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Abstract. The general problems of charging powerful lithium-ion batteries in marine
applications, in particular on zero-emission electric ferries, are considered, provided that
they are charged to a sufficient energy level for a short time of each docking, which is only
4-5 minutes. For such applications, the most acceptable use of wireless contactless inductive
energy transfer, which allows you to perform safe and fully automated charging operations
with the best use of limited docking time. However, the introduction of inductive charging
technology in the maritime sector requires taking into account some features and solving
related technical problems: 1) in contrast to land vehicles (electric cars, electric buses, trams),
ships require a much higher level of transmitted power, so the marine inductive charger
must have a rated power of the order of a few megawatts; 2) during charging the vessel
can move relative to the stationary part of the charging system due to the combined action
of wind, waves and change of draft during loading and unloading, ie the efficiency of the
inductive charging system must be independent of shift and change of mutual arrangement
of inductive communication elements ( coils), as well as the length of the air gap between
them. The purpose of this work is to analyze the areas of improvement of modern inductive
charging systems for battery ships by finding the principles of invariance of transmitted
power (charging current) and energy efficiency of these systems to change the conditions of
inductive communication. The sequential-serial configuration of the compensated inductive
charging system with a controlled voltage inverter and a diode rectifier is considered in the
article, a mathematical model of the system is proposed and its research in the frequency
domain is performed. For the first time, the dependences of the energy characteristics of the
system on the operating frequency are obtained and investigated. According to the results
of these studies, new principles of stabilization of transmitted power (charging current) and
providing a single power factor in the entire range of changes in the inductive coupling,
which are implemented by adjusting the frequency at constant output voltage of the inverter;
received recommendations for improving energy efficiency through the use of non-resonant
modes under the condition of changing the inductive coupling. The use of these results will
reduce the required installed capacity of the inductive charging system, hence its weight and
dimensions, and minimize the charging time of batteries of electric marine vessels.

Key words: inductive power transfer, transmitted power, magnetic coupling, high-
power inductive charging systems, resonant circuits, stabilization of charging current,
voltage control, frequency control.
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AHoTaNifA. Y CTaTTi pO3mISAAAI0THCS 3aralibHi MPOOJIeMHU 3apsIKK OTYKHHX JITIH-IOHHUX aKyMYJISITOPIB Y MOP-
CBbKHX 3aCTOCYBaHHSIX, 30KpeMa Ha eJIEKTPHYHUX [TOPOMaXx i3 HYJIbOBUM PIBHEM BUKH/IIB, 32 YMOBH ITi[3apsIIKH
JIO TOCTATHROTO PiBHS EHEPTii 32 KOPOTKUH Yac KOKHOTO CTUKYBAHHSI, SIKFI CTAHOBUTS Jivie 4—5 xB. J[yst Takux
3aCTOCYBaHb HAHOUIBIII IPUIHSATHE BUKOPUCTAHHS OE3]pOTOBOI OE3KOHTAKTHOI 1HIyKTHUBHOI Tiepe/iadi eHeprii,
10 JTO3BOJISIE BUKOHYBATH OE€3IEeYHI Ta MOBHICTIO aBTOMAaTU30BaHI OMeparii mia3apsakd i3 KparmM BUKOPHUC-
TaHHSIM OOMEKEHOTO 4acy CTHKYBaHHsI, IPOTE BIIPOBAKEHHS TEXHOJIOT1] 1HIYKTHBHOI 3apSAKA Y MOPCHKOMY
CEKTOp1 BUMarae BpaxyBaHHS JICIKUX OCOOIMBOCTEH 1 BUPILICHHS OB’ S3aHUX 13 HUMHU TEXHIYHUX TPOOIeM:
1) Ha BiIMiHY BiJI HA3eMHHX TPAHCIIOPTHHX 3ac00iB (€JIEKTPOMOOLIIB, €l1eKTPOOyCiB, TpamMBaiB) /IS CY/ICH I10-
TpiOCH 3HAYHO BUIIU PiBEHB MOTYKHOCTI, III0 TIEPENAETHCS, TOMY MOPCHKHN 1HAYKTHBHUMN 3apsITHAA TPUCTPIiA
ITOBUHEH MaTH HOMIHAJIbHY TIOTYXHICTh ONTM3bKO KUTHKOX OIMHHUIT> METaBar; 2) i 4ac 3apsiaKu CyITHO MOXKe
TIEPEMIITyBaTHCS BiTHOCHO HEPYXOMOI YaCTHHU 3apsITHOT CHCTEMH Yepe3 KOMOIHOBaHY JIit0 BITPY, XBHJIb i 3MiHY
0CAJIKH iJ1 Yac 3aBaHTAKCHHsI 1 BUBAHTAKEHHSI, TOOTO €()eKTUBHICTD 1HAYKTHUBHOI 3apsiTHOT CHCTEMH IOBUHHA
OyTH He3aJIeKHOIO BiJl 3CYBY 1 3MiHM B3a€MHOTO PO3TAIIyBaHHS €JIEMEHTIB iHIYKTUBHOTO 3B 53Ky (KOTYIIOK),
a TaKoX JIOBKUHH TIOBITPSIHOTO MPOMDKKY MK HUMH. MeTO0 poOOTH € aHaii3 HAIpSIMIB yIOCKOHAJICHHSI Cy-
YaCHUX IHAYKTUBHHUX 3apsiJHUX CHUCTEM IS aKyMYJIATOPHUX MOPCHKUX CyNEH LUIIXOM IOLIyKy NPUHLIMIIB
3a0e3reyeHHsl iHBapiaHTHOCTI TIepeaHoil TIOTYXKHOCTI (3apsITHOTO CTPYMY) 1 ITOKa3HHKIB eHeproe()eKTUBHOCTI
3a3HAUYCHUX CHUCTEM JI0 3MiHM YMOB 1HAYKTHBHOTIO 3B’s13Ky. Y CTaTTi pO3MIsIHYTA MOCIIiIOBHO-TIOCIIIIOBHA KOH-
(irypariisi KOMIIEHCOBaHOI 1HIYKTUBHOI 3apsTHOT CUCTEMH 3 KEPOBaHUM 1HBEPTOPOM HAINpyTH Ta JIOJHUM BH-
OPSIMIISTIEM, 3aIPOTIOHOBAHO MaTeMaTHYHY MOJIENTb CHCTEMH Ta BUKOHAHO 11 TOCITIDKEHHSI B YaCTOTHIN 00J1acTi.
Brieprire orprMani Ta ToCHiKEHI 3aJI©KHOCTI €HEPTeTHYHUX XapaKTePHCTHK CHCTEMH BiJ poOOYOi YacTOTH.
3a pe3ynbTaramMmu 3a3Ha9eHUX TOCIDKSHb ¢(hOpMYITboBaHI HOBI TIPHUHITAITN CTa01TI3aITi] TIepeTaHol TOTYKHOCTI
(3apsimHOTO CTpYMY) 1 3a0€3IeueHHsT OMMHIYHOTO KoedillieHTa TIOTYKHOCTI y BChOMY JTiana3oHi 3MiHu Koedi-
Li€HTa 1HIYKTUBHOTO 3B’SI3KY, 110 PEai3ylOThCS 38 PaxXyHOK PEry/IIOBaHHS YacTOTH NPH HE3MiHHIN BUXIiTHINA
HArpy3i IHBepTOpa; OJIeprKaHi PEKOMEH/IAIIIT [0/I0 ITOKPAIICHHS eHeproe()eKTUBHOCTI IUISIXOM BUKOPUCTaHHS
HEPE30HAHCHUX PEKMMIB 32 YMOBH 3MiHH 1HIYKTHBHOIO 3B’s13Ky. BUKOpHCTaHHS 3a3HauYeHUX pe3yNbTaTiB JI0-
3BOJIUTH 3MEHIITUTH HEOOXiTHY BCTAHOBJICHY MOTYKHICTh 1IHAYKTUBHOI 3apsTHOT CHCTEMH, a OT)Ke, ii Bary i ra-
OapuTH, Ta MIHIMI3yBaTH 9ac 3apsIKH aKyMyJISITOPIiB €IeKTPUIHUX MOPCHKUX CY/ICH.

KurouoBi ciioBa: iHAyKTHBHa Tepenada €HEpTii, NepeaaHa MOTYXHICTh, MAarHiTHHUH 3B’S30K, MOTYXKHI
IHIYKTUBHI 3apsiaHI CHCTEMH, pE30HAHCHI Kojla, CTa01Ti3allis 3apsIHOTO CTPYMY, PETYIIOBAaHHS HAIPYTH,
pEryIIoBaHHS 9aCcTOTH.

