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LEMUONKMa3NKL

Usfuwwnwuph wpnhwlwunipyniup: dwdwuwlwlhg inbfuuhyulwu
hwdwlwpgbpnd Juplunp nbp niubt nwpwnbuwy  EGyupwdwgqupuwlwu (EU)
uwpptipp, npnup ElYunpwlwu Eubpghwt infuwlbpynd 5o dwquhuwyuuh, huly
dwquhuwlwup' dbfuwupywywuh:  gEYunpwdwquhuwlwu ndh ounphhy npwup
Ywuwwpnd Bu  nwpwnbuwly gnpdnnnyeiniuubp’ hpnw/dgnud, pnunud, wuwnnd,
wnbnwipnfund b wyu: EU uwppbipp Yphpwndnd U pwgdwphy ptwgwywnubpnud
nnpnnwwbiuthyw, wpryniuwpbpnyegniu,  pdoyngginit W wyiu: wpwd wyu
hwidwlwpgbph pwjwlwuhtu wju huwpwynpnieniuubiph, npny nbwpnw wuhtuwp £
(hund npwug hunbigpndp wwpwpunye  wbluupjulwt  funngjwdpubpnud'
EiEyunpwdwquhuwlwt nidh, Junnigwdpwihu swihbiph, uwwnynn EGYunpwluu
hgnpnygwl, quh, Yonh U wy punewgnpbiph wbuwuyyniuhg: Nwwh unp unbndynn EU
uwpptiph twuwgdsdw thniynw Juplinpugnyu fuunhp £ wnwownpynn wwjdwuubph
pwlwpuwpndp' punnibh Gunnguwdp b oswibp, hwdbdwaowpwnp thnpp Yohn,
ElGyunpwtubpghwh ng dGS  Swiuu, wofuwwnwupwht  htuwpwynphtiu  pwpép
obipdwunhtwu b wyu: Wu wbuwuyniuhg Yuplnpynd E husybu wpryniuwybn
hwoqupyw-twluwgdwihu  dbpnnutiph Yhpwnnwdp, wjuybu 5 wwpwdbupbpp
wpdtpubph owywnhdwjwgdwu fuunhpubph duwybpwynwu ni ndnwip: Nwwnh EU
uwpptiph twluwgddwu b owywnhdwwgdwu gnpdplpwgnid dbpGuwjwwi nungdwi
dwdwuwlwyhg dbpnnutiph Yhpwnndt wpnhwlwiu ghnwnbuthlwlwu fuunhp k:

UWjuwwnmwuph uywwwyp b hhduwlwy puunhpubpp: Upfluwwnwuph uywwnwyp
ElGyunpwdwquhuwywt hwdwwpgbph twuwgddwt gnpdpupwgnd dbpbuwjwlywu
nwnigdwt Yhpwnndu £ Wu bywwnwyu hpugnpstiint hwdwp nhunwplyyb) b msyb;
Gu hbwnlyw) fuunhpubipp.

1. Nunuuwuppdt  Gu dbpbuwjulwt nunmgdwt depnnubpp b Jbpnddbg
npwug Yhpwndwt huwpwynpnynivubpu fiEYunpwdwquhuwyuwt  hwdwluwngbph
twfuwgddwu  gnpdptupwgnu,  puwnpdhp Bu hGnwgnungggwu opgtilin
EGYwnpwdwgquhutbipp:

2. Nunuuwuppdtp U nnpupwg  fuwpupund  EEYunpwdwguhuph L
dwquhuwnbninghwywu htnnyny ElEyunpwdwquhuwlywu wngbjwyh
dwpbdwwhlwywu dnnbiubpp, duwynpdb) Gu win hwdwlwpgbph twuwgdwihu
wnyjwiubph onbdwpwutbpp:

3. Ywquyt) £ Jybpwdpwpé flEYunpwdwgqupup  dwpbdwnpluwywu  dnnbp,
wnwowpyyb) £ dwglhuwywt onpewu tlwpwgpnn ny gdwiht  hwywuwpnuiubph
hwdwlwpgh nddwt  Gnwuwlyp, duwdnpdbp £ Jbpwdpwnd  EGlunpwdwqupup
Uwfuwgdwihu wyjwiubiph snbdwpwup:

4. Ubpbtuwjwlwu nwnigdwtu nwuwlwpgdwu dbapnnubpnd nwnigwuyt) Bu
hGwmwgnunipywt  opjiyn  EiEYunpwdwqupuwlwiu  hwdwlwnpgbph  twhuwgdwihu



wnyjwiubph  ownbdwpwuutipp, syl Bu win hwdwlwpgbph  wwpwdbnpbph
wndbpubph nwuwlwpgiwu twfuwgdwihtu fuunhpubpp:

5. Ubipbuwjwywu nwnigdwt Ywuluwwnbudwu dbpnnubpny nwnigwudt) Gu
hGwmwgnunipywt  opjiln  EiEYwnpwdwqupuwlwiu  hwdwlwnpgbph  twhuwgdwihu
wnywiubph onbdwpwutbpp, Mgt b win  hwdwlwpgbph  wwpwdbnpbpp
wpdtpubph Ywuliwwnbudwt twiuwgdwhu fuunhpubipp:

