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AnHoTaums. IIpy TMOCTPOCHHH CHCTEMBI JJIEKTPOABIDKCHHS CyOHA MPEIBSIBISIOTCS MOBBIMICHHBIE TPeOOBaHMS
K HAZ©KHOCTH U (P (EKTUBHOCTH IPEOHOTO NIEKTPONPHBOAA, UTAOMIErOCS OT aBTOHOMHON CHCTEMBI DIEKTPOCHA0-
JKEHHSI COM3MEPUMOM MOIIHOCTH. B dacTHOCTH, MOAHMMAETCsI BONPOC 00 OrPaHHYCHHUM M CTaOMIM3aLUK CKOPOCTH,
HOTPeOIIIEMOro TOKa M, COOTBETCTBEHHO, ITOTPEOIIEMON MOIIIHOCTH TPEOHOTO JBUTATENS B YCIOBHAX H3MEHSIOIErO-
Csl MOMEHTA Harpy3ku. B citydae, eciu cucteMa peryJiMpoBaHus He COCOOHa 00ECIeUnTh MepevrcIeHHbIe TpeboBa-
HHsI, HAPYILIAeTCsl HOpMalbHas paboTa JU3ellb-TeHepaTOPHOil yCTaHOBKU BILUIOTH JI0 TIIYIICHHS, CHIDKaeTcs dddek-
THBHOCTb IIOTPEOJICHUS TOILUIMBA U CPOK CIIyXObI reHeparopa. HamiydiuM perieHHeM sBIsSeTCsl HEOCPEACTBEHHOES
peryJaupoBaHHe HOTPeOIsIeMOil aKTHBHON MOIIHOCTH H aJIalTalusi CHCTEMbI PEryJIMPOBaHHs K H3MCHEHUSIM MOMEHTA
Harpy3ku. Pa3paGoTana HOBas, OTIIMYAIOIIASCS OT U3BECTHBIX, CTPYKTYPa CHCTEMBI YIIPABICHHUS IPEOHBIM CHHXPOH-
HBIM 3JIEKTPOIPHUBOIOM, KOTOPasi BKIIOYAET B CBOM COCTAaB KOHTYD aKTHBHOW MOIIHOCTH W aNANTHBHBIA PEryISITOp
ckopoctr. Ha OCHOBE CTPYKTYpHOH CXeMbl pa3paboTaHa MMHTALMOHHAS MOJIENb IPeOHOr0 CHHXPOHHOTO JJIEKTPO-
MpUBOJa B MporpaMMHoM nakere Simulink rpaduueckoii cpensl IMHTAIMOHHOTO MoaenupoBanus MatLab. IIpousse-
JICHO MOJENHPOBaHHe paboThl IPeGHOr0 CHHXPOHHOTO JIEKTPOINPUBOAA B YCIOBUSX KAauKH C OTOJCHHEM IPeGHOrO
BHUHTA, a TAKKe MyCKa, peBepca U OCTAHOBA B HOPMAJIbHBIX YCIOBUSIX. IIpOU3Be/ICH CpaBHUTEIBHbIN aHaIN3 rPpeGHOrO
CHHXPOHHOT'O 3JIEKTPOIPHBOJA C IPEIIOKECHHON CUCTEMOIl YIIpaBICHHS U C KIACCHYECKOH CHCTEMOH yrpaBiieHHUs
C BHCIIHUM KOHTYPOM CKOpOCTH. IIpuBEICHHBIC Pe3yJbTaThl MOJCITUPOBAHMS HMOATBEPXKAAIOT, YTO paspaboTaHHas
CHCTEMa yNpAaBJICHHUS aJalTHBHA K YCIOBHSAM, XapaKTePHU3YIOIHMCS KOJIeOaHUsIMIH MOMEHTa HAarpy3KH MPU CHIIBHON
KadvKe, a TAKXKE M03BOJISIET PETYIHPOBaTh MOTPEOIIEMYIO IPHBOAOM aKTHBHYIO MOILHOCT U OTPaHUYHMBATE €€ OPOCKU
B MIEPEXOJHBIX PESKUMAX.
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Abstract. When building a ship’s electric propulsion system, increased requirements are placed on the reliability and
efficiency of a rowing electric drive powered by an autonomous supply system with commensurate power. In particu-
lar, the issue of limiting and stabilizing the speed, current consumption and, consequently, the power consumption
of the propeller engine under conditions of varying load torque is raised. If the control system is unable to meet these
requirements, the normal operation of the diesel generator set is disrupted, up to and including shutting down, reduc-
ing fuel consumption efficiency and generator life. The best solution is to directly regulate the active power consump-
tion and adapt the control system to changes in the load moment. There has been developed a new, different from the
known, structure of the control system for a synchronous electric propeller, which includes an active power circuit and
an adaptive speed controller. Based on the structure, a simulation model of a rowing synchronous electric drive has
been developed in the Simulink software package of the MatLab graphical simulation environment. A simulation
of the operation of a synchronous electric drive in pitching conditions with the propeller exposed, as well as starting,
reversing and stopping under normal conditions was performed. A comparative analysis of a synchronous electric
propeller drive with the proposed control system and with a classical control system with an external speed loop is
performed. The presented simulation results confirm that the developed control system is adaptive to conditions char-
acterized by fluctuations in the load moment during heavy rolling, and also allows you to regulate the active power
consumed by the drive and limit its throws in alternating modes.
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ship electric propulsion system
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Beenenue