References

[1] Covic, G.A., Boys, J.T. Inductive Power Transfer. Proc. of the IEEE. Vol. 101. Ne 6, pp. 12761289, Jun. 2013
[2] Covic, G.A., Boys, J.T. Modern Trends in Inductive Power Transfer for Transport Applications. /[EEE
Journal of Emerging and Selected Topics in Power Electronics. Vol. 1, Ne 1, pp. 28-41, Mar. 2013,

[3] Fernandez, C., Garcia, O., Prieto, R., Cobos, J.A., Uceda, J. Overview of different alternatives for
the contact-less transmission of energy. Proc. of the 2002 28" Ann. Conf. of the IEEE Ind. Electron. Soc.,
IECON 2002, Sevilla, Spain, 5-8 Nov. 2002, pp. 13118-1323

[4] S.Li, C.C. Mi. Wireless Power Transfer for Electric Vehicle Applications. I[EEE Journal of Emerging
and Selected Topics in Power Electronics. Vol. 3. Ne 1, pp. 4-17, Mar. 2015

[5] Maggetto, G., Van den Bossche, P. Inductive Automatic Charging: The Way to Safe, Efficient and Us-
er-Friendly Electric Vehicle Infrastructure. Proc. of the 18th International Electric Vehicle Symposium and
Exhibition. EVS-18, Berlin, Germany, 20-24 Oct. 2001, 12 p.

[6] Brecher, A., Arthur, D. Review and Evaluation of Wireless Power Transfer (WPT) for Electric Tran-
sit Applications. U.S. Department of Transportation, Federal Transit Administration (FTA). FTA Report
Ne 0060, August 2014

[7] S.Y. Choi, B.W. Gu, S.Y. Jeong, C.T. Rim. Advances in Wireless Power Transfer Systems for Road-
way-Powered Electric Vehicles. I[EEE Journal of Emerging and Selected Topics in Power Electronics.
Vol. 3. Ne 1, pp. 18-36, Mar. 2015

[8] J.H.Kim, B.-S. Lee, J.-H. Lee, S.-H. Lee, C.-B. Park. S.-M. Jung, S.-G. Lee, K.-P. Yi, J. Back. Devel-
opment of 1-MW Inductive Power Transfer System for a High-Speed Train. /[EEE Trans. on Ind. Electron.
Vol. 62. Ne 10, pp. 6242-6250, Oct. 2015

25



gHIPBUILDING smi.nuos.mk.ua | editor@smi.nuos.mk.ua N21 (15) 2021

MARINE INFRASTRUCTURE RILUL U = Sy G Qi GG VNI = g1 el Gl T

[9] C.S. Wang, O.H Stielau, G.A. Covic. Design Considerations for Contactless Electric Vehicle Battery
Charger. [EEE Trans. on Ind. Electron. Vol. 52, Ne 5, pp. 1308-1313, Oct. 2005

[10]C. Zheng, H. Ma, J.-S. Lai, L. Zhang. Design Considerations to Reduce Gap Variation and Misalign-
ment Effects for the Inductive Power Transfer System. /EEE Trans. on Power Electron. Vol. 30. Ne 11,
pp. 61086119, Nov. 2015

[11] Bosshard, R., Kolar, J.W., Miihlethaler, J., Stevanovi¢, 1., Wunsch, B., Canales, F. Modeling and
n-a-Pareto Optimization of Inductive Power Transfer Coils for Electric Vehicles. IEEE Journal of Emerg-
ing and Selected Topics in Power Electronics. Vol. 3. Ne 1, pp. 50-64, Mar. 2015

[12] Villa, J.L., Sallén, J., Osorio, J.E.S., Llombart, A. High-Misalignment Tolerant Compensation Topolo-
gy for ICPT Systems. IEEE Trans. on Ind. Electron. Vol. 59, Ne 2, pp. 945-951, Feb. 2012

[13] Budhia, M., Boys, J.T., Covic, G.A., Huang, C. Development of single-sided flux magnetic coupler for
electric vehicle IPT charging systems. IEEE Trans. on Ind. Electron. Vol. 60. Ne 1, pp. 318-328, Jan. 2013

[14] Bosshard, R., Badstubner, U., Kolar, J.W., Stevanovic, [. Comparative evaluation of control methods
for inductive power transfer. Proc. of the I*' Int. Conf. on Renewable Energy Research and Applications,
ICRERA 2012, Nagasaki, Japan, 11-14 Nov. 2012, 6 pp.

[15] Diekhans, T., De Doncker R.W. A Dual-Side Controlled Inductive Power Transfer System Optimized
for Large Coupling Factor Variations. Proc. of the 2014 IEEE Energy Conversion Congress and Exposition,
ECCE 2014, Pittsburgh, Pennsylvania, USA, 14-18 Sept. 2014, pp. 652—659.

[16] Diekhans, T., De Doncker R.W. A Dual-Side Controlled Inductive Power Transfer System Optimized
for Large Coupling Factor Variations and Partial Load. /[EEE Trans. on Power Electron., Vol. 30. Ne 11,
pp. 6320-6328, Nov. 2015

[17]H.H. Wu, Gilchrist, A., Sealy, K.D., Bronson, D. A High Efficiency 5 kW Inductive Charger for EVs
Using Dual Side Control. /[EEE Trans. on Ind. Informatics. Vol. 8, Ne 3, pp. 585-595, Aug. 2012

[18] Berger, A., Agostinelli, M., Vesti, S., Oliver, J.A., Cobos, J.A., Huemer, M.A. Wireless Charging
System Applying Phase-Shift and Amplitude Control to Maximize Efficiency and Extractable Power. I[EEE
Trans. on Power Electron., Vol. 30, Ne 11, pp. 6338-6348, Nov. 2015

[19]C.-S. Wang, Covic, G.A., Stielau, O.H. Investigating an LCL Load Resonant Inverter for Inductive
Power Transfer Applications. /EEE Trans. on Power Electron., Vol. 19, Ne 4, pp. 995-1002, Jul. 2004

[20] C.-Y. Huang, Boys, J.T., Covic, G.A., Ren, S. LCL Pick-up Circulating Current Controller for Induc-
tive Power Transfer Systems. Proc. of the 2010 2" IEEE Energy Conversion Congress and Exposition,
ECCE 2010, Atlanta, Georgia, USA, 12—16 September 2010, pp. 640—-646.

[21]Y. Han, Leitermann, O., Jackson, D.A., Rivas, R.M., Perreault, D.J. Resistance Compression Networks
for Radio-Frequency Power Conversion. /EEE Trans. on Power Electron., Vol. 22, Ne 1, pp. 41-53, Jan. 2007

[22] Borage, M., Tiwari, S., Kotaiah, S. Analysis and Design of an LCL-T Resonant Converter as a
Constant-Current Power Supply. IEEE Trans. on Ind. Electron., Vol. 52, Ne 6, pp. 1547-1554, Dec. 2005

[23] Guidi, G., Suul, J.A. Minimization of Converter Ratings for MW-scale Inductive Charger Operated
under Widely Variable Coupling Conditions. Proc. of the IEEE PELS Workshop on Emerging Technologies:
Wireless Power, 2015 WoW, Daejeon, Korea, 5—6 June 2015, 7 p.

[24] Steigerwald, R.L. A Comparison of Half-Bridge Resonant Converter Topologies. /EEE Trans. on Pow-
er Electron., Vol. 3, Ne 2, pp. 174—182, Apr. 1988

[25] Guidi, G. An apparatus and a method for wireless transmission of power between DC Voltage sources.
Norwegian Patent application 20150087, January 2015.

[26] C.-S. Wang, Covic, G.A., Stielau, O.H. Power transfer capability and bifurcation phenomena of loose-
ly coupled inductive power transfer systems. /[EEE Trans. on Ind. Electron., Vol. 51, Ne 1, pp. 148-157,
Feb. 2004

[27] Mohan, N., Undeland, T.M., Robbins, W.P. Power Electronics: Converters, Applications, and Design.
John Wiley & Sons, 2003.

[28]Hayes, J.G., Mohan, N., Henze, C.P. Zero-Voltage Switching in a Constant Frequency Digitally
Controlled Resonant DC-DC Power Converter. Proc. of the Third Ann. IEEE Applied Power Electron.
Conf. and Expo., APEC’88, New Orleans, Louisiana, USA, 1-5 February 1988, pp. 360-367.

26



N21 (15) 2021 smi.nuos.mk.ua | editor@smi.nuos.mk.ua HIPBUILDING
EJIEKTPOEHEPTETUKA, EJIEKTPOTEXHIKA TA EJIEKTPOMEXAHIKA §MARINE INFRASTRUCTURE

[29] Bosshard, R., Kolar, J.W., Wunsch, B. Control Method for Inductive Power Transfer with High Par-
tial-Load Efficiency and Resonance Tracking. Proc. of the 2014 Int. Power Electron. Conf., IPEC-Hiroshi-
ma 2014 — ECCE Asia, Hiroshima, Japan, 18-21 May 2014. pp. 2167-2174.

[30] Trivedi, M., Shenai, K. Internal Dynamics of IGBT Under Zero-Voltage and Zero-Current Switching
Conditions. /EEE Trans. on Electron Devices, Vol. 46, Ne 6, pp. 1274-1282, Jun. 1999.

