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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6e0endi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an10blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonocuu u
MeXHUYecKux Hayk» Ovlin npunsm 015 unoexkcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvheuuie2o npuHAmMu
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiHceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.



Bac pegakrop

JK¥PBIHOB Mypar /KypbIHYIbI, XUMHS FBUIBIMAAPBIHBIH JOKTOPEL, mpodeccop, KP ¥YFA
akajemuri, «Kasakcran PecrmyOnmukackl ¥JITTBHIK FBUTBIM akanemusicel» PKbB-HiH mpesunenti, AK
«/1.B. CokoybCKHit aTBIHAAFEI OTHIH, KaTaJIN3 JKOHE MIEKTPOXUMUS HHCTUTYTBIHBIHY» 0ac TUPEKTOPEI
(Anmmvarsl, Kazakcran) H =4

Fruibivu xaTimisl

ABCA1BIKOB BaxsiT Hapnko6aiiyJbl, TeXHHKA FBUIBIMIAPBIHBIH TOKTOPEL, ipodeccop, KP ¥YFA

JKayanThIXaTIBICH], A.B. BeKTypoBaThIHAAF IXUMUS FBUIBIMIaPEIMHCTUTY THI (AnMaTsl, Kazakcran) H=5
PepgaknusaablK aJdkKa:

9BCAMETOB Mauaic Kyasicyas! (6ac peqakTopabslH opeIHOAcaphl), reoIorus-MHHEPaIoTust
FBUTBIMJIAPBIHBIH  TOKTOpBI, Tpodeccop, KP ¥YFA akanemuri, «Y.M. AxmencaduHa aTbIHAAFEI
THIPOTEOJIOTHS SKOHE T€0IKOJIOTHSI HHCTUTYTHIHBIHY AupeKkTopbl (AnmMarsl, Kaszakcran) H =2

7KOJITAEB TIepoii XKoaraiiyabl (6ac penakTopAbH OpbIHOAacapsl), reoJoTUs-MHHEPaIoTus
FBUTBIMJIAPBIHBIH TOKTOPEL, Tpodeccop, K. 1. Carnaes ThIHAAFbI Te0JI0T U FETBIMIAPhI HHCTUTY THIHBIH
nupekTopsl (Anmatsl, Kazakcran) H=2

CHOY pumen, Ph.D, kayeiMpacteipbuiran mnpodeccop, HebOpacka yauBepcutetiHin Cy
FBUIBIMJIAPBI 3epTXaHachlHbIH qupekTopsl (HeOpacka mrarsr, AKII) H = 32

3EJBTMAH Peiimap, Ph.D, Taburu Tapux mypaxaibiasig XKep Typais! FeutbiMaap OemiMinge
METPOJIOTHST JKOHE TMaijaybl Kazbanap KeH OpBIHIAAphl CalachIHIArbl 3epTTEYNCpAiH JKeTeKIIici
(Jlonnon, Aurust) H =37

IMAH®UJIOB Muxaua bopucoBuY, TEXHHMKAa FBUIBIMIAPBIHBIH  JOKTOpBI, HaHcu
yHUBepcuteTiHig npodeccops! (Hanen, @pannms) H=15

HIEH Iwun, Ph.D, KpiTaii re0norusuibik KOFAMBIHBIH Tay FEOJOTHSIChI KOMUTETI TUPEKTOPBIHBIH
opbiHOacapel, AMEpPUKAaH/IBIK SKOHOMHUKAJBIK TEOJOrTap KaybIMAACTHIFBIHBIH Mymieci (ITexuH,
Kprrait) H =25

OUIIEP Axcenab, Ph.D, J[Ipe3neH TEXHUKAIBIK YHHBEPCUTCTIHIH KaybIMIACTBIPBLIFAH
npodeccopsi (pe3nen, bepaun) H=6

KOHTOPOBHUY Auekceii IMUIbeBHY, I'€OJOIHA-MUHEPAIOTUS FhUIBIMIAPBIHBIH JIOKTOPBI,
npodeccop, PFA akagemuri, A.A. Tpopumyka aTblHIaFEl MyHal-Ia3 TeOJIOTUsICHI J)KoHE reoU3HnKa
unctutyTsl (HoBocubupck, Peceit) H =19

AT'ABEKOB Buaagumup EHokoBH4Y, XHMMHS FbUIBIMAAPBIHBIH JOKTOpH, bemapycs ¥TA
akazgemuri, JKana Matepuangap XMMHUsICbI HHCTHTYTBIHBIH KYpMeTTi qupektops! (MuHck, Benapycs)
H=13

KATAJIMH Credan, Ph.D, [Ipe3neH TexXHUKaIBIK YHHBEPCHTETIHIH KaybIMAACTBIPUIFAH
npodeccops (Jpesznen, bepaun) H = 20