6. Eyunpwdwgthuwlwi hwdwywpgbph twuwgddwu gnpdptewgnud nsyt|
Gu  wn hwdwlwpgbph  wwpwdbnpbph  wpdbpubph  dhswihwuppwiht L
pwqdwswihwuphpwiht  owwhdwjwgdwu  fuunhpubpp’  owywhdwjwgdwu L
dbpbuwywlwy nwnigdwt tnwuwlubph hwdwygdwdp (hhpphn dGennutn):

Lhnwgnuinyejui depnnubpp: dbpwdpwps EGyunpwdwqupup dwpbdwnhlyw-
Ywu dnnbp Yuqdbine hwdwp Yhpwndt)] b dwguhuwlwu onpwih thnfuwphudwu
ufubdwih dbpnnp, huy wn onpwt Uywpwgpnn ns gdwiht  hwywuwpnuwiubph
hwdwwpgp nwyb| £ Ununnup dbennh hpdwt ypw wnwowpyywd Gnwuwlyny:
Lhunwgnunggyuu  opjaltwubpht ninpupwg fjuwpupund L Jepwdpund
EiGYwnpwdwquhuubph, dwgquhuwnbninghwlwu  hennyny  ElEYunpwdwgupuwlyuu
wpgbjwyh  twhwgdwiht wdjuubph snbdwpwuubph nwmgdwt, huswbu twl
Uwfuwgdwihu fuunhputiph (nddwu hwdwp Yhpwnyb) Gu dbpbuwjwlwu nwnigdwu
nwuwlwpgdwyu b Jwippwwbudwu  dbennubpp: EEYnpwdwguhuwyut
hwdwlywpgbph wwpwdbwpbph owywhdwwgdwtu tutunhpubpp Médb; Gu hhpphn
dbpnnnd’ nwuwlwu L dbpbuwjwlwt nunigdwu Enwuwlubph hwdwlygdwdp:

Uzfuwnwuph ghnwlwi unpnypep.

1. dbpwdpwné biahwnpwdwquhup dwebdwnhlulywu dnnbu ne dugqupuwlwu
onpwih ninhn b hwlwnwpd fuunhputiph hwdwp dwgquhuwlwi snpwu Wywpwgpnn
ns qéwiht hwywuwpnuwiubiph hwdwywpgh ndnup:

2. Lwhuwgdswihu wndywubph nunguwidwd snbdwpwutbpp, dbpbuwjwlywu
nungdwt  nwuwlwpgdwu  n Yuwufuwnbudwt  dbpnnubpng wuwgdwihu
fjuunhpuph Mddwu Gnwuwlubpp  hbnwgnunynn  EEYunpwdwquphuwywt
hwdwlwpgbph hwdwp.

— nnpupwg fuwpufuny fiEyunpwdwquhu,
- Ybpwdpwpé fEYunpwiwgqupu,
- dwqUpuwnbninghwywu htnnwyny EiEYunpwdwquhuwywu wpgbjwy:

3. gliyunpwdwqupuwlwt  hwdwwpgbph  punipwgpwlwt wwpwdbnpbph
owwnhdwjwgdwu dhwswihwuhpwiht b pwqgdwswihwuhpwiht fuunhpubiph nddwu
hhpppn  dbpnnutpt owywhdwwgdwt U dbepbUuwjwlwt nwungdwt  Gnwuwyubph
gniqulgdwdp:

Uzuwwnwuph Yhpwnwlwi sywuwlnieniup: Lwhiwgddwy U owwhdwjwgdwu
wnwowpyynn dbpnnubipt nu Gnwuwlubpp Yupnn Bu wpryniuwybn oguinwgnpdyb)
wmwpwwbuwy  EU  hwdwYwpgbph  hGnwgnunngutu - nt twfuwgddwt
gnpdpupwgutipnd:  UwnbBuwlununyejwt  wpryniuptubpp Yhpwnybp 6 <wjwumnwup
wqqwiht  wynhnbuuhlulwu hwdwpuwpwuh (KUNC) wlwnbdhynu <wpniginiu
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(obpquuph wudwu <«Udwnndwunwgnud b EEGunpwdwquhuwlwu  hwdwlwngbip»
pwquwjhu ghwnwhbunwgnunwlywu (wpnpwwnnphuwnd’ ghinwwnbuuhulwu
fuunhpubph  Mddwu  hwdwp: Unwgywd wpryniuputipp  ubpwngtp 6o <UMK
«ElEYunpwiwquhuwywt hwdwlwpgbpp wywnndwwnphyuynud L
nnpnnwwbiuthfuwnud» dwghunpnuwlw Yppwlwt dpwgnph nuupbpwgnid:

Usfuwwnwuph wpryniupubph hpwwwpwlned: Lbnwgnunie)niuubiph
wpryniipubpu wpnwgndly Bu 6 wwwaghp woluwwnnueyniuubpnd (Gpbipp' Scopus
ghwnwwnbnblwwnywlwi ontdwpwuh hwunbuubipnud): Upryniuptbipp ubipluywgyt Gu
<UML 2021-2024pp. wwpbywu  ghunwdnnndubpnd, <UML «EGYnpwlwu
dbpbuwubp b wwwpwwnubp» wdphnuh b «Uunndwnwgnid b bGlwnpwdwquhuwywu
hwdwlywpgbp»  pwquiht  ghnwhbBinwgnuulwu  jwpnpwnnphwih  ghnwywu
ubkdhuwnubpnid:

Uwmbuwlununipjwtt  wuwwmwwumpjuup  ubpywjwgynn  npnypubpt m
hGunwgnuniyniuubph wpryniupubpp.

