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AHOTANIA

Hixonenko €.0. KepyBaHHS €IEKTPOMEXaHIYHUMHU CHCTEMaMHU EJIEKTPUYHUX
TPAHCIIOPTHUX 3ac00iB 3 TIOPUIHUM aKyMyJISTOPHO-CYNEPKOHIESHCATOPHUM JDKEPEIOM
xuBneHHs. — KBamidikariiina HayKoBa mparis Ha TIpaBax PyKOTHCY.

JucepTariist Ha 3700yTTS HAYKOBOTO CTYIICHsI JOKTOpa (inocodii 3a creriaabHICTIO
141 — EnexTpoeHepreTuka, €JIEKTPOTEXHIKa Ta eJleKTpoMmexaHika. — HamioHanpHUN
TeXHIYHUN YyHiBepcuTeT Ykpainu «KUIBChKMI MOMITEXHIYHUM I1HCTUTYT iMeHi Irops
Cikopcekoro», HamionanpHuit — TexHiyHUM  yHiBepcuTeT Ykpainum  «KuiBcbkuit
nomTexHiyHu# 1HCTUTYT iIMeH1 Irops Cikopebkoroy, Kuis, 2023.

VY nucepraniiiHiii poOOTI BUPINIYETHCA 3aJada PO3BUTKY METOJIB CHHTE3Y Ta
aHamizy TiaroBux enektpomexaHiyHux cucteM (EMC) Ha 06a3i BEKTOPHO-KEpOBAaHUX
aCUHXpOHHUX IBUTYHIB (A/]) 1 CHHXpOHHUX JIBHUTYHIB 3 nocTiMHUMU MarHiTamu (CHIIM)
3 TiopugHuMEU Kepenamu xuBiaeHHs (I'J2K) Ha ocHOBI akymymnsitopaux O6atapeit (AKDB) 1
omoky cynepkonmencaropiB (CK), cmnpsmoBana Ha MABUIIEHHS I1X CTaTHUYHUX,
TMHAMIYHAX Ta €HEPreTUYHUX XapaKTEePUCTHUK 33 PAaxXyHOK PO3POOKH 1 BIPOBAKCHHS
METO/I1B HETIHIWHOTO 1 aIaNTUBHOTO KEPyBaHHSI.

Y nmepumiomy po3aiusii MPOBEACHO aHalli3 ICHYIOUMX METOJIB KepyBaHHS TSATOBUMU

enekrpoMmexaniuaumu  cuctremamu 3 ['JIDK 3 meToro oOrpyHTyBaHHA HEOOXITHOCTI
BUPIIICHHA HAYKOBO-TIPUKIIAJHOI 3a/1a4i, fKa pO3MIISIA€ThCsl B poOOTI. 3a pe3ynbraramu
aHAIITUYHOTO OTJISTy BCTAHOBIICHO, 1110 CUCTEMH ocliabiieHHs nmons AJl He 3a0e3neuyoTh
MOBHE BHUKOPUCTAHHA TOTY)KHOCTI  JDKepena; I OKuBIeHHS TunoBux ET3
BUKOPHUCTOBYIOThCSL TuUTbkn AKD, mo crnpuumnse ix mnpuckopeHe crapiHHs. Tumosi
cuctemu kepyBanHs ['JIJK Ha OCHOBI JIIHIMHUX MPOMOPIIIHHO-THTETPAIBHUX PETYIISATOPIB
(ITI-perynsTopiB) cTpymiB 1 Hampyru 3 (inbTpoMm Hu3bkux yactor (OPHY) e MmaroTh
CTPOTOTO TEOPETUYHOTO OOTPYHTYBAHHS, CTIMKICTh CYTTEBO HEMIHIMHMX CHCTEM HeE
noBeneHo. Ak Hacmiaok, miacucremu kepyBanHs ['J[0K 1 tsroBum enextponpuBoaom (EIT)
€ B3a€MO3B’S3aHUMH 1 UYYTIMBUMH JO KOOPJWHATHUX 1 MapaMeTpuvIHux 30ypeHb,
OCHOBHUMHU 3 SIKHX € Bapiallii akTUBHOTo omopy potopa AJl, eleKTpUYHUX MapameTpiB
CIIIM 1 mapametpiB DC-DC nepetBoproBauiB. Bkazani 30ypeHHS B ICHYIOUHUX CHCTEMax
NPU3BOMAATL JI0 Jerpajalii JuHAMIYHUX ITOKA3HUKIB SIKOCTI KEpPYBaHHS 1 3HM)KEHHS

€HePreTUYHOI €(PEKTUBHOCTI MPOLIECIB €JIEKTPOMEXaHIYHOTO MEPETBOPEHHS €Heprii.
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Y npyromy po3aiii po3poOI€HO HOBI aqTOPUTMHU OCHAOJIEHHS TOJII B CHCTEMax

BEKTOpHOTrO KepyBaHHS AJl, Akl 3a0e3MedytoTh OLIbIll MOBHE BUKOPUCTAHHS MOTYXHOCTI
JpKepena, a TaKoX CHHTE30BaHO 3 BHUKOPHUCTaHHSIM Jpyroro Merony JlamyHoBa
aJaTUBHUN CIOCTEpirad akTUBHOTO omopy potopa AJl 1 amroputmu iaeHtudikaii
napametpiB CIIIIM, sxi 3a0e3medyroTh TJIOOAIBHO CTIMKWN TIPOIEC OIIHIOBAHHS 1 €
MPOCTIIIMMHU Y BUKOPUCTAHHI1, HI’K 1ICHYIOUY1 aHAJIOTH.

Y TpeTbOoMy pO3/1iJli BAKOHAHO TEOPETUYHUN aHAJ3 Ta AOCTIIKEHHS BIACTUBOCTEN

CTIMKOCTI 1 XapakTepUCTHK CHCTEM KepyBaHHA KiacoMm peBepcuBHux DC-DC
NEepPETBOPIOBAYIB K HETIHIMHUX HEMIHIMadbHO-(a30BUX OO0 €KTIB KEpyBaHHS B
CTaHmapTHIM koHpirypaumii 3 miHiiiHUME [ll-perynaropamMu cTpymy Ta Hampyru.
Po3pobnennii meton cunrtedy 1 aHanmizy cucteM kepyBaHHs DC-DC meperBoproBauamu
0a3yeThCsl HA BUKOPUCTAHHI YaCTKOBOI JIiHeapH3allii 3BOPOTHUM 3B’ SI3KOM.