[31] Randstad, P., Nee, H.-P. On Dynamic Effects Influencing IGBT Losses in Soft-Switching Converters.
IEEE Trans. on Power Electron., Vol. 26, Ne 1, pp. 260-271, Jan. 2011

IHocTtanoBka nmpodaemu. TexHomnorii 6e3- | Taki TOMONOTIT MEHI Oa)KaHUMH TSI YCTaHOBOK
IpoToBoi iHAyKTHBHOI nepenadl eHeprii (IPT) | i3 myxe Bucokoro motyxHictio. [Ipuctpoi 3 no-
LIBUKO PO3BUBAIOTHCS MPOTATOM OCTaHHIX Jie- | JAaTKOBUMH 1HIYKTHBHOCTSIMH 1 / 200 €MHOCTSI-
catuith [ 1-4]. 30kpema, 3HaYHI TOCTIDKSHHS] | MM B Jlialia30Hi MOTYXXHOCTI IOPSIKY OMHHIIb
Ta 3yCUJUISL 3 PO3BUTKY HUHI HampasieHi Ha 3a- | MW, omucasi y [8; 23], MaloTh 3HaUHy JOIaHY
PAIKY aKyMYJISTOPIB €IeKTpoMOO1IiB [2; 4—6]. | BapTicTh, CKIIAIHICTh, Bary i 00’ em. Jliis 3apsi-
HemonaBHo OyiM MpoIeMOHCTPOBAaHI CUCTEMU | HUX YCTaHOBOK BEJWKOI MOTY)KHOCTI HAHOLIBII
JUISL CTAaTUYHOI Ta AMHAMIYHOI O€3pOTOBOI 3a- | MPHUHATHOK € MpOCTa SS-TOIMOJOTIS CUCTEMH
PAIKK aBTOMOOLIBHOTO Ta 3aji3Hu4YHOro Tpan- | IPT, sika 3abe3medye nuine HEBEIUKWN BIUIUB
CHOPTY 3 PIBHSAMM HOTYXKHOCTI, IO JOCSTa- | Ha 3aJeXHiCTh BUOIpY PE30HAHCHOT YaCTOTH BiJ
I0Th KUTBKOX COTEHBb KBT y Oik miamazony MW | 3MiHM HaBaHTa)XCHHS W YMOB 3B’SI3Ky, IO Bij-
[2; 4; 6-8]. ¥V cucremax IPT Benukoi moryx- | OyBaroThcs min 4yac podotu [§8; 11]. Cucremu
HOCTI 31 ciaa0kuM 3B’s3KoM MK KoTymkamu | IPT i3 SS-xoMmneHcarii€ro MOXyTh Takox OyTH
3aCTOCOBYIOTHCSI €MHICHI KOMIICHCAIIIHI €lie- | CHMETPHYHHMH, IO MPU3BOIWTH JO CHPOIICH-
MEHTH Uil 3a0€3MEUYCHHs PE30HAHCHOTO pe- | Hs KOHCTPYKIIi KOTYIIOK, OCOOJIMBO KOJH Be-
KUMY 1 KOMIEHcAlll BEJIMKOro CHOXXUBaHHS | JIMYMHU BXiTHOI / BUXIJHOI HAIIPYTH OJHAKOBI.
PEaKTHBHOT MOTYXHOCTI BHACTIJIOK HU3bKOi | XapaKTepUCTUKHU JpKepesia CTpyMy Ha Iepenia-
B3a€MHOT 1HIYKTUBHOCTI. OCHOBHI TOIIOJIOTii | BaJbHIM CTOPOHI TAKOXK IMIIXOIATH JUIs 3a0e31e-
3aCTOCOBAaHMX KOMIIEHCALIMHUX KT — Ceplec- | UYSHHS IIBUAKOL 3apsAKH aKyMyJATOpiB. biibI
Ho-cepiecHa (SS) 1 cepiecHo-napanenbHa (SP), | Toro, cepiecHa KoMIIeHCAIlis Ha TIepeTaBabHIN
napajenbHO-TIOCTIIOBHO-TIOCTIIOBHA, — Mapa- | CTOPOHI J03BOJSIE OE3MOCEPEIHBO BUKOPHUCTO-
JeNbHO-CeplecHa 1 TMapajelibHO-TapajieibHa | ByBaTH TPAIUIliHI TOMOMNOTIi MEepeTBOprOBava
(PP) — no6pe Bigomi Ta Oyinu 00’ €KTOM 3arajib- | Hampyru, 0e3 HeoOXiJHOCTI B JOJATKOBIH IO-
HOTO aHaji3y Ta nmopiBHsHHS [9—11]. CJIJIOBHOI 1HIYKTUBHOCTI ab0 IHIIIOTO OMOpY

OnTuMizaiis CXeMHHMX pIIIEHb 1 METOMIB | B Kojl mepeTBopeHHs. Jlns Oyab-skoi cucTteMu
yhnpaBiiHHS Ans miaBuiieHHs edektuBHocTi, | IPT, mpusHadeHol st poOOTH 3 MaKCHMallb-
HaJIHHOCTI 1 OCHOBHHMX eHepreTnuHux nokasz- | HuM KKJI npu HaliMeHIIIOMy HaBaHTa)KeHHI Ta
HUKIB CHCTEMH IPH MOXKIMBUX MPOCTOPOBHX | 3a MEBHHX YMOB 3B’S3KY, IPH 3MiHI IUX YMOB
3cyBax KOTYIIOK € akTHUBHO paociimkyBaHor | KKJI Moxe 3HM3UTHCS, SKIIO TUIBKU HE 31H-
cdeporo 3 AEKIIbKOMa MOXJIMBUMHU IIJIXOAAMHU | CHIOETHCSI aKTUBHE YIPaBIiHHS EKBiBaJICHT-
[10-18]. ITpomonyBasmcst Takok OUTBIN CKJIAA- | HUM OMOPOM HaBaHTaXEHHs 1 / a0 pe3oHaHC-
HI KOMIICHCAI[I{HI KOJja, 10 BKJIIOYAIOTh KOM- | HOIO YacTOTOK cHcTeMU. Ha BHCOKMX pIBHSX
OiHalii TOCHIJOBHO-TIAPATIENIbHO 3’ €THAHUX | TMOTY)KHOCTI Y3TO/PKEHHS HABAaHTAXCHHS TPU
emHOCTel [12] 1 / a0 moAAaTKOBUX IHAYKTUB- | yHpaBITiHHI HEOOXiTHHUM ITOTOKOM €HEprii 3a-
Hocrelt [19; 20]. Jeski 3 uux TOmosorid mo- | 3BUYAN JOCATAETHCS 32 PAXyHOK BUKOPUCTAHHS
Kazany 0aratooOilsiioui  XapaKTepUCTUKU 3 | aKTUBHUX MEPETBOPIOBAYIB Ha 000X CTOpPOHAX
MOMIALY 3HWKEHHS Harpyr i crpymiB B ene- | IPT [4; 15-18], oqHak BUKOpUCTAaHHS Ha CTOPO-
MEHTaX CHWJIOBHX IEpPETBOPIOBAYIiB 32 3MiH Ha- | Hi MpUiMada MacUBHOTO JIIOJJHOTO BUNPSMIITYA
BaHTaXeHHs 1/ a0o yMoB 3B’s13Ky [12; 19-22], | 3amicTh aKTUBHOTO BHCOKOYACTOTHOTO ITEPETBO-
OJIHAK MiJIBUIIICHA CKJIAHICTh 1 MoTpeda B J0- | proBaya BEJHKOI IMOTYKHOCTI CIIPOIIYE CUCTEMY
JATKOBUX PEAKTHUBHUX KOMIIOHEHTaX pOOJISATH | 1 103BOJISIE 3HU3UTH ii BAPTICTb.
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BuokpemJ/ieHHsl He BUPillIeHUX paHimne
YaCTHH 3arajibHoi npodJjemMu. Y crarrti pos-
TIA1a€ThCSl aKTyalbHa MpobOiieMa MPOEKTY-
BaHHs cucTeMu IPT BUCOKOI TOTY)HOCTI, TpH-
HHATHOT JU1s poOOTH 3a BEIUKHX 3MIH YMOB
3B’SI3Ky MiXK TepelaBajbHOI0 1 NMpUAMalb-
HOIO KOTYIIKaMH 4epe3 BiJHOCHE 3MILICHHS
a6o HecoocHocTi. I[Ipomonyerbcs mpocrta
KOH(Irypairisi CHCTeMH 13 SS-KOMIIeHCAIli €10
1 JOMaHUMHU BUMPSAMIISTYEM, BXiJ SIKOTO ITif-
KJIIOYEHUN 10 NPHUIMMAar4oi CTOPOHHU, a BU-
Xi — 10 MOCTIHHOI HAampyru aKymyjsTopa.
UyTnuBicTh 3B’S13Ky 0 BIAHOCHOTO MepeMmi-
IIEHHS 3aJI€KUTHh BiJl (HI3MIHOT KOHCTPYKIIIT
KOTYIIOK (TOOTO (hopmu, po3mipy 1 T. A.) [11;
12]. Ha upbomy piBHI HE PO3IIISAAETHCS €K~
TPOMAarHiTHa KOHCTPYKIIisl KOTYIIOK, 3aMiCTh
[bOTO BUKOHAHO aHami3 (yHJAaMEHTAIbHUX
BJIACTUBOCTEN 1 BIAIIOBIAHI MaTEMaTHYHUX
CIIBBIIHOMIEHbh SS-KOMIIEHCOBAaHUX CHC-
teM [PT, sKi mepenarTh €HEprio MiX JIBO-
Ma JpKepeliaMu HalmpyTrd MOCTIHHOTO CTpyMy
npu (ikcoBaHii BeIMYHMHI HAIPYyTH HABaHTa-
JKeHHs. 30Kpema, HaO1IbIINM 1HTepecC mpe-
CTaBJISIOTh MaTEMAaTH4YHI MOJIEJII 4YaCTOTHHX
XapaKTePUCTUK TAKUX CHCTEM 1 aHAIII3 BIUTH-
By LIUX XapaKTEPUCTUK Ta o0paHOi cTpaTerii
yOpaBIiHHS Ha PEUTUHTOBI BUMOTH J0 TIO-
TY>KHOCT1 HaIliBIPOBITHUKOBHX IEPETBOPIO-
BauiB y ckinani [PT. Iloganemii mocmimKeHHs
BECTUMYTHCSl y HaIpsMi TOIIYKY Yy3ToJKe-
HOTO Mi0Opy mapaMeTpiB pe30HaHCHUX KiJ
1 cTparerii ympaBliHHS 4YacTOTOIO 3 METOIO
MiHIMIi3aIlli 3HAY€HHS BCTAHOBJIEHOI MOTYX-
HOCTI MEPETBOPIOBaUiB, a OTXKe, iXx rabapu-
TiB, Baru Ta BapTOCTI.
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Merta pociaigxeHns. Metoro pobotu €
aHali3 HampsMiB YIOCKOHAJICHHS Cy4YacHHMX
IHAYKTUBHUX 3apsSIHUX CHCTEM, 30KpemMa JUis
aKyMYJIITOPHUX MOPCBHKUX CY/EH, IUISXOM I10-
IIyKy NpUHLMIIB 3a0e3neueHHst cradimizaril
MePeAaHo] MOTYKHOCTI (3apsAIHOTO CTPyMy) U
1HBapiaHTHOCTI MOKa3HHUKIB eHeproedeKkTus-
HOCTI 3a3HaY€HUX CHCTEM JI0 3MiHH YMOB iH-
JTYKTUBHOTO 3B’ SI3KY.

