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3asBiieHHEe 0 KOH()JIUKTE HHTEPecoB
ABTOpBI 3a5IBJIAIOT 00 OTCYTCTBUU
KOH()JIMKTa HHTEPECOB.

Bkian aBTopos
HepaznenpHoe coaBTOpCTBO.

Annotanus. C NOsSBICHHEM pacINPEHHBIX CTAHAAPTOB Mepeaadn HHHOp-
MAaIMOHHBIX MOTOKOB (THma DVB-S2X) ¢ xocMu4eckux amnmaparoB Ju-
CTaHIIMOHHOTO 30HAMpoBaHus 3emun (/[33) mosiBIIack BO3MOXXHOCTH Tie-
PEKIIIouaTh BO BpeMs paboThl BBICOKOCKOPOCTHBIX paauonunuii (BPJI) ee
napaMeTpsl IS Tepeiaddl YBENTHYSHHOTO (YMEHBIIEHHOT0) MOTOKa JIaH-
HbIX. Hanpumep, nepexnioueHne MOLyJsIuM, Koddduimenta nomMexosa-
uuiierHoro LDPC (Low Density Parity Check codes) koupoBaHus u T.IL.
3TO NMO3BOJIAET CHU3UTh SHEPIeTUYECKUE 3aTPAThl Ha Niepeiavy NaHHbBIX U
CYIIECTBEHHO MMOBBICUTH 00NN HH)OPMAIIMOHHBIH MOTOK TaHHBIX C KOC-
MHUYECKUX allapaToB Ha Ha3eMHbIC CTaHIMH NpUeMa-00paOboTKH WHQOP-
Manuy. [Ipon3BeeHbl OLEHKH TEOPETHUECKH BO3ZMOXHBIX MEPEXOA0B HA
COCEIIHUI PEeXUM mepenadyu JaHHbIX (rmepexoa Ha yposeHb 0,5-1,5 nb),
9TO JaeT CyMMAapHBIH BBIUTPHIII B yBEIWYEHHU ITOTOKA INepenaBaeMbIX
JTaHHBIX, KOTOPBIN MOXKET NOCTUTHYTh 2,0—2,5 pa3a mpu BO3MOKHOM KOJIN-
YecTBe MepeKIroueHui 10 gecsaTi. Ha nmpakTuke, yuuTbiBast QIIyKTyalMoH-
HBII XapakTep pacrupeeeHus ypOBHS CUTHAJIa BO BpeMs €ro Iepeaadn Ha
Ha3eMHbIE CTaHIMU MpUeMa-o0paboTKH HH(OpManMU, NEepeKIIOYeHHE
obecnieurBaercsi B MeHblieM (3—5) uucne nepexooB (Mpu JOCTHKEHUN
SHepreTryecKoro 3amnaca 3—5 ab), 4To NIPUBOAMT K BBHIMIPHIILY B IIepeayde
nanHbIx 1,5-2,0 paza.

KnioueBble ciioBa: HazeMHas NpUEMHAas CTAHLHUS, KOCMHYECKHE aIlla-
PpaTbl, BHICOKOCKOPOCTHAS PaJHUOJIMHU TIepeiaui HHPOPMaIUH, SHEPT eTH-
4yeckast 3QPEKTUBHOCTh PAJANOTHHUN
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Abstract. With the advent of expanded standards of transfer of information flows (DVB-
S2X type) from Earth remote sensing spacecraft (remote sensing), there was an
opportunity to switch its parameters for transfer of the increased (reduced) data stream
to VHSR operating time. For example, switching of modulation and coefficient of
interference-immune LDPC (Low Density Parity Check codes) of coding. It allows to
reduce power costs for data transmission and to raise the general information flow of data
from remote Sensing Satellites (RSS) to Ground Stations (GS) several times. Estimations
of theoretically possible transitions to the next transmission mode of data (transition to
the level of 0.5-1.5 dB) are made that gives a total gain in increase in a flow of
transmitted data can reach 2.0-2.5 times with the possible number of switchings up to
10. In practice, considering the fluctuation nature of the distribution ogtht the signal level
during its transmission to Ground Stations, switching is provided in smaller (3—5) number
of transitions (at achievement of a power stock 3—5 dB) that leads to a gain in data
transmission by 1.5-2.0 times.

Keywords: ground receiving station, spacecraft, high-speed information transmission ra-

dio line, energy efficiency of the radio line
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BBeneHune

Bo mHOrux ciydasx, npu nepegaye CIyTHHKO-
BOM MH(OpPMAIMU IUCTAHIUOHHOTO 30HIUPOBAHUS
3emiu (/[I33) Ha Ha3eMHBIe cTaHIUM MpUeMa-00pa-
oorkn mHpopManmu (HCIIOU) gepe3 BBICOKOCKO-
poctayto paguonuuuto (BPJI) (puc. 1) moxnepxusa-
I0TCS TOCTOSHHBIMU TaKHE MapaMeTphl, Kak: Hecy-
11as 4acToTa, MOLYJISILUS, OUTOBBII MMOTOK, MOJISPU-
3aus v 1p. [1].

OTO TPHUBOAWT K Tepenade WH(POPMAITMOHHBIX
MOTOKOB Ha BCEM ydacTke cOpoca maHHbIXx KA —
HCTIOMU ¢ noBbIIeHHBIM 3HaU€HUEM SHEPTEeTUKHU Ha
OuT mepenaBaeMoro MoToka JaHHbIX (Tabm. 1), uTo
nenaeT nepenady nHpopmaru /(33 sHEepreTHueckn
MeHee 3 (HEeKTHBHOM.

Bwmecte ¢ Tem, ¢ yueToM BO3pacTaromiero Koju-
yecTBa CHYTHHKOB J[33 B KOCMHUECKOW TIpymmu-
POBKe, MpopadaTeIBalOTCs BOMPOCH ONTHMHU3ALNN
HA3eMHOW MHPPACTPYKTYypbl npueMa aanHbix J133,
YBEJMUEHHS TMPOMYCKHOW CIOCOOHOCTH pagvoNu-

HUUW TIepeadd JaHHBIX M0 JTUHUU KOCMHUYECKUE all-
naparbl — Ha3eMHbBIC CTAaHIUU MPHEMa-00padOTKU
KOCMHYECKOW HWH(OPMAIMU JUCTAHIIMOHHOTO 30H-
npoBaHms 3eMin [2—4].

Lenvio nacmosaweu pabomul SIBISETCS MOJTy4e-
HHUE OIEHOK dHEepreTHIeckoil n30bTouHocTH B BPJI
1 BBEIPAaOOTKHM CTpareruy IpuemMa WHGOpPMAIUU C
kocmudeckux ammaparoB (KA) cmyTHHKOBOTO MO-
HUTOPUHTa 3eMJIM HAa OCHOBE U3MCHEHUS apameT-
poB paauomuuaun KA — HCIIOU, u nonmyyeHune Kpu-
Tepust dpdexkTuBHOCTH Hcmonp30oBanust BPJI KA-
HCTIOM npu nepeaaye JaHHBIX CITyTHUKOBOTO MOHU-
TopuHra Ha HazemHble ctanuu (HCITON).

1. OuEeHKN SHepreTMYeckom n3obITOYHOCTU
BPJ1 KA-HCNOU

C nosiBJI€HHEM PACIIMPEHHBIX CTAaHIAPTOB Tepe-
Nau MHPOPMALMOHHBIX MOTOKOB (Tunma DVB-S2X)!
[2;4-16] mosiBUIacCh BO3MOXKHOCTb MEPEKIIOYATh BO
Bpems pabotel BPJI ee mapameTps! 171s iepeadu yBe-
JMYEeHHOTO (YMEHBLIEHHOTO) TIOTOKA TaHHBIX (HATIPH-

I'TOCT P 56456-2015. Tenesunenue Bemareiaboe qudposoe. NHTErpupOBaHHbINA IPUEMHUK-IEKOIEP CUCTEMBI CITyTHH-
KOBOTO IIM(POBOTO Bemanust BToporo rnokoiennst (DVB-S2). OcHoBHble mapametpsl. TexHudeckne TpedoBanust. HanmoHanbHbIH cTaH-

napt Poccuiickoit @eneparu. M.: Crannapruadopm, 2015. 8 c.
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Mep, TepeKTIoueHne mapamMmeTpa CO3BE3AUs MOTYJIs-
uun, kodd¢unuenta nomexosamuinenHoro LDPC
KoAWpoBaHuA U Ap. (puc. 2, Tadi. 3). 310 mo3BoseT
CHU3UTH PHEPreTUUECKUE 3aTPaThl Ha Iepenady oura
JaHHBIX ¥ TIOBBICUTH OOIIMH MH(pOPMAIIMOHHBIH MO-
Tok paHHbIX ¢ KA na HCIIOMU.

[Ipu onTUMK3aLUK Pa3INYHBIX TAPAMETPOB pa-
JUOJTHHMH (Tabil. 3) cyMMapHBIi BBIMTPHIII B TIepe-
nmadge manuelx B BPJI KA — HCIIOUM moskeTt nocTtu-
rath (aKTHYECKH CIICAYIOIIETO MOpsaKa:

9 =~ 10! =1 nopagox,

rae cokpamenue «KII» moapazymeBaer koaddu-
LUEHT MOJIE3HOT0 AEHCTBUS; mbps — COKpalICHUE

«METa0UT B CEKYHy» — IMOTOK JaHHBIX B PaHOJIH-
muu KA — HCIIOU.

YBenuueHne CKOPOCTH Tepeqadd JaHHBIX MO-
KET OBITh TOCTUTHYTO 32 CUET YBEIUICHHS KOJIHUeE-
CTBa MYyHKTOB NpHUeMa ITaHHBIX, ONTUMHU3AINHA HX
MPOCTPAHCTBEHHOTO pachpeieieHus (C y9eToM 00b-
IIIOH TIPOTSHKEHHOCTH TEPPUTOPHUH CTPAHBI), 8 TAKKE
3a CUET MEPEKIIOYCHUS MapamMeTpoB PaAHOIUHUN
(Momysitus, TIIyOWHA TTOMEXO03alIUIEHHOTO KOJIU-
POBaHHUA U T.I.), 9YTO M OOCYXKAAeTCs B HACTOALICH
pabore.

[ToBeiIcHNE CKOpOCTU Mepenayn JaHHbIX ¢ KA
Ha HCIIOU MokeT OBITh JOCTUTHYTO IS HA3eMHBIX
CTaHIUH C pa3IMIHBIMK YHEPTETHIECKUMH BO3MOXK-
HOCTSIMU (pannyc 3epKajia, HaJIndue CUCTEMBI aBTO-
CONPOBOXKICHUS U JPYTUX MapaMeTpOB).

Puc. 1. CeaHcbl copoca nHdopmaumm ¢ KA 133 Ha HCMOW
Figure 1. Sessions of transmitting of information from Remote Sensing Satellites to Ground Stations

Tabnuya 1
OHepreTuuyeckuii 3anac B paguosiuHum npm nepegaye aaHHoix ¢ KA 33

Ne opg:!ri?-lr\zKA M?:::,T,::::aﬂ MuHumansHas HaknoHHas MakcumanbHbli n36bITOK 3Heprum B BPJ1
n/n H,xm [anbHOCTb Lmax , KM AanbLHOCTL Lmin s KM npv nepenadye aanubix va HCMou AFE | n6
1 500 2573 500 14,2
2 700 3067 700 12,8
3 1000 3707 1000 11,4

L =AB, =J(R+H) -R*.
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Table 1
Energy reserve in the radio line during data transmission from Remote Sensing Satellites
N Orbiftggisght Maximum slant range Minimum slant range The maximum excess of energy
0. o
H . km of L ,km of L . ,km in VHSR orbit heightto Gs AE , dB
1 500 2573 500 14.2
700 3067 700 12.8
1000 3707 1000 1.4
where Lmn:/A&BZ:H, Lmax:A)B2 :J(R+H)2_R2_
Tabnya 2
Bpewms (1 ) HaxoxaeHus KA 133 B 30He paguoeungumoctu HCNOU
Ne Boicota op6utel KA, | Mepuop o6pawieHus | Bpems B 30He paauoBMAMMOCTH | Bpems B 30He paguoBMaANMOCTH
n/n H,«m T KA, mun / cek t, mun t,cex
1 500 94,44 / 5666 11,53 692
700 98,59 /5915 14,08 844
3 1000 104,93 / 6296 17,60 1056
Table 2
Time (t ) of finding RSS in the zone of radio visibility of GS
No Height orbits of RSS, Period RSS, Time in zone of radio visibility Time in zone of radio visibility
) H, km T, minutes/sec t, minutes t,sec
1 500 94.44 / 5666 11.53 692
700 98.59 /5915 14.08 844
1000 104.93 / 6296 17.60 1056
Q
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01111
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Puc. 2. Cossesans moaynaunii DVB-S2X gaHHbix KA 133: a — QPSK; 6 — 8PSK; 85— 16APSK; r— 32APSK
Figure 2. DVB-S2 Modulation Constellation VHSR information of the remote sensing satellites:
a— QPSK; 6 — 8PSK; 58— 16APSK; r— 32APSK
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Tabmuya 3/ Table 3

Pexumbi BPJ1 (DVB-S2) copoca nipopmaumm c KA Ha HCINOU [2]
The VHSR (DVB-S2) modes of dumping of information from RSS to Ground Stations [2]

Nen/n | Mo nynauus / Egzs:g::&:c/ Muﬁzggf 32(1)1“7 b Mﬂg%:ﬁ:::ﬂ / Ea:'rzsubt:ﬂﬁy PB,BBe/Hb COCGAHMM?'IT;::::;ICIeM):(TyAE [, B/
No. Modulation Depth of LDPC VBL information infgfrﬁfat;:on . Basic level Differences between
encoding bit-rate (mbps) (mbps) differences, dB adjacent levels | AE |, dB
1 QPSK 1/4 400 100 -2,35 —
2 QPSK 1/3 400 133 -1,24 1,11
3 QPSK 2/5 400 160 -0,30 0,96
4 QPSK 1/2 400 200 1,00 0,70
5 QPSK 3/5 400 240 2,23 1,23
6 QPSK 2/3 400 267 3,10 0,87
7 QPSK 3/4 400 300 4,08 0,93
8 QPSK 4/5 400 320 4,68 0,65
9 QPSK 5/6 400 333 5,18 0,50
10 QPSK 8/9 400 356 6,20 1,02
11 QPSK 9/10 400 360 6,42 0,22
12 8PSK 3/5 600 360 5,50 0,98
13 8PSK 2/3 600 400 6,62 1,12
14 8PSK 3/4 600 450 7,91 1,29
15 8PSK 5/6 600 500 9,35 1,44
16 8PSK 8/9 600 533 10,69 1,34
17 8PSK 9/10 600 540 10,98 1,29
18 16APSK 2/3 800 533 8,97 2,01
19 16APSK 3/4 800 600 10,21 1,24
20 16APSK 4/5 800 640 11,03 0,82
21 16APSK 5/6 800 667 11,61 0,58
22 16APSK 8/9 800 711 12,89 1,28
23 16APSK 9/10 800 720 13,13 0,24
24 32APSK 3/4 1000 750 12,73 0,40
25 32APSK 4/5 1000 800 13,64 0,81
26 32APSK 5/6 1000 833 14,28 0,64
27 32APSK 8/9 1000 889 15,69 1,41
28 32APSK 9/10 1000 900 16,05 0,36
Tabmua 4
Yron Ha6mopeHuns KA (o) c HCTTOU ang pasnunyHbIX HAKJIOHHBIX AanbHOCTel L
H/L, km 500 550 600 700 750 800 1000
500 90° 64,4° 55,0° 43,4° 40,5° 37,7° 26,2°
700 X X X 90° 67,8° 59,4° 41,3°
1000 X X X X X X 90°
H/L, km 1050 1100 1500 2000 2573 3067 3707
500 24,9° 23,6° 13,2° 5,9° 0° X X
700 39,4° 37,4° 22,0° 12,3° 6,4° 0° X
1000 70,9° 63,4° 37,0° 22,5° 14,6° 6,4° 0°
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Table 4
The observation angle of RSS («a) from Ground Stations for different slant ranges of L
H/L, km 500 550 600 700 750 800 1000
500 90° 64.4° 55.0° 43.4° 40.5° 37.7° 26.2°
700 X X X 90° 67.8° 59.4° 41.3°
1000 X X X X X X 90°
H/L, km 1050 1100 1500 2000 2573 3067 3707
500 24.9° 23.6° 13.2° 5.9° 0° X X
700 39.4° 37.4° 22.0° 12.3° 6.4° 0° X
1000 70.9° 63.4° 37.0° 22.5° 14.6° 6.4° 0°

B pacuerax UCIOIB30BAHBI:
—mnepuox I oOpaleHus CIyTHUKA HA opOMTe
3emutu:

r=2"_ 2n(R+H)*(G-M)™"?,
(@)

—BpeMs ¢ HaxoxaeHus KA B 30He paauoBuIu-
MOCTH:

t = 2arccos(R/(R+ H))-T/(2m),

a TaKKe CIIeAyIONIHe 3HAUEHHUS ePEMEHHbIX:
R = 6371 kM,
H =500,700,1000 KM,
M = 5,98 - 10%*kr,
G =6,67-10" H - m?/kr?.

B Teuenue Bpemenu HaxoxuaeHus KA B 30He
pannoBuaumoctrt HCIIOU (cM. Tab. 2) MOKHO He-
OJTHOKPATHO NPEAyCMOTPETh MEPEKITIOUEHUE C pe-
>kuma Ha pexxum BPJI KA, uto mo3BosisieT JOCTUTHY Th
MHOTOKPATHOTO YBEIUYCHHUS O0IIero oobeMa B I10-
Toke nepenayun ganubx ¢ KA ma HCITIOMN.

IIpu Teopermdeckn BO3MOXKHOM IEpeXo]e Ha
COCEIHUM peXHUM Iepefadyd JaHHbIX (Iepexo] Ha
ypoBeHb 0,5-1,5 n1b) cymMapHBbIi BBIUTPHIII B yBe-
JIMYEHUH NTOTOKA NepeaBaeMbIX JaHHBIX MOYKET J10-
CcTUrHYTh 2,0-2,5 paza. OqHako Ha NpaKkTHKE, Y4Yu-
ThIBasl (IIyKTYal[MOHHBIM XapakTep pacHpeacieHus
YpOBHS CHUTHala BO BpeMs €ro mepegadyd Ha
HCIIOU, nepexnroueHue obecrieunBaeTcsi B MEHb-
LIEM YHUCIIe NePexoAoB (IpU NOCTIKCHHMU 3araca
3-5 n1b), 4TO MPUBOAUT K BBIMTPHINIY B Ieperaue
JAHHBIX TOJIBKO B 1,5-2,0 pasza.

300

2. 3¢pPeKTUBHOCTb MCNONb30OBaAHUSA
pagnonmnium KA-HCNMOU

[IpuBenem oneHku 3(h(PEKTUBHOCTH HCTIOIB30-
BaHUA apaMeTPOB PAIUOIUHUAY MIPHU Iepeaade uH-
dbopmammoHHEIX MOTOKOB oT KA mo HCIIOMU.
Paccrosinue 1o KA 0T pa3iuyHbBIX €ro MojJ0XKEHUM
Ha opbure (L,L,,AL=L —L,) pacCUNTHIBAETCSA

ciexyoomuM ob6pa3oM (cM. 0003HaAYEHUS Ha pHUC. 3,
a): 3mecs o — yrou Mmecta, o = (1t/2) — (@ +7),
raey = 2arcsin(Rcosa /(R + H)) - T/(2m).

(R+H)?=R?*+13+2-R-L;-sinay
(R+H)?>=R?*+12+2-R-Lysina, ’

orkyna: L>-L,>=2-R-(L,-sina,—L, -sina,), B
KOTOPOM L, Ompejensercs u3 HEOOXOAMMOro 10~

MOJIHUTEIPHOTO HAKOIUICHHOTO 3amaca HEPreTUKH
JUI OCYILECTBJICHUS MEPEKITIOYEHUS Ha CIIE YOIl
ypoBeHb KOH(UTYpHrpoBanus napamerpoB BPJI:

AE =201g(L, / L,)

npu 3Hauenmax AE =3---50b, u cnenyromas

TOYKa OpPOUTHI C 3aJaHHBIM L, MO OTHOILIEHHIO K
npeaslaymemMy L, onpenensercs:

sina, =((L,° - L,>)/(2-R)+ L, -sina,)/ L,.

Bpemss nBuxenns KA mo opbute Mexmy
(04, 02) (cooTBeTcTBEHHO MEKY (¢, P,)) cocTas-
aseT

At = (T/(2m) - (9, — 9,),
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IZie B3aUMOCBA3b YIJIOB (0 M O cieayromas (cM.
1abm1. 4) 3 AOA, B, :

(R+H)- T/sin(g+ a) = R/siny

OTKyJa

y = arcsin(Rcosa /(R + H)

¢; =g— (a;+v), i=12
PacueTn! BEIIOJIHEHBI JJIA

sina=((R+H)>—R?>+1%)/(2-R-L)
npu R = 6371 km.

A, A,
H
gL
Lo
A, BB,
H
R g
B/ R\,
. H it R
A B (0]

i GUEE 0%

Puc. 3. ®parmeHT nonosuHbl (4, — A, — A,) TpaekTopumn KA
B 30He paanoBuammoct HCINOW (nonoxeHne Touku By):
a— cxema 0603Ha4YeHnin, 6 — KOMMbIOTEPHOE MOAENNPOBaHME
Figure 3. Fragment of half (A, — A, — A,) of the spacecraft
trajectory in the radio visibility zone of the Ground Station
(point B;): a— notation scheme, 6 — computer modeling

3. Pe3ynbTaTbl MOAENUPOBAHUS

Wnmoctpanus a3 dexta yBeIMueHHS SHEPreTH-
geckoi 3 (HEeKTUBHOCTH PaAVOINHUH TIPH TIepeaade
napopmanmu ¢ KA /133 na HCIIOU npencrasiena Ha
puc. 4. Touka N COOTBETCTBYET pacHOJIOKECHUIO Ha-
semuoi cranim (HCIIOU), R = ON = 6371 km —
panuyc 3emiu, Tpaektopusa ABmwkeHns KA — cyTs
A-B-D-F-Z-... , B— TouKa BX0Jia B 30HY paJIHiOBH-
numoctu KA co ctoponst HCITOU. 11 mpocTOTHI B
MOJIETPHOM TIpEACTaBICHUH 30HBI ABIKeHNsT KA 10
KyJIbMUHAIUHN (Z) pa30ouTHl Ha 7 =3 paBHOYTJIOBEIC
cexrtopa: BOD, DOF, FOZ (O — ueHTp 3emimn).
JBmwxenne KA B KaXJJ0M 13 CEKTOPOB TIPOUCXOIHNT C
HEM3MEHHBIMH NTapaMeTpaMu paguouHuu. B Havyamne
Ka)KI0T0 U3 CEKTOPOB (TOukH B, D, F,...) mapameTpsl
BPJI HacTpoeHBl Ha IOCTaTOYHBIM B JHEpPreTHYE-
CKOM IUTaHe PEXXUM IJIS TIepefadl TaHHBIX.

A o
Puc. 4. pnxeHne KA 133 B 30He paanoBNOMMOCTU
HCMOW (N) c nepeknioyeHemM napameTpoB BPJ1 ans nosbiwe-
HUA ee aHepreTudeckoit apdextuaHoctn Q(n, H)

Figure 4. The movement of the remote sensing satellites
in the radio visibility zone of the Ground Stations ()
with switching of the parameters of the VHSR

to increase its energy efficiency C(n, H)

BceneacTBue ymeHblIEHUST Ha BOCXOSIIEN va-
CTH TpPAaCKTOPHU JBIKCHHs paccTossHus L OT
Ha3eMHOM CTaHIIMHU JJO KOCMHYECKOTO anmnapara mo-
SIBJISIETCA BO3MOYKHOCTH B KOHIIE CEKTOpa MpPOU3BE-
CTH TIEpEKIIOYCHIE PEKUMOB PaOOTHI PaIHOIMHUN
Ha 60J1ee BRICOKOCKOPOCTHOM PEXXHM ITepeaadu JaH-

2
HBIX TIponopuroHaisHO otHowenwo (L, / L))", rae

L, cytb BN, a L, — COOTBETCTBYIOILIEE PACCTOSHUE

ot HCIIOU no xonmoB cextopoB DN, FN, ZN, ... .
Obnactu BCD, DEF, FGZ — unmocTpupyoT U3-
OBITOK 3aTpaunBaeMoO SHEPTUH NIPH NIepeaade AaH-
HeIX ¢ KA ma HCIIOU. B npenenbHOM ciydae
MOJKHO MpPEJICTaBUTh HEMPEPHIBHOE NEPEKII0UYCHHE
ckopoctu BPJI nepenaun naHHBIX U MOIYYUTH 3HA-
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YUTEIbHBINA KOJUUECTBEHHBIN 3()(DEKT B MOBBIIICHUH
adpexTrBHOCTH paboThl BPJI. OnieHku npon3BeieHbI
UL KyJbMHHAIMOHHOTO BUTKA 10 OTHOIIEHUIO K
CTapTOBOM TOUYKE, COBMaaaroiel ¢ nosisaeHuem KA
B 30He pamuoBumumoctn HCIIOU. B xkauecTtBe
OLIeHKH dHepretruueckor apdexruHoctr BPJI BoI-

opan napamerp Q(n, H):

2 =n
0, H) = =+ (Lo(H, 0)/Li(H, 9))” =
i=1

2 P2
-————| sde
arc Cos(R T H) @1

rae
3(@) = (Lo(H, @) /L(H, 9))?,
L(H,¢))?=(R+H)>+R?—
—2-R-(R+H) - cos(g),

a CeKTOpajbHbIM yron (¢) paBHsercs yriam BOD,
DOF, FOz, ... .

B wacTHOM ciTyvae, KOT/Ia B KaueCTBE CTapTOBOM
TOYKHU B34ATa TOYKa BXOJa B 30HY PAJUOBUINMOCTHU
HCIIOU, 3nauenme Ly(H,®) npeacraBisercs B
YIPOIIEHHOM BH/IEC:

[Lo(H,0)]? = [Lo(H)]? = [Lgy(H)]? =
= (R+H)* - R>

OTMeTHM, YTO CEKTOpPAbHBIC YIIIBI CIIETyET OT-
CUMTHIBATh TMPUBA3aHHBIMU K BepmuHe O (LIEHTP
3emMiii) BCIICICTBHE PAaBHOMEPHOTO IBIDKEHUS KA
1o opOUTEe BOKPYT 3€MIIH U YIPOILCHHS TPOLIEAY PhI
WHTETPUPOBAHUS TIPU BBIYMCICHUH TapameTpa 3¢-
dexrtuBHoctu Q(n, H) .

B Tabn. 5 mpencrtaBieHBl pacUeTHBIE Mapa-
METPBI CEKTOPOB IBIKeHH KA B 30HE pagnoBuau-
Mocti HCITOU mipu nBykpatHOM (7 = 3) mepexIio-
yeHuu napamerpos BPJL.

CMmonenupoBanHble TapameTpsl 3¢ dekTuBHO-
ctu BPJI mns xapaxrtepubix Bbicor H =500, 700,
1000 xm pabotsr KA /133 nmpencraBieHs! B Ta0MI. 6.

Tabnmuya 5/ Table 5
MapameTpbl cekTopoB aBmxeHusa KA B 3oHe pagnoengumoctun HCNOU
Parameters of sectors of the movement RSS in zone of radio visibility of GS
Ne n/n 6 .
No. Opo6uTta KA 33 / Orbit of RSS H, km 500, km 700, km 1000, km
. Doz 22,00 25,7 30,2°
1 | Yuactok BD/ BDsite Low 2573km | 3067 km | 3707 km
. ©poz 14,7 17,1° 20,1°
2 | Yuactok DF/ DFsite Low 1761«km | 2119km | 2596 km
. Proz 7,3° 8,6° 10,1°
FZ| FZ
8 | Yuactok 2/ FZsite Loy 983 km 1223 kM | 1564 km
MoBbilweHne saHeproaddpexkTnsHocTn BPJ1 / Qn. H _
4 Increase of energy efficiency of VHSR (n, ) (n=3) 3,33 8,13 2,89
Tabnuya 6 / Table 6
MNosbiweHne aHepreTuyeckoi adpdpexkrtnsHocTn BPI: Q(n, H)
Increase of power efficiency of VHSR: Q(n, H)
Nen/n/ BbicoTa H, KM, CEKTOPOB NnepeKJiio4YeHun: /
No. Height H, km, sectors of switchings: 500 700 1000
1 (n=1) 1,00 1,00 1,00
2 (n=2) 2,28 2,21 2,11
3 (n=23) 3,33 3,13 2,89
4 (n=5) 4,66 4,18 3,68
5 (n=10) 5,91 5,09 4,32
6 (n=100—o) 7,06 5,91 4,90
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B neiicrBurensroct, snadenus 2(n, H) moryt

OKa3aThCs HIDKE, €CITH B KAUE€CTBE CTAPTOBOW TOUKH
nerkeHuss KA BeIOpaTh TOUKY ¢ HEHYJIEBBIM yTIIOM
MecTa (), OTBEeTCTBeHHYIO 3a mapametrp Q(n, H).

Kpowme toro, peanpHbIe pacdeThl BHITIOIHIIOTCS
C YUETOM TPEXMEPHOCTH TPACKTOPH nBrkeHns KA
B OKOJIO36MHOM MPOCTpaHCTBE (CM. puc. 1), 3To npu-
BOJHT K TIOSIBIICHUIO HE3HAYUTETHHBIX (HOpM-(PakTo-
POB — MOMPABOK MOPSIKA SAUHUIIBL.

3aknoueHne

CrieslyeT OTMETHTH 4YTO KOHKPETHBI pacueT
sHepreTuyeckoii s3¢pdexrusnoctu (A(n, H) , Bumon-

HEHHBIA ¢ peanbHBIMH Tmapamerpamu HCIIOU u
BPJI, no3Bonsier copMUpOBaTh TEXHOIOTHIO MO~
TOTOBKH JAaHHBIX JUTS Tepenaun uHpopmanuu ¢ KA
na HCIIOMN.

Pacuersl ¢ sHEpreTHUECKUMH 3amacaMu

AE =1--51b

MEXIY COCENHUMH TOUYKAMH MEPEKIIOUECHUS PEKU-
MOB paboTel BPJI mpuBOaAT K BO3MOXHOMY KOJIHYE-
CTBY MepeKITIoYeHNs pexumMoB padotsl BPJI ot 15 10
3 nas tpaextopuit KA B oxpectnoctn HCIIOU,
ONMM3KUMHU K 3€HUTHOMY TIOJIOKEHHIO KYJIbMHUHAIIN-
OHHBIX TOYEK (CM. TaKXKe puc. 2, 6).
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Abstract. This review delves into the key area of artificial intelligence (Al)-driven
optimization applied to Microelectromechanical Systems (MEMS) navigation sensors,
with the primary objective of enhancing the user experience. Employing a comprehensive
research methodology, it extensively explores Al-powered techniques, encompassing
sensor fusion, adaptive filtering, calibration, compensation, predictive modeling, and
energy efficiency. Through rigorous case studies and empirical evidence, this research
provides substantial achievements, including enhanced accuracy, reduced power
consumption, heightened reliability, and amplified user satisfaction, across diverse
applications such as autonomous vehicles, indoor localization, wearable devices, and
unmanned systems. In conclusion, this review highlights the transformative potential of
Al-driven optimization in MEMS navigation sensors while acknowledging persistent
challenges in computational complexity, data availability, and real-time processing. It
advocates for future research focusing on innovative Al methodologies, integration with
emerging technologies, adherence to human-centric design principles, and the
establishment of rigorous evaluation standards. Such research promises to unlock the full
potential of Al-driven optimization, ushering in advanced and user-centric navigation
systems, and ultimately improving user experience across diverse areas.
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Modelling, Optimization, Navigation Sensors
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OnTMmusaumus HaBUrauMoHHbixX gatTiukoe MOMC ¢ npyumeHeHnem
NCKYCCTBEHHOIO MHTEJIJIEKTA ANA YJy4YLUEeHUs NOJIb30BaTEes/IbCKOro onbiTa

A. Ammzage®? ', O.A. CaareikoBa® =, A.b. Hopunsane”

2 Poccuiickuil yHUBEPCUTET ApYKObI HaponoB, Mocksa, Poccutickas Dedepayus
b Texnonoruueckuii yuupepcuter umenu K.H. Tycu, Tezepan, Hpan
Mali.rim.alizadeh@gmail.com

Hcropus cratbu AnHoTanms. PaccMoTpeHa kmodeBas 00acTh ONTUMH3ALUM HA OCHOBE HC-
KyccTBeHHOro untesuiekta (1), mpumeHseMoro kK HaBUraluOHHBIM JITaTYMKAM
MHUKpo3JiekTpoMexanndeckux cucreM (MOMC). OcHOBHas 1enb — yJTydile-

HHC I10JIb30BAaTCIbCKOI'O OIIbITa. HCHOJ’IBByF{ KOMILJICKCHBIN noaxon, uccieny-

[Hoctynuna B penakuuto 9 mrons 2023 r.
Jopaborana: 21 aBrycrta 2023 r.
[punsTa k myonukanuu: 5 ceHTssops 2023 r.