B pesynbrari TEOpEeTHYHOTO aHali3y BCTAHOBJICHO, IIO: PE3YNbTyIO4Ya CTPYKTypa
CUCTEMH KEepyBaHHS Ma€ BUTJIAJ MOCIIOBHOTO 3’€JHAHHS BOX JIHIHHUX aCUMITOTUYHO
CTIMKMX TMIJCUCTEM Yy KOHTYpl HENIHIHHOTO 3BOPOTHOTO 3B’SI3Ky 3 OUIIHIHHUMU
BJIACTHBOCTSIMU; CTPYKTypa CHUCTEMH KEpyBaHHS @nepuie JI03BOJSIE JIHEapU3alliio
BIJIHOCHO (13M4HO OOYMOBJICHOI MHOKHHHU pIIlI€Hb, SKa IMPEICTABISIE COOOK PIBHIHHS
OamaHCy TIOTY)KHOCTEW; JliHeapu3oBaHa cucTemMa HaOyBae ¢GopMu, sKa 03BOJISIE
BUKOPHCTOBYBATH TEOPiI0 KaCKaJHUX CHUCTEM 3 PO3AUICHHSIM Y 4acl MPOIECIB y KOHTypax
pETyNIOBaHHS Tak, 110 MPOLECH y BHYTPIIIHBOMY KOHTYpl (CTpyMy) Yy H€KiIbKa pa3iB
O17IbIN IIBUIKI y TOPIBHSHHI 13 30BHINIHIM (HANpPYry); HAJIAIITYBaHHS PEryJsaTOpiB 3
ONITUMI3AINEI0 32 «CUMETPUYHUM)» OMTUMYMOM J03BOJIsiE€ (DOPMYBATH MOKA3HUKH SKOCTI
KepyBaHHS.

Brnepiie mokazaHo SKMM YMHOM CTPYM HAaBaHTA)KEHHS BIUIMBAE Ha CTPYKTYpPY
cucteMm kepyBanHsi DC-DC mneperBoproBayamMu Ta IX MapamMeTpd, IO JI03BOJIAE
3MIACHIOBATH POOACTHE HAJAIITYBaHHS PETYISTOPIB IS MiABUINCHHS HaBaHTa)KyBaJbHOI
3IaTHOCTI mepeTBoproBayiB. [lokazaHo, 1m0 3aBIsSKH KOMIIEHCAIll CTPYMy HaBaHTaKCHHS
3a0e3MeuyeThes MiABUIICHHS JUHAMIYHOT TOYHOCTI cTabuIi3amii HalpyrH.

TeopeTnuHo, 3a JOMOMOTOI0 Ipyroro Metoay JIsmyHoBa, OOIPYHTOBAHO CTPYKTYpPY
KOPUTYIOUMX 3BOPOTHHMX 3B’SI3KIB anroputMmy ineHTudikamii mnapamerpis DC-DC

NEepPETBOPIOBAYIB, KWW, HA BIJIMIHY BiJl ICHYIOUMX, Ma€ IMPO30pi YMOBHU MNEPCHUCTHOCTI
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30y/DKeHHS, 10 TapaHTye€ BIACTUBOCTI TJ00AIBbHOI EKCIIOHEHIIMHOI CTIAKOCTI, HE

noTpedye iHpopmarlii mpo iX MOoYaTKOBI 3HAYEHHS, a TAKOK Ma€ MPOCTIIry Ghopmy.

Y yeTBepTOMY PO3ALJII BOEPLIE TEOPETUUHO OOIPYHTOBAHO CTPYKTYPY KOMIIO3UTHOI
cuctemu kepyBanHs ['JIXK, mo ckmamaerscsi 31 3B’S3aHUX MIJACUCTEM pEryJIIOBaHHS
BuxiaHoi Hanpyr#, ctpyMiB AKbB 1 CK, ¢inbtpy posnoainy gactor (OPY) 1 miacucremu
perymoBaHHs Hanpyru CK. JloBeneHo, HUISIXOM pO3IJIsAy IMHAMIKM CUCTEMH 3HUKEHOIO
nopsiAKy, 0 MaciTadyBaHHs 3aBAaaHHs cTpyMy CK y QyHKIIT CIIBBIIHOIICHHS HANPyT
AKbB 1 CK y cknaai ®PY (niHeapusaiiisi 3BOPOTHUM 3B’SI3KOM), a TaKoX (POpPMYyBaHHS
PO3AUIEHHS Y 4acl JWHAMIKM y KOHTypaxX peryjlOBaHHs 3a0e3MedyyloTh aCUMITOTHUYHE
PETYJIOBaHHS HAIMpPYTH JAaHKU IMOCTIMHOTO CTPyMy 1 PO3MOAUT AWHAMIYHUX CKJIaJI0BUX
ctpymiB AKb 1 CK. Iloka3zaHo, 1m0 KOMIEHCAIlisi CTPyMy HaBaHTAXXCHHS IT1ABHUIILYE
JVUHAMIYHI TIOKa3HMKH SIKOCTI PETyJIIOBaHHsS Hampyru. Po3po0iieHO HOBMM anroputM
perymtoBaHHs Hanpyru (3apsay) 6moky CK 1 HagaHo pekoMeHaallii 3 Horo HaxamTyBaHHSA,

sKe rapaHTye, 0 MPOLEC 3apsily HE BIUIMBAE Ha peryntoBaHHs BuxiaHoi Hanpyru ['JIK.

Y m’stomMy po3auii oOrpyHTOBAHO KOHIIEHIIII EKCIEPUMEHTAIBHUX JOCIIKECHb
taroBux EMC 3 TJ[)K, ska mo3BoJisse po3poOssaTH yHI(IKOBaHI eKCIepUMEHTalbHI
YCTAHOBKH JIJIs1 TOBHOMACIITAOHUX TECTYBaHb LIMPOKOTO CHEKTPY aIrOPUTMIB KEPYBaHHS
B yMOBax, sKI HaOmmwxkeHi M0 icHyrouux B peanbHux ET3. Po3pobreno crtpyktypy,
BUTOTOBJICHO 1 HAJAarO/PKEHO CTAHI[I0 IIBHAKOTO MPOTOTUITHOTO TECTyBaHHS JIJIst
nociipkeHHs Taropux EMC, ska cknanaerbest 3 AJl notyxkuictio 0.7 kBt, CJITIM 3 kBT,
niTii-ioHHUX 1 cBUHIEBO-KUCIOTHUX AKD 1 610Ky CK 3 DC-DC nepeTBoproBayamu, sika
JI03BOJIMJIA TIPOBECTH TMOBHOMACIITA0HI EKCIEPUMEHTAbHI TECTYBaHHSA PO3pPOOIEHHUX
CTPYKTYp KEpyBaHHS 3 METOI0 MiATBEP/KEHHS TEOPETUYHHX BHUCHOBKIB pPOOOTH Ta
BUSIBJICHHS €(EeKTiB, SIKi HE BPaXOBYIOThCS NMPU CHHTE31 Ta MojentoBaHHI. KepyBaHHs
YCTAHOBKOIO 3IMCHIOETHCS 3 BHUKOPHUCTAHHSIM KOHTpOJEpa Ha OCHOBI IU(POBOro
curHajgpHoro mnpoimecopa TMS320F28335 Tta po3pobiieHOro jis HbOTO MPOrPaMHOIO
3a0e3nedeHHs, 1Mo B peaIbHOMY Yaci peaiizye po3po0iieHi anropuTMu KepyBaHHS.