CEUTMYPATOBA Jseonopa FOcynoBHa, reoorus-MUHEPATOTUs FhIIBIMAAPBIHBIH JOKTOPEI,
npodeccop, KP ¥YFA koppecniongent-myieci, K.M. CarnaeB arbingarbl [€0J0TUsI FBUIBIMAAPEI
HWHCTHTYTBI 3epTXaHaChIHBIH MeHrepyiici (Anamarsl, Kazakcran) H=11

CAFBIHTAEB “Kanaii, Ph.D, xaybimaacteipbutran mpodeccop, HaszapbaeB yHuBepcuteti
(Hyp-Cyunran, Kazakcran) H = 11

®PATTHUHMU Taono, Ph.D, buxokk Munan yHUBEPCUTETI KaybIMIACTBHIPbUIFaH Ipodeccopbl
(Munan, Uranus) H =28
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I'naBnbIii perakTop

KYPHUHOB Mypar ’KypuHoBHY, TOKTOpP XUMUYECKHUX HayK, mpodeccop, akagemuxk HAH PK,
npesunent POO «HarponansHoit akagemun Hayk PecryOnuku Kazaxcran», reHepaibHbIH TUPEKTOP
AO «MHCcTUTyT TOIUMBA, KaTanu3a U a1ekrpoxumud uM. [1.B. Coxombckoro» (Ammarsr, Kazaxcran)
H=4

YueHHBbI cekpeTapb

ABCA/IBIKOB BbaxbiT Hapuk6aeBu4, TOKTOp TEXHHYECKUX HAYK, MPOdeccop, OTBETCTBEHHBIH

cekperaps HAH PK, UuctuTyT XuMmnueckux Hayk uM. A.B. Bexryposa (Anmarer, Kazaxcran) H=15
PenakuunonHasi KoJdJerus:

ABCAMETOB Mauuc KyabicoBu4, (3aMeCTHTENb INTABHOTO PEAAKTOPA), TOKTOP I€0JIOTOMHHE-
panornueckux Hayk, mpodeccop, axanemuk HAH PK, mupexrop HMHcruryTa Tmaporeomoruu u
reoskonorun uM. ¥Y.M. Axmencaduna (Anmarsl, Kazaxcran) H = 2

KOJITAEB I'epoii ZKosraeBud, (3aMeCTUTEIND [TIABHOTO PEIAKTOPA), IOKTOP T'€0JI0rOMUHEPaIIo-
THYECKUX Hayk, mpodeccop, mupexkrop MucTHTyTa reonormyecknx Hayk uM. K.M. Carmaesa (Anmarsr,
Kazaxcran) H=2

CHOY [Ipunen, Ph.D, acconumpoBannslil npodeccop, aupexrop Jlaboparopuu BOJHEIX HayK
yauBepcutera HeOpacku (mrat Hebpacka, CILIA) H = 32

3EJBTMAH Peiimap, Ph.D, pykoBomuTenb HCCICIOBaHMNA B OOJNACTH TETPOJOTHH K
MECTOPOXK/ICHUH TOJE3HBIX HCKomaeMbeIX B Otmene Hayk o 3emie My3est eCTeCTBEHHOH HCTOPHH
(Jlonnon, Aurus) H =37

HAH®UJIOB Muxaua BopucoBHY, TOKTOp TEXHHUYECKHX HayK, Mpodeccop YHUBEpPCHTETA
Hancu (Hancu, ®@panmums) H=15

HIEH IMun, Ph.D, 3amecrurens aupexropa Komurera mo ropHoit reomorun Kwurtaiickoro
Te0JIOTHYECKOr0 00MIecTBa, WieH AMEPHKAHCKOH acCONHMAINK SKOHOMHUYeckux reonoros (Ileknw,
Kurait) H = 25

OUIIEP Axkceas, accorunpoBanHblil mpodeccop, Ph.D, Texanuecknit yausepcurer Jlpesnen
(Apesnen, bepnmun) H =6

KOHTOPOBMUY Auekceii IMUIbLEBHY, TOKTOP I'€0JI0r0-MHHEPATIOrHICCKUX HayK, Tpodeccop,
akagemuk PAH, MHCTHTYT HedrerazoBoii reonorun u reopmsuku uM. A.A. Tpopumyka CO PAH
(HoBocubupck, Poccus) H=19

ATI'ABEKOB Baaaumup EHokoBHM4, 10KTOp XuMHYecKuX Hayk, akagemuk HAH benapycu,
MOYETHBIN qupeKkTop MHCTHTYTa XMMUHU HOBBIX MaTepuaioB (Munck, benapycs) H =13

KATAJIMH Credan, Ph.D, accoumupoBanubiii mnpodeccop, TexHHYEeCKHil yHUBEPCUTET
(Apesnen, bepmun) H =20