OcHoBHUII  Marepian  (pe3yJbTaTH).
OcHosHI XapakmepucmuKku 1 0OMeXHCeHHs pe-
3onancHux SS-komnencosanux cucmem IPT
3 nocmitihum onopom nasanmadicents (CR)
Y mpocrtiii  SS-koMmeHcoBaHIN cucTeMi Ha
puc. 1 mepenaBaigbHa KOTYIIKA 30YIKYETHCS
BUXIJIHOIO Hampyroro H-mocra iHBepTOpHOTO
neperBopiosasa U (7). 3assuuait U, (1)
€ TIEP10IUYHOIO TpI/IplBHeBOIO KPHUBOIO MPSIMO-
KyTHO-CTYIIHYacToi ()OpMH 3 PErysibOBaHOIO
OCHOBHOIO 4aCTOTO0. AMILTITYIa Uneped(t) 3Ha-
XOJIUTHCSL B MEXaX, BU3HAYCHHUX BXIJHOIO TO-
criiHoro Hampyroro U, . CurHaau 3MiHHOTO
CTpPyMYy 1 Halpyrd Ha BUXOJl MPHUIMAIbHOTO
PE30HAHCHOTO KOJIa 1 BATPSIMIISIIOTHCS T10HUM
MOCTOM, JIO BUXIJHHUX KJIEM SIKOTO ITiIKITFOUYEHO
HaBaHTaXXEHHs 3 NMOCTiiHOI0 Hanpyroto (CVL)
— aKyMmynsiTopHa Oatapes. Y niteparypi Xapak-
TEPUCTUKH CUCTEMHM Ha puc. | 3a3BUYall BU-
BYAIOTHCS MUISIXOM BBEICHHS JIBOX OCHOBHHX
MIPUITYICHb, 110 TPU3BOATH 0 MPOCTOI €KBi-
BaJICHTHOI CXE€MHU, IOKa3aHOoi Ha puC. 2:

— T'apMoHiuHa ampoKcHUMaIlis; IPUITYCKa-
€THCS, 1[0 BC1 HAIPYTH Ta CTPYMH y CUCTEMI €
CHHYCOIJAJIbHUMH.

— HaBaHTaxxeHHS TIPEJCTABISETHCS CKBi-
BaJICHTHUM OTIOPOM.

]
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Puc. 1. OGpana TOnonoris CUCTEMH 1HAYKUIHHOT epeaadi eHeprii 3 MOCTIHHOI0 HAPYTOI0 HAaBAHTAXKEHHS
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Jliana3oH 3MiHHM KOMIUICKCIB JIFOYMX 3Ha-
YeHb BXIJHOI Ta BHXIJHOI HANpyrd MEpPeTBO-
proBaua

2V2

= & ) Udc,Bux (1)

s

0<U

<

nepen — "Ugepx s UnpuﬁM =

ExBiBaieHTHE HABAaHTAKEHHS BUPAKAETHCS
K [24]:

Ul'lpl/lﬁM _ 8 . Udc,BuX

Rec = )

V [4] noka3aHoO 1110 MaKCUMaJIbHE JTOCSIKHE
sHaueHHs KKJ]I cucremu mepemavi motyKHOC-
T1, IPEACTABIIEHOI Ha PUC. 2, CTAHOBUTD

Inpuiiv 2 Tdcpux

k-Q 2
e = (st 3)
Koedimient 38’s13ky K i 1o6potHicts Q BU-
paxeHi yepe3 iHayKTuBHOCTI L, 1 L, KoTymIok 1
B3a€MHY IHAYKTHBHICTH M, a TAaKOXK MOCIiIOBH1
€KBIBAJICHTHI ONOpH R 1 R, BU3HAYAIOTLCS SIK:

k= 4
L 4)
Q= /Ql.Q — [@oly ®oly (5)

Ry Rz

[I{o6 MakcuMi3yBaTH MOXJIMBOCTI TIepe1adi
MOTY>KHOCTI Ta MiHIMi3yBaTH BUMOTH 10 BCTa-
HOBJICHOI TMOTY>KHOCTI NEpeaaBaJbHOrO IMepe-
TBOPIOBaYa, PE30HAHCHI KOHTYpU MO OOUABI
CTOPOHM BIJl JiHIT 3a3BMYall HAJAIITOBYIOTHCS
Ha OJIHY 1 Ty CaMy pPe30HAHCHY YacTOTy Wy:

1 1
Wy = Wo,nepes = ﬁ = W0,npuiin \/ﬁ =2x-fy (6)

Makcumansauit KKJ[ y (3) mocsiraerbes
TITBKM TIpH pOOOTI CUCTEMH TP PE30HAHCI i
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€KBIBAJICHTHUM HABAHTAKEHHSIM MPUHMAIBHO-
ro KOHTYpY, iJIcaIbHO Y3TO/DKCHHUM i3 BHECe-
HUM onopom [11]:

WL TE R QF (7)

HexTyrouu BrparaMu B KOMITOHEHTAX CXEMHU
Ha pHC. 2, HOMIHAIBHHUH MOTIK MOTY>KHOCTI 4e-
pe3 IHAYKITIITHMI 3B’ 130K HA MEBHIM Pe30HAHC-
HOT 4acTOTi MOYKHA 3HAWTH 3 BUPa3y

REK = REK,COBH =

P() — Unepeu'unpuﬁM

e (8)

IIpu B3aemHIN IHAYKTUBHOCTI MK Iepenaa-
BaJIbHOIO 1 MPUMUMAJILHOKO KOTYIIIKAMHU CTaJICTh
MOTOKY TIOTY)KHOCTI MOXe OyTu 30epexeHO
nusixom peryinroBanis U Tl HOMiHAJIBHO-

. nepeo
Io TOTOKY MOTY’KHOCTi P, TIpH MaKCHMAIBHO-
MY 1 MiHIMaJIbHOMY 3HAUEHHSIX B3a€MHOI 1HIYK-
THUBHOCTI BUKOHYIOTHCS TaKi CITiBBIIHOIIICHHS:

9)
B3aewmHi ingykTuBHOCTI M, , M,  Ta pe30-
HAHCHI YaCTOTH o min' @omax BIIAMOBIIAIOTH MiHi-
MaJIbHOMY 1 MaKCHMaJIbHOMY 3B’SI3Ky MIX KO-
Tymkamu. PoGoTra koja B pexuMi pe3oHaHcy 3
PeryIb0BaHOIO aMILIiTy0t0 Hanpyru U,
Oe3reuye MATPUMKY OIMHHYHOTO Koe]ilieH-
Ta MOTYXKHOCTI Y BCbOMY POOOUYOMY Jiana3oHi
3MIHU B3a€MHOI 1HAYKTHBHOCTI. /g cucremu