HacTOTHO-peryIupyeMblii CUHXPOHHBIM 3JIEKTPO-
MPHUBOJ] UIMPOKO PACIPOCTPAHEH B MPOMBIIIJICHHOCTH
W Ha TpaHcmopTe. B 4YacTHOCTH, 3JIEKTPONPUBOA Ha
OCHOBE CHHXPOHHOTO JBHTraTeNs MPUMEHSIETCS B Cy-
JIOBBIX CHCTEMax dJeKTpoABMxkeHus [ 1-6].

OCOOCHHOCTH TAaHHOTO THIIA 3JICKTPOIIPUBOA:

— MOILHOCTb 3JIEKTPOIIPUBOJA COM3MEPUMA C MOLI-
HOCTBIO CYJIOBOH 3JIEKTPUUECKOU CeTH;

— BEHTWIATOPHBII XapakTep Harpy3KH;

— HEOOXOIMMOCTh IPUMEHEHHNSI THXOXOJHBIX JIBH-
raresiel OONBIIONH MOIITHOCTH.

BBumy TOro, 4TO0 MOUIHOCTH TPEOHOTO SJIEKTPO-
MpHUBOJA COM3MEpPHMa C MOIIHOCTBIO CYIOBOH 3JeK-
TPUYCCKON CETH, PE3KUe OpOCKHM MOTpeOiisieMOod ak-
TUBHON MOLIHOCTH MOTYT CTaTh MPUYMHON TIIYIICHUS
JIU3EIbHOTO JIBUTATENs, MPUBOJIIETO BO BpallleHHE
rereparop. Takke HEOOXOTUMO YYHUTHIBATH, YTO
B YCJIOBHSX CHJIBHOM KayKH Ha BOJC TPCOHON BUHT
OTOJISIeTCS M HE COBEPIIAeT IOJIC3HOH PabOTHI, TTOATO-
My HacTpOEHHasT Ha HOpPMAaJbHBI DPEXUM CHCTEMA
pEryNnUpOBaHUsl B MOMEHTBI HYJIEBOW HAarpy3KH MOKET
TePEHTH B PEXKUM HEYCTOHYMBOW PabOTHI.