CEUTMYPATOBA Dieonopa IOcymoBHa, OKTOp TIe0lOrO-MHHEPAIOTHYECKUX —Hayk,
npodeccop, wieH-koppecnoneHT HAH PK, 3aBenyromas taboparopunt MHCTHTyTa Te0IOTHYECKUX
Hayk uM. K.W. CarmaeBa (Anmarsl, Kazaxcran) H=11

CAI'MHTAEB ‘Kanaii, Ph.D, acconumpoBannsii mnpogeccop, HazapbaeB yHHBepcHTET
(Hypcynran, Kazaxcran) H = 11

®PATTHUHMU Iaoao, Ph.D, acconnunposanHblii npodeccop, Munanckuii yausepcuter bukokk
(Munan, Utamus) H = 28
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Editorial chief

ZHURINOV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK,
president of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC
“Institute of fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan)
H=4

Scientific secretary

ABSADYKOV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive

secretary of NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H =35
Editorial board:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and
mineralogical sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of
hydrogeology and hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEY Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty,
Kazakhstan) H=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska
University (Nebraska, USA) H =32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the
Earth sciences section of the museum of natural history (London, England) H = 37

PANFILOYV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University
(Nancy, France) H=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological
Society, Fellow of the American association of economic geologists (Beijing, China) H =25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden,
Germany) H=6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences,
professor, academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS
(Novosibirsk, Russia) H =19

AGABEKOYV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus,
honorary director of the Institute of chemistry of new materials (Minsk, Belarus) H =13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H =20

SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences,
professor, corresponding member of NAS RK, head of the laboratory of the Institute of geological
sciences named after K.I. Satpayev (Almaty, Kazakhstan) H=11

SAGINTAYEYV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H=11

FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H=28
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D. Karaivanov!, M.F. Kerimzhanova?, M.E. Isametova?, N.S. Seiitkazy*’,
G. Turymbetova?, 2024.
"University of Chemical Technology and Metallurgy, Sofia, Bulgaria;
2 K. Satpayev Kazakh National Research Technical University,
Almaty, Kazakhstan;
* M. Auezov South Kazakhstan University, Shymkent, Kazakhstan.
E-mail: seytkazy.nurgul@mail.ru

INVESTIGATION OF KINEMATICS AND POWER OF COMPOSITE
PLANETARY GEARS FOR WIND TURBINES

Karaivanov D. — Doctor of Engineering, University of Chemical Technology and Metallurgy, Sofia,
Bulgaria, E-mail: dipekabg@yahoo.com, https://orcid.org/0000-0002-1709-677X;

Kerimzhanova ML.F. — Candidate of Technical Sciences, Professor, Department of Mechanical
Engineering, Kazakh National Research Technical University named after K. I.Satpayev, Almaty,
Kazakhstan, E-mail: m.kerimzhanova@satbayev.university, https://orcid.org/0000-0002-9475-8239;
Isametova M.E. — Candidate of Technical Sciences, Associate Professor, Department of Mechanical
Engineering, Kazakh National Research Technical University named after K. I.Satpayev, Almaty,
Kazakhstan, E-mail m.issametova@satbaeyv.university, https://orcid.org/0000-0003-4630-271X;
Seiitkazy N.S. — Master's degree, Doctoral student of the Department of Mechanical Engineering,
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Turymbetova G.D. — doctor PhD, Associate Professor of the Department of "Energetics and
renewable energy systems", M.Auezov South Kazakhstan State University, Shymkent, Kazakhstan,
E-mail: gulzuhra62@mail.ru , https://orcid.org/0000-0002-9201-6127.

Abstract. The article presents a method of complex kinematic analysis of a
mechanical wind turbine system. Input data, such as the speed of rotation of the
input shaft of the gearbox, for the multi-criteria analysis of the planetary multiplier
of the wind turbine were obtained from the results of computer simulation of the
air flow. The fundamentals of the torque method were used to study planetary
compound gears (PCG), called a multiplier. The variants of kinematic schemes
of composite planetary transmission are analyzed in order to determine the most
optimal distribution of the energy flow. The torque method allows not only kinematic
analysis (determining the ratio of speeds), but also power analysis (determining the
direction and magnitude of internal power flows), as well as determining efficiency.
Relatively simple formulas for calculating the ratio of speeds and efficiency made it
possible to carry out multi-purpose optimization of the parameters of the considered
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PCG. As a result of the analysis, the most optimal scheme of a composite planetary
gearbox was determined, taking into account the kinematics of the airflow on the
wind turbine wheel.