Po3po6i1eHo MeToAMKY MOCHIKEHHS IUHAMIYHHUX MPOLECIB €HEProoOMiHYy MixX
JoKepenaMu xuBlieHHs 1 TaroBuM EIL ska go3Bosisie popMyBaTu CTpyMH HaBaHTAXEHHS,
SK1 BIJMOBIIAIOTh TUMOBUM JiarpamaMm pyxy ET3 1 1arTh MOXKIUBICTH OIIHIOBATH

edextuBHICTh po3noaity ctpymiB Mixk AKD 1 CK Ha koxHi# 3 ainsaHok pyxy ET3.
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3 pesynwsraTiB Bepudikarii mapamerpiB AKb 1 O6moxy CK 1 gocmimxeHHs
muHamigyHuX pexkumiB DC-DC mepeTBoproBadiB BCTAHOBJIEHO, IO CTaHAAPTHI MOJETI
AKbBb Ta CK Ha OCHOBI OOIpYHTOBAaHMX MPHUIYIIEHb MOEIHYIOTh MPOCTOTY Ta JOCTATHIO
TOYHICTh JIJIS1 JOCIIKEHHS MPOoIieciB eHeproooMiny B TsiroBux EMC.

[IpoBeneno 1uki moBHOMacmTabHuX gociipkeHs /XK TaroBux EMC, saxuii
BKJIIOYA€ BIAMNPAILIOBAHHA HaBaHTaxeHb cdopmoBaHux mgiarpamamu pyxy ET3.
Pesynprati  eKCHEpUMEHTAIBHMX  JOCHIKEHb  CIIBMQJAI0Th 3  pe3yjbTaTaMu
MaTEMaTUYHOTO MOJIETIOBAHHS 3 JJOCTATHBOIO TOYHICTIO JUIsl KOMIUIEKCHUX TsroBux EMC.

3 IOPIBHSIPHOTO TECTYBAHHS BCTAHOBJICHO, 1110 PO3POOJICHUIN alrOPUTM KepyBaHHS
noBHIicTIO kepoBanumu ['JIJK 3a0esnedye 3MeHIIEHHS IHTETPAJIbHUX CEPEIHBO-
KBaJpaTUYHUX 3HaYeHb cTpyMy ejemeHTy AKD 1 iioro nmoxijHoi, MOpiBHSAHO 3 KUBJICHHSIM
Bim AKDB 1 tunoBux tomonorii ['JIDK, mo copusie 3HIKEHHIO BTpPAT 1 IMOJOBKECHHIO
tepMminy ekcrutyataiii AKb. BctaHoBiieHo, 1m0 cepes po3riasHyTHX TOMOJIOT1M MOBHICTIO
kepoBani ['J[DK MaroTe Hailkpalill BIaCTUBOCTI PETYIIOBAHHS HANIPYTH, PO3IOIIY CTPYMIB
Mk AKDB 1 CK Ta oomexenns crpymy AKBD.

PesynbraTtu po6oTtn BnpoBamkeHo: B TOB «Ilomitexnocepsic» (M. bpoBapu) ta B
ocBiTHIH mpouec y KuiBcbkomy mosiTexHIYHOMY 1HCTUTYTI iMeHi Iropst Cikopcbkoro aiis
BJIOCKOHAJICHHS JIEKIIIMHUX KYyPCiB Ta OHOBJICHHSI IIUKJIIB JJAOOPATOPHUX POOIT AUCIUILIIH
«EnekTpomMexaHiyHl CHCTEMHU €JEKTPUYHUX TpaHCIOPTHUX 3aco0iB» 1 «KepyBanHs
MIEPETBOPECHHSIM €HEPTii B BIAHOBIIIOBAHUX JKEPEIaX Ta €ICKTPOMOOLISIX.

[lomanpiie  BOPOBAIKEHHS  PE3YJbTATIB  JAHUCEpTallli PEKOMEHAYETbCS  Ha
HAIPUEMCTBAX €IEKTPOTEXHIYHOTO MPOPin0 YKpaiHu.

Ki1040Bi ciioBa: enexTpoMexaHiyHa CHCTEMa, eIEKTPUIHUIN TPAHCTIOPTHUH 3aci0,
ACUHXPOHHUN JIBUTYH, CUHXPOHHUW JIBUTYH 3 TIOCTIMHUMHU MAarHiTamMu, BEKTOPHE
KEepyBaHHs, CHHTE3, CTIMKICTb, TiOpHUIHE Kepeno KuBieHHsA, peBepcuBHuii DC-DC
NEepPETBOPIOBAY, AKYMYJISITOpHA OaTapesi, CylepKOHACHCATOP, 11eHTUDIKALIIS.
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ABSTRACT

Nikonenko Y. Control of electric vehicle electromechanical systems with battery-
supercapacitor hybrid energy storage systems. — Manuscript.

Thesis for the Doctor of Philosophy degree in specialty 141 — ‘Electric Power
Engineering, Electrical Engineering and Electromechanics’, National Technical University
of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Institute of Electrodynamics of the
National Academy of Sciences of Ukraine, Kyiv, 2023.

The thesis is devoted to design methods development of traction electromechanical
systems (EMS) based on AC vector-controlled electric drives (ED) with batteries-
supercapacitors (SC) hybrid energy storage systems (HESS) aimed at improving static,
dynamic, and energy characteristics through the development and implementation of
nonlinear and adaptive control methods.

The first section analyzes the existing traction EMS with HESS control methods to

substantiate the importance to solve the scientific and applied problem considered in the
thesis. Based on the results of the analytical review, it was found that the induction IM
field-weakening systems do not ensure the full utilization of the primary source power.
The batteries-only energy sources are typically applied to power modern electric vehicles
(EV) which causes their accelerated aging. Typical HESS control systems which are based
on linear proportional-integral controllers (PI-controllers) of currents and voltages with a
low-pass filter (LPF) do not have a rigorous rationale, and the stability of significantly
nonlinear systems has not been proven. As a result, the HESS and traction ED subsystems
are interconnected and sensitive to coordinate and parametric disturbances. The main of
which are variations of the IM active rotor resistance, PMSM and DC-DC converters
electrical parameters. These perturbations lead to degradation of dynamic control quality
indicators and reduction of energy efficiency of electromechanical energy conversion
processes in existing systems.

In the second section, new field-weakening algorithms in IM field-oriented control

systems are developed, which provide a more complete usage of the source power. Also an
adaptive observer of the IM active rotor resistance is designed, as well as identification

algorithms of PMSM parameters, using the second Lyapunov method. They provide a



globally stable estimation and are easier to use than existing analogues.

In the third section, a theoretical study of the stability properties and characteristics

of bidirectional DC-DC boost converters control systems were performed. Note that they
are nonlinear non-minimum-phase control plants. The standard configuration with linear
PI current and voltage controllers was considered. The developed control system design
method for DC-DC converters is based on the partial feedback linearization.

As a result of the theoretical analysis, it was found that: the resulting structure of the
control system is in the form of a sequential connection of two linear asymptotically stable
subsystems in a nonlinear feedback loop with bilinear properties. For the first time, the
structure of the control system provides linearization with respect to a physically
determined manifold, which is the power balance equation. The form of the linearized
system allows the use of the theory of cascaded systems with the time-scale separation
such that the internal (current) control loop is several times faster than the external
(voltage) control loop. Tuning of controllers with optimization by the ‘symmetric’
optimum allows the formation of control quality indicators.