IIpeBrilieHre TOMyCTUMOM HArpy3Kd 3JIEKTpUYe-

CKOTO TeHepaTopa, NUTAIOMIETO IPeOHON SIEKTPOBH-
raTteib, B T€YEHUE IJIUTEIBHOIO BPEMEHU MOXKET BBI-
3BaTh MEPErpeB KOJUICKTOpPa U OOMOTOK TeHepaTopa
C COOTBETCTBYIOIIMMHU HETaTUBHBIMH MOCIEICTBUSIMHU.
IMosToMy TpeOOBaHUS K CHUCTEME YIpaBJICHUS Trpeod-
HBIM 3JIEKTPOIPHUBOJIOM CJEIYIOLIHE:

— KOHTPOJIb M OTPaHUYCHUE MOIIHOCTH, TOTPEOJIsI-
€MOU MPUBOJOM M3 Cy/J0BOHU CETH;

— o0ecrieueHNe ONTHMAIIBHOTO YIIPABIICHHUS CHH-
XPOHHOW MAaIlIMHOMW B YCIOBUAX CUIIBHO U3MEHSIOIEH-
csl HaTPY3KU;

— TIOBBIIICHHAS HAJIC)KHOCTb.

C 1enbio BHITIONHEHHS BHIICTIPUBEICHHBIX Tpe0o-
BaHUIl aBTOpamMH pa3paboTaHa CTPYKTYpHas cxema
IpeOHOTO CHHXPOHHOTO 3JCKTPOIPHBOMAA, CHCTEMa
peryiupoBaHusi KOTOPOTO BKJIIOYAeT B CBOM cocTaB
KOHTYp aKTHUBHOW MOIIHOCTH W aJalTUBHBIN peryis-
TOP CKOPOCTH.

CTpyKTypa CHCTeMBbI YHpaBJeHHsI TpedHOro
CHHXPOHHOT0 3JIEKTPONPUBO/IA

[Ipu pa3paboTke UMUTAIIMOHHONW MOJIEIH TPEOHOTO
CHUHXPOHHOTO 3JIEKTPONPHBOJA OBbLIM MPUHSTHI Clie-
JIYIOIINE JOMYIICHHS:

52



Vestnik of Astrakhan State Technical University.

Series: Marine engineering and technologies. 2025. N. 3
ISSN 2073-1574 (Print), ISSN 2225-0352 (Online)

Ship power generating complexes and systems

— B KadecTBe JABHUraTelsi NPUMEHEHa HESIBHOIIO-
JIOCHAsI CHHXPOHHASI MallliHa ¢ MMOCTOSTHHBIMHU MarHH-
TaMHy Ha poTopE;

— HE YYHWTBIBAETCS WHEPIIMOHHOCTH IMpeoOdpa3oBa-
TEJIsl YaCTOTHI B COCTABE AJICKTPOTIPUBO/IA, BBUIY TOTO
9TO €ro MOCTOSHHAS BPEMEHN OTHOCUTEIILHO MaJia;

— YMEHBIIIEH MOMEHT WHEPIHH DJICKTPOJIBUTATEINS
B 10 pa3 ¢ menbl0 YCKOpEHHsI Mpolecca KOMIbIOTEp-
HOT'O MOJIEIMPOBAHUSI.

HomuHanbHass MOIIHOCTb CHHXPOHHOTO 3JIEKTPO-
neurarens — 4,65 MBT, uucio map noiarocoB — 5.

Bnok
BbIYUCEHMA

Moens CHHXPOHHOTO 3JICKTPOIPUBOJA C BEKTOP-
HOM CHUCTEMOW ympaBJIeHHs TMOCTPOEHa BO BpaIllaro-
IIeHcsl CHHXPOHHO C ITIOJIEM POTOpa CHCTEMe KOOpH-
HaT d—q [7]. BekTopHOe ympaBiieHHE TPUMEHEHO
B pacCMaTpHBaeMOM 3JICKTPOIPHUBOJEC, T. K. JaHHBIHA
TUT YOPABJICHUS TO3BOJISIET BBEIYUCIIATE 3HAYCHUE MO-
MEHTa Ha BaJly IBUTATENId, a TaKKe €ro aKTUBHYIO
MOIIHOCTh, YTO HEOOXOIUMO I IOCTPOCHUS KOHTY-
pa akTHBHO¥ MoImmHOCTH. Pa3paboTaHHas cTpykTypa
CHUCTEMBI YIPAaBJICHUSA TI'PECOHBIM CHHXPOHHBIM 3JICK-
TPOIPUBOJIOM MPEJCTABICHA Ha pUC. 1.
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Puc. 1. CtpykTypHast cxema rpeOHOTO CHHXPOHHOTO 3JIEKTPOIIPUBOAA