Key words: Wind energy system, multiplier, torque method, kinematic analysis,
computer modeling.
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I'. TypymGeroBa®, 2024.
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Annoramus. Makanana KOO MexaHUKaIbIK )KYHeCiH KeIIeH | KHHEMaTHKAIbIK
Tajnay onicreMeci kenripiared. KOO mmaHeTapiblK MYyJIbTHUILUTUKATOPBIH KOl
KpUTEpUAIIBl TANJAy YIIiH PeIyKTOPIBIH Kipic OLTITiIHIH alHANY KBUIIaMIIBIFBI
CHUSIKTBI KipicTep, aya aFbIHBIH KOMITBIOTEPIIIK MOJIENbBJIEY HOTHXKeIepi OOWbIHIIA
aJIbIHABI. MyNBTUIUIMKATOp JeN aTajlaThlH IUIaHETapiblK Kypama Oepimictepai
(PTB) 3eprrey yiriH MOMEHT 9/IiCiHiH HeTi3Aepi KOIIaHbUIIbl. DHEPTHUS aF bIHBIHBIH
OHTaMJIBI TAPAITYbIH aHBIKTAY YIIIiH KYPJIEi TNIaHETAITBIK OeP1LTiCTiH KHHEMATHKAIBIK
cXeMaJapblHBIH HYCKaJapbl TaaaaHabl. MOMEHT ofici KHHEMaTHKAJbIK Tajllayabl
(>KBIIIaMJIBIK KaThIHACHIH aHBIKTAY) FaHa EMEC, COHBIMEH KaTap KyaTTbl TaJlayabl
(imIki KyaT aFbIHIapBIHBIH OaFBITHl MEH IIAMAChIH aHBIKTAY ), THIMILTIKTI aHBIKTayFa
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MYMKiHAIK Oepeni. JKpuimaMabIK TIeH THIMIUTIKTIH apakaThIHACHIH €CeNTeyIiH
CaJIBICTBIPMANbl TYpHE KapamaidbiM (opMynaiapsl KapacThIPBUIBII OTHIPFaH
PTB mapameTtpiepin keIl MakcaTrThl OHTaWIaHIBIpyFa MYMKiHAIK Oepmi. Tanmay
HoTmxecinge KIO sxen geHrenerinaeri aya arbIHBIHBIH KHHEMAaTHKAChIH €CKepe
OTBIPBII, KYPAEHT IUIaHETAPIIBIK PEAYKTOPABIH €H OHTAMIIBI CXeMachl aHBIKTAJIJIbL.

Tyi#iin ce3mgep: XKem KOHABIPFBICH, MYJIBTUIUIHKATOP, MOMEHT JIiCi,
KHHEMAaTHKAJIBIK TaJay, KOMIIBIOTEPIIiK MOAETbICY.
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A”HoTauusi. B crathe mnpenacraBieHa METOAMKA KOMIUIEKCHOIO KHHEMa-
THYECKOr0 aHa/iu3a MeXaHMYecKod cucrembl BDY. BxonHble agaHHBIE, TakKue
KaK CKOPOCTbH BpAIEHUS BXOTHOTO Baja PEeIyKTOpa, JUIsi MHOTOKPUTEPUATHEHOTO
aHaJIM3a IUIaHeTapHOTO MYJIbTUILTHKaTOpa BOY ObLIH MOTyYeHbI 10 pe3yabraTamMm
KOMIIBIOTEPHOTO MOJICTTUPOBAHUS BO3MYIIHOTO TOTOKa. s wmccimemoBaHus
IUTaHEeTApPHBIX coCTaBHBIX 3yOuareix mepenad (I13I1), Ha3pIBaeMBIMU MYIBTH-
IJIMKaTOPOM,  MCIIOJIb30BAJUCh  OCHOBBI ~ METOJIa  KPYTSIIEro  MOMEHTA.
IIpoananu3upoBaHbl BapUAHThl KUHEMAaTHYECKUX CXEM COCTABHOM IJIAHETApHOMU
nepenay, ¢ IeNbI0 ONpeNeieHns Hauboliee ONTHUMAIBHOTO pPacIpe/eeHus
MOTOKa DHEPTUU. MeToa KPYTAIIEr0 MOMEHTA MO3BOJSIET MPOBOIUTH HE TOJIBKO
KHHEMaTHYECKUN aHan3 (ONpe/eeHHe COOTHOIICHUsI CKOPOCTEH), HO M aHaJu3
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MOIIHOCTH (OTIpe/IeTICHHe HAIpPaBICHHUs] W BEIWYMHBI BHYTPEHHHX MOTOKOB
MOIIHOCTH), a Takxke onpenenerne KIIJ[. OtHocutensHO npocThie GopMyIIbl s
pacueta cooTHomieHus: ckopocteil u KII/l mo3Bommin npoBecTH MHOTOLETIEBYIO
OTITHMHU3AITHIO TTapamMeTpoB paccMmarpuBaeMoro [1311. B pesynsrare ananmsa Obutn
oIpe/ieNIeHbl HanboJiee ONTHMANBHAS CXeMa COCTAaBHOTO IJIAHETAPHOTO PEAYKTOPA,
C Y4eTOM KHHEMaTHKH BO3IYITHOTO IOTOKa Ha BeTpokoiece BOY.