For the first time the mechanism of the load current affecting the structure of DC-
DC converter control systems and their parameters is shown. It provides more robust
tuning of the controllers to increase the converters load capacity. It is shown that the load
current compensation in a controller improves the dynamic voltage stabilization accuracy.

The structure of corrective feedbacks of the DC-DC converters parameters
identification algorithm is theoretically substantiated using the second Lyapunov method.
Unlike the existing solutions, it has transparent persistency of excitation conditions, which
guarantees the global exponential stability properties. It also does not require additional
equipment or information about their initial values, and has a simpler form.

In the fourth section, for the first time, the structure of composite HESS control

system is theoretically substantiated. It consists of coupled DC-link voltage, battery and
SC currents subsystems, a frequency distribution filter (FDF), and a SC voltage control
subsystem.

It is proved, by considering the reduced-order system dynamics, that the SC current

reference scaling as a function of the battery and SC voltages ratio in the FDF (feedback
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linearization), as well as the time-scale separation of control loops provide asymptotic DC
link voltage control and the battery and SC currents components dynamic distribution. It
has been shown that the load current compensation improves the dynamic quality
indicators of DC-link voltage regulation. A new SC voltage (charge) controller has been
developed. Tuning recommendations ensure that the SC charging process does not affect
the DC-link voltage regulation.

In the fifth section, a concept of EMS with HESS experimental studies is

substantiated. It allows to develop unified experimental installations for full-scale testing
of a wide range of control algorithms under conditions close to those existing in real EV.
The rapid prototyping station for the study of traction EMS was designed, manufactured
and commissioned. It consists of a 0.7 kW IM, a 3 kW PMSM, lithium-ion and lead-acid
batteries, and a SC unit with DC-DC converters. The full-scale experimental testing of the
developed control structures were performed on the rapid prototyping station to confirm
the theoretical conclusions and identify effects that are not taken into account during
design and in simulation. The setup is controlled by a controller based on TMS320F28335
digital signal processor and the developed software which implements the control
algorithms in real time.

A methodology for studying the dynamic processes of energy exchange between
energy sources and traction ED has been developed. It provides the ability to set the load
currents profiles that correspond to typical diagrams of EV movement. It also makes it
possible to assess the current distribution efficiency between the battery and the SC at each
of EV movement sections.

Based on the results of the battery and the SC unit parameters verification and the
DC-DC converters dynamic modes study, it was found that the standard battery and SC
unit models, based on reasonable assumptions, combine simplicity and sufficient accuracy
for studying the processes of energy exchange in traction EMS.

A cycle of full-scale HESS studies was carried out as a part of traction EMS
including the stabilization of loads formed by the EV movement diagrams. The
experimental results coincide with the simulation results with sufficient accuracy for

complex traction EMS.
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From comparative testing results, it goes that the developed control algorithm for
full-active HESS provides a reduction in the integrated root-mean-square values of the
battery cell current and its derivative, compared to battery-only supply and typical HESS
topologies, which contributes to reduce losses and extend the battery life. It was found that
full-active HESS has the best properties of voltage regulation, the battery and SC current
distribution, and battery current limitation among the considered topologies.

The results of the thesis have been implemented: in Politechnoservice LLC
(Brovary, Ukraine) and in the educational process at the Igor Sikorsky Kyiv Polytechnic
Institute to improve lecture courses and update the laboratory works cycle in the
disciplines ‘Electric Vehicle Electromechanical Systems’ and ‘Energy Conversion Control
in Renewable Sources and Electric Vehicles’.

Further implementation of the thesis results is recommended at the enterprises of the
electrical engineering profile of Ukraine.

Keywords: electromechanical system, electric vehicle, induction motor, permanent
magnet synchronous motor, vector control, design, stability, hybrid energy storage system,

bidirectional DC-DC boost converter, battery, supercapacitor, identification.
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INEPEJIIK YMOBHUX ITO3HAYEHBb TA CKOPOYEHb

(B andaBiTHOMY MOPSIIKY)
AKDB — akymynsatopHa 6aTapes;
I'JI2K — ribpuane mxepeno xuieHHs (anria. HESS — hybrid energy storage system);
EMC — enekTpomexaHiuyHa CUCTEMA;
EIl — enextponpuso;
EPC — enextpopyuriiina cuina;
ET3 — enextpuunuii TpancnoptHuii 3aci6 (anri. EV — electric vehicle);
[1I-perynsTop — mponopIiiHO-1IHTErpaIbHUI PETYIATOD;
Pesepcusnuit DC-DC nepeTBoproBau — MepeTBOPIOBaY 3 MOCTIHHOI HANPYTH B MOCTIHHY
(Bix anra. two-quadrant DC-DC boost-buck / bidirectional DC-DC boost converter);
CAIIM — cuHXpOHHUH NBHUTYH 3 MOCTiMHMMHM MarHitTamu (anri. PMSM — permanent
magnet synchronous motor);
CK — cynepkonnencatop (anri. SC — supercapacitor; UC — ultracapacitor, EDLC —
electric double-layer capacitor);
®HY — inbTp HU3BKUX YACTOT;
®PY — ¢dinpTp po3MOaLTY 4ACTOT;
HCII — mudpoBuii CUTHATBHUN TTPOIIECOD;
[IIM — mupoTHO-iMIyJbcHa MoayJsiiis (aurii. PWM — pulse-width modulation);
IGBT — GinosissipHUil TpaH3UCTOp 3 130JbOBAaHUM 3aTBOpOM (aHri. isolated gate bipolar
transistor);
C — suxigna emuicts DC-DC nmepetBoproBaua;
E — Bximna EPC DC-DC nepetBoproBaua;
fpwm — wactota IIIM, 3 sxoro npamroroTh kiodi DC-DC nepetrBoproBaua;
1pg, 15c — cTpyMu AKBD 1 6;1oky CK;
1L — CTpyM HaBaHTa>KEHHS;

1;c — CTpYyM, KU npoTikae uepe3 oauH eneMeHT AKD;

ok (v} (v

1, — cymapHuii 3aganui crpym I'JDK;

14, 1 — KOMIIOHEHTH BEKTOpa CTPYMY CTaTopa JBUIyHa B cCMCTeMl KoopauHar (d — q);

k., k. — mpomnopiiinuii 1 inTerpanbHuil koediientu I1I-perynsropa 3mMiHHOI a;



L — BxiaHa iHaykTUBHICTH peBepcuBHOro DC-DC neperBoproBaya;

L4, Ly — ingykTHBHOCTI cTaropa no ocsm (d — q) CAIIM;

L;, L,, L, — IHIyKTUBHOCTI cTaTOpa, poTopa 1 KOHTypa HaMarHiuyBaHHs AJ;
M — MOMEHT JBUTYHA;

N, N}, — KUIBKICTB IOC/IIOBHUX €JIEMEHTIB 1 nmapanenbHux rutok AKb ado CK;
p — onepatop Jlamnacy;