Fig. 1. The structure of the rowing electric drive control system

Cucrtema ympaBIIeHUSI W PETYJIHPOBAHUS CHHXPOH-
HBIM JJIEKTPOIPUBOJOM TOCTPOCHA Ha OCHOBE TpPHH-
OUIa MOJINHEHHOTO PETyIUPOBAaHUS M CONEPXKUT IBA
BHYTPCHHHUX MapajUICIbHBIX KOHTYpa TOKa C OJIOKOM
KOMIICHCAITNH TIEPEKPECTHBIX CBs3eH, KOHTYP CKOpO-
CTH U KOHTYP aKTUBHOW MOITHOCTH. Tak Kak CKOPOCTb
JBIDKCHUSI CyJHA HANPSMYIO 3aBHCHT OT MEXaHHYe-
CKOW MOIIHOCTH Ha Bally, L[EJeCO00pa3HO B KaueCTBE
BHEIHETO KOHTYpa pEryJIUpOBaHHS HCIOJIE30BaTh
KOHTYp aKTUBHOM MOIIHOCTH.

MoMeHT Harpy3ku TpeGHOTO 3JIECKTPONIPUBO/IA MPO-
MOPIUOHAJICH KBAJpaTy CKOPOCTH BpAICHHS TPEOHOTO
BUHTa W KOA((UIIMCHTY HArpy3KH, 3aBUCSIIEMY OT
mapamMeTpoB cpeabl. B yClOBHSX CHIIBHOW Kauku Ha
BOJIC 3TOT KOA(M(GUITUCHT CHILHO MEHSETCS, OCOOSHHO
KOTZa TpeOHOM BHHT YacTUYHO WIJIHM TIOJHOCTBIO OTOJISI-
etcs. Taxoke 3HaUueHUE KOAPDUIMECHTA HATPY3KH H3ME-
HSETCS TPW HAJMYWHW JICTHUKOBOHW Kammu. [lms ydera
BJIMSIHUS STOTO M3MEHCHHS Ha paboOTy KOHTYpa CKOpO-

CTH 3JICKTPOIIPUBOAA MPUMEHEH aJalTHBHBIA PeryJs-
TOp CKOPOCTH.

Ha ocHoBanMu CTpyKTYpBI, MpEeACTaBICHHOW Ha
puc. 1, B mporpammuoii cpeae MatLab Simulink [8, 9]
ObUTa pa3paboTaHa WMHUTAIIMOHHAS MOJENh T'peOHOTro
CHHXPOHHOTO 3jekTponpuBoaa (puc. 2). CtpykTypa
aJIallTUBHOTO PEryIsTOpa CKOPOCTH C KOHTYPOM aK-
TUBHOW MOIIHOCTH TPEOHOTO CHHXPOHHOTO 3JIEKTPO-
MIPUBOJIa TIPE/ICTABJICHA Ha PUC. 3.

Ha puc. 4 npesicraBneHa cTpykTypa OoKa, mocpe-
CTBOM KOTOPOTO BBITIOJIHSCTCS MMUTALUS BEHTHILITOP-
HOTO MOMEHTa Harpy3Ku TpeOHOr0 BHHTa B HOPMAllb-
HOM XOJJOBOM pEXHME W B YCIOBHAX Kauku. Takxe
B 3TOM OJIOKE MPOW3BOJMTCS BBIYHCICHUE KOAPDUITH-
€HTa Harpy3Kd Ha OCHOBAaHMH ypaBHEHHS BTOPOTO 3a-
KoHa HploTOHA 11 BpaIaTeIbHOTO JBIDKCHUS U ypaB-
HEHUs 3aBHCUMOCTH MOMEHTA JIBHTaTeNns OT Toka I,.
3Ha4ueHne 3TOro K03 HUIMEHTa HCTIONB3YeTCs U KOp-
PEKTUPOBAHUS KOI(PPUITEHTOB PErysITOpa CKOPOCTH.
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Fig. 2. The simulation model of the rowing synchronous electric drive
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Puc. 3. CrpykTypa aganTHBHOTO PETYNATOPa CKOPOCTH ¢ KOHTYPOM aKTHUBHON MOIIHOCTH