KuroueBble cjioBa: BCTPOSHEPTETUYCKAA YCTAaHOBKA, MYJILTUILIIMKATOP, METO/
KpYTSAIIEr0 MOMEHTa, KHHEMAaTUYECKUI aHaJIn3, KOMIIBIOTEPHOE MOJIEIMPOBAHUE.

Introduction

The expediency of the study of wind turbines kinematics today is due to the
increased interest of society in environmental problems and the desire to make the
transition to environmentally friendly and resource-saving energy (the so-called
"green" economic transition). Thus, the green approach in power engineering is
associated, in particular, with the transition to alternative energy sources, including
energy of moving media (Dosaev, 2021). In this regard, there is a large layer of
mechanics problems dealing with the description of the motion of bodies and
energy transfer. Partially, methods of computer modeling of kinematics of fluid and
gas dynamics and solid bodies successfully cope with such problems (Arnaudov, et
al., 2005). With their help, rather accurate both qualitative and quantitative results
are obtained. However, despite the current level of development of computer
technology and computing power, it is not possible to simulate the entire range of
possible scenarios of behavior of complex objects in the flow of the medium within
a reasonable time. The solution of problems of combined systems that transfer the
potential of wind energy and its conversion is nowadays as relevant as possible for
the design of energy-efficient wind turbines.

When designing wind energy systems (WES) in regions with low wind speeds,
precise solutions are required to increase the rotation speed of the generator shaft.
When using a multiplier, several revolutions of the generator shaft are required
for one revolution of the turbine wheel. If the multiplier's design is multi-stage,
the gear ratio can be increased by orders of magnitude. On the other hand, it is
necessary to consider that a multi-stage multiplier can have multiple structural
schemes, which allows both achieving high rotation speed and reducing efficiency
and power at the generator shaft. Achieving high speed in this case implies a loss
of force necessary to initiate rotor rotation, overcome the inertia of the stiff shaft,
and overcome magnet sticking. It is not advisable to use multipliers with high gear
ratios and an increased number of stages for wind turbines, as the performance of
the complex suffers from power loss. Therefore, a properly conducted multi-criteria
kinematic analysis of the WES system from the turbine wheel to the generator shaft
is an important task (Giger, et al., 2011).

The study of the kinematic characteristics of the mechanical system of the wind
turbine was devoted to the authors' works (Arnaudov, et al., 2019). The authors
refined the enhancement of wind turbine efficiency through the reduction of
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planetary gearbox wheel vibrations by altering the phase relationships of dynamic
forces induced by tooth meshing. In the investigated planetary gearbox design,
through appropriate selection of tooth numbers in the second stage, the theoretical
limit of vibration reduction at the tooth meshing frequency exhibits an effect of
2040 dB. In (Mihailidis, et al., 2010) the modeling of a two-stage PGT using
a linkage graph is presented. A generalized kinematic and dynamic model of the
two-stage PGT is created. The result serves as an indication that the model can not
only predict the natural frequencies and displacement stroke shape, but also the
generalized deformation stroke shapes can be simultaneously expressed. Authors
(Arnaudov et al., 2019) have devoted a large amount of work to the problem of
equalizing the load distribution for all powertrains. Researcher (Karaivanov, 2000)
notes that increasing the accuracy of PGT manufacturing is limited by increasing
costs; therefore, one of the ways to improve the compound PGT is the appropriate
choice of the structural scheme and its parameters. the torque method was proposed
for the study of compound PGTs (Arnaudov, et al., 2017), which allows not only
kinematic analysis, but also the determination of the magnitude of torques on all
its shafts (elements), the determination of the direction of power flows and the pre-
sence of power division or power circulation; as well as the simplicity of the torque
method for the study of complex multi-carrier PGTs (Arnaudov et al., 2005) and for
the creation of calculation algorithms for optimization (Karaivanov, et al., 2022).

Regardless of the arrangement, PGTs in wind turbines operate as multipliers.
In the vast majority of cases, PGTs (with one external gear, one internal gear and a
single rim planet - Fig. 1a) are used. Mainly as a stage of multi-carrier compound
PGTs (Giger, 2007). As wind turbine power increases, the importance of gear
quality also increases. Despite attempts to utilize new schemes (Giger, et al., 2021),
three-carrier PGTs remain the most suitable for wind turbines.

The purpose of this paper is to present a methodology for a comprehensive
kinematic and power (efficiency) analysis of three-carrier PGTs for a wind turbine
using computer simulation of airflow kinematics and torque method.