Psw — GyHKIIs epemukanb peBepcuBHoro DC-DC neperBoproBaua;

P. — enexTpuyHa MOTY>KHICTb €JIEKTPONPUBOLY;

R — omip BxigHoro xona pesepcuBHoro DC-DC neperBoproBaua;

R, R, — omopu ctatopa i poTopa IBUTYHA;

R; — exBiBasienTHe HaBaHTaxkeHHss DC-DC nepeTBoproBaya;

SoC — crany 3apsiay (Bix anri. state of charge);

T — TakT KBaHTYBaHHS KEPYIOUOT0 KOHTPOJIEPA;

T¢— ctana vacy ®HY a6o ®PY;

u — Kepyrouuii BIiuB pesepcuBHoro DC-DC nepeTBoproBaya;

U4, Uy — KOMIIOHEHTH BEKTOpa HaIpyT'H CTaTOpa JIBUTYHA B CUCTEMI KoopauHar (d — q);

V — ¢ynkuis JlsnyHoBa;

Vi, Ve —Hampyra AKb 1 65oky CK;

Ve — HampyTa JaHKH MMOCTIHHOTO CTPYMY;

W(p) — nepenarna QyHKIIis;

X, — IHTerpatop y ckiamai [l-perynstopa 3mMiHHOT a ;

Z — KBaJIpaT HAMPYTH JJAHKH IMOCTIHHOTO CTPYMY;

& — xoediuieHT neMryBaHHS B KOHTYP1 peryIrOBaHHS;

® — KyTOBa MIBHJIKICTh POTOPA;

®( — KyTOBa 4YaCTOTa BIIACHUX HeAeMI(OBAHUX KOJMBAHb KOHTYPY PETYJIIOBAHHS,
Amaxs min — MAKCUMaJIbHE 1 MIHIMAJILHE 3HAYEHHS BEJIMYMHU a ;

a =da/dt — moxizHa B1JI 3MIHHOI a 3a 4acoM;

a’ — 3a/aHe 3HAYEHHS 3MIHHOT a ;

a — rmoxuoOKa BifmpaIoBaHHsa a00 MOX1OKa OI[IHIOBAHHS 3MIHHOI a ;

— OI_[iHCHe 3HAa4YCHHA BCJIMYMHU a.

o>
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BCTYII

OOrpyHTYBaHHS BHOOPY TeMH AocaimxkenHs. [lepexin 10 aBTOHOMHUX MOBHICTIO
eJIeKTpUYHUX TpaHcnopTHux 3aco0iB  (ET3) mo3Bosise 1030aBUTHCS  3aJIe)KHOCTI
€KOHOMIKH BiJ] BUKOIIHMX BHW/IIB TMaJIMBa, 3MEHIIUTH BUKHUIM IIKIJJMBUX PEYOBHH 1
ByTJIEKHCIOro razy. CTpuMyrounMu (pakTopamu 10 MOBHOTO MEPEXO0y Ha BUKOPUCTAHHS
€JEKTPOTPAHCIIOPTY HA  CHhOTOJIHI  3AJIMINAIOTHCS  HU3bKAa MHUTOMA  MOTY>KHICTb
HAKOMUYyBayiB €HEPrii, iX BUCOKA BapTiCTh, a TAKOXK MpobiieMa ix yTumizalii.

Enexrpomexaniuni cucteMu (EMC) enexkTpuyHuUX TpaHCHOPTHUX 3aco0iB
OyAyroTbCsS Ha OCHOBI BEKTOPHO-KEPOBAHUX ACUHXPOHHUX ABUTYHIB (A/l) Ta CHHXpOHHHUX
nBUTYHIB 3 nocTiiHuMu MarHiTamu (CJIIIM) 3 >kUBJIEHHSIM BiJ aKyMyJISATOPHUX Oatapeit
(AKB). TI'iopunni mxepena xunenus (I'1XK), sxi mobynoBano Ha ocHOoBI AKDB, 6ioky
cynepkonaencaropis (CK) i DC-DC neperBoproBauiB, € MEpCHEKTUBHUM PIILICHHIM JJIs
taroeux EMC. IX ocHOBHMMHM TepeBaraMu Haj aKyMYJISTOPDHHUM JKUBJICHHAM €:
3MEHIICHHS 3aJIeKHOCTI XapakTEPUCTHK pyXy B CTaHy JpKepena, HiABUIICHHS
e(eKTUBHOCTI MPOIIeCiB €eHeprooOMiHy 1 miABHILEHHS TepMiHy ekciutyaTarii AKD.

CraHgapTHI CUCTEMH KepyBaHHS 3 TIOpUIHUMHU JKEpellaMU >KUBIIEHHS MaloTh
KOHQITypamio 3 JHIHHUMU OPONOPILIHHO-IHTErPaTbHUMH PETYIATOPaMH 1 (PUIBTpOM
HU3BKMX YaCTOT JJIsI YaCTOTHOTO PO3AUICHHS CTPYMIB Ha «IOBLIBHI» 1 «IIBHJKI» MIXK
AKB 1 CK. Taki cuctemu, xo4a 1 3a10BOJIbHSIIOTh BUMOTH 3HAYHOT K1JIbKOCTI 3aCTOCYBaHb,
0a3yI0ThCA Ha CYTTEBHUX CIPOIIYIOUUX MPUMYIIECHHSIX, OCHOBHUMH 3 SIKHX € HEXTyBaHHS
HEJIHIMHOK JHUHAMIKOI TIPOIECy IEepPEeTBOPEHHS IOCTIMHOI HAmpyrd B TIOCTIHHY 3a
nonomororo DC-DC meperBoproBauiB, HEXTyBaHHS JUHAMIKOIO JDKeped >KUBIEHHS. Sk
HACJIJIOK, BOHU HE MalOTh CTPOTOTO TEOPETUYHOIO OOTPYHTYBaHHS, CTIHKICTH CYTTEBO
HEJIIHIMHUX CUCTEM HE JI0OBeNIeHO. Sk pe3ynbrat, mijcucteMu kepyBanHs ['JIK 1 TaroBum
enektponpuBogoM (EIl) € B3aemMo3B’s3aHMMH 1 YYTIMBUMHU 1O KOOPAMHATHUX 1
napamMeTpuyHuX 30ypeHb, OCHOBHHMH 3 SIKMX € Bapiallii akTUBHOro omnopy potopa A/l,
enexktpuunux napamerpiB CIIIM 1 mapamerpiB DC-DC mneperBoproBauiB, 10 B CBOIO
4epry MPU3BOJUTH J0 JAeTpajarlii TMHAMIYHUX TIOKa3HUKIB SKOCTI KePyBaHHS 1 3HIKCHHS

E€HEepPreTUYHOI €()eKTUBHOCTI MPOIIECIB €JIEKTPOMEXaHIYHOTO MIEPETBOPEHHS EHEPrii.
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Came TOMYy pO3poOKa METOAIB 1 CHHTE3 Ha iX OCHOBI aNTOPUTMIB KEepyBaHHS
TATOBUMH €JIEKTPOMEXAaHIYHUMH CHUCTEMaMH 3 TIOpUIHUMH JKEpeNnaMy >KUBIEHHS, 5K
3a0€3MeuyIoTh MiBUIIECH] TOKa3HUKH SKOCT1 KEPYBaHHS Ta EHEPreTUYHO1 e(DEKTUBHOCTI, €
aKTyaJbHOIO HAYKOBO-TPUKJIATHOIO 3a/1a4€I0.