Fig. 3. The structure of the adaptive controller of speed with active power circuit
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Puc. 4. CtpykTypa 6J10ka IMUTALUH BEHTHIATOPHOTO MOMEHTA M BBIYUCICHUS KO PHIHEHTa BEHTUISITOPHOH HArpy3KH

Fig. 4. The structure of the block for simulating the fan torque and calculating the fan load
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Tak Kak aHATUTHYECKOE BBIpAXKEHHE KOIPPHUIHCH-
TOB PETYJIATOPOB JJs PaccMaTPHUBAEMOW CHCTEMBI
yIpaBJICHUs] BBUAY €€ CJIOKHOCTH IMOJIyYUTh HPAKTHU-
YECKH HEBO3MOXHO, TO CICIyeT MPHOCTHYTh K METO-
nmam nogoopa [10]. TTocpenctBom meromom Iurnepa —
Huxkonbca Obutn onpenenensl K03 OUIIMEHTHI peryJis-
TOPOB TOKOB, CKOPOCTH M MOIITHOCTH.

W, 0.e.

Pe3yabTaThl MMHTALIMOHHOTO MOJETHPOBAHHSA
rpedHOr0 CHHXPOHHOTO J1eKTPONPHUBOAA

Ha puc. 5 npencraiens! pe3ynbTaThl IMHTAIHOHHO-
ro MOJEIMPOBaHHUs PAbOTBl TPEeOHOrO CHHXPOHHOTO
9NIEKTPOIPHUBO/IA Ha BEHTHJIATOPHYIO HArpy3Ky € KOCH-
HYCOMJQIILHBIM W3MEHEHHeM Kod((uireHTa Harpy3ku
TIPY OTOJICHUH TPEOHOTO BHHTA HA 4-# ¢ (Wy, — 3a/1aHue
CKOPOCTH, 0. €.; W — TEKyIlasi CKOPOCTb JIBUTATEIL, O. €.).
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Puc. 5. Bpementbie nuarpaMmbl rpeGHOTO CHHXPOHHOTO 3JICKTPOIIPUBO/A B YCIOBUSIX KAYKH:
a — ¢ KJIIACCHIECKHM PETYISTOPOM; 6 — C YMEHBIICHHBIMI KO GHUIIEHTaMH KJIaCCHIECKOTO PETyisiTopa;
6 — C aJJallTUBHBIM PETyIATOPOM

Fig. 5. Time diagrams of a rowing electric drive in pitching conditions:
a — with a classic regulator; 6 — with reduced coefficients of a classic regulator; ¢ — with an adaptive regulator
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[Ipu wCHONB30BaHUU KIACCHYECKOTO PETyIATOPa
CKOPOCTH TIpH yYMEHBIIIEHUH KOX(PQPUIMECHTA HATPY3KH
cUCTeMa TepseT YCTOWIMBOCTD (pHc. 5, a). Jlnsa npenot-
BpaleHusi TaHHOTO 3(deKTa MPUXOTUTCS YMEHBIIATh
KOA(QPHUIMEHTHI PETYIATOPA, OAHAKO ITO YBEINIHBACT
BpeMsl MEPEeXOTHOro Tpolecca MpU HOPMAaIbHOM pe-
JKUMe Harpy3ku (puc. 5, 6). A TIpH HCTOJIB30BaHUH
aJIaliTUBHOTO PEryJsiTopa ero ko3dQuieHTs aproMa-
TUYCCKH TOJICTPAMBAIOTCS O] U3MEHEHHs K03(durm-
€HTa Harpy3ku, oOecrieuuBasl CTaOMIBHOE TOAICPKa-

W, 0.e.