FOTCSI METOZBI, OCHOBAHHBIC HA HCKYCCTBEHHOM HHTEIUICKTE, BKIIFOYAIOLINC
CITMSIHUE ATYMKOB, aalTHBHYIO (DHIBTPAIMIO, KAITHOPOBKY, KOMIICHCAIHIO,
MPOTHO3HOE MOJEIHPOBaHKe U dHeprodddexruBHOCTh. Yepes cTporoe mpose-
JICHUE KeHC-MCCIIeOBAHUI 1 HCIIOJIb30BAaHUE SMITUPUYESCKUX JaHHBIX TaHHOS
HCCIIEI0OBaHNE TIOATBEPIKIACT 3HAYMTEIBHBIC JOCTHKEHHS, BKIFOYAs MOBBI-
LICHHYIO TOYHOCTb, CHIJKCHHE SHEPrOMOTPEOICHHSI, YBEINYCHHE HAIOKHOCTH

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBHU
KOH(JIMKTa UHTEPECOB.

U yCUJIEHHUE YIOBJIETBOPEHHOCTHU I10JIb30BATENs, B PA3IMUYHbBIX NPUI0KEHHSX,
TaKMX KaK aBTOHOMHBIE TPAHCIIOPTHBIE CPEICTBA, BHYTPEHHEE OIpEIEICHHIE
IIOJIOXKEHUsI, HOCUMBbIE YCTPOHCTBA U OECIMIOTHBIE CUCTEMBI. B 3akmoueHnu
JTAHHOE MCCIIeJOBAHNE TOUEPKUBACT TPAHC(HOPMAIIMOHHBIHA IIOTEHIIHAN OITH-
Mu3aiuy Ha ocHoBe MM B HaBUranuoHHbIX natuukax MOMC, npusHaBas mpu
3TOM HAJIMYHE NIOCTOSHHBIX BBI30BOB, TAKUX KAK BBIYMCIMTEIbHAS CIOXKHOCTS,
JIOCTYIIHOCTb JIaHHBIX U 00paboTKa B peallbHOM BPEMEHH IIPOBEACHUS Jallb-
HEWIINX UCCIIE0BAHUN, OPUEHTUPOBAHHBIX HA HHHOBALIMOHHBIE METO0JIOTHU
WU, ux UHTErpanuio ¢ NepeJOBbIMU TEXHOIOTUSIMU C YCIOBHEM COOIIOACHUS
NPUHLUIIOB [M3aiiHa, OPMEHTUPOBAHHBIX HA YEJIOBEKA, U YCTAHOBIEHUE CTPO-
IMX CTaHAApTOB OLEHKU. [1ofoOHbIE HCCIENOBaHUS MO3BOJAT UCIOIb30BATh
BECh IIOTEHLIMA MEXAaHU3MOB ONTHMH3ALMU Ha OCHOBE MeTo10B MU, BHEIpsis
HepeoBbIE U OPUEHTUPOBAHHBIE HA I10JIb30BATEN] HABUTALIMOHHbIE CUCTEMBL U
B KOHEYHOM MTOTE TIOBBIIIAsl yPOBEHb YA0OCTBA MOJIb30BATENEH B PA3IMUHbBIX
00J1acTX IPUMEHEHHS IOJ00HBIX CHCTEM.

Bkiaan aBTopoB

HepaszaensHoe cOaBTOPCTRO.

KuarwueBble cioBa: MUKPOIJICKTPOMEXAaHNUICCKUE CUCTEMBI, I/ICKYCCTBGHHLIﬁ
HUHTCJUICKT, MAaTeMaTU4YCCKOC MOACIUPOBAHUEC, ONTUMMU3AlIMsA, HaBUTallUOH-
HBIC JaTYUKHU

I[J'Ifl HUTHUPOBAHUSA
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Introduction

MEMS (Microelectromechanical Systems) nav-
igation sensors have become integral components in
a wide range of applications, playing a crucial role in
providing accurate and reliable navigation data [1].
These sensors, typically integrated on a small silicon
substrate, offer a compact and lightweight solution
for measuring various physical parameters, including
motion, orientation, and environmental conditions
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[2]. The importance of MEMS navigation sensors ex-
tends across diverse domains such as autonomous
vehicles, robotics, wearable devices, and augmented
reality applications [3; 4].

In recent years, the convergence of MEMS tech-
nology with artificial intelligence (AI) has emerged
as a transformative force, revolutionizing the optimi-
zation and capabilities of navigation sensors [5]. Al,
encompassing advanced techniques like machine
learning, deep learning, and data analysis, has un-
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locked new possibilities for enhancing the user expe-
rience and addressing the limitations of traditional
MEMS navigation sensors [6]. By leveraging the
power of Al, researchers and engineers are able to
overcome challenges related to noise, errors, and en-
vironmental variations, thus optimizing the perfor-
mance of MEMS navigation sensors [7].

The growing significance of Al in optimizing
MEMS sensors is driven by its potential to revolu-
tionize navigation systems and improve the user
experience in various ways. By harnessing Al algo-
rithms and methodologies, MEMS navigationsensors
can be fine-tuned to achieve higher accuracy,
reliability, and robustness [8]. The integration of Al-
driven optimization enables navigation systems to
provide precise position tracking, orientation estima-
tion, and motion sensing, enhancing applications
ranging from autonomous navigation in vehicles to
immersive virtual reality experiences [9].

Furthermore, Al empowers MEMS navigation
sensors to adapt and learn from real-time data, lead-
ing to dynamic adjustments that enhance their per-
formance in ever-changing environments [10].
Sensor fusion, a key technique enabled by Al allows
the integration of data from multiple sensors, such as
accelerometers, gyroscopes, and magnetometers, to
derive more accurate and reliable navigation infor-
mation [11]. This integration not only improves the
accuracy of the sensor outputs but also reduces
reliance on a single sensor, enhancing system robust-
ness [12].

The optimization of MEMS navigation sensors
through Al techniques also offers benefits in terms of
energy efficiency and power consumption [13]. With
Al-driven algorithms, sensor power can be intelli-
gently managed, leading to optimized energy usage
and extended battery life in portable devices. This
becomes especially crucial in applications such as
wearables and unmanned systems, where power con-
straints are critical [14].

In this review article, we delve into the realm of
artificial intelligence-driven optimization of MEMS
navigation sensors for an enhanced user experience.
We explore the techniques, applications, and benefits
of integrating Al methodologies with MEMS sensors
in navigation systems. Through comprehensive ana-
lysis and examination of case studies and research
findings, we aim to provide insights into the trans-
formative potential of Al in improving the perfor-
mance and usability of MEMS navigation sensors.

As the field of Al continues to evolve, with
advancements in machine learning, deep learning,
and data analysis, it is important to understand how
these techniques can be effectively harnessed to
optimize MEMS navigation sensors. By unlocking
the full potential of Al-driven MEMS sensors, we
can pave the way for a new era of navigation systems
that offer unprecedented accuracy, reliability, and
user-centric experiences.

In the subsequent sections of this review article,
we will delve into the background of MEMS naviga-
tion sensors, discuss the role of artificial intelligence
in optimizing these sensors, explore various optimi-
zation techniques, present applications and benefits,
analyze case studies and research findings, and dis-
cuss the challenges and future directions in this ex-
citing field.

Through this comprehensive research, we aim to
provide a deeper understanding of the profound
impact that artificial intelligence-driven optimization
can have on MEMS navigation sensors, ultimately
contributing to enhanced user experiences in naviga-
tion systems across a multitude of applications.

1. Background

MEMS (Microelectromechanical Systems) navi-
gation sensors have emerged as critical components
in various applications that require accurate and reli-
able navigation data. These sensors, based on micro-
fabrication techniques, integrate mechanical ele-
ments, sensors, and electronics on a common silicon
substrate, enabling compact and lightweight solu-
tions for measuring motion, orientation, and environ-
mental conditions [15]. MEMS navigation sensors
have found widespread use in domains such as au-
tonomous vehicles, robotics, wearable devices, and
augmented reality applications [16; 17].

To understand the significance of artificial intel-
ligence-driven optimization in MEMS navi-
gation sensors, it is important to grasp their working
principles and typical applications. MEMS sensors
employ various transduction mechanisms to convert
mechanical, thermal, or chemical stimuli into electri-
cal signals [18]. In the context of navigation, com-
monly used MEMS sensors include accelero-
meters, gyroscopes, and magnetometers [19].

Accelerometers measure acceleration or chan-
ges in velocity, providing information about linear
motion. Gyroscopes, on the other hand, sense angu-
lar velocity or changes in orientation, enabling
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measurement of rotational motion. Magnetometers
detect changes in magnetic fields, aiding in compass-
like functionality for determining heading or direc-
tion [20].

Traditionally, MEMS navigation sensors faced
challenges and limitations that hindered their ability
to provide highly accurate and reliable navigation
data. One significant challenge is sensor noise,
which can introduce errors and affect the accuracy of
measurements. MEMS sensors are susceptible to
noise sources such as thermal noise, quantization
noise, and external disturbances, which can degrade
their performance [21].

Additionally, MEMS sensors can experience
errors due to factors like sensor bias, drift, and non-
linearity. Sensor bias refers to a systematic offset in
the sensor output, even in the absence of motion or
external stimuli. Sensor drift represents the gradual
change in sensor characteristics over time, leading to
inaccuracies in measurement. Nonlinearity refers to
deviations from an ideal linear response, affecting
the sensor’s ability to accurately capture input stim-
uli [22].

Furthermore, MEMS navigation sensors can be
influenced by environmental variations and external
interferences [23]. Changes in temperature, humid-
ity, and pressure can affect sensor performance, lead-
ing to inaccuracies in navigation data [24]. Interfer-
ence from electromagnetic fields or magnetic mate-
rials can also impact magnetometer readings, affect-
ing the accuracy of heading estimation [25].

These challenges and limitations have motivated
researchers and engineers to explore the integration
of artificial intelligence techniques to optimize
MEMS navigation sensors. By leveraging the power
of Al it becomes possible to overcome these limita-
tions and improve the accuracy, reliability, and ro-
bustness of MEMS navigation sensors, ultimately
enhancing the user experience in navigation systems
[26].

In the subsequent sections of this review article,
we will delve into the role of artificial intelligence in
optimizing MEMS navigation sensors. By exploring
various Al-driven techniques such as machine learn-
ing, deep learning, and data analysis, we aim to shed
light on how these methodologies can be effectively
employed to address the challenges faced by tradi-
tional MEMS sensors. Through comprehensive ana-
lysis of optimization techniques, case studies, and re-
search findings, we will demonstrate the transforma-
tive potential of artificial intelligence in elevating the
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performance of MEMS navigation sensors and deliv-
ering enhanced user experiences.

Stay tuned as we dive deeper into the realm
of artificial intelligence-driven optimization of
MEMS navigation sensors and explore the advance-
ments that are reshaping the landscape of navigation
systems.

2. Role of Artificial Intelligence in MEMS
Navigation Sensors

Artificial intelligence (AI) has emerged as a
transformative force in optimizing MEMS (Micro-
electromechanical Systems) navigation sensors,
offering significant potential for enhancing their per-
formance and improving the user experience. By
harnessing Al techniques, such as machine learning
and data analysis, researchers and engineers are able
to overcome challenges associated with traditional
MEMS sensors, including noise, errors, and environ-
mental variations [27].

Fundamentally, artificial intelligence encom-
passes a range of techniques and methodologies that
enable machines to simulate human intelligence and
learn from data. Machine learning, a prominent
subset of Al, involves training algorithms to recog-
nize patterns and make predictions or decisions with-
out explicit programming. Data analysis techniques
complement machine learning by extracting mean-
ingful insights from large datasets, aiding in deci-
sion-making processes [28]. In [29], have presented
a clear classification for introducing sub-fields of
Al that shown in Figure 1 also shows a Depicts a
high-level overview of different components, types,
and subfields of Al

Artificial intelligence plays a crucial role in opti-
mizing MEMS navigation sensors by addressing the
inherent challenges they face. One such challenge is
noise, which can introduce errors and degrade the ac-
curacy of navigation data. By applying Al algo-
rithms, MEMS sensors can effectively filter out noise
sources and enhance signal-to-noise ratios, leading to
more accurate and reliable measurements [30].

Several specific artificial intelligence algorithms
and approaches have been successfully applied to op-
timize MEMS-based inertial navigation systems. For
example, Kalman filtering, a widely used tech-
nique, combines measurements from multiple sen-
sors with a mathematical model to estimate the true
state of a system. Kalman filtering is effective in
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reducing noise, compensating for errors, and provid-
ing reliable navigation data [31].

Another approach is neural networks, which are
artificial intelligence models inspired by the struc-
ture and function of the human brain [32]. Neural
networks have shown promise in optimizing MEMS
navigation sensors by learning complex relationships
between sensor inputs and navigation outputs, im-
proving accuracy and robustness [33].

Additionally, genetic algorithms, a form of evo-
lutionary computation, have been employed to opti-
mize MEMS navigation sensor parameters. By
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iteratively searching through a space of possible so-
lutions, genetic algorithms can find optimal configu-
rations for MEMS sensors, enhancing their perfor-
mance and maximizing user experience [34].

In this review article, we have delving deeper
into these specific artificial intelligence algorithms
and approaches applied to optimize MEMS naviga-
tion sensors. Through comprehensive analysis and
examination of case studies and research findings,
we aim to demonstrate the efficacy of artificial intel-
ligence in overcoming challenges and enhancing the
capabilities of MEMS navigation sensors.

Robotics

Supervised

Machin
Learning

Deep learning

Reinforcement

Automated
Planning &
Scheduling Genetic Algorithm

Evolutionary Algorithm
Optimization
Deferential Equations
Particle Swarm

Image Prequantization
Computer

Vision
Machin Vision

Natural
Language

Processing Speech

Figure 1. Al Components, Types, and Sub-Fields
Source: compiled by the author Ali Alizadeh

3. Optimization Techniques

Artificial intelligence (AI) has opened up a
realm of possibilities for optimizing MEMS (Micro-
electro-mechanical Systems) navigation sensors,
ultimately enhancing the user experience in naviga-
tion systems. Through various Al-driven techniques,
MEMS sensors can be fine-tuned and their perfor-
mance optimized, addressing challenges such as
accuracy, reliability, and power consumption. In this
section, we have explored several optimization tech-
niques facilitated by artificial intelligence for MEMS
navigation sensors.

3. 1. Sensor Fusion

Sensor fusion involves the integration of data
from multiple sensors to improve accuracy and reli-
ability. By combining measurements from different
sensor modalities, such as accelerometers, gyro-
scopes, and magnetometers, sensor fusion algorithms
can derive more accurate and robust navigation in-
formation. This integration reduces reliance on a sin-
gle sensor and compensates for the limitations of in-
dividual MEMS navigation sensors, enabling more
precise position tracking, orientation estimation, and
motion sensing [35].
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Due to the fact that MEMS navigation sensors
consisting of gyroscopes, accelerometers and mag-
netometers can give us raw data at least in three X,
Y, Z axes and provide access to the location and dis-
tance estimation through the existing technique.
Many researchers are trying to create a three-dimen-
sional perceptible space for the analysis of the target
area or object with the fusion of real-time data
received from these sensors with two-dimensional
imaging [36].

It seems natural that according to the errors of
MEMS sensors, special methods and algorithms
should be provided to optimize these errors. Due to
the existence of calibration errors and environmental
disturbances and the sampling rate of these sensors,
the received data usually does not coincide with the
time of the imaging frames, so the estimation of the

position of the desired points in the images is not
very accurate. For this reason, Dong et al. [37] have
investigated various methods for the fusion sensor,
the summary of which can be seen briefly and com-
prehensively in Table 1.

Figure 2 shows an example of imaging data
fusion based on Caruso’s proposed algorithm with
multi-IMU data that is being optimized with a Kal-
man filter [36].

corrected pose

Depth | Visual
Images ] Proeessing |

| Consistency Check

predicted pose

MIDR
| EKF | predicted pose

and Fusion

MIMU

Figure 2. Sensor Data Fusion [36]

Table 1

Sensor Fusion Methods and Sub-Methods

Method Sub-Method

Advantages/ Disadvantages

Intensity-hue-saturation (IHS)

Principal component analysis (PCA)

e Co-registration of input images at sub-pixel level is
required.

High-pass filtering

¢ One of the main limitations of HIS and Brovey transform

Standard fusion methods

is that the number of input multiple spectral bands should
be equal or less than three at a time.

e SFA generate a fused image from a set of pixels in the
various sources. These pixel-level fusion methods are
very sensitive to registration accuracy, so that co-regis-
tration of input images at sub-pixel level is required.

(SFA)
Different arithmetic combination:
¢ Brovey transform
e BP
e SOFM
Artificial Neural e ARTMAP
Networks (ANNSs) e RBF neural network
[ ]

neural networks

Adaptive Resonance Theory (ART)

o Artificial neural networks (ANNs) have proven to be a
more powerful and self-adaptive method of pattern
recognition as compared to traditional linear and simple
nonlinear analyses.

e Many of applications indicated that the ANN-based
fusion methods had more advantages than traditional
statistical methods, especially when input multiple sensor
data were incomplete or with much noises.

Pyramid:
e Gaussian Pyramid
e Laplacian Pyramid

Multi-Resolution
Analysis-Based Methods

Laplacian Pyramid is used for image compression and has a
low memory requirement which is its main advantage. On
the other hand, the Gaussian Pyramid is used for multi-
resolution analysis for image fusion. The Gaussian pyramid
is computationally efficient and can be used to down sample
an image by a factor of 2 at each level. However, it is not as
efficient as the Laplacian pyramid in terms of memory
usage.

Wavelet transform

e Its computational complexity compared to the standard
methods.

e Spectral content of small objects often lost in the fused
images.

e It often requires the user to determine appropriate values
for certain parameters (such as thresholds).
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3.2. Adaptive Filtering

Adaptive filtering techniques play a crucial role
in optimizing MEM S navigation sensorsin real-time.
These algorithms dynamically adjust sensor measure
ments based on real-time conditions, allowing for
accurate tracking and compensation of errors and
variations. Adaptive filtering agorithms, such as
Kaman filtersor particlefilters, continuously update
sensor outputs based on incoming data, thereby im-
proving the accuracy and reliability of navigation
information.

As Bitar, Gavrilov and Khala mentioned [5],
various fusion agorithms, such as Kalman Filters
(KF) like Extended Kalman Filter (EKF) and Un-
scented Kalman Filter (UKF), are commonly used
for integrating INS and GNSS data. While KF can
provide accurate geo-referencing solutions with con-
tinuous GNSS signal access, it has limitations such
as the need for precise stochastic models for sensor
errors, especially for low-end tactical grade and
MEMS-based IMUs. Additionally, KF faces chal-
lenges related to sensor dependency and observabil-
ity. To addressthese limitations, researchers have ex-
plored alternative methods based on Al, such as arti-
ficial neural networks (ANNSs) and genetic ago-
rithms (GA), which offer advantages such as intelli-
gence and robustness in complex and uncertain

systems. Al-based approaches aim to overcome the
shortcomings of KF and have been increasingly in-
vestigated for INS/GNSS integration.

In order to achieve a more optima solution,
Mostafa et a. [38], has introduced a newly proposed
method that enhances the navigation system of un-
manned surface vehicles (USVs) by integrating
MEMS-INS smartphone sensors with GPS and DVL.
The accuracy of GPS and errors in DVL measure-
ments directly impact the efficiency of existing meth-
ods. To address this, they have proposed an adaptive
data sharing factor combined filter (DSFCF) method
as an integrated solution. Their method detects and
avoids the least accurate navigation subsystem while
correcting USV navigation errors using the most ac-
curate subsystem. Testing on a surface trajectory dur-
ing GPS and DVL malfunctions has shown that pro-
posed method significantly reduces position errors
compared to two popular integrated methods.

Although three methods have been used for inte-
gration and integration at the same time, the problem
of this combined method is that it does not have the
ability to receive datafor acluster of inertial sensors.
To accomplish and refine some dimensions of the
previous proposed method, comprehensive investi-
gations were conducted to address potential limita-
tions and optimize its performance by Maet a. [39]
(Figure 3).
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Figure 3. Method structure:
a — Proposed GPS/DVL/MEMS based on adaptive DSFCF integrated method;
b — Block diagram of three integrated methods [39]
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They have proposed an adaptive navigation
algorithm with deep learning that has achieved accu-
rate and robust navigation for autonomous under-
water vehicles (AUVs). The algorithm has utilized
deep learning to generate low-frequency position in-
formation and has corrected the error accumulation
of the navigation system. The 2 rule has been incor-
porated into the algorithm to identify and exclude
outliers in Doppler velocity log (DVL) measurements.
Furthermore, an adaptive filter based onthe varia-
tional Bayesian (VB) method has beenemployed
to estimate navigation information and measure-
ment covariance simultaneously, resulting in further
improvements in accuracy. Experimental results
using AUV field data have demonstrated that the pro-
posed algorithm has significantly enhanced naviga-
tion performance and position accuracy. The algo-
rithm has provided robustness and high accuracy
navigation with a normal frequency, thereby meeting
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the requirements of various missions. Future work
will involve exploring more complex integrated
navigation system designs and evaluating the algo-
rithm’s performance with different acoustic equip-
ment.

Figure 4 has depicted the position errors of
various algorithms in comparison to the ground truth.
The proposed method has outperformed others by
compensating for sensor deviations and employing
a data fusion strategy (Figure 4, a). In second test,
the deep learning method has successfully enhanced
navigation accuracy by addressing outliers in DVL
measurements (Figure 4, b). The proposed method
has demonstrated improved position accuracy
when compared to the conventional EKF method
(Figure 4, ¢, d). Furthermore, the RMSE results have
indicated that the proposed algorithm has achieved
robust navigation with enhanced accuracy, sur-

passing the conventional method by a minimum
of 14.4 %.
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Figure 4. Position error between the ground truth and the estimation of different navigation methods:
a— Compares performance of various methods under sensor deviation, highlighting superior accuracy of the proposed method due
to advanced data fusion strategy; & — Demonstrates error reduction in Test2 with DVL measurement outliers, showcasing the

effectiveness of deep learning in enhancing navigation accuracy; ¢, d — Contrast the position accuracy of the proposed method
against conventional EKF, indicating the proposed method's comparable accuracy to deep learning approaches [39]
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3.3. Calibration and Compensation

Al algorithms can be employed to calibrate and
compensate for sensor biases and drifts, which can
introduce errors in navigation data. Through calibra-
tion, ANN techniques determine the systematic off-
sets or biases in sensor outputs and apply correction
factors to eliminate or minimize these errors. Simi-
larly, Back Propagation Neural Network algorithms
can track and compensate for sensor drift, which
refers to the gradual change in sensor characteristics
over time. By continuously monitoring and adjusting
sensor parameters, Al-driven calibration and com-
pensation techniques enhance the accuracy and long-
term stability of MEMS navigation sensors [40].

Bias thermal calibration of micro-electrome-
chanical gyroscopes has been a key issue in order
to achieve optimal performance in demanding navi-
gational environments, where GPS signals may

w, W,

b, »

o

encounter adverse conditions such as signal deg-
radation, signal obstructions, or signal attenuation.
The conventional modeling approach for capturing
abrupt changes in direction within narrow tempera-
ture differentials and accounting for sensor hys-
teresis has not yielded satisfactory results. To ad-
dress this issue, Fontanella et al. [24], have under-
takenan investigation into employing a proposed
backpropagation neural network (BPNN) with
the Lorenzberg — Marquardt algorithm and the
MATLABTM neural network toolbox for the
process of polynomial fitting that shown in Figure 5.
Subsequently, by applying the Kolmogorov —
Smirnov test, the adherence of this dataset to a
uniform distribution was confirmed, thereby estab-
lishing the goodness-of-fit. The outcomes substan-
tiated a remarkable 20 % enhancement in the preci-
sion of the flight attitude, aligning with the stipulated
requirements mandated by prevailing regulations.
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Figure 5. Back Propagation Neural Network:
a— Structure of the Back Propagation Neural Network adopted for modeling thermal drift;
b— Flow chart of the Back Propagation Neural Network training process [41]
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In a study pertaining to the calibration of micro-
electromechanical sensors Huang et al [41], have
introduced an innovative indoor positioning system
that utilizes smartphone MEMS sensors. The system
has employed a Pedestrian Dead Reckoning (PDR)
algorithm, leveraging the accelerometer, gyroscope,
and magnetometer sensors for continuous relative
position information. It has incorporated an offline
phase where sensor data has been collected to construct
a training dataset, and a deep learning model has
been developed using TensorFlow to detect indoor
turning points. In the online phase, the trained
model has been used to identify turning points, and
a particle filter algorithm has been applied for error
calibration. The system’s performance has been
validated through extensive experiments in a real
indoor environment. However, limitations have
included reduced accuracy in environments with few
turning points and decreased computational effi-
ciency when using a large number of particles in the
filter algorithm.

3.4. Predictive Modeling

Machine learning techniques can be leveraged to
develop predictive models that anticipate and com-
pensate for sensor errors. By training algorithms on
historical data, machine learning models can learn
complex relationships between sensor inputs and out-
puts, enabling accurate prediction of sensor behavior.
These predictive models can be used to estimate and
correct for errors, improving the overall accuracy and
reliability of MEMS navigation sensors [42].

Regarding this matter Nevlydov et al. [43] have
explored the development of a predictive model for
classifying the state of a robot using machine learn-
ing techniques and data from MEMS sensors.
Through experiments, a three-axis MEMS gyroscope
was used to investigate the effectiveness of various
algorithms in real-time state classification. Super-
vised machine learning algorithms, including Sup-
port Vector Machines, k-nearest neighbors, and
Decision Trees, have been evaluated, with weighted
k-nearest neighbors and bagged trees showing the
best performance, achieving an accuracy of approxi-
mately 89 %. The study highlights the potential of
machine learning in developing accurate and reliable
predictive models to enhance the decision-making
system of robots.

3.5. Energy Efficiency

Artificial intelligence also offers opportunities
to optimize power consumption and extend the bat-
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tery life of MEMS navigation sensors. Al-based
techniques can intelligently manage sensor power,
optimizing energy usage based on the specific re-
quirements and operating conditions. By dynami-
cally adjusting power levels and sampling rates, Al
algorithms can minimize power consumption while
maintaining adequate performance. This becomes
especially important in applications such as wearable
devices and unmanned systems, where energy effi-
ciency is critical [10; 11].

In this regard Fouché and Malekian [44], have
developed a comprehensive system from first princi-
ples to enable autonomous navigation and remote
fire detection. The system has utilized a low-cost
inertial measurement unit with MEMS sensors to
measure the aircraft’s orientation, while line-of-sight
guidance principles have facilitated real-time trajec-
tory calculations for autonomous navigation. Stabi-
lized flight has been achieved through the implemen-
tation of a stabilization control system with PID
controllers. Fire detection has been accomplished by
utilizing low-cost air composition sensors connected
to an artificial neural network. For efficient flight
planning, path-planning algorithms have been em-
ployed, utilizing equirectangular projection, terrain
meshes, and Al techniques to minimize travel dis-
tance and maximize energy efficiency. The system
has achieved the desired outcomes, surpassing spe-
cifications in fire detection and autonomous way-
point navigation. However, the system’s applica-
bility in challenging environments could be further
enhanced by incorporating advanced attitude estima-
tion approaches. The flight control has effectively
stabilized the system, enabling it to operate under
harsh conditions commonly experienced by unmanned
aircraft.

4. Case Studies and Research Findings

Al-driven optimization of MEMS navigation
sensors offers significant advantages across various
applications, enhancing user experience. This section
explores transformative impacts, including increased
accuracy, reduced power consumption, improved re-
liability, and enhanced user satisfaction. Case studies
and research findings demonstrate successful imple-
mentations, showcasing performance enhancements
and real-world applications.

e Through Al-driven optimization, MEMS navi-
gation sensors bring several benefits and improve-
ments to these applications:
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Table 2
Comprehensive Analysis of Case Studies and Optimization Results
Case Resear ch Objective Approaches Advantage Ref
The research tackles error diver- "
gencein standalone MEMS NS, fo- | Designing and training the LSTM-RNN | * Ehharding the accuracy of a
MEMSIMU | cusing onweak or blocked GPSsig- | model to effectively filter and de-noise the tion Sysem (INS) 9 45]
De-Noising | nals. It collects gyroscope datafrom | MEMS IMU gyroscope signals, thereby im- Resulting in reduced standard d
aspecific MEMSIMU model toim- | proving the accuracy of the MEMS INS. ¢ hesulting In reduc anoard de-
prove accuracy. viation and attitude errors.
¢ Reducing the probability of hitting
. . . the target.
A versatile obstacle avoidance library was de- ; .
Developed aflexible software fr veloped with three modules: MEMS IMU * gmc_kdreacnon t‘; nL(Je\)/Av\?bstac_les
p ; sensor Module, Mavlink Communication | ¢ 7 WIC€ range or. environ-
work for drones, enabling easy test- Module and Sensor Fusion Module. The re- ment settings is included in the
UAS ing of Al-driven navigation and | oo, “fojjowed a methodology involving |  designedlibrary. (46
(Drone) obstlg avoidance modules, while | oo yoion simulation test ng, and open | ¢ The library’s flexibility and
addressing limitations of eXising | jyaco Optimization approaches were ap- adaptability make it suitable for
frameworks like Ardupilat too. plied in software architecture, obstacle avoid- commercial drone applications,
ance, and artificial intelligence. such as aerial photography, deliv-
ery services, inspection tasks, and
more.
Improving Human Activity Recogni- | The research proposed a custom-built DL
tion (HAR) using MEMS sensor | model using the Bi-LSTM neural network | The proposed Bi-LSTM model
Hurman technology in smartphones. By ap- | architecture for human activity recognition. | achieves a high accuracy of 98.1 %
activit plying ML techniquesand acustom- | Through hyperparameter fine-tuning, the | in human activity recognition, out-
d etectign built Bi-LSTM mode, thestudy aims | model achieved an accuracy of 98.1% by | performing other models. It effectively | 14
to accurately classify human motion | accurately classifying nine different human | handles sequential motion data,
(wearable ely classify h i ely classifyi ine diff h handl ial ion d
technologies) activities. The goal is to develop a | motion activities. The implementation of this | identifies fine-grained patterns, and
9 baseline-level technology for HAR | model using data from mobile phone sensors | is practical using mobile phone
with applications in healthcare and | resulted in significant improvements in | sensors.
fitness industries. activity classification.
In the research, optimization approaches were
used to improve the motion capture and
recognition system. This involved designing
and optimizing the MEMS sensor network
: - ] system to address sensor drift, noise, and
Human ?aclj?brrit‘? or:]g r?aenn(iﬂl;\d%;ar]c%? Izr;(c_i calibration. The convergence of the Kernel | Improving the classification and
activity ity. and 6 timizig the mgtion Perceptron Algorithm (KPA) was optimized | recognition capabilities, allowing
detection cyyture st’v)em for egnhanced acou- | 0 enhance its classification and recognition | for accurate identification of dif- |
(Arm rap andw licability in_different capabilities. The performance of KPA was | ferent arm motions, including com-
Motions) d?;crynai s, ap Y compared with the Support Vector Machine | plex and dynamic movements.
(SVM) algorithm to balance speed and accu-
racy. The research aimed to optimize both
hardware and software components for high-
quality motion data and reliable arm motion
recognition.
The researchers employ iterative learning | Cost-effective UAV tragjectory track-
] control, Kalman filtering, and gradient de- | ing, high accuracy with alow track-
Unmanned I]hg]irg?m Ch(il ?:?Oegf?ircirenestef" ?P;;f scent algorithms to optimize data processing | ing error of 0.09 %, improved meas-
Aircraft and or oceesssealth elargev qume%f data and achieve accurate tragjectory tracking. The | urement accuracy of 92 %, reduced
Vehide eneeated b unme?nned aerial vehi- solution addresses the challenges of pro- | time complexity, and faster data | [
(UAV) gl es (UAV s); ot low cost and with cessing large volumes of data generated by | processing. These advancements
hioh accur UAVs in a cost-effective and efficient man- | contribute to more affordable, accu-
9 ay. ner, providing improved accuracy and re- | rate, and efficient UAV operations
duced time complexity. in various domains.
By using a numerical-analytical approach, " )
suitable technical solutions are selected for ;Ii-gﬁ e?wrr? g&fﬂ Xe\(;rt]p' qeljcfo?ncéoilct)lrgl
constructing platformless inertial navigation duri ?I n g ili
systems (BINS) for micro and small UAvVs. | 249 at;}onomoulf aj'g t hy uti 'Z(;
Developing accurate and efficient | Through simulations and experiments with g:j% ar}]eégd iﬂitr\/t\ggllr n a\?iogi (;ES ans_
trajectory control systems for un- | different neural network structures, such as tems. It achieves su eri%r Iearr?n
UAV manned aeria vehicles (UAVS) in | ELM-Kaman and WANN-RNN-Madgwick P 9 | oo

autonomous flight mode using neu-
ral network algorithms.

agorithms, the aim is to improve navigation
accuracy and adapt to the absence of GPSsig-
nals. The research aimsto optimize the neural
network architecture and parameters for
precisetrgjectory control and error compensa
tion in the UAV's navigation system.

accuracy and faster adaptation com-
pared to alternative approaches.
This research improves the preci-
sion and efficiency of micro and
small UAVs in performing tasks
without relying on GPS signals.
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Continuation of the Table 2

Case

Resear ch Objective

Approaches

Advantage

Ref

UAV

Limitations of low-cost IMUs, accura
tely modeling the vehicle dyna-mics, in-
tegrating machine learning techni
gues, ensuring robustness and gen-
erdization, and conducting thorough
performance evaluations. By over-
coming these challenges, researchers
am to enhance UAV autonomous
navigation in GNSS-denied environ-
ments without adding extraload to the
vehicle.