0e3 BTpar 11e 03Havae, m1o:

= Unepeu,min : Inepeu,max (10)

Unepeg,min'”npuﬁm

P _ Unepenmax Unpuiim _
HOM

@0 max Mmax @0, min"Mmin

3a-

PHOM =

Urlepea,max I nepes,min

VY npomy piBHSHHI Inepa)’mm — CTpyM, HEoO-
X1THAN U1 Tiepeadi HOMIHAIBHOT MTOTYKHOC-
Ti 32 MAaKCUMaJIbHOTO 3B’A3KY (IO BiAMOBiAa€

L_) R"_) C2 Inpmim

_rww\_/vv\,_l_’

A

Puc. 2. ExBiBanentHa cxema IPT 3 SS-xommencariero 3a rapMOHIYHOT alpOKCUMAIIil CUTHAIIB 1 IpeCTaBICHHI

HaBaHTA>XEHHS OIIOPOM

29



gHIPBUILDIN

MARINE INFRASTRUCTURE

MaKCHMaJbHIi Hampy3si), a | epecomar — CTPYM,
HeoOXiTHUH 32 MIHIMAJIBHOTO 3B’ 13Ky (110 BiJI-
MoBiJa€e MiHIMaIbHIN Hamnpy3i). Bukopucroy-
toun (9) 1 (10), MakcuManbHEe 3HAUYEHHS BCTa-
HOBJIEHOI TOTYXHOCTI H-moamiGHOro wmocra
MOYKHA PO3paxyBaTH TaKUM YHHOM:

— — @Wo,max Mmax .
Snepe,u - Unepea,max ' Inepea,max - @0 minMmi PHOM (l 1)
,minMmin

Jlns OimbmiocTi Ci1aOKO3B’SI3aHUX CHCTEM
13 SS- KoMMeHcaIlie MPUITYCTUMO TPHIUMATH
Bem4uHy L, i L, HoCcTiiHMMHU, BHACITIIOK 90TO
nocTiHOIO Oyzie 1 pe30HaHCHAa YacToTa ®o.
3 ypaxyBaHH:M (4) 11e O3HAYaE, 1m0 3HaYCHHS M
Oyae MmpuOIM3HO MPONOPLIHHUM KoepilieHTy
3B’s13Ky. Takum unHOM, Bupas (11) crpouryeTs-
cs 1o Buny [25; 23]:

kmax
Snepeq ~ Yomin * Pyom

(12)

Hagenene Buiie piBHSHHS TTOKa3ye, 110 Jia-
Ma30H 3MiHH KOe(iIlieHTa 3B’ A3KY MA€ BEIUKHUNA
BILJTUB Ha BEIMYMHY HEOOX1HOT BCTAHOBJICHOT
MOTY>KHOCTI NEpeJaBaibHOrO MEPETBOPIOBaYa
pu poOOTI CHCTEMH B PEXKHMI PE30HAHCY 3 pe-
T'YJIFOBaHHSIM BX1THOT HAIIPYTH.

HacnpaBai HeoOxigHa BeIMYMHA BCTaHOB-
JICHOT TIOTYXKHOCTI JJI TIEpETBOpIOBava Tepe-
JaBaIbHOI CTOPOHM B HAWTIPUIOMY BHIAJIKY
MpUOIU3HO BU3HAYAETHCS CIIBBIIHOLICHHIM
MDK MaKCHMJIbHUM 1 MiHIMaJIbHUM Koeirri-
€HTaMU 3B’513Ky. TakuM YMHOM, YUM OiJIbIINI
Jiarna3oH 3MiHM K, THM BUIIUM Oyjie HEoOXia-
HUN HOMiIHAJI BCTAHOBJIEHOI MOTYKHOCTI 3a 3a-
JaHUX KOHKPETHUX PIBHIB HAIIPYTH Ta CTPYMY.
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Ile mpoinrocTpoBaHO Ha pHC. 3 HpHU 3MiHI
BiTHOIIIEHHSI MOTOYHOTO 3HAYEHHS K 10 MiHi-
MaJIbHOTO kmm B aiamasoHi Big 1 go 3. Ha ma-
JIOHKY J00pe BHIHO, SK MEpelaHi Hampyra i
CTpyM OyayTb 3MIHIOBATUCS 3aJI€KHO BiJ 11bO-
IO BIIHOIIEHHS MPHU 3BUYANHIA poOOTI 3 (iK-
COBAaHOI0 YaCTOTOI0 PE30HAHCY 1 MiATPUMII
HE3MIHHOTO HOMIHAJLHOTO MOTOKY MOTYKHOC-
Ti. Ha rpadikax Urleperl 1 Inepeﬂ MOKa3aHi y Bij-
HOIIIEHHI 10 CBOIX 3HAa4YeHb Unepeﬂ’max nepermax’
SK1 BiJIMOBIAAIOTh MAKCUMAIIBHOMY 3HAYEHHIO
KoedilieHTa 3B’ I3KY.

CranioHapHi 4YacTOTHI XapaKTepHUCTH-
ku cucremu IPT 3 mocriiiHo Hanpyrorw
HapaHntaxxeHusi (CV). Ilix yac mocmimkeHHs
YaCTOTHUX XapaKTEPUCTUK BUXIAHOI (izuuHOT
CHCTEMH, TpeNCTaBleHOi Ha puc. 1, HaBaH-
TaXCHHs] He Moxe OyTH 3MOAENhOBAaHE EKBi-
BasleHTHUM TocTiiHuM omopom (I1C), sk Ha
puc. 2. 3aMiCTh IILOTO CJIJ BPaXOBYBaTH, IO
AMIULITY/Ia Hallpyrd Ha HABAHTAKCHHI U it
3aJIUIIATUMETHCS. HE3MIHHOIO, TOI1 K CTPyM
HaBaHTakeHHs Ipick Oynme 3MmiHIOBaTHCS INpHU
3MiHI YacTOTH 30yMKEeHHsA. TakuM YHHOM,
CHUIbHA [ JIOJHOTO BHUIPSAMIISYA 1 JKepena
MOCTIMHOI Hampyru HaBaHTAXKEHHS TPU3BO-
JIUTH IO €KBIBAJEHTHOI CXEMHU 3aMIILEHHS IS
OCHOBHOT TapMOHIKH, TTOKa3aHOi Ha pHuC. 4.

Crig 3a3Ha4MTH, 110 3aJIEKHE HKEPEIo Ha-
npyrn U BPaXOByC BIUTUB HaBaHTa)KCHHS
Ha CTPYM NPUHAMATBHOTO KOHTYpY; 30KpeMma,
(aza Hampyru Ha KOHTYpi MOBUHHA JIOPiBHIO-
BaTH (asi CTpyMmy, SIKUI BUKIIUKAE MIEPEMUKAH-
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Puc. 3. 3a1e)HOCTI IepelaHUX HAPYTH Ta CTPYMY Bij KoedimieHTa 3B’ 3Ky MPH MiATPUMII HE3MIHHOTO
HOMIHAJIFHOTO MOTOKY MOTY>KHOCTI Ta (hiKCOBaHIl 4aCTOTI pe30HAHCY
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HSl TIOJISIPHOCTI /A10/1iB BUMPSIMHOTO MOCTA, 110
MIPU3BOIUTH JI0 HETIHIMHOTO IMOBEIIHKH BCHOTO
KoJjia. BUKOpPHUCTOBYIOUM KJIACUYHY TEOPIO KiJ
1 3 ONNIAy HA TPUHHATI TPUIYIICHHS, OIH-
caHi BHUIIE, MOKHA 3HAUTH y 3aMKHYTIH ¢op-
Mi BUpPa3H Uil CTPYMIB 1 Hampyr y CHUCTEMI.
B igeanpHOMYy BHIAfKy KOTYHIOK 0€3 aKTHB-
HUX BTPAT MOTYXKHICTb, IO MEPEIAETHCS y Ha-
BaHTAKEHHsI, BA3HAYA€THCS BITHOCHO IIPOCTUM
BUPA30M:

2 4
2 2k 2_%9
UHpHﬁM [ (_2_1)"'2("0_ 2
Xy w
PBI/IX = =

4
Ly(w?(k2—1)+2w3 - 20)

w

2
Unpm?lM
Rey (w,xy)

(13)

e KoeQIieHT Tucbanancy X 3HaXOMUThCS 3a
hopmyIor

2 Ly Unpm?lM 2
u = 5 ( )

(14)