1
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5, ¢
M, M., o.e.
2
0 1 2 3 4 5 6
5, ¢
P, o.e
1 ! j
Psyy
~~p
D\
05 1
3
0
0 1 2 3 4 5 6
I c
a

HUE CKOPOCTH DJJEKTPOIPHUBOAA C HE3HAYUTEIHHBIM
KoJIeOaTeIbHBIM TIPOIIECCOM B MOMEHT OTOJICHHS BUHTA
(puc. 5, 8).

Ha puc. 6 mpencraBieHbl mepexoHbIE MPOLECCHI
TP ITyCKE Ha TOJHBIA X0, MPH Mepexo/ie Ha CPeIHHI
XOJ, TIPH peBepce M OCTaHOBE IPeOHOTO JABHTATEIS TIPU
HOPMAJBHBIX YCIOBHSAX Harpy3ku (P — MeXaHHW4ecKas
MOII[HOCTh Ha Bally JBUrarens, o. e.; P, — 3agaHue
MOIIIHOCTH, 0. €.; M — 3IeKTpOMarHuTHbIII MOMEHT JBH-
rareJs, o. €.; M. — MOMEHT Harpy3kH, o. €.).

W, 0.e.

1

M, M., o.e.
T T T T T
1 F I I I I I i

Puc. 6. [lepexomuble mporeccs cKOpocTH (1), 3IeKTpOMAarHUTHOTO MOMEHTA (2) M MEXaHW4YeCKO MOLTHOCTH (3)
HPH [YCKe, peBepCe U OCTAHOBE IPEOHOr0 CHHXPOHHOTO AIEKTPOIPHBO/IA:
a — C aJalTUBHBIM PETYIISITOPOM CKOPOCTH U KOHTYPOM aKTHBHOW MOILHOCTH;
6 — C KJIACCHYECKHUM PETYIISITOPOM CKOPOCTH U MOHMKEHHBIMU K03 hULIMeHTaMH

Fig. 6. Transients of speed (/), electromagnetic torque (2) mechanical power (3)
during start-up, reverse and stop of the electric drive:
a — with adaptive speed control and active power circuit; 6 — with classic speed control and reduced coefficients

Cucrema peryiupoBaHUs CKOPOCTH C KIIACCUUSCKIM
PETYIISATOPOM C YMEHBIICHHBIMH KO3 ummeHTaMu
HMeeT Topa3fo OoJiee [UIUTEIFHOE BPEMs MEPEX0THOTO
mporecca (puc. 5, 6) (0,8 c¢), yem pa3paboTaHHAas CH-
cTeMa yIpaBIICHHUS C aIAITHBHBIM PETYIISITOPOM CKOPO-
CTH M KOHTYpOM AaKTHBHOW MOIIHOCTH (puC. 5, a)
(0,4 ¢), koTopasi obecnieurBaeT Oonee OBICTpHINH U CTa-
OWJIBHBIN BBIXOJ HA 33aJ]aHHBIC 3HAUCHHS Oc3 MPEBBIIIIC-
HUsI TOTPEOJICHUST aKTHBHOW MOIIHOCTH M MaKCHMAllb-
HO JIOITYCTUMOIT CKOPOCTH 3JCKTPOIPHBO/IA.
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3akioueHne

AHanu3 pe3ynbTaTOB MMHUTAHOHHOTO MOJENUPO-
BaHMs CBUAETEIBCTBYET O TOM, YTO NPENI0KEHHBIN
BapHaHT CHCTEMBI YIPABICHHS TPEOHOTO CHHXPOHHOTO
EKTPONPHUBOAA OOECHEUNBAECT PETyIHPOBAHUE IO-
TpeOmsieMol ABUTaTENeM MOIIHOCTH, OTPaHHYCHUE €€
O6pockoB Bbime 105 % OT HOMHMHAIBHOTO YpPOBHS,
a TaKKe aJanTalyio K U3MEHEHMSM Harpys3Kd B yClo-
BUSIX KaYKH U OTOJICHUS TpeOHOr0 BUHTA, YTO MOBBIIIA-
€T Ha/I)KHOCTh PabOThl TPEOHOTO CHHXPOHHOTO 3JIEK-
TPONPHBOJA IIPU MUTAHUM OT CYJOBON CETH COM3MEpU-
MOH MOIIHOCTH.
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