1 Object of research

The object of research is a designed wind turbine with horizontal axis for power
supply of machine workshop. Consumed power of the workshop 50 kW, wind
speed 20 m/s

The kinematic scheme of the wind turbine is shown in figure 1

Fig 1. Kinematic diagram of wind turbine with horizontal axis, planetary gearbox
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According to the selected scheme, the planetary gearbox has three stages, each
stage contains three planets. In the wind turbine system, the MPR increases the
angular velocity (speed) and revolutions of the generator of the wind turbine. In
addition, the MPR, based on the principle of automatic gearboxes in automobiles, is
simultaneously used to stabilize the output shaft speed by changing the speed ratio.

2 Methodology

2.1 Computer modeling of flow kinematics in a wind wheel

The modeling was performed using the state-of-the-art top-level CAD software
Cradle CFD. The program allows to obtain detailed pictures of the kinematics of
the air flow around the working surface.

In the Cradle CFD program we investigate the operation of the rotor of the wind
turbine and the calculation of the streamline and the main aerodynamic forces and
moments that arise on the industrial wind turbine when blowing it with wind flow.

The first step is to import the geometric model from the CAD system. It is
possible to calculate both the model as a whole and a separate part of it.

The problem of stationary flow of uniform wind flow around a rotating rotor
in the presence of a stationary domain was taken. This problem was taken as the
main calculation scheme. The computational domain was built from 2 domains
as cylinders: the outer cylinder r = 6 m and L = 100 m, and was described as
a stationary translational motion of the medium, the cylindrical working area -
domain, includes blades of the wind turbine, radius of 10 m and the length of 2.5
m (Isametova, 2021).

Mesh generation was carried out in semi-automatic mode in CFX-Mesh grid
generator. The mesh was generated by three-dimensional hybrid tetrahedral elements
with prismatic layers in the regions of the boundary layer on solid surfaces. Figures
2,3 show the steps of model building.

A) 0)
Fig 2. Computer model of wind wheel a) Calculation domain b) Rotating domain

Mesh generation was carried out in semi-automatic mode in the CFX-Mesh
grid generator. The mesh was generated by three-dimensional hybrid tetrahedral
elements with prismatic layers in the boundary layer regions on solid surfaces.
Figure 3 shows the generated cone-volume mesh of the wind wheel
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Fig 3. Fragment of triangular mesh on the surface of the nacelle and blades

Design meshes with 500 thousand, 600 thousand and 1 million cells were
constructed. Analysis of the integral values obtained from the numerical results
for meshes with different densities showed that the results differ by no more than
1% when the number of cells exceeds 700 thousand. This result indicates the mesh
independence. Further numerical study was carried out for meshes having = 700
thousand cells. The value of the variable y+, which characterizes the densification
of the mesh near the walls, was in the range of 20< y+ < 60 units, (Isaeva et al.,
2016).

2.2 Torque method

As is mentioned above, created by Arnaudov for two-carrier PGTs investigation
(Karaivanov, 2000), based on a lever analogy torque method (Arnaudov et al.,
2017) is very appropriate for complex multi-carrier PGTs analysis (Arnaudov et
al., 2005) and optimization (Karaivanov et al., 2022). The essence of this method
is as follows:

Every simple PGT (including AI-PGT from Fig. 1a) has three external shafts
(in Fig. 4a — shaft of sun gear 1, ring gear 3, and carrier H) which torques are
in constant ratio in dependance on the ratio of teeth number of central gears (z,/
z,). This ratio is the same as a ratio of a lever forces (Fig. 1c). Two of torques are
unidirectional (7', and 7',) and the third is in opposite direction (7)) and equal to the
sum of both unidirectional ones. This is a reason to call them summation torque (7,
= T,) and another torques — difference torques, smaller difference torque 7', =T,

and bigger difference torque 7,=7, .Theratiot=7, /T, . isso called torc%g
ratio of the PGT (Arnaudov et al., 2017). For AI-PGT in Fig. 4 this ratio is shown.
For investigation of complex multi-carrier PGTs depicting of a simple PGT with
the symbol of Wolf-Arnaudov is very conveniently. A PGT is presented as circle
with three external shafts (Wolf, 1958) depicted with different lines according to
the values of their torques — the sun gear shaft (with the smallest torque) with a
thin line, the ring gear shaft with a thick line, and the carrier shaft (with the biggest

torque) with double line (Fig.4b) (Arnaudov et al., 2005).
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Fig. 4. Simple ﬁ -PGT with its external torques (a), symbol of Wolf-Arnaudov (b) and a lever
analogy (c).
1 — sun gear, 2 — planets, 3 — ring gear, H — carrier.

Because its three shafts a simple PGT has six modes of work with F = 1 degree
of freedom — three as a reducer and three as a multiplier. In all this cases its speed
ratio is considered by basic speed ratio i, (in work with fixed carrier).