1. dbpwdpwpad EGYunpwdwgqupup  dwebdwwpiulywu donbjh Juqdnd L
dwqUhuwlwu onpwt  ulwpwgpnn ns qdwjht  hwjwuwpndubph hwdwlywngh
(nwdnud:

2. <bwnwgnunipywu opliyin EU hwdwluwipgbph' ninnpupwg  fjuwputund b
Ybpwdpwné LiEYwpwdwquhuutn, dwquhuwnbninghwlwu hbnniyny ElGYunpwdwg-
Uhuwwu wpgbjwy, twhuwgdwiht nyuubph snbdwpwutbph Yuginud b nwinignd
dbpbuwjwlwu nwnigdwt dbennutipny:

3. EU hwdwlwpgbph twhuwgddiwy gnpdptpwgnud bwiuwgdwihu wndjwiutph
nwuwlwpgnw dbpbuwjwlywi nunigdw depnnubipny:

4. EU hwdwlwpgbph twfuwgddwi gnpdpupwgnud twfuwgdwiht tiyjuubpp
Ywufuwwbunwd dtpkuwjwlwu nwnigdwt dbennubnpny:

5. EU hwdwlwpgbph twhuwgddwt thnynwd wywpwdbnpbph owunhdwjwgdwi
dhwswihwthowiht b pwqdwswthwthowiht  futnhpubph  nwdnud depbuwywyut
nnigdwu dbpnnubph Yhpwndwdp (hhpphn deennutipny):

Unbtwfununipjwu  Junngjuwépp b pnjwunwinyeymup:  Upjuwwnwupp
Yuwaquwsd £ 4 gniutbiphg, ubpwényenithg, bgpwhwugnuihg ni gpuluuniewu
gwulyhg: Wu awpwnpyuwd £ 125 Eonwd, wwpniuwynd £ 61 ulun, 21 wnynwuwy:

uchuusuvLek APNYdULTULLUNRE3NRLE

Unwoht qilumd ybpmdyty Gu dbpbuwywlwu nwnigdwu Gpbp  hhduwlwu
wnbuwlubpp' nwngnud nwngsny, nwnignud wnwug  nwngsh W fupwfunudwdp
nwnignd, hhduwynpdbp £ npwug  Yhpwnbhniginiup pwpn  gnpdpupwgubph
wyuwnndwinwgdwl, twuwgddwt b hwdwlwpgbph owwnhdwjwgdw fuunhpubpnud:

Loyhp Gu  EEywpwiwqupuwyuu  hwdwlwupgbph  twuwgddiwt  nuuwywu
Gnwuwlubph uwhdwuwthwynudubpp, pwpnnigynitiubpp, gnyg L wpybs UNk
dbpnnutiph Yhpwndwl wpryniwwybwnygniut ne wuhpwdbignneiniup twuwgddwu
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Gpbpnpn gilumd ubpluwjwgyl) Bu hGnwgnuineywu opjywubph’ ninnpupwg
fuwpufuny  Elywnpwdwqupuh W U hGnniyny  EjlYunpwdwquhuwlywt wpgbiwyh
dwpbdwwhlwywu dnnbjubpp, putwpyyb) u npwug Yugddwu hwdwp Yhpwndws
dbpnnubipp: dbpnwyt) 50 wyu biGlunpwdwqupuwlwt hwdwlwpgbph twuwgddwi
wynndwwnwgywd  hwdwYupgbpp, uwnwgyl] U Uwhiwgdwiht  wndjuiubpp
snbdwpwuubpp, npnup  wubhpwdbonm  Gu EU hwdwlwpgbph  uwhuwgddwu
gnpdpupwgnu UNh depnnubph Yhpwndwt hwdwp:

Ninnpupwg fjuwpufuny LiE4wnpwdwquhuph wyjwubph pnbdwpwut pungpynd
1000000 uwfuwghd: Sinbdwnpwuh jnipwpwtgnp bwiuwgdwiht wninnp wwpniuwynwd
b twhiwgddwu hwdwp wnwewnpyws dgnn fEYnpwiwgquhuwywu nidh wpdtpp,
Ywnwdwpdwt  dwenyph  quiwpubph pwuwlyp U thwenyph - hwadwpluht
stpdwuwnhéwup, onwht  pwgwyh  dwqUphuwlwu  hunnyghwih  wpdbpp,
Ywnnigwsdpwihu  gnpdwlhgubpp,  EGywpwdwquhup junwlwpdwu  Ynbh
hgnpnigynip b BlEYunpwdwquhuph wlyinhy  Unyebph (ynnuww,  thwpenypwihu
hwnnpnwwn) ghup (UWUL nnjupnd): UM henniynd wpgbjwyh sinbdwpuwup fugdyws
E onipp 650000 uwjuwgdtiph wdjwijubphg (wnnbiphg): Wuwnbn pungnyywsd bu
EiGywnpwdwquhup Yunnigwdpwipu swihbpp,  Ywnwdwpdwt Ynéh jwpdwy, @
dwqupuwlwu hnuph, UM hbnniyh dwquhuwlwu dwuthyubph Gudpswyh dwlwnp
ownddwu v wpwgnipjut b wjn Swlwwnh ypw gnpdnn Pt ElGywnpwdwqupuwlwu ndh
wndbpubpp, Yuwnwjwpdwt thwpenyeh stpdwuwnhéwun:

Ywnnigyb| k ypwdpwné Eyunpwdwquhup dwqUhuwlwu onpwjh hnfuwphtudwu
upubdwu, Yuqdyl) b wn onpwih dwebdwnhyulwu dnnbp' (2n+1) hwun ng gduihu
hwjwuwpnuiubph (1) hwdwlwnpgp: Wuwnbn, duquhuwlwt onpwh ninhn fuunph
nGwpnuw, bpp hwwnuh £ ®s dwquhuwlwu hnupp, wuhwpn Gu Fe UCNh-ubpp
(nunhwuny nbwpnd F-p) b @, Pa hnupbpp (i = 1, ..., n): <wlwnwpd fuunph
nbwpnd, pp hwpnuh F USNK-h wpdbipp, wiuhwunm Gu ®5, g b Py dwgUhuwut
hnupbipp:  Gpynmt  nbwpnwWd £ hwpntuh  Bu JGpwdwpwpsd  fYyunpwdwguhup
Ywnnigwdpwihu swihbpp' r, ra, rs, lg, br, by W3: (1) hwdwYwpgp ndyb £ Linunnup
Gnwuwyny:

D r D r
¢5R5 + ¢5R52 +f<5_5> * l]l + f<5_5> * lan +
n pnil
+f (spn ) l]lzm —®uRs — F, =0,

f(qu) Lk +f<¢m> lig + PaiRa —
—PyenRa —Fx =0, 1=1,. -5 )
f (%n)) bye +1 (mn) Ly + f ((pﬁn) L +
(32 o+ £ (52) - i +PanRa = Fie = 0,

{!175 +d4 — b5 =0,
(plii + ¢d(i+1) - ¢l§(i+1) = O,l = 1, e, = 1
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Python
scikit-learn

Decision Tree, Random Forest, Gradient Boosting, Support Vector
Naive Bayes
Decision Tree Classifier-

' Decision Tree, Gradient Boosting,
Random Forest, Support Vector, MLP Regressor,
MLP Regressor :

: ' 1-
100, ' 50 : . 5-

.5 MLP Regressor -
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wwhwueyt| £ dpghtunwd 0.0003 Yply, npp 400 wugwd thnpp £ nuwuwlwt nwuwyny
hwowpyuwjhu  dwdwuwlhhg, unyu  hwodwpluhtu  nbunipup  oguwgnpddwu
wwpwawynid:

husybu ninnpupwg fuwpufuny LiEYwnpwdwquhuh, wjuytu £ UM hennyny
EiEywnpuwliwquhuwlwu  wpgbwlyh  twpwgddwu  fuunpnd,  EEYunpwdwgupup
wotuwwnniiwlnypjuiu npnadwtu hwdwp, Yphpwndbp Gu dbpbuwjwlut  nwnigdwi
nwuwlwpgdwu wignphpdubpp: Wuwnbin jwjwgnyt wprynitupp unwgyt) £ Random
Forest Classifier-ny: Lwuwgddwu punipwgpulwi wyjwiubph, dwutwynpwwbu,
dwqupuwlwt dwuuhlubph Ywdpowyh Gwhwnht wgnnn P nidh b wyn Gwlwwnnp
owpddwt v wpwgnpjwt  wpdbpubph Juwiuwwnbudwtu  hwdwp Ghpwndwd
wignphpUubknhg jwywgnyup tink| £ Gradient Boosting Regressor-n:

Jdbpwdpwpsd  LiG4wnpwdwquputbpp, pwgh pbnp &gbn,  dhontyh b qquith
pubnubppt hwbint nu wmbnwithnfubnt gnpdwnnyehg, Ywwwpnd Gu twb Jufungh
gnpdwnnye: Uju nbiwpnd pbinp agynid £ nbwh EGYunpwdwquhup, uwwiu sh huyynd
pLbinubpht’ «ywfuynw» £ onmd wyn pubinubiphg npnowlh hbnwynpnygjwu Jpw
(npnowlh & pwgwyny): “wfung-kEtyunmpwdwgthup woluwnniuwynigjwt Yuplnp
punipwghpp  Yujnunijwu  wwpdwuu  F penph Py dwupnpuu ndh L
EiGyunpwdwquhuwlwl Py dgnn nidh hwjwuwpwlpnnipjwt wywdwup (P, = Pt): Uju
nbwpnd, npubu twiitwlwt bwiuwgdwiht ndjuubp wnwewnpynud u Py nidp b
wu d pwgwyp, npp whwp £ Yuynt wwhwwuyh Ywiungh woluwwnwuph pupwgpnid:
Ywlungh Yuyniunuygjwu whpnyep dLwynpynd b puswybiu - d-h, wjuwbu k| Py ndh
wndbipubph pnywwnpbh snndubpny:

dbpwdpwpd  BGywpwdwgupuh  Uwjuwgdwhu  wduiubph  2nbdwpwut
nwnigwuyt| £ UNR nwuwlwpgdwt b juufuwnbudwt  wignphedubipny, ybpindyb;
Gu unwgwd wpryniupubpp b punpyl] hwdbdwnwpwp  pwpdp  Gonnieiniu
wwwhndwd wignphpdubpp. wdjwubph nwuwlwpgiwt wwpwgwnut* Decision Tree
Classifier-n b Yuwuuwwbudwu nbwpnd'  CatBoost Regressor-p:  SYjwiubiph
nwuwlwpgdwu 2unphhy htwpwynp £ bnb| wwpgb) hwnwgnnynn EGYunpwdwgupup
Yppwntih lhubp Yuwiung-Etlunpwdwguhuh Ywyniuntejwi whpnypnu:
Ywuluwwnbudwu wignphpdubpp htwpwynpnign U ndbp Yuyniunejw whpnyeh
pninp - Ybwbph  hwdwp  nwniguuwd  onbdwpwuhg  Yuufuwnbub-npnoby
Ywnwywpdwu  Ynéh  UTNR-h  wpdbpubipu  onwjht  pwgwlh UL &gnn
EiEyunpwdwquhuwlwt nidh hwdwwwwwufuwt wpdbpubph hwdwp:

LY. 6-nwi gnyg bu inpywd Decision Tree nuuwluwngsny unwgywd wpryniupubipn.
Juwwnywunn Uwd Gu wjt  hwyuplhuht  Yenbpp, Gpp  EYunpwdwqupup
Yuwnwywpdwu Yndh UTNR-h nyjw) wpdtipht hwdwwwwnwufuwunn 8 swihp W Py ndp
nnipu GU qunbuynd uwhdwudwd Yuntunygjwu whpnypehg, hul Ywpdhpny tpywd
hwoquplyuwjhtu Yhawnbpp hwdwwywwnwuluwund 5o Yuyntunyejwt inhpnypht: CatBoost
Regressor-ny, 12.7%p owbipwghnt hhonnnygjwdp wofuwnnn wngwg hwppwlynud,
UTNh-h wpdtiph Yuwufuwwnbunwip Yuwnwpynw £ dnin 0.0004 upyywunid:
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.6 Decision Tree Classifier-

MLP Regressor- ,

Decision Tree Classifier-

V),
F=const ( 1.
P(Kt,K* km, KN, Kh,K4,K4.B8) -+ min: ()

, F=const ( 2).
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P(Kt. Ky, Ky Kp, Kn, Ko, Ky, Bs) = min: (3)
2) b (3) owywphdwjwgdwu fuunhpubpnd hnthnfuwwutbpp Yunnigudpwihu
Ke, Ky, Ky, Kp, Kn, Ko, Ky - gnpdwijhgubipt Bu b onwyhtu - pwgwlh  hunnilghwh Bs
wpdbipp, npnug hwdwp wnwownpynw Gu hbnlyw| uwhdwuwthwynwiubpp.
1.0 <K, <11,
10 <Ky < 11,
1.5 < Kgg < 2.0,
0.6 <K, <08,
10 <K, <11, (4)
0.02 < K, < 0.05,
1.2 <Ky <20,
0.9 < B < 1.2 (S):

Owwhdwjwgdwt  juunpnd  dhuj wotuwwnnwl  EiEnpwdwquhutbpp
nhunwpytine  tywwwynd  (4)  vwhdwuwhwynwubppt  dhwund o twbl
Eiayupwdwquhup woluwwnnwynpyniup punpnonn’ unwywpdwu Ynbh dhwpnyeh
obipdwunhbwuh wwjdwup.

B < 150 °C: (5)
huswybiu nhwnwplynn, wjuwbu k| dnw owywnhdwjwgdwt fuunhpubipp, huswbiu
uodbig, (ot Gu ghubnphy wignphedny, huly Gwwunwluwihu  $niulyghwubph
wpdtpubph  hwoydwu  dEdwpwuwl n dwdwuwlwwnwp  gnpdnnnigyniubipp
thnfuwphtdtp 6u uywwnwlwihu - $niuyghwubiph - wpdbpubph  uuluwwnbudwt
wpwgwagnpd gnpénnnuniutibpny: (5) uwhdwlwthwydwt wwwhnddwt  hwdwp
Yuwnwywpdwu  Ynéh  thwpnyph  shpdwuwnhbwtup  hwoydwt  pupwgwuwngp
thnfuwphudtp £ EGYunpwdwquputbph nuuwlwpgdwt - wpwg  gnpdnnnipjwdp:
Wuwhuny, hpwgnpdyty £ hppphn Bnutwlp, npp gniquijgnud £ owinhdwjugdwi
gbubwhly nu dbpbuwjwywu nwnigdwt wignpphpdubpp, bW npp ddwu dwdwuwyp
onipg 400 wuqwd thnpp | nuwuwlwt pwgdwihny Gnutwyny futnph nddw
punhwunip dwdwuwyhg: LY. 7-nwd, npwtu ophuwly wnpwsd £ wnwownpywsd hhpphn
Gnwuwyny uunhp 2-h (nddwu pupwgwlwngqu pun hnbpwghwubph, hul wynuwy
1-nd" luunpp 1-h L fuunhp 2-h ménuiubipny unwgywd wpryniupubipp:

Un hbnnyny EiEyunpwdwqupuwywu wpgbjwlh hwdwp, wnwownpynn hhpphn
Gnwuwyny, mdytp Gu uwpph wpwg wpéwquip wwwhnynn punypwgpwyui
dbdnipyniuubinh owinhdwjwgdw fuunhpubipp.