This research proposes a hybrid machine
learning approach to enhance unmanned
aeria vehicle (UAV) navigation accuracy
in GNSS-denied environments. The ap-
proach utilizes the UAV vehicle dynamic
model and previous flight information
during GNSS availability to train machine
learning algorithms. These algorithms
predict the vehicle states, such as position,
velocity, and attitudes, during GNSS out-
ages, mitigating the massive drift experi-
enced by low-cost inertial measurement
units (IMUs). The ML-VDM agorithm
eliminates the need for modeling the UAV
parameters, which can be time-consuming
and proneto errors.

Test scenarios demonstrate the ef-
fecttiveness of the approach, achiev-
ing significantly reduced drift com-
pared to standalone IMUs during
outages, with RMSE values within
an acceptable range for many UAV
applications.

[51]

UAV
(Multi-Rotor)

Developing anoninvasive hybrid com-
puter interface (HCI) system using
EOG and EEG signals for indoor tar-
get searching with a multi-rotor air-
craft.

This research proposes a hybrid machine
learning approach to enhance UAV naviga-
tion accuracy in GNSS-denied environ-
ments by utilizing the vehicle dynamic
model and previous flight data. The ML al-
gorithms predict vehicle states during
GNSS outages, reducing drift in low-cost
IMUs. The system also incorporates a
hybrid computer interface for indoor target
searching using EOG and M| EEG signals,
with SVM for classification and obstacle
avoidance. The solution combines signal
processing, feature extraction, classifica-
tion, and navigation techniques to achieve
the objectives.

The proposed hybrid machinelearn-
ing approach for UAV navigationin
GNSS-denied environments offers
advantages such as accurate predic-
tion of vehicle states during GNSS
outages, mitigating drift in low-cost
IMUs. The ML-VDM agorithm
eliminates the need for complex
UAYV parameter modeling. The hybrid
computer interface system combi-
nes EOG and M| EEG signals, ena-
bling effective human-computer in-
teraction and improved navigationin
complex environments.

[52]

UAV

The researchers face severa challenges
in this research. Their main goal isto
accurately estimate air data parameters
for a small fixed-wing UAV using
low-cost pressure sensors and machine
learning models. They need to address
potential errors introduced during
training with wind tunnel dataand im-
prove accuracy for the benchmark
flight test.

The technique used in this research invol-
ves embedding low-cost pressure sensors
into asmall UAV's surface and employing
machinelearning algorithms (NNsand LR)
to estimate air data parameters. The solu-
tion includes training the models using
wind tunnel and flight data, considering
factors like sensor placement and basis
function expansions, and addressing poten-
tial errorsin the wind tunnel data. The goal
isto accurately estimate air data parameters
for small UAVsin acost-effective manner.

The technique and solution have
several advantages. The machine
learning algorithms enable accurate
estimation of air data parameters.
The flexibility in MEMS sensor
placement allows for optimization.
The method addresses potential er-
rors in wind tunnel data and under-
goesrigorous validation through ex-
tensive testing.

(53]

Cube Sat

The researchers in this study face sev-
eral challenges. Thefirst objectiveisto
develop and validate algorithmsfor au-
tonomous collision avoidance (CAM) in
space missions. This involves imple-
menting collision avoidance agorithms
and using artificial intelligence for
planning and decision-making during
CAM operations. The second objec-
tive is to characterize untraceable
space debris objects and improve the
debris environmental model. The third
objectiveisto model the upper atmos-
phere and thermomechanical loads for
more accurate re-entry prediction.
Additionally, selecting the operational
orbit and disposal dtrategy, as well as
ensuring compliance with space debris
mitigation regulations, are crucia as-
pects of the mission design.

The research on e. Cube missions incorpo-
rates several optimizations approaches to
enhance its objectives. One optimization
approach is the development and imple-
mentation of efficient algorithms for debris
analysis. These algorithms aim to improve
the accuracy and speed of identifying and
characterizing space debris. Another opti-
mization approach involves optimizing the
data collection process for upper atmos-
phere characterization. Thisincludes design-
ing sensors and instruments that can collect
relevant data with high precision and mini-
mal resource utilization.

The advanced collision avoidance
system with optimized agorithms
enhances the efficiency and effective-
ness of avoiding potential collisions
in space, reducing the risk of dam-
age to satellites and spacecraft.
Overall, these advancements contri-
bute to improved sustainability and
safety in space missions, making
them more reliable and successful.

[54]
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Ending of the Table 2

Case Resear ch Objective

Approaches

Advantage

Ref

The researchers aim to deve-
lop a reliable and accurate
land vehicle navigation sys-
tem by integrating MEMS-
based GNSS and INS. The
challenge liesin dealing with
stochastic errors in inertial
sensors and instability during
GNSS outages.

Land Vehicle
Navigation

The researchers employ a hybrid denoising al-
gorithm, combining wavelet transform and sup-
port vector machine (SVM), to improve the sig-
nal-to-noise ratio of MEMS-INS measure-
ments. This helps eliminate short-term and
long-term errors while preserving vehicle dy-
namics. Additionally, they develop adatafusion
method using SVM to predict and correct posi-
tioning errors during GNSS outages. By train-
ing the SYM model with simulated data, they
achieve accurate positioning results even in the
absence of GNSS. The proposed technique ef-
fectively reduces sensor noise, enhances posi-
tioning accuracy, and maintains real-time per-
formance.

The technique’s real-time performance
and computational efficiency make it
suitable for practical implementation.
Overall, the approach enhances the reli-
ability and accuracy of land vehicle
positioning while mitigating the challen-
ges posed by GNSS signal outages and
stochastic error characteristics of inertial
SENSOrS.

[55]

Developing and validate a
control approach that can ef-
fectively dlocate efforts among
actuators in an over-actuated
system, specifically inthecon-
text of a space debris remova
mission using adeployable net
on aCubeSat, while consider-
ing failures and optimizing
computational time.

CubeSat

The research utilizes a fuzzy controller com-
bined with control allocation to stabilize the
CubeSat and calculate thruster efforts. The
controller considers disturbances from net-fired
bullets and maintains stability. The proposed
solution achieves stable recovery within a rea-
sonable timeframe and shows comparable
results to traditional control methods. It also
demonstrates robustness in various scenarios,
including thruster failure.

Simulation results show successful sta-
bility recovery within areasonable time,
comparable to a traditional control alo-
cation method. The proposed approach
demonstrates robustness in various
scenarios, including athruster failure.

[56]

This research addresses the
challenge of effectively blen-
ding GNSS and INS data for
accurate positioning in harsh
environments.

Land Vehicle
Navigation

The technique used in the research involves a
two-tier robust fusion scheme. The first tier
utilizes a Support Vector Regression-based
Adapted Kaman Filter (SVR-AKF) to fuse
GNSS and INS data and improve positioning
accuracy. The SVR-AKF autonomously adjusts
the covariance matrix to adapt to varying GNSS
observation quality in complex urban environ-
ments. The second tier involves an Adaptive
Neuro Fuzzy Inference System (ANFIS) to
predict and compensate for INS errors during
GNSS outages. This enhances the reliability
of the positioning system. The solution pro-
posed in the research significantly improves the
overal reliability and positioning performance
of land vehicle navigation in GNSS-challenged
environments. Experimental tests validate the
feasibility and effectiveness of the proposed
methodology.

e Enhanced Positioning Accuracy

¢ Robustness in Complex Urban Envi-
ron-ments

o Compensation for GNSS Outages

e Feasibility and Effectiveness

Improving accuracy, robustness, and re-
liahility for low-cost GNSS/INS integ-
rated land vehicle navigation systems by
addressing challenges of poor GNSS
accuracy in complex urban environ-
ments and position errors during GNSS
outages.

[57]

e Increased Accuracy: Al techniques enable
improved sensor calibration, compensation for
errors, and adaptive filtering, resulting in highly
accurate navigation data. This accuracy trandates
into precise positioning, reliable motion tracking,
and orientation estimation.

e Reduced Power Consumption: Al-based
energy optimization techniques can intelligently
manage power usage, reducing the energy foot-
print of MEMS navigation sensors. This leads
to extended battery life in portable devices and
efficient power utilization in resource-constrained
systems.

o Improved Reliability: Al-driven optimiza-
tion mitigates sensor noise, compensates for biases
and drifts, and accounts for environmental varia-
tions. These improvements enhance the reliability
of MEMS navigation sensors, ensuring consistent
and trustworthy navigation information.

e Enhanced User Satisfaction: The combina-
tion of increased accuracy, reduced power con-
sumption, and improved reliability contributes to
an enhanced user experience. Users can benefit
from precise navigation, seamless operation, and
confidence in the performance of devices or sys-
temsrelying on MEMS navigation sensors.

317



Alizadeh A., Saltykova O.A., Novinzadeh A.B. RUDN Journal of Engineering Research. 2023;24(4):305-322

Figure 6. Nano Satellite. The ASTERIA Satellite. Credit: NASA/JPL-Caltech
Source: author’s photo

Liddle et al. [58] have examined the chal-
lenges related to scientific missions utilizing the
advantages of nanosatellites and CubeSats, includ-
ing cost-effectiveness and the utilization of new
technological advances. They have highlighted the
importance of MEMS navigation sensors in sup-
porting this strategy. Figure 6 has presented a view
of a CubeSat, illustrating its integration within this
framework [59].

5. Challenges and Future Directions

While artificial intelligence (Al)-driven opti-
mization holds immense potential for enhancing
the user experience with MEMS (Microelectrome-
chanical Systems) navigation sensors, several chal-
lenges and limitations must be addressed. In this
section, we will discuss the key challenges faced in
implementing Al-driven optimization in MEMS
navigation sensors and explore potential research
directions and future developments that can further
leverage Al techniques to improve user experi-
ences.

5. 1. Computational Complexity

One of the primary challenges in Al-driven op-
timization is the computational complexity associ-
ated with processing large volumes of sensor data
in real-time. MEMS navigation sensors generate
a continuous stream of data that needs to be
processed and analyzed to extract meaningful
information. Implementing complex Al algorithms,
such as deep learning models, may require signify-
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cant computational resources. Overcoming this
challenge involves developing efficient algorithms,
leveraging hardware accelerators, and exploring
novel architectures tailored to the computational
constraints of MEMS navigation sensors [60].

5.2. Data Availability and Quality

Al-driven optimization relies heavily on the
availability and quality of training data. However,
acquiring labeled and diverse datasets for training
and validation purposes can be challenging in the
context of MEMS navigation sensors. Addition-
ally, ensuring the quality and reliability of collected
data, especially in dynamic and unpredictable en-
vironments, is crucial. Future research should focus
on developing methodologies for collecting and an-
notating high-quality datasets that reflect a wide
range of real-world scenarios and sensor variations,
enabling robust Al-driven optimization [60].

5.3. Real-Time Processing Requirements

MEMS navigation sensors are often used in
applications that require real-time or near real-time
processing of navigation data. However, many Al
algorithms, especially those involving complex
deep learning models, can introduce latency and
computational overhead, making real-time pro-
cessing challenging. Future research should aim to
develop lightweight Al models and algorithms spe-
cifically designed for real-time applications, bal-
ancing the trade-off between accuracy and compu-
tational efficiency [41; 61].
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5.4. Sensor Fusion and Integration

Integrating data from multiple sensors, also
known as sensor fusion, is critical for optimizing
MEMS navigation sensors. However, achieving
seamless integration and synchronization of sensor
data from different modalities can be challenging
due to variations in data formats, sampling rates,
and sensor characteristics. Future research should
focus on developing standardized sensor fusion
frameworks and techniques that can handle different
types of sensors and facilitate efficient integration
for improved accuracy and reliability [62].

5.5. Context Awareness and Adaptability

MEMS navigation sensors operate in diverse
and dynamic environments where conditions can
change rapidly. To enhance user experiences, Al-
driven optimization should aim to make sensors
context-aware and adaptable. This involves devel-
oping algorithms that can dynamically adjust sen-
sor parameters, optimize sensor configurations
based on environmental conditions, and adapt to
user-specific preferences. Future research should
explore techniques such as reinforcement learning
and adaptive control to enable MEMS navigation
sensors to continuously improve performance
based on evolving contexts [62].

5.6. Interdisciplinary Collaboration

Al-driven optimization of MEMS navigation
sensors requires interdisciplinary collaboration be-
tween experts in Al, MEMS technology, signal
processing, and navigation systems. Collaboration
and knowledge exchange between these domains
are essential for developing comprehensive solu-
tions that address the challenges faced by MEMS
navigation sensors. Future research should encour-
age cross-disciplinary collaboration, fostering a
deeper understanding of the unique requirements
and opportunities for Al-driven optimization in
MEMS navigation sensors [29; 64; 65].

Conclusion

In conclusion, this review has demonstrated
the significant role of Al in optimizing MEMS
navigation sensors to enhance the user experience.

Through the integration of Al techniques such
as sensor fusion, adaptive filtering, calibration,

compensation, and predictive modeling, MEMS
navigation sensors can achieve improved accuracy,
reduced power consumption, and enhanced relia-
bility.

Case studies and research findings have show-
cased the successful implementation of Al-driven
optimization in various applications, including au-
tonomous vehicles, indoor localization, wearable
devices, and unmanned systems. These applica-
tions have witnessed notable enhancements in ac-
curacy, user satisfaction, and overall performance.

While challenges such as computational com-
plexity, data availability, and real-time processing
requirements exist, future directions in the field
should focus on exploring novel Al techniques, in-
tegrating with emerging technologies, considering
human-centric design principles, and establishing
standards and benchmarks for evaluation. By con-
tinuing research and development efforts, the full
potential of Al-driven optimization in MEMS nav-
igation sensors can be realized, leading to advanced
and user-friendly navigation systems that empower
users in diverse domains.
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JlazepHoe TepMoynpoYHeHue Kosnec 3yoyaTbix,
M3roTOBJIEHHbIX U3 MNOPOLLUKOBbIX MaTepnanos
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Hcropus cratbn AnHoTanusa. CIOXHO TPENCTaBUTh COBPEMEHHOE MAIIHMHOCTpPOSHHE Oe3
Hocrynuia B pepakumio: 16 anmpens 2023 . CBOEBPEMEHHOI'0 ¥ TOYEYHOI'0 COBEPILICHCTBOBAHUS TEXHOJIOTHYECKUX TPO-
JlopaGoTana: 14 mroms 2023 . LIECCOB, B CBSI3H C 4EM IOSBIIIOTCA HOBBIE M YJIy4dIIAOTCSA TPaAULHOHHBIE
Ipunsita K my6muKarum: 18 moms 2023 . METO]Ibl U3rOTOBICHUS U 00PadOTKH pa3InYHOro poJa KOHCTPYKIMH U AeTa-

JIeH. O,E[HI/IM us3 HyTefI CHW)XCHU DKOHOMUYCCKUX 3aTpaT HAa MEXAaHUYCCKYIO

00paboTKy 3y04aThIX KOJIEC, H3TOTOBJICHHBIX TPaIULIMOHHBIMH METOJIAMH,
SIBISIETCS TIepeXo]] B 00JaCTh MOPOLIKOBOM METaJUTyprUd — MOPOIIKOBOE
ABTOPBI 3asIBIIAIOT 00 OTCYTCTBUH cnekanue. [IpeacrapieHa BO3MOXHOCTh JIOKaJIbHOIO MOBBIIIEHUSI MEXaHU-
KOH()JIMKTa UHTEPECOB. YEeCKUX CBOWCTB 3y0UaThIX KOJIEC, M3TOTOBICHHBIX METOAOM IOPOIIKOBOTO

CIIEKaHHMs, C TIOMOIIIBIO JIa3epHOH 00padoTkH. JlazepHas 0OpaboTka MpoBo-

3asiBjieHUE O KOH(I)J'IHKTC HHTEpeCcoB

JIMIIach Ha POOOTU3NPOBAHHOM KOMILIEKCE CBAPKU U TEPMOYIIPOYHEHHS, KO-
BKkJ1aj aBTOPOB TOPBIIT BKITIOYAET B ceOs 6-0CeBOil MPOMBINUICHHBIH poOOT, 2-0CceBoil cBa-
POYHBIN NO3HUIMOHED, JIA3ePHYIO TOJIOBKY U UTTEPOUEBEIN BOJIOKOHHEIN JIa-
3ep MOIHOCTHIO 5 KBT. BrIcOKasi, OTHOCHTEIBHO JUTHIX 3aTOTOBOK, ITOPHU-
CTOCTB CIICYCHHOT0 MaTepHaa sSBiseTcs (JakTopoM, OTpaHUIUBAIOIIHM BO3-
MOXXHOCTb HCITOJIb30BAHUS JIa3€PHOTO TEPMOYIPOYHEHHMS, TaK KaK CHOCO0-
CTBYET IIOBBIIICHUIO BEPOSTHOCTH OILIABJICHUS KPOMOK 0OpabaThIBaEMBIX
noBepxHoctei. Hacrosiast pabota HampapiieHa Ha pellleHHe JaHHOW Tpo-
6xemsl. Ilepex mpoBeneHUEM SKCIEPUMEHTOB OBLIH BBIACICHBI OCHOBHBIC
KPUTEPUH Ka4eCTBa: «OTCYTCTBUE OIUIABJICHUS» U «TTyOWHA YIPOUHCHHUSY.
B xoze IpOBOANMON CEpHH SKCICPHMEHTOB II0 JIA3EPHOMY TEPMUUYECKOMY
YIPOYHEHHUIO YAAIOCH CYIIECTBEHHO HOBBICHThH TBEPIOCTH 00Opa3LoOB (B CO-
crostHuu nocrasku okoso 30 HRC), koropas nocie 06paboTKH HaX0AUTCS B
nuanasone ot 55 no 65 HRC riny6unoit 1o 2800 MkM Ha 3yObsiX IIECTEpEH,
H3rOTOBJICHHBIX M3 MOPOIIKOBBIX MAaTCPHUAJIOB. O[lHaKO OCTAalOTCA OTKPbI-
TBIMH BOIPOCHI, HaXOISNIME PEICHHE B MPOBEICHUH IKCIUTyaTallnOHHBIX
UCHBITAaHUH, TAKUX KaK JOJITOBEYHOCTh M U3HOC.

Hepawenbﬂoe COaBTOPCTBO.

KiroueBble cioBa: TNOpOIIKOBast METAJLUTyprus, JIa3€pHOC TEPMUYCCKOC
YIPOYHCHHEC, KOJIECO 3y6anoe, 3aKaJiKa, MeTaJ'UIOI'”paCI)I/I‘IeCKOG HCCIICAOBAaHNUC
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Laser thermal hardening of gear wheels manufactured from powder materials
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Article history Abstract. It is difficult to imagine modern mechanical engineering without timely and
Received: April 16, 2023 targeted improvement of technological processes, in connection with which new and
Revised: July 14, 2023 enhanced traditional methods of manufacturing and processing various types of structures
Accepted: July 18, 2023 and parts are being developed. One of the ways to reduce the economic costs of machining

gears made by traditional methods is the transition to the field of powder metallurgy —
Conflicts of interest powder sintering. This paper presents the possibility of a local increase in the mechanical

properties of gears made by powder sintering using laser processing. Laser processing was
carried out on a robotic welding and heat strengthening complex, which includes a 6-axis
industrial robot, a 2-axis welding positioner, a laser head and a 5 kV ytterbium fiber laser.
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is no conflict of interest.

The high porosity of the sintered material compared to cast billets is a factor limiting the
Authors’ contribution possibility of using laser thermal hardening, as it increases the likelihood of melting the
Undivided co-authorship. edges of the machined surfaces. The present work is aimed at solving this problem. Before
carrying out the experiments, the main quality criteria were identified: “no melting” and
“hardening depth”. In the course of a series of experiments on laser thermal hardening, it
was possible to significantly increase the hardness of the samples (in the delivered state
about 30 HRC), which after processing is in the range from 55 to 65 HRC with a depth of
up to 2800 um on gear teeth made of powder materials. However, open questions remain,
which are resolved in performance testing, such as durability and wear.

Keywords: powder metallurgy, laser thermal hardening, gear wheel, hardening, metallo-
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BeepeHue 3aTpaTHBIMH. AJTbTEPHATHBHBIM BAPHAHTOM IIOJTY-
YeHHs 3aroTOBOK M 3yOYaThIX KoJieC SBISEeTCS
roporkoBast Metauryprus (ITM).

[IM obnamaer psAOM MPEUMYIIECTB IEpen
KJIACCHYECKUMH CITIOCOO0aMU TOTYUYCHHUS 3ar0TOBOK
3y0uathIx kojec [3; 4]. Cpemu HUX CIIEIyeT BBIIe-

Pabora mo ONTHMH3AIIMA TEXHOJOTHYECKHUX
MPOILIECCOB HE Tpekpariaercs. [locTosHHO TpeOy-
€TCsl YIYUIICHUE CYIIECTBYIOIIUX TEXHOJIOTHH [1;
2] ¥ cO3Aar0TCS HOBBIE C IIEJbIO CHIKCHMYSI (DUHAH-

COBBIX U BPEMEHHBIX 3aTPAT Ha MOJyYeHHE KOHEY- JNATH K09 MUIMEHT HCIIOIB30BAHMUS CHIPBS, GIIN3-
HOro NpoayKTra. KHUH K eJUHULIE, U 3HAUUTEIBHOE YIIPOLICHUE MeXa-

IIporiecc H3roTOBICHHUsS 3y04aThIX KOJIEC Tpa- HUYECKOM 00pabOTKU 3arOTOBKHU JIHOO MOJIHOE M3-
AULTMOHHBIMU METOAAMU SABJIAIOTCSA BECbMaA TPYA0- 0OaBJieHue OT ﬂaHHoﬁ oIepanuu.
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Cpenu IMEIOIIIXCS pa3HOOOPa3HBIX CITIOCOOOB
06pabotku metamioB [IM 3anmmaeT cBoe ocoboe
MECTO, TaK KaK MO3BOJISICT HE TOJIHKO MMPOU3BOIUTh
W3JIeNHS pa3InIHbIX (OPM U Ha3HAYSHHI, HO U CO-
3aBaTh MPUHIHITHAIGHO HOBBIE MaTEpHabl, I10-
JYYUTHh KOTOPBIE HHBIM ITyTeM KpaifHe TPy IHO WK
BOOOIIIE HEBO3MOXHO.

[IM ycrenHo KOHKYpHpYeT C JIUTheM, o0pa-
OOTKOW [JaBJICHHEM, PE3aHUEM M JPYTHMMH METO-
JaM¥ TIOTYYEeHHS M3AEITU, JOTIOTHSIS WITH 3aMEHSISI
KOKIYI0 U3 HUX. SIBISASACH OHOW M3 MOJIOJBIX OT-
paciieii MpOu3BOACTBA MOPOIIKOBAS METaLTyPrHst
OJTHOBPEMEHHO U €CTh JPEBHEHIINN CrIOCO0 MOoITy-
YEHUS U3IEIUN.

[Iporecc MOPOUIKOBOW METAIITYPTHHA HUMEET
MHOTO TIPEUMYIIECTB 10 CPAaBHEHHWIO C JPYTHMH
TEXHOJIOTHSMHU (POPMOBAHUS METAIJIOB JaBJICHUEM,
TAKUMU KaK KOBKA, JINThe METaJlJIa UM MEXaHHYe-
ckas obpaboTka.

Bo-nepBrix, [IM BeIIEAsI€TCS CBOEH 3KOHOMU-
geckol 3(hPeKTUBHOCTRIO [5], 3TO BBIpa)kaeTcs B
3HAYUTEIHLHOM COKPAICHUN TOCTIPOU3BOJICTBCH-
HBIX TIPOIIECCOB, YTO CYIIECTBEHHO CHIDKAET II0-
TEpH MeTajula B MIPOU3BOJICTBE H, CIIEAOBATEIbHO,
CHIXKaeT obmme 3aTpatbl. Kpome Toro, mporecc
“MeeT 00JIee HU3KOE PHEPronoTpeOIeHUe 10 CpaB-
HEHUIO C IPYTHMHU TEXHOJIOTUSMH IPOU3BOJICTBA.

Bo-BTopsix, [IM no3BossieT o6ecieyuTs YHU-
KaJIbHOCTh TPOAYKIIMU Onaromapsi BRICOKOW THO-
KOCTH, TO €CTh BO3MOKHO aJIAITHPOBAHKE CIIJIABOB
1 (QU3NYECKUX XapaKTEPUCTUK B COOTBETCTBHHU C
TpeOoBanusmu. [IpousBoas neTamu ¢ MOBTOpsic-
MBIMH OJHOPOJHBIMH CTPYKTypaMH Marepuana,
MIPOIIECC TIOPOIIKOBONH METAUTYPTUU TIO3BOJISET
U3rOTaBIMBAaTh KOHCTPYKIMOHHBIC METaInde-
CKHE KOMITOHEHTBI C BEICOKOH TOUHOCTBIO U COTJIa-
COBAaHHOCTBIO MEXaHWYECKOTO MIOBEACHUS JIJIsI TITH-
poKoii obnactu mpumMeHeHus [5—7].

[NopomrkoBasi METALTYPrust UCTIONIB3YETCS IS
M3TOTOBIICHUS YHUKAIBHBIX MATEPHUAIIOB C UHIUBH-
IyaJbHBIMA CBOWCTBaMH, KOTOPBIE HEBO3MOXKHO
JIOCTHYb, UCTIONB3Ys KITACCHUECKHE CIIOCOOBI TIIaB-
neHus Wik GOPMOBaHHS U3ACITUN JPYTHMH METO-
nmamu [8; 9]. DTo MO3BOJIAET MOTYyJaTh KOMITO3HUT-
HBIC MaTepualbl U3 METAJIIOB, KOTOPHIE OBLIO OBl
HEBO3MOXXHO CMEIITUBATh MHBIMH METOJIaMU, U 00-
pabaTbIBaTh MaTepHalibl C BBHICOKOW TeMIlepary-
poOM IJIaBJIeHUS.

BaxkHelmuM npenMyIecTBOM MOPOIIKOBOM
METAILTYPTUH SIBISETCS THOKOCTh, KOTOpask BKJIIO-
4aeT B ce0sl BOZMOKHOCTb KOHTPOJISI MOPUCTOCTH,

peryinpoBaHus IapaMeTpoOB MPOYHOCTH, I103BO-
JISIT JOCTHYb B 3aBHCUMOCTH OT ()yHKITUOHATBHOMN
0COOCHHOCTH H3JCIHSI JKETAEMBIX H30TPOMHBIX U
AQHHM30TPOITHBIX CBOWCTB, TaKXe O0NaJacT yHU-
KaJbHLIMUA MAarHUTHLIMU CBOMCTBAMHU U BLICOKUMHU
3HAYCHHUSIMH H3HOCOCTOMKOCTH, BBICOKOM MOBTO-
PSEMOCTBIO M TOYHOCTBIO TIPH CEPUITHOM TPOM3-
BOJICTBE.

MeTo0M TOPOIIKOBOM METAUTypPTUU  BO3-
MOXKHO W H3TOTOBJICHHE KOJleC 3yOuaToil mepe-
nadu, KOTOPBIC ABJIAIOTCA HEOThEeMJIEMON YaCThIO
OTPOMHOTO YHCITa KOHCTPYKITHH.

OCHOBHBIMH TIPOOJIEMaMU U3TOTOBIICHUS 3y0-
YaThIX KOJEC TPATUIMOHHBIMA METOJAMH SBJIs-
IOTCSL BBICOKAsi CTOUMOCTh U CJIOXKHOCTh X H3TO-
TOBJICHUS. B CHM)KEHUU CTOMMOCTHU MU3TOTOBICHUS
CIOCOOHBI TIOMOYb TEXHOJIOTHU TOPOIIKOBON Me-
TaJUTypriH.

Bro06aBoKk MOMONMHUTENEHBIM CIIOCOOOM CHH-
KEHUST SKOHOMUYECKUX 3aTpaT Ha U3TOTOBJICHUE U
3aMEHY BBIIICANINX U3 CTPOS 3y0UaThIX KOJIEC SIB-
JISICTCSL TIOBBINICHUE U3HOCOCTOWKOCTU U, COOTBET-
CTBEHHO, JOJITOBEYHOCTH MX KOHTAKTHBIX MOBEPX-
HOCTEH ImyTeM 00BEMHOTO JTH00 JOKATBHOTO YIIPOY-
HeHus. B HacTOAIICC BPEM U3BECTHO MHOXKECTBO
METOJIOB YIPOYHEHUS 3yOYaThIX KOJEC, OCHOB-
HBIMH U3 KOTOPBIX ABJISIOTCS 3aKallKa, yIy4IlIeHHUE,
IEMEHTAIMS, Aa30TUPOBAHUE, HHUTPOLIEMCHTAITHS,
HaKaThIBaHHE, DJICKTpOMEXaHW4Yeckas 00padoTKa,
IUaHUPOBAHKE, YIBTPa3BYKOBas 00pa0oTKa.

U xotsa HEKOTOPBIC U3 NMEPCUUCTICHHBIX METO-
JIOB UMCIOT JJOCTATOYHO XOPOIIINE MOKA3aTeNH, 00-
IIMM HEJOCTATKOM Ka)JIOr0 M3 HUX SBISETCS 00-
pa3oBaHHE HAa MOBEPXHOCTH, BCIEJICTBUE TEPMHU-
YEeCKHMX WM JPYTHX BHUJOB BO3JEHCTBUS, XaOTHY-
HBIX, CIIy4aifHO pacIoyiOKEHHBIX MHUKPOpPEIbedoB,
KOTOpBIE B Ipoliecce paboThl, 0COOEHHO B IEPHO.
npupabOTKK, W3HAIIMBAIOTCS HauboJee WHTCH-
CHUBHO, 00pa3ys aOpa3vWBHBIC YAaCTHIIBI U CHIDKAS
MOBEPXHOCTHYIO IMTPOYHOCTH MAaTEPHAIIOB.

Jpyrum HeroCTaTKOM OOJBIIMHCTBA METOIOB
YOpPOUYHEHHsI 3y04aThiX KOJEC SIBJISETCS MOSBIIE-
HHE HEOOXOAMMOCTH TMOCeayome ((hHHATITHON)
MEXaHUUECKOW 0OpabOTKH BBHY TEMIIEPATypPHBIX
nedopmaruii. /s 3yOuarsix KOJec 3a4acTyro ycTa-
HABIIMBAIOTCS BBICOKHE KBAIMTETHI TOYHOCTH, KOTO-
pBIE HE MO3BOJISIOT IPUMEHSTh U3JIENUs IaXxe C He-
3HAYUTENBHBIMU JieopManusimMu. HeoOxomumocTb
npoBeneHus QUHHUIIHON 00paboTKK Toce orepa-
UM YIIPOYHEHUsI, TOMHMO TOTO, YTO 3TO JIOTIOHU-
TeNbHAsl omepaiusi, TpeOyeT HaIUYUs CICeIHai-

325



Razin D.A., Pechnikov |.S. et al. RUDN Journal of Engineering Research. 2023;24(3):323-330

3MPOBAHHOTO JAOPOTOCTOSIIETO WHCTPYMEHTA, CIIO-
coOHOTO 00pabaTeIBaTh MOBEPXHOCTH C TBEPIOCTH
50 HRC u Gornee.