The basic speed ratio of AI-PGT is

i0=—%=—t=—z—3- (1)
Z

1

For other working modes with F = 1 degree of freedom the speed ratio can be
determined as follows [5]:
_a, T,

2

i B
4B ’
Wp T 4

where @4 and T are the angular velocity and the torque on the input shaft and

@y and T — on the output shaft.

3 Result

3.1 Simulation results of flow kinematics in the wind wheel

Figures 5,6 show a series of diagrams of the results of computer calculations
that reveal the main patterns of wind turbine streamline and point characteristic
features of the flow.
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Fig 6. Wind speed components

The diagrams of the results indicate that the value of the flow velocity take
maximum values of 146 m/s, which indicates a high productivity of the wind wheel
of the designed wind turbine.

3.2 Three-carrier PGT for wind turbine

The simple AI-PGT has maximal speed ratio in work with fixed ring gear i )
=1, +1. The speed ratio of Al with three planets (the most common case because
good load sharing between planets) is maximum 13 and to obtain a bigger speed
ratio to use a compound PGT is needed. With connecting of a few simple PGD a
compound (multi-carrier) PGT obtains (two-, three-, four-carrier, etc.). The two-
carrier PGTs cover the biggest part of needed speed ratios in industrial machinery
(Karaivanov, 2000). In the cases of classic wind turbine whit high-speed generator,
practically, a three-carrier PGT is enough (Giger, 2011).

In this paper a tested in practice three-carrier PGT is investigated (Arnaudov
et al., 2019) (Fig. 7). Four coupled shafts between planetary stages exist — two
external (input shaft between the carrier of the first stage HI and the ring gear of
the second stage 6, and fixed shaft between the carrier of the second stage HII and
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the ring gear of the third stage 9) and two internal (between the ring gear of the first
stage 3 and the sun gear of the second stage 4, and between the sun gear of the first
stage 1 and the carrier of the third stage HIII). The only single external shaft (of the
sun gear of the third stage 7) is the output shaft of the train.
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Fig 7. Three-carrier planetary multiplier for wind turbine [9].

In Fig. 8 the structural scheme of PGT in question depicted by Wolf-Arnaudov’s
symbol is shown — more clary, simpler, and easy-understandable way for
visualization.

Fig 8. Structural scheme of PGT from fig. 2 through the Wolf-Arnaudov’s symbol depicted.

In both figures by red arrows internal power flows are presented. In a closed
loop between the first and the second stage the power division (not circulation)
exist. This is determined by method of signs (the torques directions) (Arnaudov
et al., 2005). The direction of the torque on a sun gear considered positive. In Fig.
8 this is the torque on the sun gear 1. After this, considering that the directions of
toques on sun gear and ring gear is the same but the direction of the carrier torque is
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opposite, as well as that the torques on both ends of a coupled shaft are in opposite
direction, step by step, the signs (torque directions) of all the shafts are determined.
If the torques on the component shafts of the compound shaft are unidirectional —
power division exists. In Fig. 3 this are shafts HI and 6 coupled in the input shaft.
3.3 Kinematic analysis
For purpose of kinematic analysis ideal torques on all the shafts are calculated.
In Fig. 9 this calculation begins from the sun gear of third stage 7 (this is the output

torque) accepting its value as T 4=+ 1. Others torques in this simple PGT depend

on its torque ratio 7, (see Fig. 1). With numbers in circles the sequence of ideal
torques determination is shown.

Fig 9. Ideal torques determination considering torque ratios (t I t 11, and t 111 ) of the
component PGTs.

Determination of ideal torques on the shafts of PGT in Fig. 4 shous values of
torques on three external shafts:
On the input shaft:

I, = _(1 Gy Tyt t1t11t111) (3)
On the output shaft:

T,=+1: (4)
On the fixed shaft:

To =+t +ty 4ty + 4ty 4ty (5)

By the ideal external torques equilibrium the calculations correctness may be
checked:

ZY;:TA+TB+TC:O (6)
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By formula (2) the speed ratio of the PGT can be determine as follows:
R B (7)
T,

This formula is very proper for determination of a plurality of combinations

of 4, t;, and t;; in which a desirable speed ratio I, is possible to obtain. By

varying these parameters (f;, f;, and ;) from 2 to 12, for example (Karaivanov
et al., 2022). For every one of these values a relative overall dimension can be
obtained too (Karaivanov, 2000). For purpose of optimization analysis, a software
for overall dimension (reference diameter of pitch circle of the ring gear) under ISO
6336 load capacity calculations is developed for two-carrier PGTs (Troha, 2011).
Its developing for three-carrier PGTs is in process.

All the above allows to determine values of ; , 1, ,and Z;; in which the PGT

with desirable speed ratio & and minimal overall dimensions can be obtained.