— dwpuhdwjwgub] Jwquhuwlwu dwuthlubph Yudpowlh dwljwwnht gnpénn
EiGyunpwdwquhuwlwl ndp, Bipp F=const (luunhp 3).
P:(dp, hs, he, I, Iy, U) - max, (6)
— dwpuhdwjwgub] dwquhuwlwu dwuthyubph Yuwdpswyh dwlwnp pwpddwu
wpwanipniup, Bpp F=const (luunhp 4).
v(dy, hg, he, 1, 1y, U) > max: 7
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GA Power convergence

30 40 50
Generation

Power (best per ger )

.7 '
(Generation)
1- 2-
1 2
0.1342 0.13
, 0.1457 0.13
1, 0.205 0.2181
1, 0.3811 0.376
bh, 0.1446 0.1345
, 0.0999 0.0821
, 0.0456 0.0727
P, 1850.35 1492.08
v, 188.05 290.875
(6) ]
' P
0.034 < d < 0.042,
0.0031 < < 0.0039,
0.007 < < 0.0085,
0.028 < 1 < 0.034,
0.01 < 1 < 0.012,
{ =1[12,24,48].
(8)
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®)

. 8. '
(Generation)

@ @©
@ ) ( 5, 6):
(6) @

, vmin, vmax, Pmm, pmax , ,

_ \\//fy-\_\\//mln pry}-prmln

pmax_pmin

wnorm (

pnorm(y\
~ ymax_ymin * ~

"V(X) =ViKAKAKAKAKAKABG), P(X) =2 (~ ~ , A~ Al< 68),
fOO =f{kt,Kj, KM, 1< ,Kh, B9):
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f(X) = aVnorm(X)+(1-a)Pnorm(X) -+ min, 9)

a e [0,1] ,
5- @ O
9)
V(X), P(X)
, 0 < 150°C
a
2.
2.
5-
a Bs K, Kd K K, Ka K, v P,
0.9 0.964454 1 15 0.799722 1.058203 0.049233 1.878623 190.012525 1858.01329

0.7 0.977320 1.099395 1.500092 0.705275 1.036968 0.046993 1.652794 190.492972 1837.09005
0.5 1015013 1.099997 1.500009 0.799339 1015372 0.05 1.93"M 216.945334 1641.02920
0.3 0.930780 11 1504788 0.765722 1.064715 0.030311 1.842703 241.391837 1553.17111
01 0983103 1.081273 1578794 0.750511 1.069770 0.043114 1726178 270.0555: 1492.88663

V* = 188.054066 ( 1) * = 1492.076 ( 2)
o= "PE)PR2N NV(E)-FR2, (10)

(10
( 6) : ,

X =<0 A {1 88
?(")
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0.9

0.7

0.5

0.3

0.1

0.041999

0.041999

0.041933

0.042

0.041999

®

0.003776

0.003887

0.003999

0.003382

0.0039

0.007001

0.007038

0.007004

0.0073

0.007276

1,
0.02800
0.030115
0.033999
0.033033

0.033955

1,
0.010725
0.010744
0.010800
0.010768

0.010599

8):

17

18

08

18

08

7)

v/
31.71986
36.40877
01.83242
00.90833

01.01778

82.27315

81.74585

80.77181

80.8877

80.6055

0.94799

0.85833

0.86777

0.88114

0.927177



wnwownpywsd wndjwjubph hwdwudpbph' depbuwwlwu nwngdwt nuuwluwpgdwu
dbpennubiph Yhpwndwdp:

5. Unweowpyytip L ppwgnpdyty £ EEyunpwdwqupuubph Uwfuwgdtphp
Jwuwwpdwt  (Gwfuwgdwht  wnduiubph  npnodwt)  Bnutwyp  dbpbuwjwlwi
nnigdwu juujuwwnbudwu dbpnnubph Yhpwndwdp:

6. Unwowplyb b hpwgnpdyti| k EEYunpwdwquhuubph owunhdw] bwiuwgddwt
hhpphn  Bnwuwyn' owwpdwjwgdwu U Jdbepbuwjwywu  nwnigdwlu  deennubph
hwdwlygqws Yhpwndwdp:
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APCEH APAMAUCOBUY OIrAHECAH

OuccepTaumna Ha Temy «[IpoeKTUpOBaHUe 3NEKTPOMArHUTHBIX CUCTEM C
NPUMEHEHUEM MALUMHHOIO O6y4YeHNA» MO CreuuanbHOCTU « DNeKTPOTEXHUKA,
aneKTpoMexaHuKa, anektpotexHonorum» - 05.09.01
Ha COMCKaHWe Y4eHOI CTeneHn KaHaMaaTa TEXHUYECKUX HayK

3awmra aucceptaumm coctontca 15.07.2026 B 13% B ayauTopun 2445 HauuoHanbHoro
NOMTEXHUYECKOTO YHUBEPCUTETA ApMEHUM
Ha 3acefaHun cneumanmsnposaHHoro coseta 038 - «neKTpoTexHUKa»