Jlazeprnoe tepmoympounenue (JITY) [11], 3a
CUET JIOKATBbHOCTH ¥ BPEMEHH HarpeBa, O3BOJISIET
MPaKTUYECKHU MOTHOCTHIO N30€kKaTh JTAHHBIX HENIO-
cTarkoB. BaxxHO 3aMeTHTh, 4TO 3y0Ouarkie Kojeca
nocne onepanuu JITY He HYXIarOTCsA B TONOJHU-
TENBHON 00paboTKe, TaK KaK TeMIIepaTypHBIC Ie-
(dhopmartuu [12] ot mponecca JITY naxonsrcs B qua-
na3oHe oT 5 1o 100 MxM.

K mnpeumymiecTBaM TEXHONOTHH JIa3€pPHOTO
TEPMUYECKOTO YNPOYHEHUSI TakKe HEeoOXOInMO
OTHECTH HU3KOe BpeMs 00pabotku [13] (cam mpo-
mecc o0paboTKK 3y0a MIUTCS HECKOIBKO CEKYHI,
MOCIIE YEeTO MPOUCXOIUT MEPEXo]] Ha APYyTo 3y0 u
IIPH 3TOM JIOCTUTAKOTCS BBHICOKHE 3HAYCHHS TBEP-
nmoctu (bomee 50 HRC).

JlazepHas 3akanka oOecrieunBaeT BBICOKHE
CKOPOCTH HAarpeBa, KOTOpas CBOAUT K MUHHMYMY
PHUCK Jerpaianud OCHOBHOTO Marepuana. Camo-
3aKajKa OCHOBaHa Ha OTBOJIE TeTUIa OT MOBEPXHO-
CTH B CEpIALEBHUHY JI€TaJH MyTeM TEIUIONPOBOJ-
HOCTH BMECTO OOBIYHOTO OXJIAXKJCHHUS pacCIbLIC-
HUEM BOgHI [ 14].

Kak u mobast TeXHOJIOTHS, JTa3epHOE TEPMO-
YOpOYHEHHE 00J1aIaeT PSAAOM HEJOCTATKOB U OTpa-
HUYEHUH, Cpell KOTOPBIX HanOojee 3HAYHMBIMU
SBIISTIOTCSI:

— BBICOKHE TpeOOBaHMS K KadeCTBY yHpOd-
HSIEMOW TIOBEPXHOCTH U K HJCHTHYHOCTU T€OMET-
pUYECKHX Pa3MepOB U3ENNH U3 OAHOM MapTHH;

— HEOOXOIMMOCTh OCYIIECTBIATH MO00p Ia-
paMeTpOB YIIPOIHEHUS (CKOPOCTH 00PabOTKH, MOTII-
HOCTb JIa3€pPHOTO W3IY4YEeHHs, pa3Mep MSATHA) JUII
KaXI0¥ MO3UIIMH HOMEHKJIATYPhI U3/ICIIHA, B 3aBU-
CUMOCTH OT Marepuaja, pasMepa 3yObeB H T..
Heo0xonumMo 3aMeTUTh, YTO BIUSHHUE TAHHOTO (hak-
TOpa TMOCTOSHHO CHIDKACTCS 3a CYET HapabOTKH
0a3pl TaHHBIX PEKUMOB OOPAOOTKH KOHKPETHBIX
MaTepHaJiOB U CIOXKHBIX TOBEPXHOCTEH.

HecMmotps Ha 3Tu Hegoctatku, JITY saBnsercs
OHOW M3 HamOoJee NepCreKTUBHBIX [15] Tex-
HOJIOTH JIOKAJIbHOTO TIOBBITIICHHS] MEXaHIMYECKUX
CBOMCTB HU3JIEIHIA.

OJHUM U3 HEJIOCTATKOB M3ICIHIA, N3TOTOBJICH-
HBIX METOJIaMH MOPOIIKOBOH METaJUTypruH, sSBIIs-
eTCsl X BBICOKas CKJIOHHOCTh K KOPpO3UH, 00y-
CJIOBJIEHHAs! BHICOKOM MOPHUCTOCTBIO MOCIE CIIEKa-
HUs. MUKpOIIOpHI B JIETaJIsIX, M3TOTOBJICHHBIE METO-
JIOM TIOPOIIIKOBOI METaJUTypTHH, MOTYT IPHBOIUTH
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K YXyAUICHUIO XapaKTEPUCTHK, BIUIOTH IO UX IIOJI-
HOW HEMPHUTOTHOCTH B AKCILTyaTauuu. s ymeHb-
IICHUS TIOP B ICTAISIX YBEIMYMBAIOT HX IUIOTHOCTB,
JaBJICHUE TIPU MIPECCOBAHNH, YMEHBIIAIOT Pa3Mephl
gacTHIl mopoimrka [16].

O0pasikl 3ybuaroro koneca (puc. 1) U3roros-
JICHBI METOJZIOM TTOPOIIKOBOW MeTautypruu. Msne-
JMs, TOJyYeHHBIE M3 ITTOPOIIKOBBIX MaTEpHalOB,
KaK MPaBHJIO, UMEIOT MUKPOJAC(HEKThI (HECILIONI-
HOCTH, TIOPBI), YTO BBI3BIBAET Psi/l HEPEIIEHHBIX BO-
npocoB npu o0padotke. IlopucTeie MaTtepuaist 60-
Jiee CKJIOHHBI K OIUTAaBJICHHIO, YeM HM3JICTHS U3 Me-
TaJlla, U3TOTOBICHHOTO 110 APYTUM TEXHOJOTHSIM
(uThe, IpoKar). TO CBA3AHO C TEM, UYTO HATUINE
MHUKpPOJIE(PEKTOB B OCHOBHOM MeTayjie CHOcOoOHO
JIOKaJIbHO CHHU3HTH TEILUIONPOBOJHOCTD, YTO MPH-
BOJUT K MECTHOMY II€PETrpeBY U, COOTBETCTBEHHO,
OIUTABIICHHUIO.

Puc. 1. BHewHWin BUA, uccnegyembix 3ybyaTbix KOnec
McTo4yHMK: dpoto O.A. PasnHa
Figure 1. The appearance of the investigated gears
Source: photobyD.A. Razin

1. MeToabl uccnenoBaHus

BaxknelmmM KpuTeprueM MOBTOPSIEMOCTH pe-
3yJABTATOB IPH JIA3EPHOM TEPMHUECKOM YIIPOUYHE-
HUU SIBJIIETCS] COOTBETCTBHE AIEMEHTHOTO COCTaBa
00pabaThiBaEMOTO H3JICTUsSA, MOITOMY O00pa3Ilbl
MPEABAPUTENBEHO TPOILIH KOHTPOIb XUMUYECKOTO
COCTaBa C TIOMOIIBIO JIA3€PHO-HCKPOBOTO SMHUCCH-
OHHOTO CIIEKTPOMETPa «DNaHUK.

st ynpouHeHust 00pa3oB ObLT HCIIOIb30BaH
POOOTH3UPOBAHHBIH KOMIUIEKC CBAPKH U TEPMOYTI-
POYHEHHUs, BKIIOYAIOIINN B cebs 6-0ceBoil mmpo-
MBITIJIEHHBIN po00T KomMmaHuu Fanuc, mazepHytio
TOJIOBKY, 2-OCE€BOIl MO3UIIMOHEP UM UTTEPOUEBBIH
BOJIOKOHHBIN Jna3ep mnpoussoictBa OOO HTO
«HPD-ITomroc» MOLTHOCTELIO 5 kBT,

[Ipu mpoBeneHNH SKCIIEPUMEHTAIBHBIX pabOT
OBLTH BEIOpAHBI JBa BUIa 3y0UaThIX KOJIEC, BBITIOJI-
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HEHHBIX M3 MOPOIIKOBOTO Marepuaia: Kocozyboe
(puc. 1, a) u npsmo3y6oe (puc. 1, 6).

O1leHKa HAMUYHS OTUIABA MOBEPXHOCTH 3yOua-
THIX KOJIEC MPOBOAMIACH METOIOM BH3YaJbHOTO
koHTpoIsa. OOpa3ibl, Ha TOBEPXHOCTH KOTOPBIX
ObUTH OOHApYKEHBI CIEABI OIUIaBa, HE IOMyCKa-
JIUCh K JaJdbHEUIIIEMY HUCCIIEIOBAHUIO.

Kpurteprem kadectBa yrnpoyHEHHUs! OBLTH BbI-
OpaHbl CICIYIONINE TOKA3aTelIu: OTCYTCTBHE OII-
JlaBa KPOMOK, TNTyOWHA ¥ TBEPAOCTh YIPOUYHEHHOMH
30HBI.

[myOvHa ympouHEeHHWS OICHHBANACh IyTEM
MPOBENCHHUS METAIUIOTpaQUISCKUX UCCISIOBAHUH
Ha mukpockorie LEICA DM ILM, B xoe KOTOPBIX
BBIOpaHHOE IOTIEPEYHOE CeYeHUE 00pasia mpoxo-
JTUIIO TIPOOOTIOATOTOBKY, a 3aTeM OCYIIECTBIISIACH

XUMIIecKas 00paboTka MUKpOIUIA(a B YETHIPEX-
MIPOIICHTHOM HHUTAJIC ISl BBISBICHUS OYCPTAHUS
30HBI YIIPOYHEHUS. 3aMepbl MUKPOTBEPAOCTH MPO-
Bomunuchk Ha [IMT-3 Ha numde obpasua g0 ocy-
IIECTBIICHHUS XUMUYECKOTO BBITPABINBAHUS yIIPOU-
HEHHOW 30HBI BO M30eXaHWE MOTPEITHOCTH, BHO-
CHMOH pacTBOPOM KHCJIOTBHI.

2. Pe3ynbTaTtbl UCCnenoBaHns

B xoje BBITIOTHEHHS HCCIEA0BATENBCKON pa-
00THI OblJIa IPOBEICHA CEPHS HIKCIIEPUMEHTOB 110
Ja3epHOMY TepMOYNpPOYHEHUI0. B paMkax npose-
JICHHBIX 3KCIIEPHUMEHTOB OBUIM OTOOpaHbl HanOO-
Jiee MpHeMJIeMble TPU peKUMa 00paboTKH, KOTO-
pBI€ YIOBIETBOPSUIN IPOBEICHHOMY BU3YaJIbHOMY
KOHTPOITIO (OTCYTCTBOBAJIO OIUIABIICHHUE).

Puc. 2. [leMoHCTpaLma 30H 3aMepa MUKPOTBEPAOCTUN Ha 06pasLiax 3ybyaTbix Konec
McTouHMK: obuas paspaboTka aBTopoB cTatbun [.A. PasnHa u K.A. ®dponosa
Figure 2. Demonstration of microhardness measurement zones on gear samples

Source: general development of the authors of the article D.A. Razin and K.A. Frolov

Puc. 3. MeTtannorpaduyeckme CHUMKM 06pa3LLOB Nocsie TPaBeHus,
KPaCHOM NYHKTUPHOWM NIMHWEN BblAENEHa 30Ha TEMNEPAaTYPHbIX CTPYKTYPHbIX MpeBpaLLeHni
McTouyHMK: obLasn pazpaboTka aBTopoB cTaTbn [.A. Pa3uHa n K.A. dponosa

Figure 3. Metallographic images of samples after etching,
the zone of temperature structural transformations is marked with a red dotted line
Source: general development of the authors of the article D.A. Razin and K.A. Frolov
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3amMep MHUKPOTBEPAOCTH MPOU3BOIMIN B He-
CKOJIKMX HampaBieHusx ¢ maroM B 100 MxM oT
Kpas 3y0a. JI1sl olleHKH TITyOWHBI 30HBI YIIPOYHE-
HUS, OT KOKIOTO 3aMepa MUKPOTBEPAOCTH MTPOBO-
JIAJICS. TICPIICHAMKYJISAP K TUIOCKOCTH, TOJIBEPIKCH-
HOHM nazepHoMy u3nyueHuto. Ha puc. 2 yka3zansl
30HBI 3aMephl MUKPOTBEPIOCTH OOpa3IoB 3yOda-
THIX KOJIEC TIOCIIE JIa3ePHOTO TEPMOYTIPOUYHCHUS,
BBITIOJTHEHHBIX U3 TIOPOIIKOBOTO Marepuara.

Ha puc. 3 mpencraBnensl mMeTamtorpadude-
CKHE CHUMKH 00pas3IloB MOCIIE OIepaIii XHMIde-
CKOTO TpaBiicHUs B 4 %-HOM HHUTAJIE, TyHKTUPHOU
JIMHHAEH BBIZIENIeHa TPaHUIIA TEMITEPATYPHBIX CTPYK-
TYPHBIX U3MEHEHHUN.

OO6pa3iibl B COCTOSHUY MOCTaBKH UMEH 3HA-
yenus TBepaocty Huxke 30 HRC. ITocne na3epHoit
00pabOTKN Ha TTOBEPXHOCTH 3HAYCHUS TBEPIOCTH
3HAYUTEIHFHO BO3POCIIH.

Ha uccnemyembix oOpasiax 3y04aThix KoJeC,
M3TOTOBJICHHBIX METOJIOM TTOPOIITKOBON METaJLTyP-
THH ¢ 00pabOTKOM B BUJIE JIA3EPHOTO TEPMOYTIPOY-
HEHUS, 3HAUCHHWE TBEPJOCTH YIPOYHEHHOTO CIIOS
JeKUT B muamnazoHe oT 55 no 65 HRC Ha riryObuny
1o 2800 mxMm (puc. 4).

Ha puc. 4 npencrasieH ycpeAHEHHBIN Tpaduk
pacnpezeneHus TBEPIOCTH Ha 00pa3iax 3y0uaThix
KOJIEC TIOCTIe YIIPOYHEHHUSI.

Teepaacte, HRC / Hardness, HRC

PaccToARME OT KpaA 3yEa, mim [ Distance from the edge of the tooth, microns

Puc. 4. 'paduk pacnpegeneHns MMKkpoTBEPLOCTN
no rny6buHe ynpo4yHEeHHOWN 30Hbl
McToYHMK: obwas paspaboTka aBTOPOB CTaTbu
[.A. PasuHa n K.A. ®ponosa
Figure 4. Graph of distribution of microhardness
over the depth of the hardened zone
Source: general development of the authors of the article
D.A. Razin and K.A. Frolov

OOpa3ibl 3y0UaThIX KOJIEC YAAIOCH YIPOYHHTh
0e3 3HAYMTEIFHOTO M3MEHEHHS T'€OMETPHYECKHX
napamMeTpoB 3yObeB M, TaKUM 00pa3oM, yJOBIe-
TBOPUTH TPEOOBAHMSAM BU3YyaIbHO-H3MEPUTEIb-
HOTO KOHTPOJIS, IPH TOM, YTO MOJYJb HCCIIeITye-
MBIX 3yObeB cocTaBisit 1,25.

Jlaniee ynpo4HeHHbIE OIBITHBIE 00pa3Ibl ObLTH
HarpasJeHbl MHIYCTPHAIbHOMY MApTHEPY VIS IPO-

BCACHHA OSKCINTyaTallMOHHBIX I/ICHLIT&HI/IfI, TaKHuX
KaK JOJITOBCYHOCTHh U M3HOC.

3akniovyeHne

[lonBoast UTOT BHIMTOJHEHHOW paboOTe, MOKHO
cienaTh CIeAyIOIIUe BbIBOJIbI:

1. ITopoUIKoBy0 METaIITyprui0 MOXKHO CUH-
TaTh MPAKTUIECKH OE30TXOIHBIM TPOU3BOJICTBOM,
TaKKe€ OHA HMMEET Psii MPEUMYIIECTB, KOTOpbIE
ObUIM OIHUCaHbI B padoTe, mepel TPaauluOHHBIMU
MeTonaMu 00paboTKH 3y0UaThIX KoJiec.

2. [IpemnoxkeHHpIl B qaHHOW paboTe MeTo
YIPOYHEHHUS 3y0UaThIX KOJIEC MOXKET OBITh IPUME-
HUM U JIOJDKCH OBITh MCIOJB30BaH B ONPEACIICH-
HBIX YCIOBHUSX.

3. JlokanpHag 3akanka metogoM JITY moxker
MTOBBICUTH MEXaHIUYECKUE XapaKTePUCTUKH 3yOUa-
THIX KoJiec. B paboTe mokazaHa BO3MOKHOCTb JIO-
KaJIbHOTO JOCTH)KEHHUS TBEPJIOCTH KOHTAKTHBIX
TTOBEPXHOCTEH 3y0YaThIX KOJEC, M3TOTOBICHHBIX
13 TOPOLIKOBBIX MaTepuanoB 1o 55-65 HRC npu
n3HayaabHLIX 3HaYeHUAX 10 30 HRC B cocTossHun
IIOCTaBKHU.

4. CHI>XEHUE MOPUCTOCTU UCXOAHOTO TIOPOIII-
KOBOTO MaTepHualia IMO3BOJIMIO OBl CYIIECTBEHHO
pPaCIINPUTh 00JIACTHh TEXHOJOTHYECKHUX PEKHMOB,
MOTEHITHAILHO MPUTOIHBIX JJIs1 00pa0OTKH.

Hacrosimas pabora J0ka3bIBaeT BO3MOKHOCTb
MPUMEHEHHUS JTA3€PHOTO TEPMOYIPOUYHEHHUS B TO-
POIIKOBOM METaJUTypTyH, a TaKKE€ yKa3bIBaeT Ha
BO3MOJXKHBIC MPOOJIEMBI IPUMEHEHHS TEXHOJIOTHH
JIA3ePHOTO TEPMHUUYECKOTO YIPOUYHEHUS 3y0UaThIX
KOJIeC, M3TOTOBJIEHHBIX METOJaMH IOPOIIKOBOM
METaJUTyprUu.
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Hcropusi ctaTbn AnHoTanus. IIpencTaBiaeHbl pe3ynbTaThl pa3pabOTKH BBICOKOBOJBTHOTO
IMocTymuia B pexakmmo: 17 anpens 2023 MIOJIYTIIPOBOJTHUKOBOTO TeHeparopa (Ha 6a3ze IGBT-Tpan3ucropoB) Hanps-
JlopaGoTana: 28 asrycra 2023 T. JKCHUSI C UMITYJIbCHBIM TPaHC(POPMATOPOM U Pe3yNbTaThl IKCIIEPHUMEHTOB

HpHHfITa K ny6n1/11<au1/1n' 12 CeHTﬂGpﬂ 2023 ¢ 10 TCHEPAUU KAIMWIUJIAPHOTO paspsaaa Impyu nNoMOIIu HETO Ha KOMIIAKTHOM
ra3opa3psaAHOM UCTOYHHUKE, CIIOCOOHOM (bOpMI/IpOBaTB HUMITYJIbCBI MAATKOT'O

pentrenoBckoro uznydenus (MPU) B oOnactu Tak Ha3bIBAEMOTO «BOJIS-
HOr0O OKHa» — C JJIMHOH BOJIHBI B Auamna3oHe 2,4...4,4 uM. OnucaHbl Me-
ABTOpBI 3asBISIIOT 00 OTCYTCTBUH TOABI IPOCKTUPOBAHMUS BBICOKOBOJIBTHOI'O MMITYJIBCHOTO T€HEPATOPa UM-
KOH(JIMKTA HHTEPECOB. IIyJIbCOB HAIPSKEHHS: TEOPETUYECKUE PACYETHI U PE3YJIbTATBI MOJEIHPO-
BaHUS DJIEKTPHUUECKONH MPUHIMITHAILHON CXEMBI B IPOTPAMMHOM ITaKeTe

3asiBjieHuUE O KOH(I)J'IHKTC HHTEpeCcoB

LTSpice, onucana pa3paboraHHast KOHCTPYKLHS UMITYJILCHOT'O TpaHchop-
Bxi1ag aBTopos MaTopa Ha OCHOBE KOJIbIIEBBIX (eppuToB N 87 1 caMoro reneparopa, npej-
HepasziesHOE COaBTOPCTBO. CTaBJICHbI U NPOAHAJIM3UPOBAHBI PE3YJIbTATHI €ro pabOThl B COCTaBE KOM-
MIaKTHOTO Ta30pa3psIHOTO0 UCTOUYHUKA U3yuyeHus. [loka3aHa mepcrneKkTus-
HOCTb MCIIOJIb30BAaHUS N10100HOT0 BBICOKOBOJIBTHOI'O FeéHepaTopa (C Moy-
IIPOBOJHHKOBBIMH TPAH3UCTOPHBIMH KITFOYaMH ) C UMITYJIECHBIM TpaHchop-
MaTOpPOM B COCTaBE€ MCTOYHMKA MSTKOTO PEHTT€HOBCKOIO M3JIyUeHMs 3a
CUYET ero TeXHUKO-IKCIUTyaTallHOHHBIX 0COOEHHOCTE!: pa3padOTaHHBIN Te-
Hepartop crnocobeH paboraTh OoT cetu nepemeHHoro Toka 380 B/50 'y B
4aCTOTHO-IIAYEYHOM peXXUMe (C YaCTOTOH ClIeTOBaHUS (OPMUPYEMBIX HM-
IIyJIbCOB HanpspkeHus 10 600 ') u 3apspkaTh KanMUIIPHYIO €MKOCTh HC-
tounnka MPU no wanpsbkenust 6onee 20 kB 3a Bpems mopsiaka 4 MKc,
HUMEECT He60ﬂb]_lll/le ra6ap1/1T1>1, HC CO34a€T UMIIYJIbCHBIX BBICOKOYAaCTOTHBIX
HABOJOK M JIOKHBIX cpabaThIBaHUH, a Takke o0nagaer cTabMIbHBIMH BBI-
XOJIHBIMU (aMILTUTYJHO-BPEMEHHBIMH) TIApaMeTPaMu.

KiroueBblie ¢/10Ba: MATKOe PEHITEHOBCKOE U3IyUYeHUE, KalWULIpHas IJ1a3Ma,
ra3opa3psAHbI HCTOYHMK, BBICOKOBOJIBTHBIM TI'€HepaTop, TpaHChOpMAaToOp
HaIpPsDKEHUST, EMKOCTHOI HAKOITUTEIb, KOMITBIOTEPHOE MOZIETpoBaHue, Altium
Designer, Solid Works, LTSpice
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Abstract. The results of the development of a high-voltage semiconductor voltage
generator (based on IGBT transistors) with a pulse transformer and the results of
experiments on generating a capillary discharge using it on a compact gas-discharge
source capable of generating pulses of soft X-ray radiation (SXR) in the area of the so-
called «water window» — with wavelength in the range of 2.4...4.4 nm. Methods for
designing a high-voltage pulse voltage pulse generator are described: theoretical
calculations and results of modeling the electrical circuit diagram in the LTSpice
software package, the developed design of a pulse transformer based on N87 ring
ferrites and the generator itself is described, the results of its operation as part of a
compact gas-discharge radiation source are presented and analyzed. The prospects of
using such a high-voltage generator (with semiconductor transistor switches) with a
pulse transformer as part of a soft X-ray radiation source are shown due to its technical
and operational features: the developed generator is capable of operating from an
alternating current network of 380 V/50 Hz in a frequency-burst mode (with a repetition
rate of the generated voltage pulses up to 600 Hz) and charges the capillary capacitance
of the SXR source to a voltage of more than 20 kV in a time of about 4 ps, has small
dimensions, does not create pulsed high-frequency interference and false alarms, and
also has stable output (amplitude-temporary) parameters.

Keywords: Soft X-rays, capillary plasma, gas-discharge source, high-voltage
generator, voltage transformer, capacitive storage, computer simulation, Altium
Designer, SolidWorks, LTSpice
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BBepeHune

Msrkoe peHTreHOBCcKoe wu3inyueHue (MPU)
B «OKHE IPO3PAavyHOCTH BOJBD» — JHAIa30HE
JUTHH BOJTH M@Ky JTMHHUSIMH MOTJIOIICHUS aTOMOB
kuciopona (2,34 am wm 530 3B) u yriepona
(4,40 aM nmm 280 3B) — TpaauIIMOHHO TPHBIIE-
KaJlo HCCclefoBaTeneil BO3MOXKHOCTBIO IONyde-
HUSA YBEJIMYCHHBIX H300paK€HWU BHYTPEHHETO
CTPOSHHUS PA3IUYHBIX OHOJIOTHYECKHUX O0OBEKTOB
[1]. HenaBHue neMOHCTpAIIU BO3MOXHOCTH MSIT-
KOW pEHTI€HOBCKOM MUKPOCKOIIMH BKJIIOUAIOT HC-
clleJOBaHUsI MHQHUIMPOBAHHBIX BUPYCOM KIIETOK
[2]. boxpmioii mporpecc B pPa3sBUTUU METOJIOB
MHKPOCKOTINH «BOJSTHOTO OKHa» B 3HAYMTEIIbHOM
CTeTeHN OBUT JOCTUTHYT C UCIIOIh30BaHNEM CHH-
XPOTPOHHOT'O UCTOYHUKA U3NydeHus [3]. bonpas
CTOUMOCTD H CIIO)KHOCTH TAKMX HCTOYHUKOB MOTH-
BHPOBAJIM Ha MOKCK OoJiee NEIIEBBIX U KOMIAKT-
HBIX aJbTEPHATHB, JOCTYNHBIX 3HAYUTEIHHOMY
KpYTy HCcleaoBaTesiell, KOTOphle MOTEHIMAIbHO
MOTYT OBITh MCTOJB30BAHBI U PEIICHUS IITUPO-
KOTO CHEKTpa MPUKIAJHBIX HAYYHBIX 3a/1a4 U UC-
cnenoBaHuil [4; 5]. 3HaUUTETBHBIC YCUIIUS HAIIPaB-
JIeHBI Ha pa3paboTKy Tra30pa3psIHbIX UCTOYHHKOB
MATKOTO PEHTTEHOBCKOTO M3ITY4YeHHH AN MHUKpO-
CKOITMH «BOASHOTO OKHa» [6; 7]. B Takux cucre-
MaxX MPHUMEHSIOTCS BBICOKOBOJIBTHBIE T€HEPATOPHI
MMITYJIECOB HANPSDKCHHS, KOTOpPble TPU Ompene-
JICHHBIX YCJIOBHSIX CIIOCOOHBI ()OPMHPOBATH JJICK-
TpUUYEeCKUe pa3psiabl B raze (0OBIYHO B azore),
C03/1aBasi TOPSYYI0 KPaTKOBPEMEHHYIO TIa3My, KO-
TOpasi CIYKUT UCTOYHMKOM M3iydeHus. Vcnoms-
3ysl ONTUYECKYIO (PHIBTPALIUIO, MOKHO BBIJICIHTH
OTIpe/ieTIeHHbIe JIMHUH CIIeKTpa U c(hOKyCHpOBATh
Ha UCCIIETyeMOM OHOJIOTHYECKOM 00pasiie B JHa-
ITa30HEe «BOJASHOTO OKHa» [8].

B [9; 10] B skcnepuMeHTax B COCTaBE KOM-
MMaKTHOTO HCTOYHMKA MATKOTO PEHTT€HOBCKOTO H3-
JTydeHus A GOPMHUPOBAHUS SJICKTPHUECKHX Pa3-
pPAIOB B ra3ze OBUT HMCIONB30BaH pa3paOOTaHHBIN
HaM¥ BBICOKOBOJIBTHEII TeHepaTop Ha 0a3e THpa-
tpoHa TIIH-10k/50 ¢ HeHaKaJIMBaeMbIM KaTOJIOM.
Hecmotps Ha psii yHUKATBHBIX XapaKTEPUCTHK TH-
paTtpoHa (BO3MOXXHOCTH pPabOTBI B JIHAIa3oHE
HanpsoxeHuit 1-50 kB u TokoB 10 10 kA), y BbICO-
KOBOJIFTHOTO T€HepaTopa Ha OCHOBE THpaTpOHa
€CThb pAI HeJocTaTkoB. Hampumep, HeoOXomw-
MOCTB OXJIQXKICHHUS TUPATPOHA MTPH €r0 YaCTOTHOM
pexxume palothl. Ilpu ManbIX HampsHKEHUSIX I0-
CTaTOYHO OXJIAKACHUS MPHU MTOMOIIIH BEHTUIATOPA,

OJTHAaKO MPU HATIPSDKEHUSIX, OJTM3KUX K MAKCHMAaJTb-
HBIM PadOYMM — IIPHU MOMOILU TPaHCHOPMATOP-
Horo macia. Takxe HeoOX0JuMa 3KpaHUPOBKA TH-
paTpoHa W rajbBaHWYecKas pa3Bsi3ka THUPATPOH-
HOT0 TeHepaTopa AJs WCKIIOYEHHUs 3JIEKTpoMar-
HUTHBIX IOMEX 1 HABOAOK B APYTHE HEKTPHUECKHE
LenH, TepUOoJHUecKasl IMOACTPOiiKa HaNpsKEHUS
HakaJa TUpaTpOHa, OrPaHUYEHHBIN pecypc (Kak 1mo-
9TH y JH000T0 CHIBHOTOYHOI'O Ta3opaspsaHOrO
mpuodopa), a Takke HEOOXOIMMOCTh HCIOJIE30Ba-
HUS BBICOKOBOJIBTHOTO MOIIHOTO MCTOYHHKA TIO-
CTOSIHHOTO HaNpsDKEHUS1, KOTOPBIH 110 CyTH OIpese-
JSIET PEXXUM PabOThl THPATPOHHOI'O TEHEPATOPA.

AnbTepHaTHBONW THUpPATPOHAM MOTYT OBITh
TBEPIOTEIIbHBIE KOMMYTAaTOPBI, HalIpUMeEp, TaKue,
KaK CHWJIBHOTOYHBIE OHUITOJIIPHBIC TPAaH3UCTOPHI C
m3oaupoBaHHBIM 3aTBOpoM (IGBT) u MomtHEIE I0-
nesble Tpanzuctopsl (MOSFET). baarogaps mo-
CJICIHUM JIOCTHXKEHHSIM B CHJIIBHOTOYHON BBICOKO-
BOJIbTHOM TMOJYIPOBOJIHUKOBOM 3JIEKTPOHHUKE TO-
SIBUJIUCh TPAH3UCTOPHI, CIOCOOHBIE KOMMYTHPO-
BaTh UMITYJIGCHBIE TOKH B COTHH U TBICSYU aMIiep
3a BpeMsl JeCATKU U COTHU HAaHOCEKYH[ IIPU MaK-
CHUMaJBbHOM pabodeM HarpspkeHud B 2...4 kB.

B nanHoii paboTe npencTaBieHbl Pe3yIbTaThl
MPOEKTUPOBAHUS M SKCIIEPUMEHTANbHON paboThI
B cocTaBe ucrounnka MPHU-reneparopa BbICOKO-
BOJIbTHBIX HMITYJIBCOB HANpsOKEHHS Ha OCHOBE
IGBT-TpaH3uCTOPOB C HUMITYJIBCHBIM TpaHChOpMa-
TOPOM HaIPSKEHUM.

1. PeaynbTaTbl pa3spaboTtku IGBT-reHepaTopa

Kak u3BecTHO, IUI OCYIIECTBIICHUSI 4aCTOT-
HOTO WJIM YaCTOTHO-TIAYEYHOI'0 PEXHMa PabOThI
TeHepaTopa TOKa, OCYIICCTBIAIOIETO MUTAHUE Ka-
MUUISPHOTO Pas3psijia B ICTOUHUKE MSITKOTO PEHT-
TEHOBCKOTO H3JIy4YeHUs, HEOOXOauMO obecredu-
BaTh CHHXPOHHYIO 3apsIJIKy €ro peakKTHBHOTO HAKO-
MIATEIRHOTO dJIeMeHTa (eMKocTH). B mpoekTupye-
MBIX [JIs1 4aCTOTHBIX JIa3€POB MOIIHBIX MCTOYHH-
Kax Ha OcHOBe BU-MHBEpTOpPOB OOBIYHO Mpeny-
CMOTpEHa BO3MOXKHOCThH 3ampera 3apsja Ha Ie-
pHOJ KOMMYTAIIMU HAKOIHUTEINsl Ha HArpy3ky. Ta-
KHE UCTOYHUKH UMEIOT CIIOKHYIO CUCTEMY YITpaB-
JICHUs 3apsja, TMO3TOMY, KaK MPaBUIIO, UCTIONB3Y-
eTCsl IPYTOMH MOAX0J — METOJT UMITYJIbCHOT'O Pe30-
HAHCHOTO 3apsifia HEMOCPEICTBEHHO OT CETEBOTO
HanpspkeHus. Ero npuMeHeHue 1ienecoodpasHo npu
YMEPEHHO HEOOINBIINX 3HAYCHHUSX SHEPTHU HaKO-
MUTEJIA B UMITYJIBCE U TPU AOCTATOYHO IIHMPOKOM

333



Samokhvalov A.A., Sergushichev K.A. et al. RUDN Journal of Engineering Research. 2023;24(4):331-339

JMara3oHe CIeA0BaHUS pabO04YNX HMITYJIbCOB BO
BpeMeHH (0T €MHMII I'epll A0 AeCATKa KHIOTepll B
3aBHCHMOCTH OT SHEPTHH B UMITYJIIbCE).