X
Ly Unepea

Bupas y (13) mae ceHC TiNbKH TOII, KOJH
PEe3YNIBTYIOUNMNA TMOTIK TOTY)KHOCTI JIMCHHUH 1
MMO3UTUBHUH, 110 BiAMOBiTae poOOTI AI0THOTO
BUTIPSIMIITYA B MEKax pexuMy Oe3nepepBHOL
MpOBIAHOCTI BeHTWIIB. st x, " 1 4acTOTHHUI
JiarasoH, y SIKOMY MOXJIMBA Tiepeiada HeHy-
JHOBOI MOTYKHOCTI, 337]a€TbCS KOPEHAMHU JIpY-
TOro MOPSJKY XapaKTepUCTUUYHOTO PIBHSHHS,
10 BIAMOBIJa€ HYJILOBOMY 3HAYCHHIO 3HAMEH-
Huka Bupasy (13):

1 . 1
W S W< Wy, W, = Wy * [m,wu=wo',[§ (15)

3 (13) BuaHO, 1I0 mepenaHa MOTYXKHICTb
Ha YaCTOTaX @ = w; i @ = wy B 1/1€alli IpsIMye
10 HecKiHYeHHOcTi. CUTyalisl MOMITHO 1HIIA,
SKIIO x, >1; y IbOMYy BUNAAKy poOouMii mia-
[a30H BU3HAYAETHCS PILICHHAMHU XapaKTepHc-

!nepen Ci R| L]

_"_‘"_IVV\,JYYY'L
Q©

Unepu.
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TUYHOTO PIBHSHHA 3 4yncenbHuKka (13) i oOme-
YKEHUH TUISTHKOI W) < @ < wy, JIe

r_ . LR . 1
@ = ®o \/1+k/xu » @u = @0 T, (16)

TONI SIK TOTIK TOTY>KHOCTI HaONIKAETHCS 10
HYJISl HA M@XaX JUISTHKH.

3a BiICyTHOCTI BTpaT y KOTYLIKaX apryMEHT
BxigHoro imrenancy IPT 3 Goky mepenaBaib-
HOTO iHBepTOpa (puc. 4) Ma€e BUITISL:

1—i)+ﬁ(i—1)

U 7 )t 2 (=
27z = £ % = arctan(——"2
2

nepen ) (17)
Inepea ("2_1) w} _w‘(l)-
2T

I3 (17) BuUmIMBae KIOYOBAa BJIACTUBICTH
cucrem IPT, mo npaurorors nipu X =1 (Tax 38a-
HUX 30aJJaHCOBAaHUX CHCTEM):

2Z pepenlx,=1 = 0 i BCix W, < 0 < wy; (18)

Takum ynHOM, 30aMaHcOoBaHa cucteMa 6e3
BTpaT, 10 MPAIIOE P MOCTIHHIA Hampy31 Ha-
Bantaxenns (CV), Oyme miaTpuMmyBaTH OJU-
HUYHUA KOe(IIieHT MOTYKHOCTI Ha mepena-
BaJIbHOMY KIHII JUUISl BCIX MOXJIMBHX POOOUMX
4acToT y aianasoHi (15).

Cucrema, 30ajlaHcoBaHa 3TigHO 3 HaBele-
HUM BHIIEC BU3HAUEHHSM, TaKOX € 11eaJbHO
MigiOpaHOI0 CHUCTEMOIO B CEHCI KIACHYHOTO
BH3HAUYCHHSI, OTPUMAHOTO 3 KOHIIEMIi EeKBi-
BAJICHTHOTO OMOpY. 3HAIOUM HEOOXiJAHY BEJIH-
YUHY MOTYXHOCTI, 110 TIepeaaeThcs 10 HaBaH-
TaxeHHs, 3 (13) mpu X =1 i @®=wo oTpuMy€EMO
BEJIMYMHY €KBIBAJIEHTHOTO KPUTHYHOTO OTIOPY:

(19)
Ockinbku (13) Moxke OyTH 3aCTOCOBAHO 110
KOTYIIIOK O€3 BTPAT 13 HECKIHYEHHNUM 3HAUCHHSIM

Rexlw:wolxu=1 =wo k- L,

L 2 R 2 CI In pHiAM

JWY\./VV\,_";’
3
joM -1",,%@ @ —JOM Ly U @

éupuiu = é!rrpm'w

Puc. 4. ExsiBanentna cxema [PT i3 SS-xomnencarieto nmpu rapMOHiuHI anmpoKCHUMaIii epeaaBatbHOroO 1HBEPTOpa
Ta BUIPSIMHOTO JIIOIHOTO MOCTA 3 MOCTI{HOK HANPYTOI0 HAaBAHTAKECHHS
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nobporHocti Q, (19) 36iraeTscs 3 BuUpa-
30M (7) 11eabHO Y3TOKEHOTO OTOPY HaBaH-
TaxxeHHs. Y [26] OyIo mokaszaHo, 0 Y3ToKe-
Ha cHcTeMa Mpalioe Ha OipypKamiiiHiil Mexi.
Jlis cucteM 13 MOCTIHHUM PE3UCTUBHUM Ha-
BaHTAXCHHSM 1€ 03HAYAE, 110 I Oy/Ib-5IKOTO
OTIOpY, AKUH MepeBUILy€e KPUTUYHE 3HAUYCHHS
y (19), dba3oBuii 3cyB MixX BiIIpaBIEHUMH Ha-
MPYrolo i CTPyMOM CTaHOBUTb HEMOHOTOHHY
(GYHKIII0 9acTOTH 1, KpiM OIHOTO MEPEexXoay
yepe3 Hy/lb Ha Pe30HaHCHIN yacToTi (6), Oyne
MaTH 1€ JBa JOJATKOBi. AHAJIOTIYHE SBUIIE
Bi1I0YBA€ETHCS 1 JUIsI CUCTEMU 3 BUIPSMIISTIEM
IIpH MOCTIHHINA BUXIAHIN HANpy3i sIK HACIIITOK
iuBepcii 3Haka (17) O6u1s wg, KO 3HAUYCHHS
X TNEPETUHAE OJMHMLIIO.
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[IpsiMe MOPIBHSAHHS XapaKTEPUCTUK yCTalle-
HOTO PEKUMY JUIS IBOX 3TaIaHUX BHILE CUCTEM
suie cucreM IPT nokasano na puc. 5. Hanpy-
ra Ha IepeiaBaIbHOMY KiHII 3aJIMIIA€THCS O1-
HaKoBOIO B 000x Bumajakax. Ha rpadikax mo-
TYXHICTh HOPMOBaHa 0a30BUM 3HAYCHHAM IpU
PE30HAHCI, SIKe BU3HAYAETHCS (HopMyoro (8).

Sk 1 citig Oynio O4iKyBaTH, XapaKTEPUCTHUKU
CR 1 CV cucrem 30irarotbCst B pasi KOTYIIOK
06e3 BTpar NpH PE30HAHCHIN 4YacTOTi, MpoTe
CYTT€BI BIMIHHOCTI BUHHUKAIOTh IPU PO3IIIs-
Il HEpE30HAHCHUX PEKUMIB. 30KpeMa, MOTIK
MOTYKHOCTI 3aBxkau obmexeHuit y pasi CR
HABaHTAXXCHHS, HABITh KOJIU PO3MIAAAIOTHCS
KoTymku 0e3 Brpar. Kpim Toro, moctiiiHuii
Koe(ilieHT MOTYHOCTI, XapaKTepHUH s

. = s C\/ (63 BTPaT)
— ' ----CVIQ1=°2=150)
=25 A
% 1 s CR (63 BTPAET)
as : s CR[Q‘:02=150)
! : 5
- T - -
g o : . ?
53 : i :
TR S T
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: , | : 2
Tc : : " i
L : i : :
] . : : :
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o
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HopmanizosaHa vacToTa (tﬂo]
100 v L L) L) L] 14 T L)
. E : | : :
o STt : ; ; i ; i
1 :
_ 40F------ .: :
g 1] — =
;.- ;
1 :
g 20} : : .
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Puc. 5. IlopiBHsiHHEA XapakTepucTuK cucteMu SS-IPT npu onTiManbHO y3romkeHoMy HaBaHTakeHHI RC
3riHo 3 (19) na pesonanchiit yactoti Ta npu CV-HaBanTaxenHi 3a yMoB X = 1, k = 0,35
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36amancoBanol CV cucrteM, HIKOIU HE CIIOCTE-
piraetbes B pa3i CR cucrem. Ha puc. 5 takox
MOKa3aHo 110 MPH 00IIKY BTPAT XapaKTepUCTH-
krt CV CHUCTEM ICTOTHO MOTIPIIYIOTHCS; MTPOTE
MOTIK MOTY>KHOCTI, SIK 1 paHilie, Mae Ba siCKpa-
BO BUPaKEHI IMiKH, ONM3bKI 10 TPAaHUYHUX Yac-
ToT (15). Kpim TOTO, €KBiBaJICHTHHIA iMITEIaHC
13 OOKy nepeAaBajibHOTO KOHTYPY 3aJIUIIAEThCS
MPAKTUYHO PE3UCTUBHUM JJIS BCIX YaCTOT MK
HUMH, 110 BIATOBIJIa€ PEKUMY POOOTH 3 Koedi-
IIEHTOM TOTY>KHOCTI, OJM3BKUM 10 OIMHUIIL.
Xapakrepuctuku CR cuctem 10CUTh HEUYTIHU-
Bi JIO BTpar, MOKH JOOPOTHICTh Q 3HAXOAUTHCS
y JiamasoHi, BiMOBIJHOMY MPAKTHYHUM CHC-
TEeMaM BEJIMKOI MOTY>KHOCTI. [Tiku moTykHOCT1
HabaraTo MeHIlle BUPaKEH1 1711 HABAaHTAXKECHHS
CR, a 3anexHicTh Koe(ilieHTa MOTY>KHOCTI Ha
nepenaBaIbHOMY KiHIII BiJl 4aCTOTH MPOSIBIIS-
€THCSI 3HAYHO CUJIBHIIIIE.