PE3IOME

AnekTpomarHuTHble (M) ycTpoiicTBa pasnMyHbIX TUMOB UrpalT BaKHYKO poib B
COBPEMEHHbIX TEXHUYECKUX CUCTeMax, nNpeobpasys 3NEKTPUYECKYIO 3HEpruio B
MarHUTHYKO, @ MarHUTHYIO - B MexaHWuYeckyto. bnaropjapa 3nekTpomarHUTHON cune oHu
BbIMONHAKT pasHoobpasHble onepauuu TonkaHue/MpUTANKEHWEe, 3axBaT, BpalLeHue,
nepemelleHue M jgpyrue. DM ycTpoicTBa NPUMEHAOTCA BO MHOrMX obnacTax:
poboTOTEXHUKA, MPOMBILLNEHHOCTb, MeAuuMHa M apyrve. HecMoTpa Ha poctatodHo
LUMPOKNE BO3MOMHOCTM 3TUX CUCTEM, B pALe ClydYaeB WX WHTErpauua B pasiuyHble
TEXHUYECKNE  KOHCTPYKLUMM  OKa3blBaeTCA  HEBOBMONKHOM C  TOYKM  3peHuA
3NEKTPOMArHUTHOW CUIbl, KOHCTPYKTUBHbBIX pasMepoB, MOTpebnAemMoil 3neKTpuuecKoi
MOLLIHOCTW, CTOMMOCTM, MacChl W [pyrMX XxapakTepucTuk. [lostomy Ha 3Tane
MPOEKTMPOBAHUA BHOBb co3pasaembix DM ycTpoiicTe BaHelllell 3ajayeil Asnaerca
cobniofileHne npepbABAAEMbIX YCNOBUI - Npuemnemas KOHCTPyKuuAa u  rabaputbl,
CpaBHUTENbHO Hebonbllas Macca, HEBbICOKMIA pacxof, 3JIEKTPO3HEPIUU, MaKCUMaIbHO
BO3MOMHaA paboyad TemnepaTypa v Tak jpganee. C 3TOW TOYKM 3PEHUA BaKHYIO ponb
UrpatoT Kak npymeHeHne 3HheKTUBHBIX PacYETHO-MPOEKTUPOBOYHbBIX METOAOB, Tak W
MocTaHOBKa U pelleHne 3aday onTuMM3aLMK napameTpos. CnefoBaTenbHO, NMpUMEHeHUe
COBPEMEHHbIX METOLOB MAalUMHHOrO 0OyyeHUs B MpoLecce MpPOeKTUPOBaHUA WU
onTummM3saLm 3M ycTpoICTB ABNABTCA aKTyallbHOW Hay4YHO-TEXHWUYECKO 3apajeid.

LLenbto paboTbl ABNAETCA MNPUMEHEHME MallMHHOro oby4yeHWa B npouecce
MPOEKTUPOBAHMA NEKTPOMArHUTHBIX CUCTEM.

Hayynasa HoBu3Ha.

- Martematnyeckad Mojenb MOABEMHOIO 3NEKTPOMArHUTa WM peLleHue CUCTEMbI
HeNUHerHbIX ypaBHEHW, ONMUCHIBAIOLLMX MATHUTHYHO LieMb, 1A NpAMON u obpaTtHoli 3agay

MarHuTHOM Lenu.

19



- ObyyeHHble 6a3bl NPOEKTHBLIX JaHHBIX W CMOCODbI peLLeHNA MPOEKTHBIX 3aiay C
npUMeHeHVeM METO0B KNacCUPUKALMM 1 NMPOrHO3VPOBAaHWA MALUMHHOMO ObyYeHus gns
uccnenyeMbix aNeKTPOMarHUTHBIX CUCTEM:

= 3MEKTPOMArHUT C NPAMOXOLHBIM AKOPEM,
" NOLLEMHbIN INEKTPOMArHuT,
® 3MEKTPOMarHWUTHbI TOPMO3 C MarHUTOPEONOMMUYECKOW XUAKOCTBIO.

- MeToAbl peleHna O4HO M MHOTOKpUTEPUANbHbBIX 33fa4 ONTYMU3aLUM NapaMeTpoB
3NEKTPOMArHUTHbIX CUCTEM C COYETAHMEM METOAOB ONTUMM3ALMMN 1 MALLIMHHOIO ObyyeHus
(rmbpupHbie MeTobl).

OCHOBHbIE BbIBOAbI

1. TlpoBeneH aHanu3 Hay4HO-TEXHUYECKOW NUTepaTypbl, BbIABUBLLUI crneupudpuky u
BO3MOMHOCTU MNPUMEHEHUA METOLOB MAlUMHHOTO ODy4YeHUA B WCCNELOBAHWAX U
MPOEKTUPOBAHUM PA3NNYHBIX CUCTEM, BKMIOYAA MEKTPOMArHNTHbIE.

2. B Kkauectee obbexta wuccnefosaHuA ObinM BblOpaHbl  TUNWYHbIE  MpPUMEPBI
KNacCMYeCKMX IMEKTPOMArHUTHbIX CUCTEM — 3NEKTPOMAarHWT C MPAMOXOAHbLIM AKOPEM W
NOABbEMHbIA SNEKTPOMArHUT, a TaKkiKe pacrnpoCTPaHEHHbIA TWUM 3NEKTPOMarHUToB ¢
MarHUTOPEONOrMHeckon MUIKOCTbIO - TopMmo3. PaccMoTpeHbl paboune xapakTepucTUkm
3NEKTPOMArHUTHbIX CUCTEM C TPAMOXOJHbIM AKOPEM W  MarHUTOPEOSIOrUYECKOM
MUAKOCTBIO, MaTemMaTUyecKne MOJENN 3TUX 3EKTPOMArHUTOB M aBTOMaTW3MPOBAHHbIE
cuctembl  npoekTuposaHuA. CocTaBneHa mateMaTMueckaa  Mojenb  MOJbEMHOro
3MEKTPOMArHUTa U MPEeMJIOKEH MEeToJ, PELUEHUA CUCTEMbl HENUHEWHHbIX ypaBHEHWIA,
onucbIBatoLLLeid MarHUTHYIO Lierb.