BaxnuBo BiaMiTUTH, 110 TexHOJIOTis Mo0ynoBu EMC enekTpuyHUX TPaHCIOPTHHUX
3aco0iB 3 ['JIDK 3HaxomuThesi Ha cTazdill CTAHOBJIGHHS 1 MEPIIMX €TammiB HayKOBHX
aocaikeHb. ToMy CTBOpPEHHS €J€MEHTIB JOCHIAHUIBKOT MIaTGOpMH y BUIJISAI METOIIB
CHHTE3y 1 aHali3y aJropuTMIB KEpyBaHHS, METOJWK 1 TEXHOJOTIM JOCIIKEeHHS,
amapaTHoro 1 TporpamMHoro 3abe3medeHHs s peamizamii 1 TectyBanHs [ JIK
PO3TIAAAETHCA SIK OJMH 13 OCHOBHHX PE3YJIbTaTiB pOOOTH.

3B’530K po00OTH 3 HAYKOBHMHM NPOrpaMaMu, IUIAHAMH, T€eMAMH, I'PAHTAMM.
JlocTiKeHHs 3a TEMOIO AMCepTAalliiiHOi poOOTH BUKOHYBAIUCS Ha Kadeapi aBTOMATU3alli
€JIEKTPOMEXaHIYHUX CHCTEeM Ta  eleKTponpuBoay  HallloHaJIbHOrO  TEXHIYHOTO
yHiBepcuTeTy YKpaiHu «KuiBChbKuil MOJMITeXHIYHUM 1HCTUTYT iMeH1 Irops CikopchbKOTO»
3a HACTYNHUMHU JACPKOIOKETHUMHU TeMaMu, siKi (piHaHCcyBanucss MiHICTEPCTBOM OCBITH 1
Hayku  Ykpainu: «Po3poOka  eHeproe@ekTHBHOI  €JICKTPOMEXaHIYHOI  CHCTEMHU
€NeKTpoOyCy Ha  OCHOBI  QJaNTHBHOTO  BEKTOPHO-KEPOBAHOTO  ACHHXPOHHOTO
CJIEKTPONPUBOAY 3 aAKyMYJSITOPHO-CYNEPKOHAEHCATOPHUM  KUBJIeHHsAM» (Ne  JIP
01170004284, 2017 — 2018 pp.), «AnanTuBHE BEKTOPHE KEPYBaHHS 3 OINTHUMIi3aIli€l0
BTpAT MOTYXXHOCTI JJISl €JIEKTPOMEXaHIYHUX CUCTEM €JIEKTPUUYHUX TPAHCIIOPTHUX 3aCO01B
3 MIABUIICHUMHU JIMHAMIYHMMHM Ta EHEPreTUYHUMH Xapaktepuctukamm» (Ne JIP
01190100170, 2018 — 2021 pp.) 1 «HoBe mTOKONIHHA BUCOKOC(HEKTHUBHUX
CJIEKTPOMEXAaHIYHUX CHUCTEM ENEKTPUYHUX TPAHCHOPTHUX 3acO00IB 3 BEKTOPHO-
KEpOBaHUMHU JIBUTYHAMH, SKI HE MICTATh piAko3emenbHux watepianiB (Ne JIP No
01220001700, 2022 — 2023 pp.), B sikux aBTOop OyB CcHiBBUKOHaBleM. YacTuHa
JOCJTIDKEHh BUKOHYBAJIACS B paMKax MDKBY31BCHKOTO CIIBPOOITHHUIITBA 3 YHIBEPCUTETOM
npukianaux Hayk I'eccena (Technische Hochschule Mittelhessen, THM) (®pinbepr,
Himeyunna) 3a nHanpsMmkoMm «llopiBHSIHHS aKyMyJsSTOPHOTO Ta TiOpHAHOTO JKEpeln

JKUBJICHHS €JICKTPOMEXaHIYHUX CHUCTEM EJICKTPUYHHUX TpaHCHOpPTHUX 3aco0iB» (2019), a
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TaKOXX B paMKax TIpaHTy Big MbKHapoaHoi opranizauii DAAD “Leonhard-Euler
Scholarship”, THM (2019).

Mera i 3agaui gocaimkeHHsi. Metoro poOOTH € PO3BUTOK METOJIB CHHTE3y Ta
aHamizy TATOBUX E€JIEKTPOMEXAHIYHMX CHUCTEM Ha 0a3l  BEKTOPHO-KEPOBAHHX
€JICKTPOTIPUBO/IIB 3MIHHOTO CTPYyMY 3 TiOpPUIHUMU JKEpellaMu KUBJICHHS, CIIPSIMOBAHUN
Ha MIiJBUIICHHS iX CTATUYHUX, JUHAMIYHUX Ta CHEPTeTUYHHX XaPAKTEPUCTUK 33 PaXyHOK
PO3pOOKH 1 BIPOBAKEHHS METO/I1B HETIHIHHOTO 1 aIaITUBHOTO KEPYBAHHS.

JlJist mocsITHEHHS TIOCTaBJICHOI METH BUPIITyBAJIMCS HACTYITHI OCHOBHI 3a/1a4i:

1. AHani3 iCHYIOUMX METOJIIB KEpyBaHHS TATOBHUMH €JIEKTPOMEXaHIYHUMU CUCTEMaAMU
3 TIOpUIHUMH JDKEpETIaMH JKUBIICHHS 3 METOI0 OOTPYHTYBaHHS HEOOXIAHOCTI BUPIIICHHS
HayKOBO-TIPUKIIAHOI 3a/1a4i, sIKa pO3TIIAAETHCS B POOOTI.

2. Po3pobrennst anroputmiB ocinabieHHs MOJII B CHCTEMax BEKTOPHOI'O KEpyBaHHS
AJl, anroputmiB iaeHTU(IKAIT aKTUBHOTO ornopy potopa AJl, eleKkTpuyHuX mapaMeTpiB
CIIIM, a takox napametpiB DC-DC nepeTrBoproBadib.

3. Po3BuUTOK Teopii CHHTE3y 1 aHaMi3y JBOKOHTYPHHMX CHCTEM KEepyBaHHS HAmpyroro
kiacom DC-DC mnepeTBoproBayiB SK HEJIIHIMHUX HEMIHIMaJIbHO-(Pa30BUX 00’ €KTIB
KepyBaHHS.

4. TeopetnuHe OOTIPYHTYBaHHS 1 po3poOieHHs cuctemMu kepyBaHHsS [JIK, ska
3a0e3neuye aCUMITOTHYHE PETYIIOBaHHS HAMPYTH JaHKU MOCTIHHOTO CTPYMY, PO3IOILT
auHamiuHux ckianoBux crpymiB Mibk AKB 1 CK, a Takox crtabumizaiiro cepeaHboro
3HaueHHs Hanpyru CK.