Hwxe Ha puc. 1 paccmarpuBaeTcs OJWH W3
BO3MOXKHBIX BapHaHTOB TaKOI CXEMBI 3apsa MmoJ
KOHKPETHBIA THI HAKOMMTENs, pPa3pabOoTaHHBIN
B OO0 «Jlaboparopust uMm. B.A. ByprieBa». Oc-
HOBHAs H/ied COCTOUT B TOM, YTOOBI 3apsKaTh M-
KOCTHOM HaKOIUTENb T'eHepaTopa ToOKa Kaluuisip-
HOTO paspsija 3a OJIUH KOJIeOATeIbHBINA UK MPH
HCMOJb30BAaHUN IPOMEXKYTOUHOTO €MKOCTHOTO
HAKOIHTEJS C TOH ke DHEPTreTHUKOMH, HO IpH Ooee
HHU3KOM HCXOJHOM HaNpsKEHUU, PABHOM IIpU-

HeTOHME IIHTAHIA OpaiEep ok
Driver power supply

L1

MEPHO YIBOCHHOMY BBINPSIMIIEHHOMY HaIpsoKe-
HUIo Tpex¢asHoi cetn. Hanbonee BaxxHBIM y3710M
JAHHON CHCTEMBI 3apsijia SBISIETCS HMITYJIbCHBIH
TpanchopMarop, BO BTOPUYHOM M TIEPBHIHOMN
Lenu KOToporo ucnonb3ytorcs eMkoctd Cl u C2,
CBSI3aHHBIC TPUOIMKEHHO YCIOBHEM

C1/C2 = L2/L1 = (N2/N1)*= n?,

rae L2 u L1 — coOGCcTBEeHHBIC UHIYKTHUBHOCTH BTO-
PUYHOI ¥ TIEPBUYHONH OOMOTOK COOTBETCTBEHHO,
n — ko3 durueHT TpaHchOopMAIK HAIPSKSHHS
(TIpm 9ECITe BUTKOB B IEPBUYHON M BTOPUIHOM 00-
MoTkax N1, N2 COOTBETCTBEHHO).

c1

rasoBLLT mpob it/

100 Om / 25 Bm v Il gas breakdown
| S |
R1 750 mxln Il
VT2 & MKD VDt 2
i — AR = =
IGBT2 . e gue
EpanBep.
co driver -

| AETOMATITHECKITT . GND

B TpenpasEL —
= EBIKTOHATED. $ 470 M@
Automatic three-
phase switch VT1
—
IGBT1 }
C — [Opaiieep h
driver
N g | VB1
CrcTenMa OXIAATEHIA I6BT2 IGBT1
Cooling system TeHeparop TAKTOEBLK
MMITYIBCOE,
clock generator

Puc. 1. dyHKUMOHaNbHas cxemMa UMMyNbCHOW CUCTEMbI 3aPSAKM HAKOMUTENIbHOW EMKOCTU Ha KanuaisipHOM y3ne
McTouHMK: coctaBneHo asTopom K.A. Ceprylumyesbim
Figure 1. Functional diagram of a pulse charging system storage tank on the capillary unit
Source: compiled by the author K.A. Sergushichev

[Turanue cxembl OCYILIECTBIAETCS OT Tpexdas-
HO# cetn mepemenHOro Toka 380 B/50 I'm. Tpex-
¢dazuprii mMoctoBoi BeImpaAMuTens VBl (IXYS
GUO40-12NO1) oOecnieunBaeT 3apsiag €MKOCTH
¢uneTpa CO = 470 Mx® (2 mocnenoBaTenbHO U 2
NapajuleIbHO COEIUHEHHBIX 3IEKTPOIUTHUECKUX
konzaeHcatopa Epcos B43509A5477M000) rno
Hanpspkenus Ud = 530B. lns orpanudenust 6pocka
IIyCKOBOTO TOKA HCHOJNb3YyeTCS ACMI(PHUPYIOLIHHA
pesuctop R1, nanee moma3apsiaka eMKocTH GUIHTpa
B IIPOLIECCE IKCIUIyaTallUl OCYLIECTBIIAETCS Yepes
CHUCTEMY MpeIOXpaHUTENe Ha ciyuail paspyiie-
HUS 3JIEKTPOTUTHUECKUX KOHIEHCATOPOB MPH UM-
MyJbCHOM MEepErpy3Ke Mo TOKY.

3apsia npomexxyTounoro Hakorurensi Cl (4 ma-
pajyIenbHO COEIMHEHHBIX KOoHJeHcaTopa Epcos
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B32026A3105M000) mpoucXoauT IPH OTITHPAHUN
IGBT-tpan3ucropa V71 (IXYS IXYH30N170C)
[0 BHEIIHEH KOMaHJe YyMpaBiIseMOro IpaiBepa
tpansucropa (Texas Instruments UCC23513). Tok
3apsAna MPOXOJUT MO IEMH: «OrPaHUYUTENbHBIN
npoccens L1 (paspadoran B8 OO0 «JlaGopaTtopus
uM. B.A. BypuieBay), NpoMeKyTOUHBIN HAKOIUTEIh
C1, nuox VD1 (3 mociiemoBaTeIbHO COCTHHECHHBIX
mnoga GENESIC GB50MPS17), TpaH3ucTOpHBIi
ko4 V'T1». Ilo ncredeHnn BpeMenn 7/2 3aKkaHdn-
BaeTCsl TEpPBBI MONYNEPHO] 3apsSAHOTO TOKa,
emMkocts Cl Oymer 3apspkeHa 110 HaIPsHKCHES
Ul = (Ud*2)/(1+C1/C0). 3atem, B MOMEHT Bpe-
MeHu T/2, mpOU3BOUTCS 3aIyCK TpaH3ucropa V712
(2 mapannensHO coeMHEHHBIX TpaH3ucropa IXYS
IXGN200N170) BHEUITHMM CUTHAJIOM ApaiiBepa H
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IOYTH OJTHOBPEMEHHO B MOMEHT BpeMeHu T/2+A
MIPOUCXOAMT 3anmupanue Tpanzuctopa VT1. Ouens
Ba)XKHO, YTOOBI 3aMMpaHue TPAH3UCTOPA OCYILECTB-
JSI0CH B MOMEHT IIepexoJia TOKa Ha TPAH3UCTOPE
VTI1 uepe3 Hyab. [Ipu 3TOM yCcI0BHH KOMMYTAalH-
OHHBIE TTOTEPH B IIPOLIECCE 3alUpPaHus Kiroda Oy-
IOyT MHHUAMAaJbHBI, MajJO HalpsDKEHHE Ha HEM H
Harpes Iepexona.

2. Pe3ynbTaTtbl YUCJIEHHOI0 MOAE/INPOBaHUSA
IGBT-reHepartopa

MojenupoBaHre cXeMbl POBOIMIOCH B IPO-
rpammHOoM riakeTe LT Spice. PacueTnas cxema nper-
CTaBJIeHa Ha pHc. 2. [{n ynpolieHus Bce NoayIpo-

Ny

ik

k1 c1
i - |
750p V2 LvT2 4p
L LY
N 7 MySwitch
co PULSE(G 20 500.177m 10n 10n 100u D.DDZ}
¥
4704 | Vi Lm
NI, " MySwitch

PULSE(D 20 0.5 10n 10n 175u 0.002)

BOJIHMKOBBIC DJIEMEHTHI 3a/1aBajlliCh 0e3 ydeTra ux
Mapa3uTHBIX TapaMeTpoB, a TPAH3UCTOPHI Tpea-
CTaBIISJINCH B BUJE KITFOUEH, YIIPaBIseMbIX HATIPS-
xeHueM. Ha puc. 3 npuBeneH pe3ynbTaT MOAEITH-
poBaHUA 3apsAa MpoMekyTodHod emkoctu Cl.
BugHo, 4To 3a cueT BEMMYMHBI WHAYKTHBHOCTH
npoccens L1 (750 MxI'H) Bpems 3apsiga COCTaBHIIO
npuMepHo 170 MKc, pu 5TOM BeIUYMHA HaIpsiKe-
HUS Ha EMKOCTU COCTaBUJIa MIPUMEPHO YABOCHHOE
BBITIPSIMJICHHOE ceTeBoe HanpspkeHue (1050 B).
OCHOBHOI#1 3a1aueii SBISITOCH MOACITHPOBAHUE
pealbHOTO UMIYJILCHOTO TpaHchopmarTopa, pa3pa-
6orannoro B OO0 «Jlabopatopus um. B.A. Byp-
neBay. Ero mapamerpsl npeacTaBiieHs! B Ta0m. 1.

He=20 Bs=0.35 Br=0.11 A=0.00108 Lm=0.471 Lg=0 N=8

42 KLALS -1 JRT
1 l;l.ﬁvu I . [ ELI
Lvpt <3 =lle =S _©
o <1 T Tlezs0 8.1n

Puc. 2. PacueTHasi cxema BblICOKOBOJSIbTHOro IGBT-reHepaTtopa B LTSpice
M cT0o4HMK: cocTaBneHo asTopamu C.N. EnnceeBbiM, M.B. TuMLnHOM
Figure 2. Design diagram of a high-voltage IGBT-generator in LTSpice
S ource:made bythe authors S.I. Eliseev, M.V. Timshina

40 e 1200
3 e “x
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'
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{, MKC

-==I(L1), A - Tok gepe3 gpoccens L1/current through inductor L1
—V(V1), B - manpsxenne Ha apaiisepe tpansuctopa VT 1/voltage across transistor driver VT1
------- V(C1), B - ranpsxerHe Ha eMrocTa Cl/voltage across capacitance C1

Puc. 3. 3apsa npomexyToyHon emkocTn C1
M cTo4HMK: coctaBneHo asTopamu C.N. Ennceesbim, M.B. TuMLwinHomn
Figure 3. Charge of intermediate capacitance C1
S ource:madebythe authors S.I. Eliseev, M.V. Timshina
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Tabya 1
MapameTpbl BLICOKOBOJILTHOIO TpaHcpopmaTopa
MapameTtp OnucaHue Benunuuna EnnHuua nusmepeHus

D BHeLlHWI gnameTp marHMTonpoBoaa 0,19 M
a BHYTpeHHMIT guameTp MarHMTonpoBoaa 0,11 M
h TonuwmHa marHmTonpoeoga 0,027 M
A CeueHune cepaedHmnka 0,00108 m°
— MaTepuan MmarHuTonpoBoaa 1000 Hm —

He KoapuunTtreHas cuna 20 A/m
Bs MHOyKumns HacblweHnsa 0,35 Tn
Br OcTaTtoyHas nHOyKuns 0,11 Tn
M KonnyecTtBo BUTKOB B NEPBUYHO 0OMOTKE 8 wT.
N2 KonnyecTtBo BUTKOB BO BTOPUYHO 0OMOTKE 180 wT.

Table 1
Parameters of a high-voltage transformer
Parameter Description Value Unit of measurement

D External diameter of the magnetic circuit 0.19 m
ad The inner diameter of the magnetic circuit 0.1 m
h Magnetic core thickness 0.027 m
A Core cross section 0.00108 m’
— Magnetic core material 1000 HMm —

He Coercive force 20 A/m
Bs Saturation induction 0.35 Tl
Br Residual induction 0.11 Tl

M Number of turns in the primary winding 8 unit

N2 Number of turns in the secondary winding 180 unit
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25000
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15000
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t, MEC

=== VY(C2), B - nanpaenne Ha KADHIIAPHOI eMEOCTH/

capillary capacity voltage

——1{L4), A - tok yepes nepeHuHy 00MOTKY TpaHchopMaTopa/
current through the primary winding of the transfonner

Puc. 4. 3apsag kanunnspHoii emkoctn C2
M cTo4HUMK: coctaBneHo asTopamu C.N. Ennceesbim, M.B. TuMLwimnHomn

Figure 4. Charge of capillary capacity C2

S ource:made by the authors S.I. Eliseev, M.V. Timshina
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Ha ocHoBaHHMM M3MEpEHHBIX apameTpoB pe-
IBHOTO TpaHC(POPMATOPa, YYTEHHBIX B PACYETHON
MoJienu, ObIJIO MPOBEIEHO MOJECTUPOBAHUE TIEpe-
3apsaku eMkocTd Cl Ha KanWUIAPHYI0 €MKOCTb
C2 BennuuHoi 8 HD. Ha puc. 4 n3obpaxeHbl 1Be
KpHBBbIe. BUIHO, YTO MpH MPOTEKaHWHU TOKA yepes
HOJIb HanpsDKeHue Ha eMKocTu C2 IOCTUTaeT Mak-
cumainpsHoro 3HadeHus 20 000 B. Pacyetnoe Bpems
nepe3apsaaKyd COCTaBUIIO TPUMEPHO 4 MKC.

[Tocne mpoBeneHuUst Bcex HEOOXOAMMBIX pac-
YETOB U KOMIIBIOTEPHOI'O MOJIEJIUPOBAHUS CXEMBI

Puc. 5. ®oTorpadus pasapaboTaHHOro BbICOKOBOJIbTHONO
reHepaTopa C MMMy/bCHbIM TpaHCcPopMaTopoM
McTouHunk: doTo K.A. Ceprywinyesa
Figure 5. Photo of the developed high-voltage
generator with pulse transformer
Source: photobyK.A. Sergushichev

15 000,00

10 000,00 -

5 000,00 -

reHepatopa Obula pa3pa0doTaHa OKOHYATEIbHas
cxeMa DSJeKTpUYecKas NpUHOUNHNaIbHAs. Jlaib-
HeHIass TpacCHpOBKA IE€YAaTHOH IUIATBI BBICOKO-
BOJIBTHOTO TeHepaTopa ocymecTsisiack B ECAD-
MCAD mnakere Altium Designer. [locne uero B
nporpaMMHoM nakere SolidWorks Obiin cripoek-
TUPOBaHbl HEOOXOAMMBIE KOHCTPYKTHBHBIE 3JI€-
MEHTEI.

®dororpadus H3TOTOBIEHHOTO T'eHEpaTopa
npenacranieHa Ha puc. 5. Ha puc. 6 npeacrasineH re-
HepaTop B cocTaBe ucrounrka MPU.

KanunnsapHas emkocte C2/
Capillary capacity C2

EHepaTop/
| Generator

L VcTouHvk MPU/
SXR source

Puc. 6. ®otorpadus paspaboTaHHOro
BbICOKOBOJIbTHOIO reHepaTopa B COCTaBe NCTOYHMKA
MSAFKOro PEHTreHOBCKOro nanyyeHuns (MPU)
McTouHmk: doTo K.A. Cepryimyesa
Figure 6. Photo of the developed high-voltage generator
as part of a soft X-ray radiation (SXR) source
Source: photobyK.A. Sergushichev

V,B

-10 000,00 -

-15 000,00

-20 000,00 -

-25 000,00 -

1, MHC

e V(C2), B - HaNpAAeHHE HA KAMIUIAPHOI eMKOCTH NPH NHTAHHH Telepatopa ot 220 B/
voltage on the capillary capacity when generator is powered from 220 V

——W(C2), B - HANPAHCHHE HA KAIWUHPHOH CMEOCTH IPH IHTAHHE IeHepatopa ot 380 B/
voltage on the capillary capacity when generator is powered from 330 V

Puc. 7. SkcnepuMeHTasibHble AaHHbIE MO 3apsaay KanuaasapHON EMKOCTU
C2 Npwv pasHbIX YPOBHAX NUTAIOLLEr0 HAaNPSXeHs!
McTouyHMK: cocTaBneHo aBTopamm A.A. CmupHoBbeIM, K.A. CeprylunyeBbiMm
Figure 7. Experimental data on the charge of capillary capacity C2 at different supply voltage levels
Source: made by the authors A.A. Smirnov, K.A. Sergushichev
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3. UcnbiTaHna IGBT-reHeparopa
npu paboTe B cOCTaBe UCTOYHUKA
MSArKOro peHTreHOBCKOro u3siy4eHus

HcnbiTanus pa3pabOTaHHOTO BBICOKOBOJIBT-
Horo IGBT-renepaTopa nNpoBOAMIUCH MIPU peajb-
HBIX YCJIOBHAX 3Kciuryatauuu. C momomusio ¢op-
BaKyyMHOTO U JABYX TYpOOMOJIEKYJISpPHBIX HACOCOB
ObUla TIpOM3BEJCHa OTKayKa KaMWUIIPHOTO y3Ia
10 Bakyyma 10" M6ap, mociie gero B cucTeMy GBI
HaIyIleH YMCTHI pabounii ra3 a3or. Ha mepBom
JTare TECTHPOBAHUE CHCTEMBI MPOBOJWIOCH MPH
pabote ot cereBoro Hampspkenus 220 B (puc. 7).
KanunnsapHast eMKOCTh NMpH TakUX YCJIOBUAX pa-
00THI 3apspkaiack 10 BenmmauHbl 12 000 B 3a Bpems
nopsinka 4 Mxc. Kak BHIHO U3 pHC. 7, 3TOTO ypOBHA
HanpsDKEHUH OBIJIO HEAOCTATOYHO ATl Ipo0os ra-
30BOTO MpoMexyTKa. Ha cnenyromiem sTarne rese-
patop ObLI moAKIIOUEH K TpexdazHoi cetn 380 B
1 OBIIIM IPOBEICHbI AaHAIOTUYHBIE HKCIIEPUMEHTHI.
KanumisapHast eMKOCTh IpU TaKUX YCIOBHUSX 3apsi-
*kanach yxe 10 20 000 B 3a ananoruunoe Bpemsi.
N, xak BUIHO W3 puC. 7, JAHHOTO YPOBHS Hamps-
KEHUH y)Ke XBaTHIIO AJIsl MPOOO0s ra30BOTO MPOMe-
)kyTka. Ha ocuumiorpamMmMe BUJIEH KJIaCCHYECKHI
CKOJI HampsDKeHHs, Tocie KOTOPOro cienyeT pe-
JIaKCaIMOHHBIN KoJiebaTenbHbIN mporecc. YactoTa
ciieioBaHus (POPMHUPYEMBIX BBICOKOBOJIBTHBIX M-
myJbcoB cocTaBisna 600 'y

3aknouyeHne

[IpencraBiensl pe3ynbTaThl pa3padoTKH (TEO-
peTUYecKre pacueThl, KOMIBIOTEPHOE MOJIEIUPO-
BaHUE M MPOCKTUPOBAHHUE, OMHMCAHUE OCHOBHBIX
XapaKTePUCTUK) BBICOKOBOJILTHOTO MOJYIPOBO/I-
HHUKOBOTO TeHeparopa (Ha 6a3e IGBT-Tpan3ucTo-
POB) HAaIPSDKEHUS C UMITYIBCHBIM TpaHC(hOpMaTO-
POM U pe3ybTaThl SKCIICPUMEHTOB 10 TeHEepaIiu
KallMJUIAPHOTO pa3psijia NPy MOMOIIU HEro B CO-
CTaBe KOMITAKTHOT'O Ta30pa3psiIHOTO HMCTOYHHKA
MSTKOTO PEHTTEHOBCKOTO W3nydeHus. [lokaszaHo,
YTO pa3paOOTaHHBIN BHICOKOBOJIBTHBIA T€HEPATOP
CHocoOeH paboTaTh OT CETH MEPEMEHHOro TOKa
380 B/50 I'y B 4acTOTHO-TaYeYHOM pekumMe (C dya-
croroii 1o 600 ['1r), 00namaeT ManbiMu rabapuTaMu
W UMeeT cTaOWITbHBIC aMIUTUTYAHO-BpEMEHHBIC TTa-
pamMeTphl  (OPMHUPYEMBIX BBICOKOBOJBTHBIX HM-
MyJILCOB HAMTPSDKCHUS.
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paszesioB MaTeMaTHYECKOro aHanu3a, JudQepeHuanbHbIX ypaBHEHU, aHAIH-
3asiBJIeHUE O KOH(I)J]]}[KTe HHTEpPecoB THYECKOI MCXAaHHUKH, 3B€3£[HOI71 JUHAMUKU U JUHAMHKH KOCMHYCCKOI'O I10JICTA.

B nocneaHue AecsTUNETUs HAMETWINCh BO3MOXKHOCTH MCIIOJIB30BaHUS IOHS-
THS IEHTPAIbHBIX KOHQHUTYpaIWii TakKe B TEOPETHUYECKOH (H3UKE, XMMHH,
kpuctamorpaduu u ap. PaccMaTtpuBaroTcs IUIOCKUE LIEHTPallbHble KOHQUry-
pauuy, Ha3BaHHBIE THE3IOBUJIHBIMU, COCTOSLIME M3 IOCIEINOBATEIBHO BIIO-

ABTOPEI 3aBIIAIOT 00 OTCYTCTBUH
KOH(IUKTa UHTEPECOB.
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The nested planar central configurations of a trapezoid form in classical
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Abstract. The study of central configurations, whose concepts and definitions were already
formulated by the classics of celestial mechanics — Euler, Lagrange, Laplace and Liouville
in the XVIII-XIX centuries, is of interest not only for celestial mechanics, but also for
many sections of mathematical analysis, differential equations, analytical mechanics, stellar
dynamics and space flight dynamics. In recent decades, there have been opportunities to use
the concept of central configurations also in theoretical physics, chemistry, crystallography,
etc. We consider planar central configurations, called nested, consisting of polygons
sequentially nested one into another, at the vertices of which there are bodies (material
points). The existence of nested planar central configurations of trapezoidal type with a
sphere in the centre is proved. Early, it was found that abovementioned isolated central
configurations exist in the heliocentric rotated coordinate systems. It was supposed only the
Newton’s law of attraction is acting between bodies. The Maple software is used to derive
the solution of this problem.

Keywords: celestial mechanics, Maple software, nested configurations, trapezoidal

configurations, spherical central body
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BBepeHune

[Iponomxkasi pa3BUBaTh TEOPUIO IEHTPATHHBIX
koHpurypanuii (IIK) nebecusrx ten [1], ocHOBaH-
HYIO KJIACCHKaMH HeOeCHOW MeXaHUKU — DUIepoM,
Jlarpamxem, Jlammacom u JlnyBumuiem B XVIII-
XIX BB., Ha pybexe XIX—XX BB. ObUIO IOKa3aHO
cymectBoBanue miockux LK B 3amauax 4 u 5 ten
[2-11]. AHanmu3 mpenmecTBYIOMHUX padoT ITO3BO-
mun A. Wintner (1941) chopmynupoBaTh UX CTpo-
TUe ONpeNesIeHHs U TeOpeMBI cyiecTBoBaHus [12].
Muorouncnennsie LIK B pamkax 3amaun (n+1)-ten,
OTHOCSIIUECS K TPEM MOCIEIHUM JECATHIICTHSIM,
paccMoTpeHbl B padorax [13—16], Ha OCHOBE KOTO-
PBIX OBUIH MPOBEACHBI JaTbHEHIINE HCCIeI0BAHUS
[17-21]. C mosBIEHWEM BBIYHCIHTEIBHBIX IIPO-
IPaMMHBIX TTAKETOB OBLIN MPOBENEHBI PacYeThl JJIs
IIK mMHOTMX THIIOB [22—-24].

Cpenu MHOXeCTBa HMccienoBaHHBIX BHAOB LIK
BCTPEYAIOTCS TaK Ha3bIBa€MBIE «KACKaIHBIC» WIIH
«rHe370BUaHbIeY («nestedy», aHr) [25], cocTosiue

W3 TIOCJIEJOBATENbHO BIIOKCHHBIX OIUH B APYTOW
MHOTOYTOJIbHUKOB, B BEPIIMHAX KOTOPBIX HAXOAATCS
Tena. B ymoMsHyThIX paboTax Mmpeanoiaraiock, 9To
Bxomsamue B LK Tena mmenu cdepuyeckyro cTpyk-
TYpY, T.C. SIBISUIUCH IApaMU U PaCCMaTPHUBAIHChH KaK
MarepuaibHble TOYKH C OIHOPOMHOW CTPYKTYpOW
[26] (xmaccuueckue 1IK).

Lenpio maHHOW paboOTHl SABISIETCA MOTy4YEHHE
JIOKa3aTeJbCTBA CYIIECTBOBAHUS IJIOCKUX THE3J0-
BunHbIX 1K TpanenmeBuaHONW (HOPMBI B YIIOMSHY-
ToM 3amade (4nt1)-tenm mpu N=2, 3,..., p Kak 0e3
LEHTPAJIbHOTO Teja, TaK U C IIAPOBBIM I[CHTPAJIb-
HBIM TelioM (Kjaccudeckne BapuaHThl) [27; 28].
Bce unciienHbIe pe3ynbTarhl NOTYYeHBI ¢ TTIOMOIIBI0
nmporpammHoro nakera Maple.

1. OOwWwwmiA BUA ypaBHEHNIE ABUXEHUS Ten.
CraunoHapHbie peLueHuns

VpaBHEHHS TPOCTPAHCTBEHHOTO [BUKEHHS TEI
P« ¢ maccamu my, l=1,...,p; k =1, ..,

341


https://orcid.org/0000-0001-8115-8253
https://orcid.org/0000-0001-7787-8290

PerepelkinaYu.V., Zadiranov A.N. RUDN Journal of Engineering Research. 2023;24(4):340-348

n (I — 49ucno BIOXKEHHBIX OIWH B JPyroi momoo-
HBIX MHOTOYTOJIBHUKOB; kK — YHCJIO BEpPIIUH MHOTO-
YTOJILHUKOB) B OTHOCUTEILHOM I'eJIMOLEHTPUIECKON
CUCTEME KOOPAWHAT Poyy,, Bpallarolielcs ¢ IOCTO-
STHHOH YIJIOBOM CKOPOCTBIO (® BOKpYT Tema Py ¢
Maccoi M, umerot Bua [29]:

kK — 20y — (szlk = )
=—f(M+ mzk) 3
lk
+me ) 4
lj -3
Al}lk T
]:tk
— x
o Y St i
1<0=p s=1 osik Tos
o#l
Ve + 2wy — 0y =
YVik
=—f(M +mlk)_3+
Tk
)’l — Yk }’1'
l]lk T
]ik (1)
:Vos Yik Yos
oY S -3
150<p s=1 O'.S‘lk oS
o#l
Iy =—f(M+ mlk) 3
lk
n
Z1j — Zig 2y
£ m e
=1 ijlk lj
Jj*k
Z
o Y D (fe e e
1<o-<ps 1 oslk oS
o+l J

_ 2 2 2
rae Tk = \/xlk + Yy +z”

Arjie = Oy — x)? + 0V — Yu)? + (21 — zix)?

[Ipu 3anmcu cucremsl ypaBHeHuit (1) mpenrio-
Jarajaoch, 4To Bce Tena Po, Pr NPUTSATUBAIOTCS IO

342

3akoHy HblOTOHAa M B3aMMOJEHCTBYIOLIME OAWH C
JIpyTUM Teia P, He OKa3bIBalOT BIUSHUE Ha JBHXKeE-
HUE ILIEHTpalibHOTO Tena Py B BULy my, << M,
T.€. paccMaTpHWBaeTCs IUIAHETHBIN ciaydair. OTMme-
THM TaKXe, 4TO MepBasg CyMMa B MIPaBOi 4acTH CH-
cTeMbl ypaBHeHUH (1) oTpaxkaeT rpaBHUTallMOHHOE
B3aUMOJIeHCTBHE Tena Py ¢ TellaMu BHYTPH «II€PBO-
ro» MHoroyroisHuKa (/= 1), a Bropas cymMMa y4u-
THIBA€T TPABUTAILIMOHHOE B3aMMOJEHCTBUE 3TOTO XKe
Tena P ¢ TenaMu, paclojOKEHHBIMU B BEPLIMHAX
«BToporo» (/=2) u mocnenytomux ([=3, ..., p)
MHOTOYTOJIbHUKOB.

PaccmoTpuM cranoHapHbIe peIieHus] CHCTEMBbI
ypaBHeHuil (1) x; = X; = const, y; = y; = const,
z; = z; = const, OmpeneNArIIue LEHTPaAIbHYIO
KOH(HTYpaLHIO. HOCKOJ'IBKy B OTOM CITy4ae MMeeT
MecTo X; =% =0, y;=y; = 0, z2=2=0,
HEOOXOMUMBIMH H ,Z[OCTaTO‘IHI:IMI/I YCIOBHUSIMH CY-
IIECTBOBAaHUS IPOCTPAHCTBEHHBIX IIEHTPAIbHBIX

KoH(puUryparwmii 6yayT:
Xik
w?xy = f(M + mlk)% - )
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j£k ljlk lj

~f Bsozp Tier Mo (572 — 222

3
o*l cslk Tss

y
W’y = f(M +my,) 7%’: -

~f 2] 1My <}’l]—}’lk y131> - b (2)

itk Ak T
Yos—Yik _ Yos
_f21<0<p25 1mcs< A3 73 )
o+l oslk oS

0= ﬂM+mm”

Z1j=Zlk Zl'
_fZ] 1ml](] 3])_

2k Ak Tij
Zos—Zlk Zgs
_f21<G<PZs lmos( 3 TT)
Assik os/ )

o+l

Hanee OymyT paccMaTpuBarThCs JIHMIIb IIOCKHE
LK, nmosToMy mocieaHee ypaBHEHHE CHUCTEMBI (2)

HCKITIOYACTCS M UMEET MECTO Ty = +/ Xy + Vie?
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2. HeoGxoaumble U AOCTaTO4YHbIE YCJIOBUS
CyLLEeCTBOBaHUS B 00LLEeM BUae NIOCKUX
rHe3goBUAHbIX TPaneumneoopasHbix LK

Pacemorpum ttockme LK B dopme pasHo-
OcpeHHBIX HE00S3aTeNBHO MOJOOHBIX Tparenui
(puc. 1) c B3aMHO MIEPICHIUKYISIPHBIMU JHAaroHa-
JISIMU | C TICHTPAIBHBIM TEJIOM Po.

Puc. 1. N'He3pgoBuaHas nnockas TpaneuneodpasHas
LleHTpasibHas KOHPUrypaums ¢ LeHTPaibHbIM TENIOM £y
M CTOYHMK: cOCTaBNEHO aBTOPaMK
Figure 1. Nest-shaped flat trapezoidal central
configuration with a central body #,
Source: made by the authors

3anmmeM JeTambHBINA 00NN BUA OTHOCHTEIh-
HO YTJIOBBIX CKOpPOCTEH BpalieHus o Ten P HeoO-
XOJMMBIX U JOCTATOYHBIX YCIOBUH CYIICCTBOBAHUS
mnockux LK mocnegoBaTenbHO Uil CIy4aeB OJIHO-
ro MHoroyroibHuKa (/ = 1), 3aTeM NBYX BIOXEH-
HBIX OJTUH B IPYTO MHOTOYTONBLHUKOB ([ = 1, 2), U,

HakoHer, p (/ = 1, 2, ..., p) BIOXEHHBIX OJHUH B
JOpyroil MHOTOYTOJNBHUKOB. Takum o0pazom, Oynem
mvmetbipu [ = 1; k=1, ..., 4:

x
2 _ 11
wi1x17 = (M +myq) 3
11

X12 — X711 X712

—mq 3 3
Al211 o

X13 — X711 X313

—MmMy3
3 3
A311 T3

X14 — X211 X14

—Myy
3 3
Ala11 T4

X14
03%43514 =M +myy) 3

14
—my, x113— X14 x_131 _
Al114 1
_my, x123— X14 x_132 _
Al214 2
—mas —"123‘ . % (3)
1314 13
(x & y).
Ipul=1,2;k=1, ..., 4 x cucreMe ypaBHCHHI

(3) mobGamsrcs:

X
2 _ 21
w31X21 = (M + my,) 3
21

X11 — X211 X11

—my,
3 3
AT121 1

X12 —X21 X121\

—Mmy,

A3221 20
s X13 3— X21 x_133 _
Ai321 3
i x143— X21 x_134 _
Als1 T14
_m,, X22 3_ X21 x_232 _
A%221 132
X23 — X21 X23
—my, | 2L 22 )

3 3
A3321 133

“4)

X24 —X21 X324

—Myy 3 3
AZ421 oy

AHaNorMYHbBIE CHCTEMbl YpaBHEHHH HWMEIOT
Mecrom s ciydast [ = 1,2, ..., (p— 1), p; k=1,
..., 4, ¥ 3aTeM Ui MepeMeHHBIX ) (X © y). s
Oomee ymoOHOI 3amiCH JaHHBIE B COOTBETCTBUU C
puc. 1 mpencraBieHs! B Ta0. 1.