3. CoctaBneHbl 1 obyvyeHbl  6a3bl  NPOEKTHbIX  JaHHbIX  UCCaeayemblx
3MEKTPOMAarHUTHbIX CUCTEM, C WCMOMb30BaHMEM METOOB MALUMHHOTO  ObyYeHuA.
MpoBepeH CpaBHUTENLHBIN aHaIM3 aarOpUTMOB KNacCUMKaLMW W MPOrHO3MPOBaHUA,
UCMOJNb30BaHHbIX AA obyueHus, 1 BblbpaHbl Hanbonee atpheKTUBHbBIE ITOPUTMBI.

4. TpepnoxeH u peanusosaH crocod oueHkn pabotocnocobHocTn pa3paboTaHHbIX
YCTPOICTB Ha HayanbHOM 3Tane MPOEKTUPOBAaHMA Ha OcHose 6a3 JaHHbIX W C
UCMONb30BaHNEM METOAOB KnaccurKaLum MalLMHHOTO obyyeHnA.

5. Tpepnosen 1 peanusoBaH cnocod NPOEKTUPOBaHUA (ONPEAENeHUA MPOEKTHbIX
AaHHbIX) 3NEeKTPOMarHUTOB C CMOb30BaHMEM Da3 JaHHbLIX U C UCMONb30BaHNeM METOA0B
MPOrHO3UpPOBaHUA MALLMHHOIO OBy4eHHA.

6. lMpepnoxeH M peannzoBaH rMOPUAHBIA METOL ONTUMANBLHOrO MPOEKTUPOBAHUA

INEeKTPOMarHuToB, ¢ co4eTaHneM METOL0B ONTUMU3aunn U MallMHHOIO O6y‘-IeHl/If|.
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ARSEN ARAMAYIS HOVHANNISYAN

Dissertation on the topic "Design of electromagnetic systems using machine
learning" in the specialty "Electro engineering, Electromechanics, Electrotechnologies”
- 05.09.01 for the degree of Candidate of Technical Sciences

Dissertation defense will be held 15.07.2026 at 1322 in the auditorium 2445 of the
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038 - "Electrical Engineering”

SUMMARY

Electromagnetic (EM) devices of various types play an important role in modern
technical systems, converting electrical energy into magnetic energy, and magnetic energy
into mechanical energy. By means of electromagnetic force, they perform various
operations pushing/pulling, gripping, and others. EM devices are used in numerous fields:
robotics, industry, medicine, and others. Despite the broad capabilities of these systems,
in certain cases their integration into various technical structures proves impossible, from
the standpoint of electromagnetic force, structural dimensions, consumed electrical
power, cost, weight, and other characteristics. Therefore, at the design stage of newly
created EM devices, the most important task is satisfying the imposed conditions
acceptable structure and dimensions, comparatively low weight, modest electrical energy
consumption, the highest possible operating temperature, and so on. From this
perspective, both the application of efficient computational-design methods and the
formulation and solution of parameter value optimization problems are of great
importance. Therefore, the application of modern machine learning methods in the
process of designing and optimizing EM devices is a current scientific-technical challenge.

The goal of the work is the application of machine learning in the design process of
electromagnetic systems.

Scientific novelty.

- The mathematical model of a lifting electromagnet and the solution of the system of
nonlinear equations describing the magnetic circuit for the direct and inverse problems
of the magnetic circuit.

- Trained databases of design data, and methods for solving design problems using
machine learning classification and prediction methods for the electromagnetic systems
investigated:
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m electromagnet with a straight armature,
m lifting electromagnet,
m electromagnetic brake with magnetorheological fluid.

- Methods for solving one-objective and multi-objective problems of characteristic
parameters optimization of electromagnetic systems, combining optimization and machine
learning approaches (hybrid methods).

Main conclusions

1 A reviewofscientificandtechnical literaturewascarried out,revealingthefeatures
and possibilities oS applyingmachieelearniermethods te the cesanrch aa0 design of
vsrioassystemsi iei*lnininu elrc"Ogsaaunefe.

2. As neeobjecto oCfhe ™ecrcOlbr*1™a typical exemplesotelassicalnleahromagnetic
systems: electromagnet with a straight armature and lifting electromagnet, as well as a
widely used taee of eleetromagnetic Mstwtr withreagnetoereological fln"i ncetely the
brake, were selected. The operating features, mathematical models, and computer-aided
design sestemp of nleahsomsynetic sysSems criSt r seiaright armature and
sagnetorCuological i*uel « N6 N, g mattematical marel of a lifting
electromagnet was developed, and a method for solving the system of nonlinear equations
desnribingche manae in ciacuitwasproposed.

3. Daeabasesp eeriha|ta™m”1”ere eorthelevastigaSee elortsmmagnetirsnsr:ems were
Pormed and aramed amiss mahhiae laarrirnmethodr. A cvaaasativeanalysis of the
elassificatioa andpreelcCios algorithms dred fonthaieisg wannarriea duCandtee most
efficient algorithms were selected.

4. AmeCOmP forevaluatirc tC™"Wtc"\bOitd efahnidhea deric al Sidinitial design
sremh basednr tha uarde asia sethurien med'ana iaerning elaohigcaliion weseods was
aroaosedand implnmantdd.

5. A design method of electromagnets (design data determination) using machine
IharniagpredicOnn aetOadnhaceaenproposeaan ianlemented.

6. A hybrid method for the optimal design of electromagnets based on the combined
aadievliicda of nptimieation anC maerina leamirig reateoOe was proposed and
imalhmeated.
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