3.4 Power analysis

Direction of internal power flows depends on direction of torques on the shafts
which are coupled in compound shafts of the PGT (Arnaudov et al., 2019). In the
PGT in question in the closed loop between the first and the second stage there is
a division of power because the direction (mathematical signs) of the torques on
carrier HI (of the first stage) and ring gear 6 (of the second stage) are the same
(unidirectional) (Fig. 3).

Real torques on all shafts in compound PGT may be determined in the same
sequence as ideal ones (Fig. 4). Their values depend on basic efficiencies 1), ,

Nou , and Mom as well as on direction of relative (rolling) powers P . P,

and P, of the stages (component PGTs).

Basic efficiency is the train efficiency in work with fixed carrier (as pseudo-
planetary gear train). It depends on losses during relative movement of PGT
elements with respect to the carrier (Arnaudov et al., 2019).

In a simple PGT relative (rolling) power has only two possible directions — from
the sun gear to the ring gear or vice versa. In both cases if the real torque on the

input shaft (of relative power) 7;,'111 is known the real torque on the output shaft

! . .
Toutp is equal to ideal output torque decreased by losses

T'o’utp = 770 ’ T;)utp (8)
If the output (of relative power) torque To'utp is known the real input torque 7;,'11]
is equal to ideal input toque increased by losses
1
4 —
I;np - T;np (9)
Mo

Considering dependances (8) and (9), in Fig. 5 real torques in PGT in question
are determined. By doted arrows directions of relative (rolling) power in stages
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(simple PGTs) are shown. Relative (rolling) power directions in the second and the
third stages are obviously from the ring gear to the sun gear because they both work
with F = 1 degree of freedom and the sun gears are output shafts. The first stage
works with F = 2 degree of freedom as a summing differential (see internal power
flows directions in Fig. 10). As the sun gear is an output shaft — the relative (rolling)
power direction is from ring gear to the sun gear too.

Fig 10. Real torques determination considering torque ratios (t I, t 1, and t 111 ), basic

efficiencies (Mg;, Moy , and Nopr ), and relative (rolling) power directions in component PGTs.

By the real external torques equilibrium the calculations correctness may
be checked too — see formula (6).

3.5 Efficiency determination
The torque method allows efficiency 1 determination by real external

torques (7, L -an inputtorque and Tg -an outputtorque, determined considering
the losses) (Arnaudov et al., 2005) through torque transformation i,

I (10)
T ™ v
TA
as follows:
Ty
__k__ T, (11)
i, Iy
TA

Taking into account that
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T, =T, =+1 (12)
the efficiency may be determined as follows:
n — Q — 1 + tI + tIII + tItII + tItIII + Z‘IltIIZ‘III

T, 1+t_1+ 7 n Lty n Ui n Ulylm (13)

Nor  Mom Moo MorMomr MorMouMomr

Preciseness of this calculation depends on preciseness of basic efficiencies

Nor> Mow > and Tom determination, i.e., losses in the component PGTs
determination. Different ways for simple or more precisely determination of
losses in a simple PGT exist. For simple, preliminary calculation to choose
Nor =Moyr =Mo = 0,97 may be enough (Karaivanov, 2000). In multi-stage
PGTs consideration of speed of sun gears of stages is advisable (Karaivanov,
2005). Influence of torque ratio no the mesh losses considering (Tkachenko,
2003) is the optimal way to obtain good results without unnecessary
complication. If it is necessary, more precisely methodologies for losses
calculations may be used (Arnaudov et al., 2019).

Formula (13) is very proper for determination the efficiency for the

plurality of combinations of #;, I, and 7, in which a desirable speed
ratio j, is possible to obtain (see paragraph 4). This allows to search the
combination with higher efficiency.

Using the input data from CFD modeling, it is the angular velocity (speed)
of the wind wheel and the input shaft of the planetary gearbox, the kinematic
and power parameters of the designed wind turbine were calculated using
the above analytical algorithms (Arnaudov’s Torque Method).

4. Conclusions

1. A comprehensive kinematic model of a planetary gearbox has been
developed, enabling the investigation of design parameters such as torque,
power, and efficiency.

2. The combination of analytical methods and finite element analysis
(FEA) allows for precise evaluations of kinematic parameters with low
time investment, achieved through modeling the kinematics process flow,
providing input data for analytical optimization calculations of the most
advantageous wind turbine planetary gearbox (WT-PGT) configurations.

3. The torque method facilitates easy and visual determination of
speed ratios and efficiencies in complex three-support PGTs. Calculations
demonstrate a straightforward approach to determining the directions of
internal power flows.
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4. Formulas derived using the torque method for speed ratios and
efficiencies of the considered PGT are highly suitable for its multi-objective
optimization, aiming to obtain more suitable values of torque coefficient
components (a, B, and y) for compound simple PGTs.
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