Ioacrasmstst 3uaueHus (X, Yix) — (Ok, Bix)s
MpUBEACHHBIE B Tabi. 1, B CHCTEMBI ypaBHEHHUI
(3)—(4), momyyaeM «peayLHUpOBaHHBIE) CUCTEMBI.
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dakTuyeckmne 3Ha4eHUs KOOPANHAT (X, Yi) Ten Py,
Actual values of (x4, yx) coordinates of P,, bodies

Tabmuya 1/ Table 1

l=1 l=p-1
k 1 2 3 4 X(p-1Dk Qp-1)1 0 —Q(p-1)3 0
X1k 01 0 —03 0 Y-k 0 Yp-11 0 Op-1)3
Yik 0 011 0 —043 Two-vk | “@-v1 | %@-11 | %p-13 | %@-13
Tk O11 O11 013 013 =p
l=2
X2k 021 0 —033 0 xpk Otpl 0 _U«p3 0
Yok 0 021 0 —0y3 Ypk 0 Op1 0 —Op3
Tk 021 021 023 3 Tk Op1 Op1 Op3 Op3
Mpul/=1; k=1, ..., 4, (koHOHUTYpaIHsI «Tpa- 1 1
+ - - =
nenus + 1map») UMEeeT MeCTO +mMy3043 5= ) Q)
Vois +of; 13
, V2 1
w71 = M+1|1 +_4 mqq _a3 + 1 1
11 0=—-myoy | —=— =
1 Vogi? + agg? 1
+my; ﬁ 1 1
(0; + 073)2 T My303 —23_(1_
v 2043 13
1 1 1
oy \(agq +ag3)2 o2 )| i
11 11 13 13 AHaJOTHYHBIE CHCTEMBl YypaBHEHHH WMEIOT
5 , Mecto m g cnydasi mpu [ =1, 2; k=1, ..., 4 (aBe
W12 = 011 Tpanemun + map) u npu [ =1, 2, ..., (p — 1), p;
k=1, ..., 4 (p Tpaneuuii + mwap).
epelieM K JIOKa3aTelbCTBY CYyIIECTBOBAHUS
Hep y ¢y
) V2 1 pelIeHuil MPUBEICHHBIX HPPANMOHAIBHBIX ypaBHE-
Wiz = M + 1 + — m13 — + 9 -
4 o3 Hur  (1)—(5), ToaTBEpKMAOIMMX CYIICCTBOBAHUE
13
rae3noBuaHbix LUK (Mmaccer M, my, ten Py, P
1 JIOJKHBI OBITH TIOJIOKUTENBHBIMU). [10CcKONBKY pac-
my |——— cMaTpuBaroTcss KoHKpeTHbie (opmbr LK, paccros-
(0‘%1 + (1%3)5 HUS 0, SBISIOTCS U3BECTHBIMHU B HEKOTOPBIX IHa-
mazoHax, u cucrema (1)—(5) cBomurcs k cucreme
1 1 1 JIMHEWHBIX anreOpanyecKux ypaBHEHUH.
— A\ 2= I’ B Tabn. 2 mpuBeneHb COBOKYITHOCTH TapaMeT-
o1z \ (011 +043)*  ag; . .
poB LIK B aOconroTHOV (MHEPLUANBHOW) CHCTEME
o2 = o koopauHatr. [l HaxOXIEeHHWs] 3TUX KOOpAWHAT II0-
14 — ™13 clenHee ycioBUE€ B cucTeMe ypasHenmit (5), He
1 1 YYaCTBYIOIIEE B HAXOXICHUM TCOMETPHUCCKUX U
0 =-my;0 - — n3ndeckux napamerpos LK, 3amuceiBaercs B Buje
11%11 37
2(1%1 11 YpaBHEHUM:

344



lMepenenkuHa f0.B., 3aamparHos A.H. BectHnk PYH. Cepus: UHxeHepHble nccnepoBarus. 2023. T. 24. Ne 4. C. 340-348

0 = —my;(0q1 +xg5) X
1 1

3 3
V2o +xg)r @+ %e)

+my3(0y3 + x6) X

X

1

3
\/(0‘13 + x6)? + (0q1 — x6)?

X

1
(a3 +x6)3 |

(6)

Bo3smeM PAaCCYUTAHHYIO PaHCC Ta6m/1uy Ico-
MCTPUYCCKUX U JUHAMHUYCCKUX MapaMCTPOB U30JIN-

POBaHHON LEHTPaAIbHON KOH(UTYpaIiu Tparerue-
BUJTHOT'O TUTIA C IIApOOOPa3HBIM TEJIOM B LieHTpe [29],
BBe/Is Apyrue oO003HAaYeHHs MapaMeTpoB B COOTBET-
CTBUHU ¢ 00O3HaUeHUsIMH Ha puc. 1 (cM. Taom. 1), u
MOYYUM pacueThl JJsi KOHQUTYpaluuH M3 OJHOM
Tpaneuuy ¢ MapooOpa3HBIM TEIOM B IIEHTpe U Oe3
uero [30].

3. YucneHHbIi aHaNIN3 HEOOXOAUMBIX

M JOCTaTO4YHbIX YCJ/IOBUI CYLLECTBOBaAHUS
NJIOCKUX 0000LL,EeHHbIX THE34,0BUOHbIX
TpaneuueBugHbix LIK: wwapoobpasHoe Teno
B LLEeHTpe

CocTraBUM Ha OCHOBaHWW TaOl. 2 pacIIupeH-
HYIO0 TaONHIly TapameTpoB JJIsl COCTOSINEH yxe W3
JIBYX «KPYTOBY» IUIOCKOH HEHTPATbHON KOH(HTYypa-
AW TPAICIIUEBUIHOTO TUTA (Tab. 3).

Tabsmuya 2 / Table 2
KoHdurypauusa «ogHa Tpaneuuns + wap» / «One trapezoid + sphere» configuration
M ap o3 my, My w? M oy a3 my, mys w?
0 2,0 1,2 2,30795 0,5 0,28058 5 2 1,2 15,0525 1 2,95208
0 3,0 1,2 14,6761 1 0,55280 10 2 0,5 388,770 1 65,2218
0 50 | 3,0 4,61450 1 0,03592 10 2 1,2 23,1832 0,5 5,06266
1 2 1,2 4,39484 0,5 0,75879 10 5 3 25,4909 1 0,34197
Tabnuya 3 / Table 3
Kondurypauusa (aBe Tpaneuun + wap) / «Two trapezoids + sphere» configuration
M ap a3 my, mys w? 2 1.2 23.183 0.5 5.0626
2,0 1,2 2,30795 0,5 0,28058 0 03 My Mas w3
o y3 My, Mys w3 10 3,0 1,8 239,70 29,691 5,0626
0 4,0 2,4 18,1186 1,9343 0,28058 4,0 3,0 328,79 152,03 5,0626
4,8 3,0 30,285 6,2283 0,28058 4,8 3,0 522,43 148,69 5,0626
ap a3 my, mys w? N o3 myy My w?
2 1,2 4,3948 0,5 0,75879 2 1,2 25,490 1 5,3432
oy y3 My, Mys w3 Az [oo My, Mys w3
1 3,2 1,92 36,176 2,7895 0,75879 4,0 2,4 335,37 74,332 5,3432
4,0 2,4 48,032 8,9805 0,75879 01 3 my My3 w}
ap a3 my, mys w? 25 1,25 47,834 1 4,6020
2 1,2 15,0525 1 2,9521 10 Oy 03 my, mys w3
5 oy y3 My, Mys w3 4,75 2,5 509,42 74,788 4,6020
4.8 3,0 305,95 83,704 2,9521 g o3 My, My w?
ap a3 my, mys w? 3,2 2 21,910 1 1,1622
Oy Qys My, Mys w3
4,0 2,75 461,71 74,788 1,1622
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B mpuBenenHpix cuctemax ypaBHeHud (1) u
ycnoBusx cymectBoBanusa (3)—(5) LK terno Py ¢
Maccoil M sBISeTCsS IIapOBBIM, T.€. DTU YCIOBUA
COOTBETCTBYIOT KJjlaccuueckuM Bapuantam [[K.
Cuutas 3HaYCHHUS] TEOMETPUUIECKUX M PU3NIECKUX
rapaMeTpoB (PacCTOSHUSA U MAacChl) TpamnelueBUI-
Hoit IIK ¢ omlHMM M30JMPOBAaHHBIM MHOTOYTOJIBHHU-
KOM 3aJaHHBIMH, OyleM HCKaTh TpamneuueBHIHOMN
HK ¢ nByMsl BKJIIFOYEHHBIMU OJIUH B JPYTrOd MHOTO-
YTOJIbHUKaMU, (QOPMHUPYIOIIHMH «THE3I0BUIHYIO»
K. Jns 3TO# 1eau UCIOIB3YEeM CUCTEMY ypaBHe-
HUii (6) 1 3aIUCEIBAEM 6 PaBEHCTB w2, — 023 = 0,
w? —w5,=0,., 03 —w53=0 mnoc pac-
cMaTpuBaeMoe OTAEIbHO YpaBHEHHE NI KBajpara
o01meit yrmoBoii ckopocty Bpamenns LK:

2 2 1

21
1
+ 2m,, 7+
2
012 + Ba2
Mmy3 1 1
+ + 2 -T2
0p1 \ (03 + azq) 053
1
+ 2m12 —3
vV 0‘%1 + B%z
1 1 1
+m11 - +

0 \ (0t — €z1)? 0‘%1

1 1 1

2 2
o1 \(0y3 + 031)%  af;

(7

Takum 06pa3om, IMEEeM CHUCTEMY OTHOPOIHBIX
JWHEHHBIX anreOpanveckux YpaBHEHHH OTHOCHU-
TEJILHO Macc my 1 M (pa3Mepbl Tpanenuid npenmno-
JlararoTcs 3aJaHHBIMH) BU/A

6

Z(aumn +a;;my3 +
i=1
(8)

+ aijzMmyq + AipsMy3 + ai5M) =0.

Marpuma kKod3QPHUITMEHTOB CHCTEMBI HWMEET
pasMep 6x5, panr Marpuibl paBeH 5. OOmee 9ucio
HEU3BECTHBIX CUCTEMBI paBHO 10:4 paccTosHUSA 0
(paccTostHESI B MHOTOYTOJIBHHMKE PaBHBI MOMApPHO),
4 maccel my; (Maccwl paBHBI TOMAPHO) W, HAKOHETI,
HeHTpaibHas Macca M M BeJIMYHHA KBaJpara yIIIOBOM
CKOpOCTH BpamieHus ®2. OHAKO, MOCKOIBKY MACChI
my, m, u M, a Take paccTosHus o4 = B, =0,
013 = P,, = P TEPBOrO0 MHOIOYroNbHUKA OKa3bIBa-
IOTCS y)Ke HalaeHHbIMU (cM. Tabi. 2), ocraercs
HAWTH TONBKO Oy, Opg, M2, M3, ®2. Cleayromas
¢urypa oOmajgaer pasmepamu, IPEBBIIIAIIIUMI
pasMepbl MPebIAyIIel, TOATOMY BBIOUpaeM 0O,q >
011, Op3 > O43 W HEM3BECTHBIMH OCTAIOTCS JIHLIb
ma1, ma3, (,02.

3aknioyeHue

[IpuBeneHHBIE aHANUTUYECKHE BBIKIAAKH H
YHCJICHHBIE Pe3yJIbTaThl PACYETOB CO BCEH OUCBHUI-
HOCTBIO TTOKa3bIBAIOT, YTO [UI1 KKIOW HM30JIHPO-
BaHHO# LIK TpamenueBugHoii (GopMbl ¢ HEHTpaIb-
HBEIMH TeJaMH B Buje mapa (tabmu. 2), HalaeTcs co-
BOKYITHOCTb KOHEYHOT'O YHCJIa OXBATBHIBAIOLIUX €€
Tpanenneoopaznbix LK (Tabm. 3).

IIpu 3TOM mpoueayps! BBIUNCIEHUS T€OMETPU-
YecKHX U (PU3NYECKUX MapaMeTpoB cHavaja H30JIH1-
POBaHHBIX (COCTOSIIMX W3 OJHOI'O MHOTOYTOJIBHH-
Ka), a 3areM (OpPMHUPYIOUIMX YyXe THE3I0BHUIHbIC
LEHTpaJbHble KOHGUTYpauuu (COCTOSMIMX U3 JIBYX
OXBAaTHIBAIOIIUX OJUH APYIOr0 MHOI'OYTOJBHUKOB)
MOTYT paccMmarpuBarbes kKak Illar 1 (n = 1) u Illar 2
(n = 2) MeToga MaTeMaTUYECKON WHIYKITNN JTOKa3a-
TenbCTBA cylecTBoBanus Takux LK. B paccmarpu-
Ba€MOM CIIy4ae HMMEIOT MECTO BechbMa OOBEMHBIE
ycioBus cymectBoBanus B Buue (5)—(7), kotopble
MIPEJCTABIAIOT ONpPENEICHHYIO0 TPYOHOCTh AN MX
MIPOBEPKHU Jake B YACTHOM ciiydae. OHAKO aHaIN3
BCEX YK€ PACCMOTPEHHBIX KJIACCHYECKUX BapHaH-
toB LK mis pa3znmnaasix hopM KOHPUTYpauii yka-
3bIBaeT Ha (hakT CYILIECTBOBAHUS HEHYJIEBOTO Je-
dexTa y MaTpull aHaIU3UPYEMbIX CHCTEM, U 3TO
rapaHTHPYeT MHOXKECTBO PEIICHH.

Cnucok nutepartypsl / References

1. Moeckel R. Central configurations. Scholarpedia.
2014;9(4):10667. https://doi.org/10.4249/scholarpedia.
10667

346



lMepenenkuHa f0.B., 3aamparHos A.H. BectHnk PYH. Cepus: UHxeHepHble nccnepoBarus. 2023. T. 24. Ne 4. C. 340-348

2. Hoppe R. Erweiterung der bekanten Speciallosung
des Dreikorper-problems. Griinert Archiv der Mathe-
matik und Physik. 1879;64:218-223.

3. Lehmann-Filhés R. Uber zwei Fille des Vielkdrper-
problems. Astronomische Nachrichten. 1891;127(3033):
137-144.

4. Dziobek O. Uber einen merkwiirdigen Fall des
Vielkorperprobems. Astronomische Nachrichten. 1900;
152(3627):33-46.

5. Andoyer H. Sur D’équilibre relatif de n corps.
Bulletin astronomique, Observatoire de Paris. 1906;23:
50-59.

6. Andoyer H. Sur les solution periodique voisines
des positions d’équilibre relatif, dans le probléme des n
corps. Bulletin astronomique, Observatoire de Paris.
1906;23:129—146. Available from: https://www.persee.fr/
doc/bastr_0572-7405 1906 num 23 1 12318 (accessed:
12.09.2022)

7. Longley WR. Some particular solutions in the
problem of #n bodies. Bull. of the American Mathematical
Society. 1907;13(7):324-335.

8. MacMillan WD, Bartky W. Permanent configura-
tions in the problem of four bodies. Transactions of the
American Mathematical Society. 1932;34(4):838-874.

9. Meyer G. Solutions voisines des solutions de
Lagrange dans le probleme des n corps. Annales de
[’Observatoire de Bordeaux.1933;17:77-252. Available
from:Ommoka! Henonyctumblii 00BbeKT
runepceblIku.(accessed: 12.09.2022).

10. Williams WL. Permanent configurations in the
problem of five bodies. Transactions of the American
Mathematical Society. 1938;44(3):562-579. Available
from: https://www jstor.org/stable/i308230 (accessed: 12.09.
2022).

11. Brumberg VA. Permanent configurations in the
problem of four bodies and it’s stability. Astrono-
micheskij zhurnal [Astronomical zhurnal]. 1957;4(1):55—
74. (In Russ.)

bpymbepe B.A. TlocTosiHHBIE KOHQUTYPALMX B MIPO-
OmeMe YeThIpex Tell U UX YCTOHYMBOCTB // ACTPOHOMHU-
yeckwii xypHai 1957. T. 34. Ne 1. C. 55-74.

12. Wintner A. The analytical foundations of celestial
mechanics. Princeton: Princeton University Press; 1941.

13. Elmabsout B. Sur I’existence de certaines confi-
gurations d’equilibre relatif dans le probleme desN corps.
Celestial Mechanics. 1987;41:131-151. https://doi.org/
10.1007/BF01238758

14. Elmabsout B. Nouvelles configurations d’équil-
libre relatif dans le probléme des #n corps. I. Comptes
Rendus de 1’Academie des Sciences de Paris. 1991;312
(2):467-472.

15. Grebenikov EA. The existence of the exact
symmetric solutions in the plane Newton problem of
many bodies. Matematicheskoe modelirovanie [Mathe-
matical modeling]. 1988;10(8):74-80. (In Russ.)

Ipebenuxos E.A. CymecTBOBaHHE TOYHBIX CHMMET-
PHYHBIX PCIICHUI B TUIOCKOH HBIOTOHOBOW Mpolieme
MHOTHX Ten // Maremarndeckoe mMoaenupoBanue. 1988.
T. 10. Ne 8. C. 74-80.

16. Grebenikov EA. Mathematical problems of homo-
graphic dynamic. Moscow: MAX Press; 2010. (In Russ.)

I'pebenuxos E.A. MatemaTrdeckre mpoOIeMbl TOMO-
rpadmaeckoit quHamuku. M.: MAKC Ipecc, 2010. 256 c.

17. Beltritti G, Mazzone F, Oviedo M. The Sitnikov
problem for several primary bodies configurations.
Celestial Mechanics and Dynamical Astronomy. 2018;
130:45. https://doi.org/10.1007/s10569-018-9838-4

18. Marchesin M, Vidal C. Spatial restricted rhom-
boidal five-body problem and horizontal stability of its
periodic solutions. Celestial Mechanics and Dynamical
Astronomy. 2013;115(3):261-279. https://doi.org/10.1007/
$10569-012-9462-7

19. Rivera A. Periodic solutions in the generalized
Sitnikov (n+1)-body problem. SIAM Journal on Applied
Dynamical Systems. 2013;12(3):1515-1540. https://doi.
org/10.1137/12088387

20. Kashif A, Shoaib M, Sivasankaran A. Central
Configurations of an Isosceles Trapezoidal Five-Body
Problem. In: Corbera M, CorsJ, Llibre J, Korobeini-
kov A. (eds.) Extended Abstracts Spring 2014. Trends in
Mathematics (vol. 4, p. 71-76). Birkhauser, Cham; 2015.
https:// doi.org/10.1007/978-3-319-22129-8 13

21. Shoaib M, Kashif AR, Sziics-Csillik I. On the
planar central configurations of rhomboidal and
triangular four- and five-body problems // Astrophysics
and Space Science. 2017;362:182. https://doi.org/10.
1007/s10509-017-3161-5

22. Butikov E. Motions of Celestial Bodies: Com-
puter simulations. Bristol, UK, IOP Publ.; 2014.

23. Llibre J, Moeckel R, Sim6 C. Central Configu-
rations, Periodic Orbits, and Hamiltonian Systems.
Advanced Courses in Mathematics — CRM Barcelona.
Birkhduser, Basel; 2015. https://doi.org/10.1007/978-3-
0348-0933-7

24. Doicu A, Zhao L, Doicu A. A stochastic optimi-
zation algorithm for analyzing planar central and
balanced configurations in the n-body problem. Celestial
Mechanics and Dynamical Astronomy. 2022;134:29.
https://doi.org/10.1007/s10569-022-10075-7

25. Corbera M, DelgranoJ, LliobreJ. On the
Existence of Central Configurations of p Nested n-gons.
Qualitative Theory of Dynamical Systems. 2009;8:255—
265. https://doi.org/10.1007/s12346-010-0004-y

26. Hampton M. Planar N-body central configura-
tions with a homogeneous potential. Celestial Mechanics
and Dynamical Astronomy. 2019;131:20. https://doi.org/
10.1007/s10569-019-9898-0

27. Montaldi J. Existence of symmetric central
configurations. Celestial Mechanics and Dynamical
Astronomy. 2015;122:405-418. https://doi.org/10.1007/
$10569-015-9625-4

347



PerepelkinaYu.V., Zadiranov A.N. RUDN Journal of Engineering Research. 2023;24(4):340-348

28. Moczurad M, Zgliczynski P. Central configura-
tions in planar n-body problem with equal masses for
n=>5,6, 7. Celestial Mechanics and Dynamical Astro-
nomy. 2019;131:46. https://doi.org/10.1007/s10569-019-
9920-6

29. Perepelkina YuV. An unified approach to the
linear stability investigation of some classic and genera-
lized planar central configurations of celestial mechanics.
Part 2. Numeric investigations. International Journal on
Pure and Applied Mathematics, Classical and Celestial
Mechanics, Cosmodynamics. 2013;2(3):5-34. (In Russ.)

Caenennsi 00 aBTopax

Ilepenenxuna FO.B. YHUPUIUPOBAHHBIN NOIXOI K
HCCIEOBAHUIO JIMHEHHON YCTOMYMBOCTH HEKOTOPBIX
KJIACCHUYECKUX M OOOOIIEHHBIX IJIOCKHX I[EHTPAIbHBIX
koH(purypauuii / MexayHapoaHBIH KypHaI IO Teope-
TUYECKON M TMPUKIAJAHON MaTeMaTHUKe, KJIAaCCHYECKOW WU
HeOecHO# MexaHuke U KocMoauHamuke. 2013, Beim. 2(3).
C. 5-34.

30. Fernandes AC, Mello LF. On Stacked Planar
Central Configurations with Five Bodies when One Body
is Removed. Theory of Dynamical Systems. 2013;
12:293-303. https://doi.org/10.1007/s12346-012-0084-y

Ilepenenkuna Onuanna Bauecnagoena, xanauaaT (Gpu3NKO-MaTEeMaTHYECKUX HAYK, 3aMECTUTENb 3aBEIYIOIIEr0 OTAEIOM
MEXaHUKH, Bcepoccuiicknii HHCTUTYT HaydyHOU W TexHH4Yeckoi nHdopMaru Poccuiickoii akagemMun Hayk, Mocksa, Poccuii-
ckast @enepanus; ORCID: 0000-0001-8115-8253; E-mail: amadeycity@yandex.ru

3aoupanos Anexcandp Hukumuu, 1OKTOp TEXHUUECKUX HAyK, Ipodeccop Kadeapsl MPOLECCOB FOPEHUs U 3KOJIOIMYECKOH
Oe3omacHOCTH, YueOHO-HAYYHBIH KOMIUIEKC MPOIIECCOB TOPEHHS M 3KOJIOTHYECKOW 0€30MmacHOCTH, AKaJeMuUsi TOCyIapCTBEeH-
HOIl NpoTUBONOXapHOU ciyx0bl, MockBa, Poccuiickas ®enepanus; ORCID: 0000-0001-7787-8290; E-mail: zadiranov@
mail.ru

About the authors

Yulianna V. Perepelkina, Candidate of Phys.-Math. Sci., Deputy Head of the Mechanics Department, Russian Institute
for Scientific and Technical Information of Russian Academy of Sciences, Moscow, Russian Federation; ORCID:
0000-0001-8115-8253; E-mail: amadeycity@yandex.ru

Alexander N. Zadiranov, Doctor of Technical Sciences, Professor of Combustion Behavior and Environmental Safety
Department, Educational and Scientific Complex of Combustion Processes and Environmental Safety, State Fire Academy of
EMERCOM of Russia, Moscow, Russian Federation; ORCID: 0000-0001-7787-8290; E-mail: zadiranov@mail.ru



BecTHuk PYAH. Cepus: NH)XeHepHble nccnepoBaHus
RUDN Journal of Engineering Research

2023;24(4):349-364

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

DOI: 10.22363/2312-8143-2023-24-4-349-364
UDC 519.1:519.681:519.683.8:519.685.1

EDN: HBEUFG
Research article / HayyHasa ctatbsi
The synthesis of structural diagrams of automatic
devices on formal neurons
Natalia L. Malinina™~™
Moscow Aviation Institute (National Research University), Moscow, Russian Federation
P malininaB06@gmail.com
Article history Abstract. The development of finite state machines and the synthesis of neura
Received: April 24, 2023 networks come with enormous computational difficulties. The problems that are
Revised: August 20, 2023 faced both by the creators of control finite state machines and the creators of neural
Accepted: September 22, 2023 networks are almost the same. In order for a control finite state machine to be

implemented, an algorithm for its operation must be created, and then a program must
be written, and finally this program must be implemented in hardware in the form of a

Conflicts of interest finite state machine. It is crucia to create a finite state machine, whi_ch will _be

deterministic. As for neural networks, it is necessary either to set the weights on its
The author declares that there edges with the help of experts, or it must be trained to obtain optimal weights on its
is no conflict of interest. edges. Both tasks, that is, the determination of finite state machines and the training
of neura networks, are currently most often performed using approximate
(exponential or genetic) agorithms. At the same time, few authors point out the fact
that, firstly these algorithms give an error of up to 15 %, and secondly the operating
time is quite long and requires large energy costs. The article has proven that control
finite state machines and neural networks are equivalent based on their structure,
which can be represented as a directed edge graph. Such equivalence makes it
possible to use methods of normalizing arbitrary graphs to determine finite automata
and synthesize neural networks. Methods of graph normalizing are extremely new,
they are based on a fundamentally new approach of the extension of graph theory and
will alow performing these operations using algorithms that have linear complexity
or can significantly reduce the number of options when using brute force.

Keywords: finite machine, determination, neural network, directed graph, normal
algorithm

For citation
Malinina NL. The synthesis of structural diagrams of automatic devices on formal neurons. RUDN Journal of Engineering
Research. 2023;24(4):349-364. http://doi.org/10.22363/2312-8143-2023-24-4-349-364

© MalininaN.L., 2023
Thiswork is licensed under a Creative Commons Attribution 4.0 International License
S—awrarmm https:/creativecommons.org/licenses/by-nc/4.0/legal code

349


https://orcid.org/0000-0003-0116-5889

Malinina N.L. RUDN Journal of Engineering Research. 2023;24(4):349-364

CuHTE3 CTPYKTYPHbIX CXEM aBTOMaTU4Y€CKUX YCTPOWUCTB
Ha dopManbHbIX HEMPOHaX

H.JI. Manununa = =

MoOCKOBCKHIT aBHAIIOHHBIA HHCTUTYT (HAIIMOHAJIBHBIN HCCIIEN0BATEIbCKUN YHUBEPCUTET),

Mockea, Poccutickas ®edepayus
P malinina806@gmail.com

HUctopus crarbu

IMoctynuna B penaknuto: 24 ampenst 2023 r.
Hopaborana: 20 aBrycta 2023 r.

IpunsTa k myGnukanuu: 22 centsiops 2023 r.

3asiBjieHUE O KOHq)HﬂKTe HHTEpecoB

ABTOD 3asIBIAET 00 OTCYTCTBHU
KOH(IMKTa HHTEPECOB.

AnHoTauus. Pa3paboTKy KOHEYHBIX aBTOMATOB W CHHTE3 HeHpocerei
COITPOBOXKJAAOT OIPOMHBIC BBIYHUCIIUTCIIBHBIC TPYIHOCTH. HpOGHeMbI, C
KOTOPBIMHU CTAIIKMBAIOTCS KaK CO3MaTeNH YIPABISIOMINX KOHEYHBIX aB-
TOMAaTOB, TaK M CO3JaTeNM HEHpoceTel, MPaKTHYECKU OAMHAKOBBI. JIyist
TOr0 YTOOBI YHPAaBJISIOMIUNA KOHCYHBIH aBTOMAT MOT OBITh pealii30BaH,
HAJ0 CHayajia Cco3JaTh AJITOPUTM €ro paboThl, MOTOM HAmUcaTh MPO-
rpaMMy, TIOTOM 3Ty MPOTPaMMy PEaM30BaTh B <OKEIe3e» B BHJIE KOHEU-
HOTO aBTOMara. [ J1TaBHOE — HAJ0 CO311aTh, U 3TO BAXKHO, ACTCPMUHHUPO-
BaHHBIA KOHEYHBIA aBTOMAaT. UTO KacaeTcs HeHpoceTel, To, 9TOOb OHa
pabotana, HEOOXOAMMO JTUOO 3a/1aTh C MOMOIIBIO IKCIIEPTOB Beca Ha ee
pebpax, nubo ee Haso 00YUNTh, YTOOBI TIOJIYYHTh ONTHMANIbHBIC Beca Ha
pebpax. 1 to, u mpyroe, To €cTh, ACTEPMHUHHU3AIMS KOHEYHBIX aBTOMa-
TOB U O0yuYeHHE HEWPOHHBIX CETeHd, B HACTOsAIIEE BPEMs MPOU3BOIUTCS
yaie BCero ¢ MOMOIIBI0 MPUOJIMKEHHBIX (IKCIIOHCHIIMAIBHBIX HIIU Te-
HETHYECKNX) alropuTMOB. [Ipy 3TOM YacTo aBTOpPHI HE YKa3bIBAIOT Ha
TOT (aKT, 4TO, BO-TIEPBBIX, ITH AITOPHUTMBI Aa0T omMOKy 10 15 %, a,
BO-BTOPBIX, BpeMsi pabOThI MOJOOHBIX aITOPUTMOB JTOCTATOYHO BEIIHKO,
1 TpeOyeT OOJIBIIMX YHEPreTHUYECKHUX 3aTpar. B Marepuane cTaTbu JIOKa-
3BIBACTCS, YTO YIMPABJISAIONINE KOHEYHBIE aBTOMAThl H HEUPOCETH — JK-
BHUBAJICHTHBI, €CIIH MUCXOAUTh U3 UX CTPYKTYpbI, KOTOPYIO MOKHO TpeJ-
CTaBUTh B BUJIC OPUEHTUPOBAHHOTO pedepHOro rpada. [logoOHas 3kBU-
BAJIGHTHOCTH IIO3BOJISIET NPUMEHSATH IS JETEPMHHHM3AIMN KOHEUHBIX
aBTOMAaTOB M CHHTE3a HEHpOCeTed METONbI HOpMAaTH3aIMH TPOU3BOIb-
HBIX TpadoB. MeToabl HOpMalIHM3alMKd MPOM3BOJBHBIX TpadoB HOBEIE,
OHM OCHOBaHBI Ha PACIIMPEHUH TEOPUH TpadoB U MO3BOJISAT MPUMEHSITH
AJITOPUTMBI JIMHEWHOH CII0)KHOCTH WJIM CYyIIECTBEHHO YMEHBIIATH YHCIIO
BapHaHTOB IIpH nepedope.

KuroueBble cjioBa: KOHEUHBIH aBTOMAT, JACTEPMHUHM3ALUSA, HEHPOCETh,
OPHEHTUPOBAaHHEIN Tpad), HOPMAIBHBIH aITOPUTM
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Introduction

A finite state machine (FSM) is an extremely

less” program that models “instinctive” behaviour
that is not adaptable to the sequence of environ-
mental influences. In other words, FSM are techno-
logies designed to facilitate the development of

simplified model of a computer, having a finite
number of states and sacrificing all the features of
computers, such as RAM, read-only memory, input-
output devices and processor cores in exchange for
ease of understanding, ease of reasoning and ease of
software or hardware implementation. It can be said
that FSM is an algorithmic component of a “data-
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other algorithms; they serve as a means of achieving
the ultimate goal — the implementation of the
algorithm. A neural network is a computational or
logical circuit built from homogeneous processing
elements, which are simplified functional models of
neurons. The transfer functions of all neurons in a
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neural network are fixed, and the weights are para-
meters of the neural network and can be changed.
Neural networks are trained using genetic or other
exponential algorithms.

Such algorithms take a long time to work, take
up a lot of memory, and, moreover, are not abso-
lutely accurate. Any neural network is a finite state
machine and any finite state machine can be replaced
by a suitable neural network [1]. The equivalence of
the structures of finite state machines and neural
networks makes it possible to solve the problems of
their structural synthesis using the same methods.
The problem of structural synthesis, both of a
DFSM and a neural network, belongs to the area of
NP — hard.