Cripg 3a3HAYMTH, 10 XApPAKTEPUCTUKH, II0-
Ka3zaHi Ha MAJIOHKY 5, € JIOCUTh 3araJibHUMH,
OCKLUTBKM BOHU MOXYTb OyTH 3aCTOCOBaHi 10
Bcix cucreM IPT i3 SS-kommencartiero, siki pu-
3HAYCHI [T POOOTH TPH 1/I€ATHHO MOTOHKEHOMY
HABaHTA)KCHH] HE3aJIOKHO Bifl KOHKPETHOTO BH-
00py piBHIB HAalPyTH Ta CTPyMY. XapaKTepHCTH-
ku roOynoBaHi st k = 0,35; 3MiHa KoedimieHTa
3B 513Ky BIUIMHE Ha IIUPUHY JOCSKHUI poO0UOro
ygactotHoro aianazony CV Bigmosigao a0 (15).
30uTbIIeHH Koe(illieHTa 3B’S3Ky MPU3BOAUTH
JI0 3pOCTaHHS TIKIB HOPMAaJIi30BaHOTO TOTOKY
MOTYXKHOCTI IPH TUX CAMHUX TOOPOTHOCTSIX.

Hanpsimkn nokpamieHHst edeKTHBHOC-
Ti Pe30HAHCHOI Ta HEPEe30HAHCHOI Nepeaavi
nortyxHocTi. [TonepenHiit aHam3 mokasas, 110
ripu po6oti IPT Ha pe3oHaHCHIN YacTOTI 3MiHa
YMOB 3B’SI3Ky CIPaBlisi€ HETAaTUBHUN BIUIMB Ha
e(eKTUBHICTb CUCTEMH. PeryntoBaHHs MOTOKY
MOTY>KHOCTI Y TAKOMY BUIIQJIKy MOKJIMBE JIUIIIE
IUIIXOM 3MIHM BiJMpaBieHoi Hampyru. Yum
OLTBLINI Jiama3oH 3MiHU KOoedillieHTa 3B’ A3Ky
K, TuM BHIIIUM Oyjie HEOOXiTHUI HOMIHAJ BCTa-
HOBJICHOI MOTY>KHOCTI TIepeaBajIbHOTO iHBEP-
TOpa IPH 33/IaHUX KOHKPETHUX PIBHSAX HAPYTH
Ta CTpyMy HaBaHTaXeHHs. [HIUM crmocoOom
cralinizamii nepeaanoi MOTYXHOCTI MPH 3MiH1
YMOB 3B’5I3Ky € YaCTOTHE PETYIIIOBaHHSI.

XapaKTepUCTUKH 1/1€aTbHOT CUCTEMH 3 BU-
3HAYCHUM Koe(illieHTOM 3B’s13Ky K, oTpuMaHi
y (13) 1 (18), mepenbadaroTh, IO MIJITXOM 3Mi-
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HU poOOYOi YaCTOTH NpU HE3MIHHIN Hampysi
BXIJTHOTO 1HBEpPTOpa IOTYXKHICTh, IepeaaHa
HABaHTAXXCHHIO 3 TOCTIHHOIO HANIPYTO0, MOXKE
17leaJIbHO PETyNIOBaTUCA y Jllana3oHi:

Unepeu'unpuﬁm

PO < Pan < 0] PO(k) = wo(k)-M(k)

(20)

[Ipuuomy cucrema Oynae MaTu OJUHUYHUN
Koe(]ilieHT MOTYKHOCTI Ha 000X CTOpPOHAaX —
nepenaBaibHii 1 MpuiiManeHi y BChbOMY [ia-
Ma30H1 PeryJIIOBaHHS.

Ha puc. 5 nokazano, mjo 4acToTHe ympaB-
JIHHS TIOTYXKHICTIO MPH TOCTIMHIA KiHLIEBIN
Harpy3i Ha BUXO/I Ta KOe(IIIEHTI OTYHOCTI,
OM3BKOMY JIO OJIMHUIII, TAKOK MOXe OyTH J0-
CSITHYTO U CHCTEM i3 PO3YMHHUMH BTpaTaMu
y ILIMPOKOMY Jiama3oHi 4acToT, SK OUIbIINX,
TaKk 1 MEHIINX, HiK pe3oHaHcHa. Lle BimpizHse
3aMpONOHOBAHUI METOJ| BiJ 3araJbHONPHUIHS-
TOTO CIOCOOY PEryIIOBaHHS YacTOTH JIAIIE B
MICSIPE30HAaHCHOMY JTiala30Hi, SKe 3a3BUYail
3aCTOCOBYETBCS B  IOCIHIJJOBHO-PE30HAHCHUX
MepeTBOproBadax abo HaBITh BiJl METONIB 13
OLIBII JOCKOHAIIMM TIOJIBITHUM PETYIIOBAaHHSIM
Hanpyru / wactotu [14; 28; 29]. 11i metomu no-
3BOJISIFOTh OTPUMYBATH HE3HAUHI BTpaTH TIPU
BMUKaHHI IIEPEMHUKaUiB, OCKUTBKH BOHHU 3aBXKU
BMUKAIOThCS TIPU ONMM3BKOMY 110 HYIISI CTPyMI,
ajie BUMKHEHHS MOYXKe BiOyBaTHCS MIPU BiHOC-
HO BEJIMKOMY CTyMi. 3yMOBIIEHI ITUM BTpaTH MO-
KyTh OyTH 3HAYHUMH, OCOOJIMBO MPH BUKOPHUC-
TaHHI BUCoKoBoNbTHUX KarouiB IGBT [30; 31].

BucnoBku. OcHOBHa mpo0biIemMa 4acTOTHO-
ro METOJy pETyIIOBaHHS IMpH IMOCTIMHIN Ha-
npy3i HaBanTaxeHHs (VF-CV) — ne BiiHOCHO
OOMEKeHMI Jliana3oH, JOCATHYTHHA JUISL pery-
JIIOBaHHS BHUXIJHOI MOTY>KHOCTI. SIK MOKa3aHO
Ha puc. 5, el Aiana3oH CKOPOUYETHCS 3a pa-
XyHOK 3MEHIIEHHS JOOPOTHOCTEW KOTYIIOK.
O4eBHUIHO, 110 I TOCATHEHHS MaKCHMAaJIbHO
MOXKJIMBOi €(DEKTUBHOCTI CHiJ JOCATATH MaK-
CUMaJIbHO MOJKJIMBOI JOOPOTHOCTI KOHCTPYK-
i (3), ane iCHyIOTh HPAaKTUYHI OOMEKEHHS,
MPOJUKTOBAHI BJIACTUBOCTSIMU KOMITOHEHTIB
1 Marepiais.

MoxuBi cnocoOM TOKpaIeHHs! e(eKTHB-
HOCTI HEPE30HAHCHOI Nepeiayi eHeprii MOBUHHI
OyTH CIpsSMOBaHI Ha PO3LIMPEHHS Jiaa3oHy
pEryiIoBaHHs MepeqaHol MOTYKHOCTI. Sk anb-
TEpPHATUBU HEOOX1THO JOAATKOBO JOCIIIUTH:
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1) HamaromkeHHss nepeaaBalbHOTO Bij- 2) HanaromxeHHs pPE30HAHCHUX YAaCTOT,
HOIICHHS HAIPYTU MpH KoedilienTi qucbanan- | mo He 30iraroThes, NepeJaBajJbHOIO 1 MpH-
cy X, </ juist 30UIbIICHHS Jiana3oHy Peryiro- | MMalbHOrO KOHTYpiB s 3abe3nedeHHs ZVS
BaHHs HOPMOBAHOI Mepeaadi MOTYKHOCTI. (zero voltage switch) — pexumy H-mocra.

Crnmucok Jiteparypu:

[1] Covic, G.A., Boys, J.T. Inductive Power Transfer. Proc. of the IEEE. Vol. 101. Ne 6, pp. 12761289,
Jun. 2013

[2] Covic, G.A., Boys, J.T. Modern Trends in Inductive Power Transfer for Transport Applications. /EEE
Journal of Emerging and Selected Topics in Power Electronics. Vol. 1, Ne 1, pp. 28-41, Mar. 2013.

