3lIOMOB, 00YyCIaBIMBAMOIIUX OJIOKOBOE CTpOE-
Hue Tepputopun. Hambonee yBepeHHO BBIIEISIETCS
pa3ioM ceBepo-3amaJ HOTO MPOCTHPAHUS IO JTOJTHUHE
p. Camapsl. Ero ceBepo-BocTOUYHBIH OOpT, BEpOST-
HO, TIPUTIOJHST, BCIEACTBHE YErOo Ha 3TOM OOpTY
HaOIIOAaeTCsI MTOJIOKUTETbHAS TETUIOBAS AaHOMAITHS.

Mecropoxnenne KanuToHOBCKOE, BEISIBICHHOE
BOJIM3M pa3iiomMa, BO3MOXKHO, HIMEET MPHUPa3IOMHBIN
THTT HePTETa30BON 3aICKHU. [[pyruM mpuMepoM Mo-
JKET SIBJISATHCS MECTOPOXKICHUE 3eMIISTHCKOE.

JemmdpupoBaHne reoJorHiecKix KOMIUIEKCOB,
BBIXOJSIIIMX Ha JHEBHYIO NOBEPXHOCTh B BUAMMBIX
CHEKTpajbHBIX Auana3oHax (450-850 um) Hempo-
JOYKTHBHO, MOCKOJbKYy A0 90 % mnoBepxHocTH 3a-
KPBITO PE3yJbTaTaMU aHTPOIOTEHHON NESTEIbHOCTU
(CenbCKOXO03UCTBEHHBIE YTObsI, MEHEE IPOMBIIII-
JICHHBIC W >KUJIBIC 30HBI, JIOPOTH U TPAHCIIOPTHEHIC
KOMMYHHKAIIHN).

Bonee napOpMaTHBHO TTpOBEEHHUE CIICIIUAIIH-
3MpPOBAHHOTO aHAJIN3A IO 6bI0ENEHUI0 CREKIMPATbHbIX
aHomanuli yrIeBOAOPOJOB HA JHEBHOM MOBEPXHOCTH.
[To rexnonornm CRS cnenman3upoBaHHBIN aHATN3
0 BBIIBIICHHUIO CIEKTPATLHBIX aHOMAIIAH YTIIEBOJIO-
pPOJIOB MIPOBOJUTCS B BUIUMOM, OJMKHEM M CPEJ-
HeM (450-2300 vM) mmanazoHax. Hcmombsyercs
MaTEMaTUYECKUU anmapaT JJi1 4aCTOTHO-BOJHOBOM
(bunpTpanu OTAENBHBIX quana3oHoB. llpu sTom
aHanu3e (PUKCUPYIOTCS MUKPOM3MEHEHUS PACTHUTEIh-
HOro0 TMOKpPOBa, MUKPOU3MEHEHHS] LIBETHOCTH IOYB
WJIY TOPHBIX MOPOJ HAJl 3aJ€XKaMH yTIE€BOAOPOIOB.
Marepuainbl KOCMUYECKOW ChEMKHU 3€MHOM MOBEPX-
HOCTH HE IMO3BOJISIIOT IPU UCCIECIOBAHUSAX KIIACCHU-
(unmpoBaTh TMEpCIEeKTUBHBIC OOBEKTH MO TIPEOO-
JIAJAaHUIO0 T€X WM HHBIX YTIEBOAOPOIOB (HE(TH,
ra3, KOHAeHcar). Pe3ynbpraroM aHamusa SIBISIOTCS
o0mme yrieBoJIOpOAHbIE aHOMANIHWK HaJ TepCIeK-
TUBHBIMU O0BEKTAMH, MIOATOMY B Ka4€CTBE ITAIOH-
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HBIX OOBEKTOB MOTYT OBITh BHIOpPAaHBI YTIEBOJIO-
POZHBIC MECTOPOXKICHHSI BHE 3aBHCHMOCTH OT HX
JIOKaJIM3allii B TOM WJIM WHOM He(TerazoHOCHOM
komriekce. [lo cymecTBy, GpUKCHpyeTcs HaKarud-
BaHHE B ITIOBEPXHOCTHOM cJ0€ (hIIOMIO0B YITIEBOJO-
POJIOB, TOCTHUTIINX THEBHON TOBEPXHOCTH.