1. Finite State Machines:
the basic concepts and problems

Finite state machine (FSM) is a model of a
computing device with a fixed and finite amount of
memory. They read and process a chain of input
symbols belonging to a finite set. Among the first
researchers in the search of the simplest models of
finite state machines were McCulloch and Walter
Pitts, who proposed a concept similar to a finite
state machine in 1943 [2].

An autonomous FSM, starting from a certain
chart (diagram), can only generate a periodic
sequence of x states. Such sequential execution of a
given cycle of operations is typical for many areas
of modern technology, therefore, the dynamic
systems, which in an acceptable idealization can be
considered as an autonomous FSM, are widely
applied particularly for the implementation of an
automaton approach to programming. The theory of
formal languages [3—7] may be used for their design.
And, finally, and most importantly, autonomous
FSM are used in the synthesis of logic control algo-
rithms [8-12].

The finite state machine transforms the input
character sequences into the state or the output
character sequences. Theoretically the deterministic
state machine (DFSM) can becreated from non-
deterministic state machine (NFSM) according to
reduction of DFSM to NFSM (Kleene's theorem
[13]). Since the number of states (output symbols)
is finite, the question is: what input sequences cause
each of the possible states (or each of the output
symbols) to occur? The answer was given by
Kleene's theorems [13], which established that only

the events of the regular sets can be represented in a
finite state machine. In this case, an algorithm for
constructing any regular sets can be established.

However, in practice, determination is not
always possible, since in the worst case the number
of states in an equivalent DFSM grows expo-
nentially with the increase in the number of states of
the original NFSM. This situation becomes the main
problem when creating algorithms for reducing the
NFSM to the form of a DFSM.

So, the main problem arises: how to make a set
regular? The set becomes regular if it can be
ordered. And there is no efficient way to understand
whether the set is regular or not. Limitations on the
capabilities of computers (Godel’s theorem [14])
made it necessary to use technologies of genetic
(evolutionary) or other exponential algorithms in
order to create DFSM.

Thus, the finite state machines are classified as
the deterministic (DFSM) and the non-deterministic
(NFSM). The only and main difference between
NFSM (non-regular set) and DFSM (regular set) is
the existence of several transitions in one symbol
from one state. A deterministic finite automaton is
one in which, for any given sequence of input sym-
bols, there is only one state to which the automaton
can go from the current state.

If the class of the dynamical systems can be
extended in order to include infinite memory, then
for the dynamical systems of this wider class (Turing
machines) the answer to the question “what can
they do?” is much simpler — they can implement
any predefined algorithm. The concept of a Turing
machine underlies the definition of the concept of
an algorithm: an algorithm is any process that can
be carried out on a finite state machine supple-
mented with the infinite memory, that is, algo-
rithmically complete machines: on a Turing machine
[15], on a Post machine [16], etc.

According to the above definition, determi-
nistic finite automata are always complete — they
define a transition for each state and for each input
symbol. In addition, to ensure the uniqueness of the
algorithms, the synthesised finite automata must be
deterministic (ordered). When developing programs
that are characterised by complicated control logic,
one can use the automaton approach, which allows
making the program text more regular and compact.

Finite state machines (FSM) can be represented
as block diagrams; it is the traditional technology
for algorithms. The most convenient form of their
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representation for a person is a graphical one — a
state-transition-diagram, and for programming and
formal transformations — a tabular one. State
diagrams provide a graphical way to model how a
system responds to a disturbance, and is a graph. It
specifies how the system can move from one state
(vertex) to another one. A key characteristic of such

1 ‘ 0 1
ofjo:

a

event-driven systems is that the behaviour of the
system often depends not only on the last or current
event, but also on the previous events, which is
expressed using a state diagram. So, a state diagram
for a finite state machine is an ordered graph in
which the vertices denote states, and the arcs show
transitions between two states (Figure 1).

Figure 1. The graphical representation of the finite state machines: a —S;, S, — states.
The arces are labeled by input data; b —S,, S;, S, — states.
The arces are labeled as j/k, where j — input data, k — output data

Source: made by the author

In terms of graph theory, the problem of cover-
ing all transitions of the automaton is formulated as
the task of graph traversal, that is, passing along a
route containing al the arcs of the graph. There are
two main problems associated with the graph
traversal for the automaton state machine: non-
determinism and too large size of the graph. A non-
deterministic automaton is an automaton in which
the transition function is ambiguous: one pair
corresponds to severa arcs in the graph. Since the
choice of one or another of these arcs cannot be
determined by the test action, it is impossible to
guarantee the unambiguous traversal of the state
graph during testing. Although it should be noted
that the ambiguity of the exit function does not
create additional problems. It is only required that
some predicate from the state, input, and output
symbols be satisfied. [12]. The evaluation of the
DFSM generation algorithm is disappointing. The
process of generating a DFSM is a NP — hard
problem. But on the other hand, after the DFSM is
generated, it processes any symbol in constant time
and a string of length N in O(N) time.

An NFSM in a state-transition diagram can
have two or more arcs as outputs from the same
state labeled with the same input symbol. Such a
NFSM does not have an adequate tabular
(functional) representation, but can be transformed
into a conventional DFSM. The lack of an interna
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memory limits its ability to transform chains (simu-
lation ability). Although in the general case such
restrictions allow to solve many problems.

The are dso controlling FSM. Their main diffe-
rence from other types of FSMs (transformers and
recognizers) is that they contain not separate input
actions, but Boolean formulas from them [18-21]
in the transition marks. However, the construction
of control FSM is even more difficult, and in some
cases, it is not possible to build such an automata
at all.

The ordering of control FSMs using the
exhaustive enumeration, even with small sizes of
FSM, is extremely time-consuming, and their
heuristic construction does not always give accept-
able results, although sometimes this is the only
way. The simulated annealing method does not
provide a significant improvement [20]; ant algo-
rithms are more suitable for problems where solution
isto find paths in a graph. Therefore the most of the
work in the field of software search engineering is
based on the use of evolutionary algorithms [21].
One of the most important adventages of genetic
(evolutionary) algorithms is the absence of the need
for information about the behaviour of the function
and the negligible impact of possible gaps on
optimisation processes.

Genetic algorithms are also used to increase the
efficiency of neural networks training. The explo-
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sive growth of interest in artificia intelligence (Al)
is mainly due to the growth of computing capa-
bilities with its help, and not to the emergence of
new algorithms.

The task of structural synthesis is to construct
an automaton diagram of minimal complexity. It
should be noted that the problem itself is NP — hard.
GOdel’s theorems [14] are directly related to the
limitation of the capabilities of computers, which
also were recognized by Turing, Church, Nagel and
others. Turing showed that the same restrictions
apply to humans[15]. In this regard, neural network
technologies began to be used to create FSM, that
is, researchers began to create FSM, using neura
networks or genetic (evolutionary) algorithms.

2. Neural network. The basic concepts.
Problems

Recently, more and more people began to
discuss neural networks, and great attention is being
paid to the creation of artificial intelligence based
on artificial neural networks. A lot of attention is
being paid to this scientific area. Let us briefly
review the principles that are embedded in auto-
matic neural networks.

A biological neuron has processes of nerve
fibers of two types: dendrites, through which
impulses are received, and an axon (it is the only
one), along which a neuron can transmit an impulse.
The axon contacts the dendrites of other neurons
through specia formations — synapses, which
affect the strength of the impulse. It can be assumed
that during the passage of the synapse, the strength
of the impulse changes a certain number of times,
which is called the weight of the synapse. Impulses
received by the neuron simultaneously through
several dendrites are summed up. If the tota
impulse exceeds a certain threshold, the neuron is
excited, generates its own impulse and transmits it
further along the axon. It is important to note that

Traditional neural network

Static

Single

synaptic neuron

weight output
a b

Dynamic
synaptic weight

the weights of synapses can change over time,
which means that the behaviour of the correspond-
ing neuron also changes.

Neural networks are artificial, multilayer, highly
parald logica structures made up of formal neurons.
The foundation of the theory of neural networks and
neurocomputers was laid by the work of American
neurophysiologists [2]. The book [22] had a signi-
ficant influence on the further development of the
neural network theory. The theory of neura
networks continues to develop quite intensively at
the beginning of the 21st century. Potential areas of
application for artificial neural networks are those
where human intelligence is inefficient and tradi-
tional computations are time-consuming or physi-
cally inadequate. The relevance of the use of neural
networks increases many times when it becomes
necessary to solve poorly formalized problems. The
main areas of application of neural networks:
automation of the classification process, forecast-
ing, recognition process, decision-making process;
management, coding and decoding of information;
approximation of dependencies, etc. With the help
of neura networks, an important task in the field of
telecommunications is successfully solved — the
design and optimisation of communication net-
works, as well as the tasks of designing new tele-
communication networks.

Thus, the creation of automatic systems based
on a neural network consists of choosing the net-
work architecture and the selecting of the network
weights. The selection of weights is the process of
“training” the network. Neural networks turn out to
be something between a central processing unit and
a human brain. At this moment the selection of
weights is carried out using either genetic ago-
rithms or expert assessments. So, aneural network is a
computational or logical chart built from homo-
geneous processor elements, which are the simpli-
fied functional models of neurons (Figure 2).

Dynamic Neural Network

Multiple neuron
output

Figure 2. The graphical representations of the neural networks:
a — Traditional neural network; & — Dynamic neural network

Source: made by the author
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As arule, the transfer functions of all neurons
in a neura network are fixed, and the weights are
the parameters of the neural network and can
change. Some inputs of neurons are labeled as
external inputs of the neural network, and some
outputs are labeled as external outputs.

The work of the neural network is to transform
the input signal into an output signal, and this
transformation is determined by the weights of the
neural network. A formal neuron in neural networks
is a processor element, which is a data converter
that receives input data and transforms it in
accordance with a given function and parameters. A
synapse in neural networks is a connection between
formal neurons. The output signal from a neuron
enters the synapse, which transmits it to another
neuron. Complicated synapses can have memory.
As a rule, there are quite a lot of synapses in a
neural network. An adder in neural networks is a
block that sums up the signals coming from neurons
through synapses. In a general case, an adder can
transform signals and transmit them to neurons or
adders al so through synapses.

3. Graphical representation of the main
elements of a finite machine
on formal neurons

Let the functions of the finite automaton be
given. It is necessary to build its block diagram on
formal neurons. Thus, it is necessary to show the
connection between the structure of an ordinary
network model and the structure of an automaton
based on forma neurons (AFN). To solve this
problem, an ordinary normal network models can be
used [23], since they contain the vertices of only
well-defined types. Structural-optimal network
models are best suited since they do not have the
simplest vertices in which no logical functions are
implemented. It is known that the canonical edge
graph has four types of vertices [23]. These four
types of vertices are similar to the main types of
structural formations of the nervous system of
living beings, which includes:

e Receptors — nerve endings that transmit
external excitations to the nervous system (cells that
have only outputs);

e Neurons — are nerve cells with m, > 1
inputs (dendrites) and only one output (axon) (a
formal neuron has the same structure [23];

e Branching of axons that transmit nerve
excitations to other neurons and tissues, that is, the
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elements of the nervous system that have one input
and m, > 1 outputs;

o Effectors (endings) that transmit nerve exci-
tations to the working organs, that is, cells that have
only inputs from the nervous system.

The obvious analogy between the structure of a
canonical edge graph and that of a neural network,
as well as between the structure of one of the types
of vertices of a canonical edge graph and that of a
formal neuron, leads to the reasonable assumption
that canonical edge graphs can be used in order to:

e Formalise the synthesis of the structure of
automatic devices and systems built on formal neu-
rons,

e Formalise the synthesis of mathematical
models that would enable studying individual
functions of the nervous system of a living
organism, implemented in accordance with a given
logic and a set of external excitations.

The stated assumption is quite consistent with
the theorem given in [24] that any finite automaton
can be replaced by a suitable network of formal
neurons.

The question arises: is it possible, using the
principle of normalizing, to transform the diagram
of a given finite machine into a network consisting
of formal neurons? Using the example of normal
algorithm synthesis [23], it was shown that operators
can be represented as arcs of a canonical edge
graph, connecting vertices of certain four types.
Thus, it turns out that there is a similarity between
the structure of the nervous system and the structure
of norma agorithms. This similarity alows us to
suggest that the basis of nervous activity, including
higher, apparently, is a process similar to a normal
algorithm, although, most likely, everything happens
the other way around: normal algorithms intuitively
reflect the internal activity of the nervous system.

Another consideration leads to these assump-
tions. Any change in the canonical system of binary
relations by introducing additional links (pairs
(qi,q ]-) of elements) violates the canonicity of the
system of binary relations and requires its normali-
sation, which is associated with an increase in the
order of the matrix and a change in the structure of
the graph and the corresponding normal algorithm.
Probably something similar occurs in the process of
higher nervous activity. A new external stimulus or
new needs, which the body's response to these
stimuli must meet, is equivalent to establishing new
connections in the brain. This violates the “normal
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algorithm” existing in the brain and requires its new
normalisation, which is because new brain cells are
involved. All this is smilar to the An —
transformation of the adjacency matrix until the
“agorithm” becomes norma again. One more
suggestion should be added. The structure of a
normalized matrix always depends on what new
links need to be normalised. The emergence of the
required new connections will determine the nature
and the result of the work of the new algorithm of
the nervous system model.

4. The formulation of the problem

From all that has been said above, it is clear
that any neura network is a finite state machine.
Likewise, any state machine can be replaced with a
suitable neura network. Therefore, the problems of
structural synthesis, both for the neura networks
and the finite machine, can be solved by the same
methods.

Consequently, one can try to build a model of
the nervous system that organises itself under the
influence of external stimuli and find expedient
external stimuli and methods of self-organisation.
The above assumptions may seem very bold, but
automatic devices based on formal neurons have a
very high reliability [24], so the solution of the

0
@O O
0 O

a

problem of their synthesis is certainly very impor-
tant and relevant.

Let us consider an example of synthesising a
block diagram of afinite machine on formal neurons.
In terms of network models, a forma neuron,
together with its output (axon), can be represented
as an arc of a directed graph, the initial vertex of
which must be of the second type, and the final
vertex must be of the third type. Let us give conven-
tional names to the types of vertices of the canoni-
cal edge graph (Figure 3, a) by analogy with neural
networks:

o Vertex of thefirst typeisareceptor.

e Vertex of the second type is aneuron.

e Vertex of the third kind is an axon.

o Vertex of the fourth type is an effector.

Note that these vertices are considered together
with their inputs and outputs. Each of these vertices
can be connected by an arc with the other vertices
(Figure 3).

Possible connections of neural network vertices
are shown in the matrix in Figure4, a. The same
figure shows the second matrix (Figure 4, b), where
the units are replaced by conventional signs that
determine the nature of the connections of the arc
connecting the nodes of the neural network with
other arcs.

0 Q
OG-0 O
0 O

d

C

Figure 3. Types of the neural network vertices:
a— Receptor: pO(p) = 0; p™M(p) = 1; b— Neuron: pO(m) > 1; pP(u) = 1;
c— Axon: p (@) = 1; p™M(a) = 1; d —Effector: p I (3) = 1; pMP(3) = 0
Source: made by the author

PHADH PHAD
PlOo|1]1]1 Pl | o|l=1>11
H0o|1]1]1 H|
Aloj1]1]1 A AN - ||
5(0/0/0/0 3 ZINENEN
a b

Figure 4. Possible neural network connections:
a — Matrix of the connections of neural network vertices;
b — Matrix with conventional signs that determine the nature of the connections of the arcs,
and the table with conventional signs
Source: made by the author
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Let usintroduce the following characteristics of
arc connections in a neural network:

e 1j—; —isthe specific “load” of the j-th arc
coming out of some vertex, from each of the arcs
entering the initial vertex of the j-th arc;

e u;—j — isthe “participation share’ of the
i-th arc in the "load" of al arcs emerging from the
vertex, which isthe end of the i-th arc.

The calculation of A;_; and y; — ; is performed
as follows. For a normal adjacency matrix, the ma-
trix [Jwg;||} of the “relative weights’ of the le-

ments of the adjacency matrix is calculated.
For each r;; = 1 the corresponding value of w;;

will be:

>

abcdefghnn
ajN1]1 2

b 1 1
HF‘E; 1/1)1 3
il d 1|1
€ 111

f 1 1
g|1 1
>, hia 1

A 21121112

Then:

n n
Aj=i = Z wij; Pi=j = Z wjj-

i=1/; =Y
For example, let the matrix ||rij||11 be given
(see Figure 5, a). For this matrix let us calculate the
matrix [lw;|” and the values A—; and p-;
(Figure 5b). Values 4;-;; p;=;, as well asZ?zl/j 7ij
and X7 )Ty are calculated for each row of the

matrix ||r; ]||f completely determine the types of the

initial and final vertices of any arc of the edge graph
corresponding to one or ancther row of the matrix.
Since an axon can have one or more outputs, the
total number of options for arcs connecting the
vertices of the neural network is 16. All these
options are presented in amatrix and graphical form
in Figure6 and in Tables 1 and 2.

NN
NS

9| % %2
hl % %

Ayl BB1KKKL

b

Figure 5. Matrixes 771 |[r||" and wj7n ||w;|:

.. n . .
a — rjj1n |||, — Matrix of connections of the neural network;

b— wij1n ||w;||” — Matrix of the relative weights of the neural network elements

Source: made by the author

Table 1
Boolean vertexes
Boolean vertex type AND-AND AND-OR AND-AND/OR OR-AND AND/OR-AND
Sub-item number | Il 11l \% \Y
Table 2

Conventional symbols

p=0-

B A<1-

)\=1—>‘
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Figure 6. Sub-options of arcs connecting neural network vertices
Source: made by the author

The same options with the corresponding values
/1j=i; I'li=j; Zi=1/jrij; Zj=1/irij are presented in
Table 3. Table 3 shows the possible types of
Boolean vertices, the designation of which is in
Tables 1 and 2 and in Figure 7. Taking into account
the Boolean types of vertices, the total number of
sub-options for neural network arcs will be 110 (see
Table 3). The number of such sub-options can be
much more if, in addition to Boolean vertices,
certain types of vertices with restrictions, vertices
with negation, or vertices whose logical functions

are determined by Venn diagrams proposed for a
formal neuron [24] will be introduced. The proper-
ties of a formal neuron are described in the relevant
literature [24; 25], etc.

So, the main elements of neural network models
can be represented using the elements (vertices and
arcs) of the canonical edge graph.

Next it is necessary to consider an example of
constructing a structural diagram of an automaton
based on formal neurons (AFN) according to the
given functions of this automaton.
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Table 3
Characteristics of arcs connections
Properties of the connections Initial vertex Final vertex
Option number Number of options
Aj=i Hi=j Z €ij Z €;j | View | Booleantype |View | Boolean type
i T/
1 0 O<p <1 (0) (1) H LIV,V 9
2 0 1 (0) >1 A LILI 9
3 0 1 (0) 1 Wl A [ 3
4 0 0 (0) (0) 3 1,IV,V 9
5 1 O<pu <1 | >t (1) H LIV,V 9
6 1 1 >1 >1 A LILI 9
1LIV,V
7 1 1 >1 1 A | 3
8 1 0 >1 (0) 3 1,IV,V 9
9 0<q<1|0<y<1| (1) (1) LIL H LIV,V 9
10 1 0<pu <1 1 (M) I H LIV,V 3
11 0<A4<1 1 (1) >1 1LIL A LILII 9
12 0<A4<1 1 (1) 1 LI A | 3
13 1 1 1 >1 | A LILII 3
14 1 1 1 1 | A | 1
15 o<t <1 0 (1) (0) LILI 3 1LIV,V 2
16 1 0 1 (0) I 3 LIV,V 3

5. An example of constructing a block diagram
of a finite automaton on formal neurons

As an example, let’s consider the simplest
cases when a neuron implements only such logical
functions as: “AND” or “OR” (Figure 7, a), which
are Boolean. They determine the 6 value, the
threshold of the neuron. Let the finite machine be
given by a diagram (Figure 7, b) or Table 4. In
order to describe the states of the automaton, one
can apply the representation of the states of the
automaton using Boolean functions, depending on
the reasons that generate these states. You can then
replace each of the Boolean expressions containing
the same operations with a single character.

Let us compile a Table 5, in which we assign
the causes to each new state or output signal which
was generated by them in the form of strict
disjunctions of the intersections of input signals and
current states. For example, in order for the
automaton to transfer to the A state, it is necessary
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that the input of the machine in state B be given a
signal a, or that the input of the machine in state C
be given signal b. Next let us compose the initial
set, which includes all states, all input signals, as
well as all necessary combinations of current states
and input signals, a set of states, a set of input
signals, input and output blocks of the automaton.

Neuron Axon
inputs outputs

1
1 -~
1 E ! . . g oy
Neuron «AND»
1 \
=)~
1 -

Neuron «OR»
a b

‘ Neuron | Axon

Figure 7.
a— The simplest cases when a neuron implements only
such logical functions as: “AND” or “OR”;
b — Graph implementation of the finite machine
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Table 4

Diagram of the finite machine

Initial (current) state

B c

Initial symbol a b a b
Next state A c c A
Output symbol y B a y

Table 5

States and symbols of the finite machine
and their previous combinations

State and symbol
of the automata

Previous combination
of states and symbols

a

BNa®CNb

ANa®ANb

| (>

BNb®CNa

]

ANb®BNb

=

ANa®CNa

BNa®CNb

Table 6

Designation of both alphabetic and numeric
characters and their combinations

Elements of the initial set

Previous combinations
of elements
of initial states

Input device X
The set of the initial states X X
The set of the input states X, X

a X,
Input symbols b X

A X, ® d®e
The states of the automata B X, @D fdg

C X, © hdk

d BNa

e CNb
Combinations of current f ANa
(initial) or next states
and input symbols 4 ANb

h BNb

k CNa

a g®dh
Input symbols B fdk

14 a®e
The output of the devices Y a®fdy

Each of the elements of this set will be assigned
an alphabetic or numeric symbol (Table 6). For
each element of the second column of Table 6 in the
third column we shall indicate those elements that
precede the elements of the second column or gen-
erate them.

The diagram of the machine under consideration
includes six combinations of current states and
input signals. Let us designate these combinations
with letters: d, e, f, g, h, k. Now we can
consider the current state of B and the input signal
as causes that give rise to d element, and so on. In
turn, the state B is generated either by choosing this
state from the set X; of all initial states, or by the f
element, or by the g element. Table 6 makes it
possible create a matrix of binary relations defined
on the original set or an adjacency matrix of
elements of the original set (Figure 8). The same
figure shows tables of logical functions of neurons
and axons.

Obviously, each neuron will be formed from a
column that has more than one [;; = 1 element. In

n . .
turn, each row of the ||ll- f”1 matrix, which has more

than one [;; = 1 element, will allow one axon to be
formed. Axons will also be formed from those rows
in which there will be one [;; = 1 element, if this
element is not included in the column from which
the neuron will be formed.

The tables of neurons and axons also indicate
the logical functions they implement. The functions
of neurons are determined directly from Table 6. The
outputs of axons X, X; and X, are determined by the
fact that at the same time the machine can be in only
one of the three states, and only one of the two
signals can be applied to its input. In other cases,
axons (in the machine under consideration) transmit
the same signal generated by the corresponding
neuron through all outputs. For example, the axon
defined by the i = a string simultaneously transmits
asignal a to d, f and k elements.

The matrix ||ll- ]||711 is normalized. In this case, the
cyclomatic number of the graph remains unchanged.
In the ||li ]”;l matrix, the [;; = 1 elements that are
subjected to the An — transformation are circled. Let
us denote these elements as fij. The condition of
conservation of the cyclomatic number allows us to

immediately calculate all the main characteristics of
canonical graphs (Figure 8):
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Figure 8. An adjacency matrix of the elements of the original (n, = 18) set.
Logical functions of the neurons and the axons
Source: made by the author

The order of the matrix:
n, =ny+An = 18 + 27 = 45.

The cyclomatic number:

v(Hk)zv(G)+ZZeij—n0+1=
i
=34-18+1=17.

The number of arcs of the canonical edge
graph: v(Qy) = ny = 45.

The number of the vertexes of the canonica
edge graph:

v(V)) =n,—v(H,) +1=45-17 + 1 = 29.

The number of the arcs of the canonical edge
graph:

v(I) =ZZeU+EZéU =34+27 =
i i
= 61.

e The number of the vertexes of the canonical
vertex graph: v(Qy) = n, = 45.
The normal matrix ||7;;||” of the finite machine

neural network is shown in Figure 9. Table 7 sum-
marizes the characteristics of the arcs of the
canonical edge graph with their initial and final
vertices as elements of a neural network of a finite
machine. The construction of a block diagram of a
finite automaton by the ||FU||: matrix (Figure 9) and
Table7 is easy. Scheme in the form of an edge
graph is shown in Figure 10. It is easy to verify that
this circuit exactly performs the functions of agiven
finite state machine.

Let us set the automaton represented by the di-
agram in Figure 7, b, initial state A and input signal
program ababab ...

Then the aternation of new states and output
signaswill be asfollows:

e |nitial and current state of ABCCAB ...;

e ababab... inputs;

e Following states BCCAB ...;

e Output signals BaByp ...
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Elements of the

Neural network
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Figure 9. The normal matrix ||7;||” of the finite machine

Source: made by the author

Types of the neuron network vertices

Output D > ‘
i1 big 17
Tput AND ) or 1Y AND/OR
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G AND @ AND @ OR A D/OR
|
(ujom | 2%
] AND/
Il AND/| OR/
OR | AND

Figure 10. The graph of a finite automaton
Source: made by the author
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Table 7
The characteristics of the arcs of the canonical edge graph with their initial
and final vertices as elements of a neural network of a finite machine
Initial vertex - Final vertex
. . Purpose of the finite state
Elements of the finite machine . A Output
Type Input function machine element Type .
function
Input device. I START The task of start and the work of the program | IlI X:NX,
Sensors of initial states " X.NX Setting initial states Il A @ BBC
and input symbols v Setting input symbol I a®b
¥ Passing command to state A \" A
Signal transmission operations 1l 4 691 B:EBC Passing command to state B \Y] B
Passing command to state C v C
! X, = Passing input symbol a | Ua
a®b Passing input symbol b | Ub
A @D d®de State implementation A | Ua
Neurons — Axons B® fd®yg State implementation B I UB
I\
C @ hdk State implementation C | uc
f
| a Passing input symbol a | d
K
9
| b Passing input symbol b | h
Signal transmission e
operations . f
A Passing command: current state A d
. K
| B Passing command: current state B | g
. h
C Passing command: current state C
e
AUa The formation of f signal Uf
AUb The formation of g signal Ug
NeUrons — AXons BUa The formation of d signal Ud
u _
BUb The formation of h signal Uh
CUa The formation of K signal UK
CUb The formation of e signal Ufe
| f Passing signal f z
. . B
g Passing signal g 4
. . A
| d Passing signal d
Signal transmission operations 1\ Z
h Passing signal h a
. . C
| K Passing signal K 5
. . A
e Passing signal e »
g®h The formation of the output symbol a
Neurons — Axons I\ fOK The formation of the output symbol g \Y a® by
d®e The formation of the output symbol y
Output device \Y | a® Dy | Passing of the output symbol | | | Y
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Let us check the operation of the neural
network according to the given program.

1. The input device X sets the program of work
for the sensor of initial states X; and the sensor of
input X, signals.

2. The sensor of initial states X; generates a
command to transfer the automaton to A state.

3. The input signal of sensor X, generates input
signals according to the program specified by the
input X device.

4. The command to switch the automaton to
state A is transmitted along the arc 3—5 to neuron
5, which implements the specified state on the arc
A (5 — 10) at the ty moment. The signal about this,
equal to 1, is transmitted at the moment ty, + 1 to
vertices 13 and 14.

5. From vertex 4, the signal |a] =1 is trans-
mitted along arcs 4—8 and 8—13, 8—15 and
8—17 to vertices 13, 15 and 17.

6. Vertex 13 is the initial vertex of the neuron
"AND", the threshold of which is equal to: 8 = 2.
Since two signals come to this vertex, neuron 13
generates a signal: f = ANa, which is transmitted
at the moment t, + 2 to vertices 6 and 26.

7. When the signal |f| = 1 enters vertex 6, this
neuron implements state B, and at time t, + 3 the
axon sends a single signal about this to vertices 15
and 16. At the same time, neuron 26 generates a f§
signal, which at time: ty + 3 is transmitted to the
output Y device.

8. Since the input signal a is implemented at
time: ty + 2, then the element X, at time: ty + 2
generates signal b, which is transmitted to vertexes
14, 16 and 18.

9. At vertex 16, the sum of the input signals is
equal to the threshold, so neuron 16 generates an h
signal, which at time: ty + 3 is transmitted from
vertex 22 to vertices 7 and 25.

10. Neuron 7 implements Cstate and neuron 25
generates « signal.

Further operation of the machine is evident and
does not require explanation. It is clear that the
obtained scheme can be completely replaced by a
real construction, including certain physical models
of formal neurons. The above example shows the
synthesis of a very simple machine, but the same
general principles can be applied to synthesise
other, more complicated machine.

Conclusion

1. The structure of the basic elements of AFN
allows their convenient graphical representation in

the form of basic elements of canonical edge graphs.
At the same time, the representation of the AFN ele-
ments, in which logical functions are implemented, is
provided by means of those elements of the cano-
nical edge graph, in which logical functions are also
implemented.

2. The similarity of the structures of canonical
edge graphs and automation on formal neurons (AFN)
allows building block diagrams of AFN automa-
tically, provided that the sets of the states, the input
and output signals of the original finite machine are
specified in the form of a finite vertex graph.

3. The implementation of An — transformation
and matrix normalization make it possible to arrange
the DFSM using a linear algorithm, and sometimes
polynomial in complexity.

4. The main advantage of this approach is that
in its implementation the representation of
complicated logical functions does not require the
use of polynomial algorithms for programming.

5. Abandoning polynomial algorithms for the
representation of logical functions will eventually
lead to a decrease in energy costs and an increase in
accuracy in their calculation. In terms of chip and
printed circuit board technologies, this can lead to a
reduction in chip size and thickness.
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Hcropus craTbu AnHoTanus. Viccinenosan nporu6 OpycbeB pa3nuyHON IUPHHBL, U3TOTOB-
IocTynuna B pefakumio: 17 mast 2023 T. JIEHHBIX U3 aTIOMHHHEBOTO Mareprana, MetonoM Taryun. IllupuHa obpas-
Jlopa6oTana: 22 asrycra 2023 . 1I0B, BEIOpaHHBIX AJISI SKCIIEpUMEHTa, cocTaBiseT 10, 15 u 20 MM, a mpuio-
skeHHast Harpy3ka — 500, 1000 u 1500 r. OmbITE TPOBOAMIIACE TIPH TIOJIO-

IMpunsara k my6aukanuu: 17 centadps 2023 r.
JKEHHH Opyca ¢ OJHHUM 3aKPEIUICHHBIM M JPYIMM CBOOOJIHBIM KOHIIOM, a

TaKoKe B MO3HMLIH C 000MMH CBOOOHBIMH KOHIIaMu. Harpyska npuinoxeHa
K LIEHTpaJIbHOK To4ke Opyca. OO0paboTka pe3ybTaTOB SKCIEPUMEHTA OCY-
ABTOp 3as1BI1s1€T 06 OTCYTCTBHH mecTBisIach no mwiany «Taryun L18 (32x2')» ¢ ucmonb3oBaHHMEM IIpo-
KOH(IIMKTA HHTEPECOB. rpaMmsl «Minitaby. Ha ocHOBaHUM pe3ynbTaTOB SKCIEPUMEHTA IOCTPOEHBI
rpaduKy, ONMCHIBAIOIINE B3aUMOCBS3b MEXKIY IIPOrnOOM, HArpy3KO¥ 1 Iu-
puHOIi Opyca B 3aBUCHMOCTH OT BapUaHTa €ro YCTaHOBKH (TIO3UIHOHUPO-
BaHMA). B MccnenoBaHuM Takke NMPOBEAEH aHAHM3 Pe3yJbTaTOB dKCHEPH-
MeHTa. OnpeeneHo, YTo ONTUMAIBHBIMH 3HAYEHHSMH ONEPHPYEMBIX (KOH-
TPOJIUPYEMBIX) IIapaMeTPOB MPOruda ABILIOTCS yPOBeHb 2 (B) it ycnoBui
pa3MenieHus (MO3MIHUOHNPOBAHNS), YPOBEHb | I IPHIOKEHHOH HAarpy3Ku
(500 r) u yposens 3 (20 mm) i mupuHbl 6pyca. CornacHo pe3ynbTaraM
ANOVA, OCHOBHBIM (aKTOpOM, BIHSIOIIUM Ha MPOrud, sBIsSETCS
Harpyska, IpuioxeHHas k 6pycy. KoaddunueHt oTHocuTenbHOro Bo3aei-
ctBus cocranisiet 40,12 %. Koadduunent oTHOCHTENBHOTO BAMSHUS YCIIO-
BHI MO3UIIMOHUPOBAHMS Ha Mporud coctasiser 29,68 %, a koapduuueHt
OTHOCHTENBHOTO BIHMAHUS IHpHHEI Opyca — 18,30 %. ITo pe3ynbraTtam pe-
IPECCUOHHOIO aHa/IN3a CO3/laHa MaTeMaTHYeCKasi MOJIENIb U3MEHEHHS IIPO-
ruda B 3aBUCHMOCTH OT HArPy3KH U IIMPHHBI Opyca COOTBETCTBEHHO II0JIO-
JKEHUIO YCTaHOBKHU Opyca.
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Abstract. The deflection of rods with different widths made of aluminum material was
studied using the Taguchi method. The widths of the samples selected for the experiment
are 10, 15 and 20 mm, while the applied load is 500, 1000 and 1500 g. The experiments
were carried out with the rod in position with one fixed and the other free ends, as well
as in position with both free ends. The load was applied to the central point of the rod.
The results of the experiment were processed according to the Taguchi L18 (32x2!) plan
using the Minitab program. Based on the experimental results, graphs describing the
relationship between deflection, load and rod width according to the option of its
installation (positioning) are plotted. The study also analysed the results of the
experiment. The optimum values of the operated (controlled) deflection parameters were
determined to be level 2 (B) for placement (positioning) conditions, level 1 for the applied
load (500 g) and level 3 (20 mm) for the rod width. According to the results of ANOVA,
the main factor affecting the deflection is the load applied to the rod. The relative impact
coefficient was 40.12 %. The relative influence coefficient of positioning conditions on
deflection was 29.6 8 % and the relative influence coefficient of rod width was 18.30 %.
Based on the results of regression analysis, a mathematical model of deflection variation
as a function of load and rod width was developed accordingly to the position of rod
installation.