5. Po3pobsnieHHss KOHIIEMIIIi €KCTIePUMEHTAIBHOTO JOCTIHKEHHS €JIEKTPOMEXaHITHIX
CUCTEM 3MIHHOTO CTPYMY 3 T1OpUIHUMU JKEpesiaMu )KUBIICHHS.

6. CTBOpeHHsI TaKeTy MOJCIIOIUUX MPOrpaM Ta EKCIEPUMEHTAIBHUX YCTaHOBOK,
MPOBEJCHHS MMOBHOMACINTAOHUX EKCIEPUMEHTAIBHUX JIOCHIIKEHb JAUHAMIYHUX Ta
CTATHYHUX XapaKTEPUCTHK PO3POOTICHUX CUCTEM.

06 ’exmom 0ocniodcenHs € MPOILIECU KePYBaHHS NEPETBOPEHHSAM €HEPTii B TATOBUX
€JIEKTPOMEXaHIYHUX CHUCTEMaX, Kl OYAYyIOTbCsl HA OCHOBI aCHHXPOHHOTO 1 CHHXPOHHOT'O
€JICKTPONIPUBOAY 3 TIOPUAHUM OKHUBJICHHSM BIJ aKyMyJsTOpHUX Oaraped 1

CYTIEpKOHJICHCATOPIB.
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Ilpeomemom oOocnioxcennsi € METOIW aHaAJI3y Ta CHUHTE3y CHUCTEM KepyBaHHS
TATOBUMH €JIEKTPOMEXaHIYHUMU CUCTEMAMH 3 T1IOpUIHUMU JKEpETaMu SKUBIICHHS.

Metoau pociaimkenHsi. [lpu BupilmeHHI TMOCTaBICHUX y poOOTI 3aaad
BUKOPHCTOBYBAIMCS METOJIM CyYacHOI HEMHIMHOI Teopil KepyBaHHS, Taki SK:
JiHeapu3allisi 3BOPOTHUM 3B’A3KOM, Jpyruil meron JlsmyHoBa, METOAM aJanTHUBHOTO
KEepyBaHHs, a TAaKOX (PI3MYHOTO Ta MATEMATUYHOTO MOJICIIOBAHHS.

HaykoBa HOBH3HA OTPUMAaHMX pe3yJIbTaTiB:

1. OTpumana moAaNbIIMK  PO3BUTOK TEOPisl KEepyBaHHS kitacom  DC-DC
NEPETBOPIOBAYIB, SIKI € HENIHIMHUMHU HEMiHIMaJIbHO-(a30BUMU 00’ €KTaMU KepyBaHHS.
Po3pobnennii mMeTon CUHTE3y 1 aHamlmidy JBOKOHTYpHHX cucteM kepyBanHsi DC-DC
nepeTBoproBayaMu 0a3yeTbCsi Ha BUKOPUCTaHHI YacTKOBOI JiiHeapu3alii 3BOPOTHHUM
3B’A3KOM 1 MOJAibIIOMYy BUKOpUCTaHHI JiHIMHUX [lI-perynstopiB Hampyru i cTpymy.
OTpumaHa 3a paxyHOK LBOIO pPE3yibTylOua CTPYKTypa CHUCTEMH KEpYBaHHS @nepuie
JI03BOJIIE  JIIHEApHU3allilo BIIHOCHO (I3UYHO OOyMOBJIEHOTO MaHipoIay, SKHUM
npencTaBisie co0Or0 PIBHSHHS OalaHCy MOTYKHOCTeH. [[nst pe3ynbTyrouoi CTpyKTypu
JIHEapU30BaHOI CUCTEMU  MOXKJIMBO  BHKOPHCTOBYBATHM JOCTYIHI METOJIU aHaJi3y
CTIHKOCTI JIIHIHHUX CHUCTEM 31 3MIHHUMH MMapaMeTpaMH, a TAaKOX iX ONTHUMI3aIiio s
pO3paxyHKy napameTpiB peryyisTopis.

2. Bnepiiie, Ha OCHOB1 TEOPETUYHOTO aHAII3Y, OOIPYHTOBAHO CTPYKTYPY KOMMIO3UTHOL
cuctemu kepyBanHs ['JIXK, mo ckmamaerscsi 31 3B’SI3aHUX MIJACUCTEM pEryJIIOBaHHS
HaAMpPYTru JaHKU nocTiiHoro ctpymy, ctpyMiB AKD 1 CK, 3aBnanus nis sikux Gopmyerbes
3a gomomororo ®PY, a Takox MIACUCTEMH PETYIIOBaHHS YCEPEIHEHOTO 3HAYEHHS
Hanpyru CK. JloBeaeHo, IUISIXOM pO3TIsAy AMHAMIKK CHCTEMHU 3HUKEHOTO MOPSAIKY, L0
3a paxyHOK macmTaOyBaHHs 3aaaHHsi cTpymy CK y dyHKIIT CMiBBIAHOIICHHS HAIMpyT
AKB 1 CK (niHeapwu3aitis 3BOpOTHHM 3B’SI3KOM), a TaKOK ()OPMYBaHHSI PO3IICHHS y Yacl
JUHAMIKM Y KOHTYpax peryjtoBaHHs 3a0€3Medy€eThbCs ACUMIITOTUYHE PEryJIlOBaHHS
HAIPYTH JIAHKU MMOCTIMHOTO CTPYMY, PO3MOLT quHaMidHuX ckiaanoBux ctpymiB AKbB 1 CK
pa3oM 3 aCUMNTOTHYHOIO cTalimizamieto cepennboi Hanpyru CK.

3. TeopeTnuHo, 32 JOMOMOI'OI0 APYroro Metoay JIsmyHoBa, OOIpYHTOBAaHO CTPYKTYpPY

KOPUTYIOUMX 3BOPOTHHUX 3B’SI3KIB aJaNTUBHUX CIIOCTEpIradiB aKTUBHOTO OIMOpPY pOTOpa
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AJll, anroput™miB igeHTHdikamii enexktpuunux mnapamerpis  CAIIM ta DC-DC
NEPEeTBOPIOBAYIB, 5IKi, HA BIAMIHY BiJ ICHYIOYMX, MalOTh MPO30pl YMOBHU NEPCHUCTHOCTI
30y/OKEHHSI, 10 TapaHTy€ BIJIACTMBOCTI TJIOOAJbHOI EKCIMOHEHIIMHOI CTIHKOCTI, HE
noTpeOyroTh iH(oOpMalii Tpo iX MOYATKOBI 3HAYEHHS, a TaKOX € MPOCTIMIUMH Y
BUKOPHUCTAHHI.