[3] Fernandez, C., Garcia, O., Prieto, R., Cobos, J.A., Uceda, J. Overview of different alternatives for
the contact-less transmission of energy. Proc. of the 2002 28" Ann. Conf. of the IEEE Ind. Electron. Soc.,
IECON 2002, Sevilla, Spain, 5-8 Nov. 2002, pp. 13118-1323

[4] S.Li, C.C. Mi. Wireless Power Transfer for Electric Vehicle Applications. /[EEE Journal of Emerging
and Selected Topics in Power Electronics. Vol. 3. Ne 1, pp. 4-17, Mar. 2015

[5] Maggetto, G., Van den Bossche, P. Inductive Automatic Charging: The Way to Safe, Efficient and
User-Friendly Electric Vehicle Infrastructure. Proc. of the 18th International Electric Vehicle Symposium
and Exhibition. EVS-18, Berlin, Germany, 20-24 Oct. 2001, 12 p.

[6] Brecher, A., Arthur, D. Review and Evaluation of Wireless Power Transfer (WPT) for Electric Transit Applica-
tions. U.S. Department of Transportation, Federal Transit Administration (FTA). FTAReport Ne 0060, August 2014
[7] S.Y. Choi, B.W. Gu, S.Y. Jeong, C.T. Rim. Advances in Wireless Power Transfer Systems for Road-
way-Powered Electric Vehicles. IEEE Journal of Emerging and Selected Topics in Power Electronics.
Vol. 3. Ne 1, pp. 18-36, Mar. 2015

[8] J.H.Kim, B.-S. Lee, J.-H. Lee, S.-H. Lee, C.-B. Park. S.-M. Jung, S.-G. Lee, K.-P. Yi, J. Back. Devel-
opment of 1-MW Inductive Power Transfer System for a High-Speed Train. I[EEE Trans. on Ind. Electron.
Vol. 62. Ne 10, pp. 6242-6250, Oct. 2015

[9] C.S. Wang, O.H Stielau, G.A. Covic. Design Considerations for Contactless Electric Vehicle Battery
Charger. IEEE Trans. on Ind. Electron. Vol. 52, Ne 5, pp. 1308-1313, Oct. 2005

[10]C. Zheng, H. Ma, J.-S. Lai, L. Zhang. Design Considerations to Reduce Gap Variation and Misalign-
ment Effects for the Inductive Power Transfer System. /[EEE Trans. on Power Electron. Vol. 30. Ne 11,
pp. 6108-6119, Nov. 2015

[11] Bosshard, R., Kolar, J.W., Miihlethaler, J., Stevanovi¢, 1., Wunsch, B., Canales, F. Modeling and n-o-
Pareto Optimization of Inductive Power Transfer Coils for Electric Vehicles. IEEE Journal of Emerging
and Selected Topics in Power Electronics. Vol. 3. Ne 1, pp. 50-64, Mar. 2015

[12] Villa, J.L., Sallan, J., Osorio, J.F.S., Llombart, A. High-Misalignment Tolerant Compensation
Topology for ICPT Systems. /[EEE Trans. on Ind. Electron. Vol. 59, Ne 2, pp. 945-951, Feb. 2012

[13] Budhia, M., Boys, J.T., Covic, G.A., Huang, C. Development of single-sided flux magnetic coupler for
electric vehicle IPT charging systems. /EEE Trans. on Ind. Electron. Vol. 60. Ne 1, pp. 318328, Jan. 2013
[14] Bosshard, R., Badstubner, U., Kolar, J.W., Stevanovic, [. Comparative evaluation of control methods
for inductive power transfer. Proc. of the I*' Int. Conf. on Renewable Energy Research and Applications,
ICRERA 2012, Nagasaki, Japan, 11-14 Nov. 2012, 6 pp.

[15] Diekhans, T., De Doncker R.W. A Dual-Side Controlled Inductive Power Transfer System Optimized
for Large Coupling Factor Variations. Proc. of the 2014 IEEE Energy Conversion Congress and Exposition,
ECCE 2014, Pittsburgh, Pennsylvania, USA, 14—18 Sept. 2014, pp. 652—659.

[16] Diekhans, T., De Doncker R.W. A Dual-Side Controlled Inductive Power Transfer System Optimized
for Large Coupling Factor Variations and Partial Load. /[EEE Trans. on Power Electron., Vol. 30. Ne 11,
pp- 6320-6328, Nov. 2015

[17]H.H. Wu, Gilchrist, A., Sealy, K.D., Bronson, D. A High Efficiency 5 kW Inductive Charger for EVs
Using Dual Side Control. IEEE Trans. on Ind. Informatics. Vol. 8, Ne 3, pp. 585-595, Aug. 2012

34



N21 (15) 2021 smi.nuos.mk.ua | editor@smi.nuos.mk.ua HIPBUILDING
EJIEKTPOEHEPTETUKA, EJIEKTPOTEXHIKA TA EJIEKTPOMEXAHIKA §MARINE INFRASTRUCTURE

[18] Berger, A., Agostinelli, M., Vesti, S., Oliver, J.A., Cobos, J.A., Huemer, M.A. Wireless Charging Sys-
tem Applying Phase-Shift and Amplitude Control to Maximize Efficiency and Extractable Power. /[EEE
Trans. on Power Electron., Vol. 30, Ne 11, pp. 6338-6348, Nov. 2015

[19]C.-S. Wang, Covic, G.A., Stielau, O.H. Investigating an LCL Load Resonant Inverter for Inductive
Power Transfer Applications. I[EEE Trans. on Power Electron., Vol. 19, Ne 4, pp. 995-1002, Jul. 2004

[20] C.-Y. Huang, Boys, J.T., Covic, G.A., Ren, S. LCL Pick-up Circulating Current Controller for Induc-
tive Power Transfer Systems. Proc. of the 2010 2" I[EEE Energy Conversion Congress and Exposition,
ECCE 2010, Atlanta, Georgia, USA, 12—-16 September 2010, pp. 640-646.

[21]Y. Han, Leitermann, O., Jackson, D.A., Rivas, R.M., Perreault, D.J. Resistance Compression Networks
for Radio-Frequency Power Conversion. /[EEE Trans. on Power Electron., Vol. 22, Ne 1, pp. 41-53, Jan. 2007

[22] Borage, M., Tiwari, S., Kotaiah, S. Analysis and Design of an LCL-T Resonant Converter as a Con-
stant-Current Power Supply. /IEEE Trans. on Ind. Electron., Vol. 52, Ne 6, pp. 1547—-1554, Dec. 2005

[23] Guidi, G., Suul, J.A. Minimization of Converter Ratings for MW-scale Inductive Charger Operated
under Widely Variable Coupling Conditions. Proc. of the IEEE PELS Workshop on Emerging Technologies:
Wireless Power, 2015 WoW, Daejeon, Korea, 5-6 June 2015, 7 p.

[24] Steigerwald, R.L. A Comparison of Half-Bridge Resonant Converter Topologies. [EEE Trans.
on Power Electron., Vol. 3, Ne 2, pp. 174-182, Apr. 1988

[25] Guidi, G. An apparatus and a method for wireless transmission of power between DC Voltage sources.
Norwegian Patent application 20150087, January 2015.

[26] C.-S. Wang, Covic, G.A., Stielau, O.H. Power transfer capability and bifurcation phenomena of loose-
ly coupled inductive power transfer systems. /EEE Trans. on Ind. Electron., Vol. 51, Ne 1, pp. 148-157,
Feb. 2004

[27] Mohan, N., Undeland, T.M., Robbins, W.P. Power Electronics: Converters, Applications, and Design.
John Wiley & Sons, 2003.

[28] Hayes, J.G., Mohan, N., Henze, C.P. Zero-Voltage Switching in a Constant Frequency Digitally Con-
trolled Resonant DC-DC Power Converter. Proc. of the Third Ann. IEEE Applied Power Electron. Conf.
and Expo., APEC’88, New Orleans, Louisiana, USA, 1-5 February 1988, pp. 360-367.

[29] Bosshard, R., Kolar, J.W., Wunsch, B. Control Method for Inductive Power Transfer with High Partial-

Load Efficiency and Resonance Tracking. Proc. of the 2014 Int. Power Electron. Conf., IPEC-Hiroshima
2014 — ECCE Asia, Hiroshima, Japan, 18-21 May 2014. pp. 2167-2174.

[30] Trivedi, M., Shenai, K. Internal Dynamics of IGBT Under Zero-Voltage and Zero-Current Switching
Conditions. IEEE Trans. on Electron Devices, Vol. 46, Ne 6, pp. 1274-1282, Jun. 1999.

[31] Randstad, P., Nee, H.-P. On Dynamic Effects Influencing IGBT Losses in Soft-Switching Converters.
IEEE Trans. on Power Electron., Vol. 26, Ne 1, pp. 260-271, Jan. 2011

© XKyxk O. K., 3uctok 4. B.
Jlata HagXxomKeHHs cTaTTi qo0 penakiii: 09.04.2021
Jara 3aTBep/pKeHHs crarti 10 ApyKy: 05.05.2021

35