Keywords: variance analysis, method of fixing the rod ends, load, controllable factors,
regression analysis

For citation

Rzayev NS. A study of deflection of rods with different widths using the Taguchi method. RUDN Journal of Engineering
Research. 2023;24(4):365-372. (In Russ.) http://doi.org/10.22363/2312-8143-2023-24-4-365-372

BBepeHune

Kax u3BecTHO, UMEIOTCS Cllydau, KOTJa Iioc-
KOCTh BO3JIEHCTBHSI CHJI Ha OpyC MPOXOIUT 4Yepes
ero ock. B pe3ynbrare neiicTBUs MOJ00HBIX CHIT B

Bpychs U3 aJrOMHHHUEBOTO MaTepHana HaILIH
[IUPOKOEC MPUMEHEHHE B Pa3IMYHBIX O0ONACTSIX
HayKU, TEXHUKH U IPOU3BOACTBA. B mponecce 3kc-
IUTyaTallid 3TH OpyChsS CTHOAOTCS W TEPSIIOT
YCTOWYMBOCTD MOJ BO3JCHCTBHEM pPa3HOro poja
HArpy3ok. B TO e Bpemst SIBISICTCS aKTyaTbHBIM
aHayu3 nporuba, oopasyromerocst B 0pychsx. Jle-
TaJIbHO M3YYEHBI BOIPOCH YCTOWYMBOCTH B Opy-
chsix. PazpaboTaHa MeTOIMKA TEOPETUIECKOTO pac-
4era mporuda s pasauyHbIX cuTyaruid. Ho mpo-
BCACHHBIC OKCIICPUMCHTHI IOKA3bIBAIOT, YTO MCXK-
Iy TEOPETHUYECKHMH M TOJNyYCHHBIMU (aKTHUE-
CKUMH JaHHBIMH €CTh BECKHE pa3nuuus. B cBsi3u ¢
9THM aHAIN3 S3KCIEPUMEHTAIBHO TONyUYEHHBIX
3HA4YEHUI Mporuda B OPYChsIX TaKKe SBISETCS aK-
TyaJbHBIM.

CEUCHMSX, MEPIEHANKYIAPHBIX OCH, MOSBISIOTCS
BHYTpeHHHE cuiioBble (hakTopbl. B 3TOM ciyuae
Opychs moaBeprarotes Aeopmanuu nporuda. Ilo-
ny4eHsl 1uddepeHInalIbHbIE 3aBUCUMOCTH MEXIY
MIPOTHUOAIOIITIM MOMEHTOM, CHUJION Cpe3a U pacipe-
JeTICHHOM Harpy3Koil uis city4asi mporuda mpsmo-
OCHBIX OpycheB. Takxke BBIBEACHBI (hOPMYIIBI IS
pacyerta mporu6a 1 yria moBopoTa MpH pa3IHYHbIX
Harpy’kKeHUsX B 3aBUCUMOCTH OT pa3MepoB Opyca,
MOJLyJIsl yHPYTOCTH ¥ MPUI0KEHHON HArPY3KH' .
ITomyyeHsl MoIeNbHBIE YpPaBHEHUS OpycheB
IPU Pa3IMYHBIX YCIOBUAX U NOJOKEHUIX HArpy-
xeHust. OTHOBPEMEHHO TMPOBEJCH aHAIN3 BEJH-
YiH Tpornda OpycbeB B Pa3IMYHBIX CEUYCHUSIX.
HccnenoBano BIUsHKUE HA IPOTUO TAKUX apaMeT-
POB, Kak MOMEHT HHEPIMH, MOAYJb YIPYTOCTH,

' Canaxymounos I11.A., Oounyosa C.A., Iletixman JI.B. Conporeienue Marepuaios // Undpa-Unkenepus. 2022. 192 c.
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Harpyska, CKMMaroIas cuia (cuia cxatus). Jlanst
pe3yNbTaThl BIUSHUS CHII CKaThs Ha cuctemy. C
ITOMOIMIBIO CITEITUAIBHBIX CHMYJISIIIHOHHBIX MPO-
rpaMM CMOJICIIMPOBAHO COOTBETCTBUE 3aKOHOMEP-
HOCTH H3MEHEHHIO mporuba. PesynpraTsl mpo-
rpaMMHOW CHUMYJISIIMA (MOJETHPOBAHHS) CPAaBHU-
BAJINCh CO 3HAYCHUSIMHU, TIOTYYCHHBIMH B PE3yJib-
Tate sKcnepuMmeHTa. [Ipu >ToM nmHelHBIE pa3-
MepBI MTOTNIEPEYHOTO CeYeHHs Opyca MPUHUMAIIKCH
MTOCTOSTHHBIMH [1; 2].

IIpoBeneH sKkcrIepuMEHTANBHBINA U TEOpPETHYE-
CKUIl aHanmu3 mporuba OpyCheB pa3sIUYHOIO paz-
Mepa TOj JEWCTBHEM CTaTUYECKOW HAarpy3KH B
mpeaenax yupyrocta (dmactuaHoctn). B HekoTo-
pBIX TOYKaxX oOpa3ia OBLIO MOJIYYEHO OIMCAaHWe
npoduiei mporudoB U U3MEPEHBI 3HAYCHUS UX Be-
anunH. 1o Metony Taryum pa3zpaboTaH SKCHEpH-
MEHTAIILHBIA aHanu3 mporuda OpycheB, MOIBEPT-
HYTBIX Ae(OopMaItiy MpoaoJIs-HOTo Iporuda. 31ech,
B J1Ta0OpaTOPHBIX YCJIOBUAX, OBUI OCYIIECTBIICH
9KCHEPUMEHT IO MPOMOJBLHOMY TPOTHOY CTajb-
HBIX OpYChEeB M NMPOAHATU3UPOBAHBI MTOTYyUYCHHBIC
pe3ynbraThl. [lpy mraHupoBaHUM SKCTIEPUMEHTA U
MaTeMaTHKO-CTATUCTUYECKOM aHallu3e IMOTydYeH-
HBIX PEe3yJIbTATOB MCIIOIB30BATUCH MeTO Tarydn
u nporpamma «Minitaby». B 3aBucuMoctu ot npu-
JI0KEHHOH BJIOJIb OCH HATPY3KH U KpEIUICHHUS KOH-
IOB OpycheB (COOTHOIICHHS [UTHH Opyca) onpee-
JIeH TIOTIePEeYHBIN MPOrud W M3ydeHa 3aKOHOMeEp-
HOCTh €r0 HW3MEHEHHs. YCTaHOBJEHO, 4YTO I
MIAPHUPHOTO COSTMHECHUSI KOHIIOB OpyCheB MpOTHo
IpU OCEBOM HArpyK€HHH IOJNy4YaeTcsl MEHBbLIE.
Taxoke yCcTaHOBJIEHO, 4TO MPOTUd OoJee NHTEHCH-
BEH IpH OOJBIINX 3HAUYEHUSX HArpy3okK. [Ipu atom
OBUTIO TMPUHSATO, YTO HATrpy3Ka NEHCTBYET HA TPH
TOYKH Opyca, a TomepeyHoe cedeHue Opyca —
Hen3MeHHo [3—7].

B npencraBnenHo# paboTe BIepBhIe U3YYEHO
M3MEHEHHUe Mporuda B 3aBHCHMOCTH OT IIUPHUHBI
Opyca, IpUIIOKCHHOW HArPy3KH U BapuaHTa ycTa-
HOBKH Opyca. Pe3ynpTarsl sxcnepumenTa oopabo-
TaHbl MeTOJI0OM Taryuu.

1. MeToabl

B cooTBercTBHM ¢ TpeOOBaHUSAMH, yKa3aH-
HBIMH B HOPMATHBHO-TEXHHUYECKOM TOKYMEHTAIIMN
9KCIIEPUMEHTATLHO-UCIIBITATEILHOTO CTEH 1A, OBLIO
oToOpaHO Tpu oOpa3ia Opyca pa3aIUYHOM K-
punbl. UHbopmanus mo obpasiaMm mpeacTaBicHa
nasee:

qmuHa: L =510 MM;

TOJIIIMHA: 5 MM;

mpuna: 10 mM; 15 mm; 20 my;

Moayib ynpyroctu: 70 I'Tla.

DKCIEPUMEHT ITPOBOIUTCS IIPH IBYX PA3HBIX
BapHaHTaX YCTAaHOBKU (TO3UIIMOHHUPOBAHUS) C
MPUMEHEHUEM TPeX Pa3HbIX Harpysok. [Ipumarae-
Mble Harpy3ku: 500, 1000 u 1500 r coOTBETCTBEHHO.
JIBa pa3nuYHBIX BapHaHTa yCTAaHOBKU OBUIH MPH-
HATHI CIICIYIOIINM 00pa3oMm:

» Opyc He 3aKperieH ¢ 00enx CTOpoH (CBO-
00AHO MO3MIMOHUPOBAH C JABYX CTOPOH). DTOT
BapUAHT YCTAHOBKH YCIIOBHO MpUHUMaeM 3a A
(puc. 1, a);

» Opyc 3aKpervieH ¢ OJHOW CTOPOHBI U CBO-
0071cH ¢ Apyroii (CBOOOIHO MO3UITMOHUPOBAH C OJ1-
HOW CTOPOHBI). DTOT BApUAHT YCTAaHOBKH OBLI ITPH-
HAT Kak B (puc. 1, 6).

o
S {

Puc. 1. Cxembl ycTaHOBKM Bpyca:
a— Bpyc He 3akpernneH ¢ 06enx CTOPOH;
6 — BpycC 3aKkpensieH C 0AHON CTOPOHbI M CBOOOAEH C APYron.
MCTOYHMUK: coCTaBneHo aBTOpOM

Figure 1. Rod installation diagrams:
a— the beam is not fixed on both sides;

6 — the beam is fixed on one side and free on the other
Source: made by the author

DKCTIepUMEHTHI TTPOBOIMINCH Ha cTeHae W100
JUTsI UCTIBITaHu Ha mporud. CTpyKTypHas cxema
TaKoW HKCIIEPUMEHTANBHOM KOMIIOHOBKH CTEHJa
BBITJISIUT CIICAYIOIUM 00pazoM (puc. 2).

B cnyuae ¢ BapuanTOM 1151 TTONTOKEHUS A 00-
paser 9 pa3MeImaroT Ha IIMHAPHIECKUX dJIEMEH-
Tax MOJBIKHBIX ONOP 2 U MPHUKIIAABIBAIOT HATPY3-
Ky 4 K LIEHTpaJbHOM TOUKe. A B ciiyyae ¢ BapHuaH-
TOM JIJIS TIOJIOXKEHUS B 00paser] ¢ 0aHOH U3 CTOPOH
JKECTKO COEIIMHSACTCSI C OMOPON C TIOMOIIBIO Kpe-
MEXKHOrO 3JIEMEHTAa U TPWKUMHOW IJIACTHHBI 6.
3HayeHne mporuda PUKCUPYETCs MPU TTOMOIIH H3-
MEpHUTEIBEHOTO TTprdopa §.

DKCIEpUMEHT ObLI MOCTPOCH Mo IiaHy Ta-
ryun L18 (3*x2"). To ecTh K0oIH4ECTBO OMEPUPY-
eMBIX (KOHTPOJIUPYEMBIX) (AKTOPOB paBHO 2, KO-
JIMYECTBO JKCIEPUMEHTOB PaBHO 27, a KOJIHYE-
CTBO TOBTOpeHU paBHO 3. Onepupyembiec (KOH-
TponupyemMble) GaKTOPBI U X YPOBHH IIPUBEICHBI
B TaOum. 1.
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Puc. 2. Cxema cTeHga ans ncnbiTaHuii Ha nporuo:
71— kopnyc; 2— NoABuXHbIE ONOPbI; 3 — KPenexXHbIN 371IEMEHT A5 Ornopbl;

4 — rpy3; 5— MarHuUTHbIN AepXxaTenb; 6 — KPENEXHbIN 3IEMEHT U MPUXKXUMHANA NIacTUHA;
7 — 3neMeHT CUN0BOI Nepenaqn; 8 — nuamepuTenbHblii pnbop; 9 — TecToBbI obpasel,
Figure 2. Diagram of the deflection test bench:

7 — Housing; 2— Movable supports; 3— Fastening element for support;

4 — Load; 5— Magnetic holder; 6 — Fastening element and pressure plate;

7— Power transmission element; § — Measuring device; 9— Test sample

Tabmuya 1/ Table 1

OnepupyemMbie (KOHTponupyembie) pakTopbl U UX YPOBHU /
Operated (controlled) factors and their levels

Onepupyemble ¢paktopbl / O6o03HaueHue / EavHnua nsmepenus / YposeHb 1/ YposeHb 2 / YposeHb 3 /
Operated factors Designation Unit of measurement Level 1 Level 2 Level 3
Harpyska / Load P q 500 1000 1500
LLinpwmHa 6pyca / Beam width B mm 10 15 20
BapuaHT yctaHosku / Installation option A; B - A B -

2. Pe3ynbTaTbl 9KCNEpPUMeEHTa

B 1a61. 2 mpuBeneHbI MOTYYSHHBIE YKCIICPH-
MEHTAaJIBHBIM MTyTEM CPEIHHUE 3HAUEHHUS TPOTHOA B
3aBHCHMOCTH OT IIMPHUHBI Opyca, BEJINYUHBI NPH-
JIOKEHHON Harpy3Kd M BapHaHTa YCTaHOBKH (I10-
3unuoHupoBanus). Taxxke B rpadudeckoit popme
Ha puc. 3, a, 6, TOKa3aHO BIMSHIE BApPUAHTOB yCTa-
HOBKH (ITO3WLIMOHMPOBAHMUS ), BIMSHIE HArpy3Kd U
mMpHuHBEl Opyca Ha mporu6. [[ns Bapuanra ycra-
HOBKH (IIO3UIMOHUPOBAHUS) A, KOTIa IPUIIOKEH-
Has Harpy3ka coctaBisieT 500 r, mporu6 ymMeHbIIa-
ercs Ha 0,5 MM, Korza mupuHa Opyca yBeITndInBa-
ercst ¢ 10 mo 15 MM, u ymenbmaetcs Ha 0,29 mwm,
KOTJia IpHHa Opyca yBennuuaercs ¢ 15 10 20 mm.
OTH, yKa3aHHbIE BBIIIE, 3HAYEHHUS COCTABIAIOT CO-
oTBeTCTBEHHO 1,19 1 0,52 MM, eclii pUIIOKEHHAS
Harpy3ka 1000 r, a mpu Harpy3ke B 1500 r coctas-
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10T cooTBeTcTBeHHO 1,81 1 0,78 mm. Jjist Bapu-
aHTa YCTaHOBKM (ITO3MLIIMOHUPOBAaHHA) B, Kornma
MpWIoKeHHast Harpy3ka cocrasiser 500 r, mpo-
ru6 ymenpmaetrcs Ha 0,18 MM, korma mupuHa
Opyca yBennuuBaercs ¢ 10 10 15 MM 1 yMeHbITIa-
ercs Ha 0,14 MM TIpH YBEJIMUCHHUH IMIAPUHEI Opyca
¢ 15 10 20 Mmm. O1H 3HaYeHHus cocTaBisAoT 0,48 u
0,24 MM COOTBETCTBEHHO AJISI NPUIIOKEHHOMN Har-
py3ku B 1000 r 1 0,78 u 0,4 MM COOTBETCTBEHHO
IU1s mpuitoskeHHo# Harpy3ku B 1500 r. Kak BunHo
U3 Pe3yJbTaTOB, BEIMYMHA NPOruda yMeHbIIa-
eTCsl MPHU COXPAHEHWM IMOCTOSHHOW HAarpy3Kd U
YBEJIIMYCHHUH IIUPHUHEL Opyca, a TAK)Ke P YBEJIH-
YeHUU Harpy3KH U COXpPaHEHUH NOCTOSIHHBIM IIH-
puHbl Opyca. CpaBHUTENBHBIA aHAIN3 3HAYCHUI
MOKa3bIBAET, YTO BEJIMYMHA MPOruda B IMOJIOXKE-
HUU B ymenbpmaetcs Ha 5055 % mo cpaBHEHHIO
¢ noJyioxxenueM A4 (puc. 3, a, 6).
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Puc. 3. NoBepxHOCTHbLIN rpaduk ans npormnba:
a— BapuaHT yCTaHOBKM (MO3ULMOHMPOBaHUA) A; 6 — BapuaHT YCTaHOBKM (NO3MLMOHMPOBaHNS) B

McTouyHUK:

COCTaB/1€eHO aBTOPOM

Figure 3. Surface plot for deflection:
a— installation option A (positioning); 6 — installation option B (positioning)
Source: made by the author

3. AHanus pe3ynbTaToOB 3KCNEepUMeHTa

3. 1. Ananmn3 cooTtHoweHunsi curtHan/wym (S/N)

HeobxoauMo paccuuTaTh COOTHOLICHUS CHI-
Han/myM (S/N) 1o meneBo (DYHKIIUH, COOTBET-
CTBYIOIIIEH AKCIIEpPUMEHTAIBHBIM JAaHHBIM. Boige-
JISFOT TPH OCHOBHBIE 1iesieBble pyHKIuu [10]:

1. Camprii 60BN (HAUOONBIIHA) — ITy4-
1005078

2. CaMplii MEHBIIWH (HAUMEHBIIUH) — JIyd-
LM

3. HoMuHaIBHBIA — JIyYIINHA:

B paccmatpuBaemoii paboTte, uToOBI Opyc ObLI
Ka4eCTBEHHBIM, IPOTrH0 JOJKEH ObITh HAaUMEHb-
muM. [losToMy npu aHanuse pe3ynpTaToB Oblia
BblOpaHa neneBas ¢yHkius «HanMenpmmii —
B3 111050508

B Tabi1. 2 mokazaHkl SKCIIEPUMEHTAIBHO TT0-
Jy4YeHHbIE 3HAYCHHUS NPOTrHda M COOTHOUICHUS

CUTHaJI/IIyM, ToTyuyeHHble MetonoM Taguchi L18
(32x2h.

Ha ocHoBe Tabiuiel oTBeTOB 10 Taryum Juist
ONTUMAJBHBIX 3HAYCHUI Mpormba ompenessieTcs
YPOBEHB OIEPHUPYEMBIX (KOHTPOIHPYEMBIX) (ak-
TOPOB, TAKUX KaK BAPUAHTHI YCTAHOBKH (TIO3ULIHO-
HUPOBaHUS), MPHUIOKEHHAsI Harpy3ka W LIMPHHA
Opyca. beun monmy4ensl mapaMeTpsl, o0ecrieurBa-
IOLIME ONTUMAJbHBIN YPOBEHb NMporuda mo cooT-
HOIIEHUSM cHUrHaJ/yM, cocrasisommue 0,0090
IUIs BAPUAHTOB YCTAHOBKU (HO3MIIMOHMPOBAHUS),
—0,52444 nns mmpuns! 6pyca u 2,12549 mist npu-
JIOXEeHHOU Harpy3ku (Tabn. 3). 3mecs paccMaTpu-
Banack neneBas GpyHxuus «HaumeHbmmii — myd-
mmidy. ONTUMaIbHBIMH 3HAaYEHUSIMUA KOHTPOIIUPY-
E€MBIX TIapaMeTpoB mporuda Obum ypoBeHb 2 (B)
JUIA BapUaHTOB YCTaHOBKH (TTO3WUIIMOHMPOBAHUSA),
ypoBeHb | mns npunoxenHoi Harpysku (500 T) u
YpOBeHb 3 M mupuHEI Opyca (20 Mm) (puc. 4).

Tabnmuya 2 / Table 2
Pe3ynbTaTtbl 3KCnepmnmeHTa no cootHoweHuto S/N / Results of the experiment on the S/N ratio
Onepupyembie (KOHTponupyembie) pakTopsbl / BbixoaHoM akTop / PesynbTaTbl aHanu3a metogom Taryum /
Operated (controlled) factors Output factor The results of the Taguchi method analvysis
BapwaHT yctaHoBKM / Harpyska P, r/ LWnpuHa b, mm / Mporun6 f, mm/ CootHoweHwne S/N gna nporuba, dB/
Installation option Load P, g Width 6, mm Deflection 7, mm S/N ratio for deflection, dB

A 500 10 1,670 —-4,4543

A 500 15 1,106 -0,8751

A 500 20 0,816 1,7662

A 1000 10 3,416 -10,6704

A 1000 15 2,223 —-6,9388

A 1000 20 1,703 -4,6243

A 1500 10 5,193 -14,3084

A 1500 15 3,383 -10,5860
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Oxor4anne 1absn. 2 / Ending of the Table 2

Onepupyembie (KOHTponupyembie) pakTopbl / BbixogHoi akTop / Pe3ynbTartbl aHanusa metogom Taryum /
Operated (controlled) factors Output factor The results of the Taauchi method analvsis
BapwaHT ycTaHOBKM / Harpyska P, r/ LLivpuHa b, mm / Mporun6 f, mm / CooTHoweHue S/N gnsa nporuba, dB/
Installation option Load £, g Width 5, mm Deflection 7, mm S/N ratio for deflection, db

A 1500 20 2,600 -8,2995
B 500 10 0,720 2,8534
B 500 15 0,536 5,4167
B 500 20 0,396 8,0461

B 1000 10 1,550 -3,8066
B 1000 15 1,070 -0,5877
B 1000 20 0,823 1,6920
B 1500 10 2,403 -7,6151
B 1500 15 1,620 -4,1903
B 1500 20 1,220 -1,7272

Tabmuya 3/ Table 3

Ta6nuua otBeToB ana S/N v npormnba / Response table for S/N and deflection

BapuaHT ycTaHOBKM (NO3MLUOHUPOBaHUS) / Harpyska, r / LUnpwuHa 6pyca, mm /
Yposehb / Level Installation (positioning) option Load. g Beam width, mm
1 —6,55451 2,12549 -6,33357
2 0,00903 -4,15596 -2,96020
3 - -7,78774 -0,52444
Delta 6,56354 9,91323 5,80913
Rank 2 1 3

F'padunk ocHOBHbIX 3P PEKTOB AN COOTHOWEHU S/N: 3Ha4YeHUN AaHHbIX /
Main effects plot for S/N ratios: data means

Bapuanr ycranoBku /
Installation option

[

CpenHee 3Ha4eHHe COOTHOMIEHHIT S/N /
Mean of S/N ratios

A B 500

Harpy3ka P(q) /
Load P(q)

IIupuna b mm /
Width b mm

1500 10 15 20

Puc. 4. 'padurk B3aMM0O3aBMCMMOCTU Npornda ¢ BApnaHTOM YCTaHOBKM (MO3ULIMOHMPOBAHUS), HAarpy3koi 1 LWMpUHOM Bpyca
MCTOYHMK: COCTaBIEHO aBTOPOM
Figure 4. Graph of the relationship between deflection and installation (positioning) option, load and rod width
Source: made by the author

3.2. BapunaynoHHbi¥i aHaimns (ANOVA)

Bapuarmonnsiit anamms3 (ANOVA) BBITIONHS-
eTcsl JJIsl ONPECICHUs OTIENbHBIX BIUSHUKI OTe-
pupyeMbIX (KOHTpoiupyeMbix) (akropor [8—13].
B Ta6u. 4 maHbl pe3ynbTaThl BAPUAIIMOHHOTO aHa-
NM3a, TOKAa3bIBAIOIIUE BIHMSHUE TPHIOKCHHON
Harpy3KH, LIMPUHEI Opyca U BApUAaHTOB YCTAHOBKH
(TO3UIIMOHUPOBaHKA) HA MPOTUO NPHU YPOBHE Ha-
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nexHoctd — 88 %. B aT0it paboTte, mo pesynbTa-
TaM BapUalMOHHOTO aHajiu3a, Hauboiee BO3IEH-
CTBYIOLLIMM I1apaMETPOM SIBJIAETCS (haKTOp HArpysKH,
npuiIokeHHsld K Opycy. CootHomieHue (ko3¢ du-
ueHT) Bo3aekicTeus coctapiseT 40,12 %. CooTHo-
menne (ko3 UIMEHT) BO3MEHCTBUS BapHAHTOB
YCTaHOBKH (TIO3UIIMOHMPOBAHKS) Ha IMPOTrud co-
craBiseT 29,68 %, a cooTHomIeHHE (KO3 PULKEHT)
Bo3zeiicTBus mupuHsl Opyca — 18,30 %. Kpome
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TOro, OBLI MOCTPOCH rpaduk HOPMAILHON BEpo-
aTHOCTH. ['paduik HOpPMABLHON BEPOSITHOCTH Xa-
paKTepH3yeT OTKIIOHEHHE OTIENILHBIX 3HAYCHUH 10

CPaBHEHHIO C YPaBHEHHEM PErpecCHOHHON MOICTIH.
Touku, CrpynnupoOBaHHbIC BOKPYT JIMHUH, YKA3bI-
BAIOT Ha MEHBIIIEE OTKIOHEHHE (PHC. 5)

Fpadpuk HopmanbHoW BepossiTHocTH / Normal probability plot
nporn6 fmm / deflection fmm
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Puc. 5. 'padrk HopmManbLHOM BEPOSATHOCTU. M C TO Y H M K: COCTaBNEHO aBTOPOM
Figure 5. The graph of normal probability. S o ur c e : made by the author

Tabsmuya 4/ Table 4
PesynbTaTthl Bapuauumu anga nporn6a / Results of variation for deflection
CreneHb ﬂocnegosaraenbuaﬂ CkoppekTupoBaHHas | CkKoppekTupoBaHHble | P 3HavyeHue, CreneHb
UcToYHuK / ceoGoppl / yMM / cymMmma KBaapaToB/ | cpeoHue KBagpatbl / | perpecc, %/ | Bo3peicTeus/
Source Degree s Ksan,patTc:B Adjusted sum Adjusted mean Pvalues, Degree
of freedom s?)cflus?;;?ezum of squares squares regression, % | of exposure, %
B?r‘]’:tgﬁgg’g;ao”pﬁ?l" / 1 7,699 7,699 7,6989 0,000 29,68
Harpyaka / 2 10,407 10,407 5,2035 0,000 40,12
thpa/ 2 4,749 4,749 2,3743 0,004 18,30
MorpelwHocTb
octatka / 12 3,088 3,088 0,2573 - 11,90
Marain of error
Bcero / Total 17 25,942 - - - 100,00

3.3. PerpeccuoHHbI aHains

Perpeccronnslif aHaNM3 HCHONB3YETCS IS
MOJIETUPOBaHUS W aHAIHM3a Pa3lIUYHBIX MEpPEeMeH-
HBIX, KOTOPBIC UMEIOT CBSI3b MEXKTY OJTHOM 3aBHUCH-
MOM IEPEMEHHON U OJTHOM WJIK HECKOJIbKUMH HE3a-
BHCHUMBIMH TIepeMeHHBIMHU. J[11s1 3TOTO OBLT MpOBe-
JICH PETPECCHOHHBIA aHAJM3 C HCIOJIB30BaHUEM
mporpaMMbl minitab A MaTeMaTHYECKOTO MOJIe-
JTUPOBAHUA B3aUMOJICHCTBUS ONEPUPYEMBIX (KOH-
TPOJIHPYEMBIX) (aKTOpOB M Tporuba. B pesyib-
TaTe OBUIH MOJYYCHBI CICAYIOIINe YPAaBHEHUS Pe-
TpPEeCCUU:

ITonoxenue A:

f= 2,443+ 0,001862P — 0,1232b, (1)
ITonoxeHue B:
f=1,135+0,001862P — 0,1232b . (2)

Kak BumHO U3 ypaBHEHUs, BeTUYHHA TPOruda
YBEJIMYMBACTCS C MOCTOSHHBIM YBETMYCHUEM MAaCChI
rpy3a. OHa yMEHBIIIAeTCs C YBEIMUSHHEM U PUHBI
Opyca. Ha ocHOBe 3T0i1 MOIe Tl MOYKHO PacCcunuTaTh
ONITUMAJIFHYIO BEIMYHHY Mporuda B Mpenenax 3a-
JTAHHBIX 3HAYEHU HATPY3KH U IIAPHHBL.
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3akno4yeHue

OCHOBHBIC pe3yNbTaThl, NOTYYECHHBIE B XOE
HCCIIEZIOBAaHUSI.

1.Ilo pesynpraTam S3KCIIEPHUMEHTOB MOCTpPO-
€Hbl TPEXMEpPHBIE MOBEPXHOCTHBIE Tpaduku, xa-
paKkTepH3yIoIue n3MeHeHUE MPOoruda B 3aBHCUMO-
CTH OT YPOBHEH OTIEpHUPYEMBIX (KOHTPOIHUPYEMBIX )
(bakropoB. OmnpezneneHo, 4TO 3HAYCHHWE MPOTHOa
[IpY BapHaHTe YCTAaHOBKHU (NO3UIHOHUPOBaHUs) B
npuMepHo Ha 50% MeHble, 4YeM MpHU BapuaHTe
YCTaHOBKH (TTO3UITHOHUPOBAHMS) A.

2. Ilo cootHommenusiM S/N onTHMaITEHBIMA 3Ha-
YEeHUSIMH KOHTPOJIHMPYEMBIX MapaMeTpoB Mporuda
ObLTH ypoBeHb 2 (B) nns BapraHTOB yCTAHOBKH,
ypoBeHb 1 s npunmoskeHHo# Harpy3ku (500 1)
YpOBeHb 3 Ui MHUPHUHEI Opyca (20 Mm).

3. C noMOIIBIO BAPHALIMOHHOTO aHAJIM3a OMpe-
JereHbl (DaKTOpBI, OKA3bIBAIOIIIE HAMOOJIBINIEE BITH-
stHue Ha iporu0. CormnacHo pesyibratam ANOVA,
HanOoJiee BO3JCHCTBYIOLUIMM IAapaMETPOM SIBJISI-
ercs (akTop Harpy3KH, MPUIOKEHHBIH K Opycy.
CootHomenue (K03 GUITMEHT) BO3ACHCTBHS CO-
crasistet 40,12 %. [ToxyaeHo cootHomeHue (Ko3¢d-
(ULMEHT) BO3IEWCTBUS BADHAHTOB YCTAHOBKH (ITO-
3UIMOHUPOBaHUs) Ha mporud — 29,68 % u coot-
HomreHue (KO3(PPHUITMECHT) BO3ICHCTBUS IUPHUHBI
opyca — 18,30 %.

4. C momorupio nporpammsl «Minitab» mpoBe-
JICH PETPECCHOHHBIN aHaJIN3 PE3yIbTaTOB SKCIEPH-
MEHTA, ITOJTyYeHa MaTeMaTuIecKasi MOeb 3aBHCH-
MOCTH MIpOTruda OT MPHUIIOKEHHON HArpy3KH W -
pHYHBI Opyca 0 YCIOBUSAM YCTaHOBKH (TTO3UITHOHH-
pOBaHU).
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