Crnenyer UMeTh B BUAY PAA OMPUYATHETbHBIX
¢akmopos s NPOBEACHHS aHaiIM3a. Bo-mepBbIX,
3TO HAIMYHE B pa3pe3e HIDKHENEPMCKUX OTIIOXKe-
HUI HpeHcKoro ropusonTa (P1in) MomHOro miacTa
kameHHoU conu (ot 800 go 120 m). DT0 MuIacT mpe-
MATCTBYET CBOOOAHOW MHUTpamuy (DIIFOMIOB yTJe-
BOJIOPOJIOB OT 3aJIe)Kel IO THEBHOW MOBEPXHOCTH,
B CBS3M C 4YeM HMHTEHCHBHOCTh AHOMAJMH YacTo
yMEHbIICHA Ha MOPSIO0K (110 MHTCHCUBHOCTH), @ HaJ|
HEKOTOPBIMH MECTOPOKIACHISAMU aHOMAINN TIPaKTH-
YeCKH OTCYTCTBYIOT. BO-BTOPBIX, 3TO aHTpOIOreHHas
JeATEIILHOCTD, CBSI3aHHAs C 3eMJICJICIIHEM, KOTopast
TaKOKe SBISETCS OCIOKHAIOIUM (haKTOpPOM, OJHAKO
NpY TPOBEJIECHUH aHaN3a 0 PAaCTHUTEIBHOMY TIO-
KpOBY pe3yJbTar criiaxxeH. Hag HeTpoHYyTBIMU Tpa-
BaMH OBparoB M PEYHBIX CKJIOHOB OTPHLATEIbHBIC
(baxTophl CHIbHEE, a HAJl PACTCHUSMH CEIbX03YTo-
Jii — cimabee 3a cuet B3phIXieHus mous [8; 9].

3. Pe3ynbTatbl

Pe3ynbTaThl MPOBEACHHOTO aHANIHM3a OTPAKECHBI
Ha puc. 4. [Ipu conocTaBleHUN CIEKTPAIbHBIX aHO-
MaJni, BBIICIICHHBIX B Pa3HBIX JUAIa30HaX, YIAJI0Ch
BBISIBUTH MX HAJ[ U3BECTHBIMU MECTOPOKICHUSIMU:
Kamuronosckoe, FOxno-Pagosckoe, Honenxo-Ceip-
TOBCKOE, 3emisiHcKoe, Bocrtouno-Jlamacckoe, Ky-
naruHckoe, CeBeBo-PeiOHWMHCKOE W PhIOHHMHCKOEC.
[loaTBepkaeHa NEPCIEKTUBHOCTDL PAlla CTPYKTYP,
paHee BBIBICHHBIX IPU CeHiCMUUYECKHX paboTax, 4To
TOBOPHUT O HAJIIMYWHU B HUX YIIIEBOIOpOa0B. K aTIIM
cTpykTypam otHocsTcs [lucapeBckas, Boctouno-
Kysgaiickas, CeBepo-MpsicoBckas, AnamoBckasi, Tapa-
uraHckasi, 3anagHo-MnroxuHckas, AJeKcaHIpoBCKasi,
OxHo0-Anexcannposckas, CanmgapuHoBckasi, CeBepo-
u IOxuHo-ITnatoBckas.

Kpome Toro, Ha ceBepe n3yyaeMoi Iiomaau B
OaccelfHax cCOBpeMEHHBIX peK MOXOBO# 1 A TaMOBKH
BBIJICTICHBI JICHTOOOpAa3HbIE aHOMAJIMH, UHTEPIIPETH-
pyeMble KaK NajJeoJOIMHbBI BEPXHETO JIECBOHA, BBIOJI-
HEHHBIE TEPPUTEHHBIMH OTJIOKEHUSIMHU, MOPHUCTHIE
KOJUIEKTOPHI KOTOPHIX UCIOIB30BAUCH TIPU MUTPa-
MU yrieBonopoaoB. He uckimoueHo, 4TO 3TH JU-
TOJIOTHYECKH SKPaHUPOBAHHBIC 3aJI€XKH MOTYT IMpen-
CTaBJISITh HOBBIM TUI 3aJIe’KeW B JTAHHOM pailoHe.
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Puc. 4. ConocTaneHme cnekTpanbHbIX aHOManNuin yrneeogopoaos:
a — KOHTYPbI BbIABJIEHHbIX MeCTOpO)K,EI,eHI/IVI Heq)TI/I n rasaun n3 Ha3BaHwus;, 6— KOHTYPbI BbIABMIEHHbLIX CTRYKTYPR NO CenCcMNYECKUM OAHHbIM;
B — npegnonaraemMble pa3pbliBHble HAapyLUeHWs; r — COBpeMeHHada pedyHasa CeTb, 4 — npeanonaraemble naneoaonHbl
Figure 4. Comparison of spectral anomalies of hydrocarbons:
a - contours of identified oil and gas fields and from the name; 6 — contours of identified structures according to seismic data;
B — suspected discontinuous faults; r— modern river network; g - suspected paleodolines

MeHee yOemuTeNIbHO, HO BO3MOXHO, HAJIUYKE
MOIOOHBIX 3aJekKel Ha M3y4aeMOM ydacTKe B IMpa-
BoM Oopty p. Camapsl. BeineneHHbI pas3ioMm, Be-
POATHO, HCOAHOKPATHO AKTUBU3UPOBAJICA U MOT

CIIYKUTb HpH‘IHHOﬁ 3aJIOKCHUSA MajIcopyciia Cama-
PbI B BEPXHCACBOHCKOC BPCM:I. Bo Bcskom cj1ydac
HAJIM4YUC 30CCHh 0003HAaYEHHBIX HAMH TEPPUTCHHBIX
KOJUJICKTOPOB BITOJIHE BO3MOXHO.
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3akJo4yeHue

[IpoBeneHHbIe HccleNOBaHUS MO3BOJUIN BhI-
SIBUTh Ha JHEBHOW MOBEPXHOCTH aHOMAJIUM yTJie-
BOJZIOPOZIOB, 00pa30BaBIIMECH 33 CUCT MUTPALMU
(bIrOMIOB YIIIEBOIOPOMIOB OT YTIEBOJOPOTHBIX 3a-
nexxer Ha rayoune qo 4000 M. YacTs 3THX aHOMa-
Ui cBA3aHa ¢ naneopyciamu Konranckoil Touiu,
JIpyrasi — COOTBETCTBYET MaJCOJENbTaM U JPYTUMHU
CTPYKTYpHBIM JIOBYyIIKaMm. be3ycnoBHO, XOTs mpu-
BEIICHHBIN MHUCTAHIIMOHHBIA METOJl BeChMa HHQOpP-
MAaTHBEH, MPU TCOJOTUYECKOM aHAJIU3€ OH JOJIKEH
MIPUMEHSATHCS B KOMILUIEKCE C IPYTUMU, B YACTHOCTH
celiCMUYEeCKHMH, METOIaMH.

[IpoBeneHHbIe ACTadbHBIC WCCIENOBAHUS II0
texHosorun CRS B 2021 r. Ha mpueraroieM ¢ ce-
Bepa JIMIEH3MOHHOM y4acTke «CTernHoe» IIIOMabo
460 xm? MOATBEPAUIN AJITOPUTMbI OTPEETIECHUS
YIJIEBOJOPOAHBIX 3ajiexel. B Xxo/le AMCTaHIMOHHO-
o aHalu3a BbIACNEHBl KaK CHEKTpalbHbIE aHOMa-
JINW, CBS3aHHBIC C AHTHKJIMHAIBHBIMHU, CTPYKTYp-
HbIMH, PU(OBBIMH U JIMTOJIOTUYCCKUMH 3aJIe)KaMU
M3BECTHBIX MECTOPOXK/CHHI, TaK U JICHTOOOpa3HbIC
3aNeXd, WAeHTH(QUIMpYyeMble KaK maleopycia, ma-
JICOIETBETHI ¥ IPUOPEIKHBIC OTIIOKECHUS KONTAHCKON
TOJIIIM BEPXHETO JEBOHA.

B uenom, no nanaeiM «I"aznpomued iy, HEPTS-
HbIE MecTOopoKAeHns KanmuToHOBCKOe (Ha paccMmar-
pueBoii Tepputopun) u Llapuganckoe, a Takxe Ou-
JIaTOBCKOE (Ha MpUJIETaoIel C ceBepa TEPPUTOPHH)
SIBJISIFOTCSL CAMBIMHU TPOJyKTUBHBIMH MO JOObIUE
He(TH.
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