I[IpakTuyHe 3HAYEHHS] OTPUMMAHUX Pe3yJbTATIB POOOTH TMOJIATa€ B PO3BUTKY
TEOPETUYHOI 06a3u A1 pO3pOOKU 1 MPOEKTYBAHHS TATOBUX €EKTPOMEXAHIYHUX CHCTEM 3
riOpPUIHUMU JKEpeIaMu KUBJICHHS, a TAKOXK pO3pOOIll TEXHIYHUX Ta MPOrpaMHUX 3acO01B
g 1X JOCHIPKeHHS 1 MpaKTUYHOI peamisaiii, ski pa3oM (OpMYyIOTh €JIeMEHTU
nocaiaaunbkoi mnatopmu. [Ipu BukoHaHHI AMcepTaliiiHOi poOOTH OTPUMAHO HACTYIIHI
NPaKTUYHI Pe3yJIbTATH:

1. Po3po6reni anroputMu KepyBaHHS €IEKTPOMEXaHIYHUMU CHUCTEMaMH 3 MOBHICTIO
KEpOBAaHUMHU TiIOPUIHUMH JIKEPETAMHU KUBJIEHHS JO03BOJIIIOTh 3MEHUIUTH IHTErpasibHI
CepeHbO-KBaApaTuyHi 3HaueHHs cTpyMy enemeHTy AKbD Ha 4 %, 1 iloro nmoxigHoi g0 93
%, mopiBusHO 3 >kuBJeHHsIM Bix AKDB 1 inmux icHyroumx Tomosorii ['JIK, 3a ymoB
TEeCTyBaHb, sKIi OyJIM BHKOHaHI B po0OoTi, 1o crpuse 3HWKeHHIO BTpaT y AKDB i
MOJIOBKEHHIO TEPMIHY 1X €KCILTyaTalli.

2. Po3pobisieni cuctemu ocnabneHHs mnois AJ[ 3abesnedyrorh OUIbII  MOBHE
BUKOPUCTAHHS TOTYXHOCTI JpKepena xuieHHs, 10 10 %, mo A03BoNS€ MiABUIIUTH
MaKCHMaJIbHE 3HAYEHHSI IMHAMIYHOI MOTY>KHOCTI B YMOBaX OOMEXEHHS HaIlPYTH 1 CTPyMy
cTaTopa.

3. Metoguku 1 pekoMeHJalii 3 po3paxyHKy mapamerpiB peryisatopis [JK i1
BEKTOPHO-KEPOBAHUX EJEKTPOIPUBOMIB € JOCTYIHUMH 3 1HXKEHEPHOI TOYKH 30pYy,
J03BOJISIIOTH 3a0€3MEUUTH IIBHUJIKE HAJAIITYBaHHS IIJICHCTEM KEpyBaHHS 3 Harepen
MPOrHO30BAHUMH MOKA3HUKAMHU SAKOCTI MEPEX1THUX MPOLECIB.

4. 3anponoHOBaHAa  KOHUEMINS  EeKCHEPUMEHTAIbHUX  JOCHIKEHb  TITOBUX
enexkTpoMmexaniuHux cuctem 3 I'J[DK no3Bosisie po3pobiiatu yHiiKOBaHI €eKCIEpUMEHTAIbHI
YCTaHOBKH J1JIs1 TOBHOMACINTA0OHUX TECTYBaHb IIUPOKOTO CIIEKTPY AJITOPUTMIB KEPYyBaHHS B

yMOBaX, K1 HAOJIM>KEH1 JI0 ICHYIOUHX B PeIbHUX TPAHCIIOPTHHUX 3ac00ax.
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5. CTBOpeHO makeT MOJENIOIYUX MporpaM, eKCIHEPUMEHTaldbHI  YCTaHOBKH,
nporpamue 3abesneyeHHs s kepyrouux L[CII konTponepiB, ki 00’€HaHI y CTaHIIO
MIBUAKOTO MPOTOTUIIHOIO TECTYBAHHS 3 BEKTOPHO-KepOBaHMMH AJl TOTYXHICTIO
0.75 xBtr, CAIIM mnotyxHictio 3 kBT, miTifi-ionHUMHU 1 cBuHIEBO-KucIoTHUMU AKD,
osokom CK, DC-DC mneperBoproBauamu Ta emysaropoM Ell, 1o 103BoJisie BUKOHYBATH
MOBHOMACIITaOHI €KCIEPUMEHTaNIbHI JIOCHI/KEHHSI aJIrOpUTMIB KEPYBaHHS HIMPOKOIO
KJIaCy €JIeKTPOMEXaHIUHUX CUCTEM 1 Pi3HUX KOH(ITypalii JyKepelt )KUBJICHHS.

6. Pesynbratu podotu BrpoBamxkeHo: B TOB «llomitexHocepsic» (M. bpoBapu) Ta B
ocBiTHIM mpouec y KuiBcbkoMmy mosiTexHIYHOMY 1HCTUTYTI iMeH1 Iropst Cikopcbkoro asis
BJIOCKOHAJICHHS JICKIIHHUX KypCIB Ta OHOBJICHHSI IIUKJIIB TaOOPATOPHUX POOIT TUCIUILIIIH
«EnekTpomMexaHiyHl CHCTEMHU €JEKTPUYHUX TPaHCIOPTHUX 3aco0iB» 1 «KepyBanHs
MIEPETBOPECHHSIM €HEPTii B BIAHOBIIIOBAHUX JKEPEIaX Ta €ICKTPOMOOLISIX).

Oco0uctuii BHecok 3100yBaya. HaykoBi MoOJI0O)KEHHS Ta pe3yNbTaTH, BUKJIA/ICHI B
aucepTallii, OTpMMaHi aBTOPOM OCOOMCTO. Y HAyKOBHX MpallsX, OIMyOJIIKOBaHUX Y
CIiBaBTOPCTBI, 3100yBauy HajexaTh: B podoTax [1,2,7] aBTOpoM po3p0o0IeHO KOHIIEIIIIO
noOyZ0BH 1 MPOBEJEHHSI €KCIIEPUMEHTAIBHUX JOCIIHKEHb €JIEKTPOMEXaHIYHUX CUCTEM 3
ribpuaaumu mxepenamu skubiieHHs Ha ocHOBI AKDB 1 61oky CK, po3poGieHo MeTonuku
dhopMyBaHHS AMHAMIYHHMX PEKHMMIB MTOBHICTIO KEPOBAHUX T1OpUIHUX JKEPET )KUBJICHHS, a
TaKOX aliTOPUTMHU KepyBaHHS HAMPYToOl0 JIAHKU MOCTIHHOTO cTpyMy peBepcuBHuX DC-DC
MePETBOPIOBAYiB; B [5,6] MOBEIEHO BIACTHUBOCTI CTIHKOCTI CHUCTEM KEPYBAHHS HAIPYTOIO
peBepcuBHux DC-DC nepetBoptoBauiB; B [4,9,11,12] po3pobieHo metonu iaeHTUdIKALIT
enektpuuanx mapametrpiB  CHAIIM; B [3] po3pobiieHO amanTUBHHUA aJITOPUTM
inentudikamii akTuBHOoro omopy poropa AJl; B [10] po3pobieHo cucremu ocnabiieHHs
nosnas A/l; y [8] po3poOieHO anropuTMu KepyBaHHS PO3MOBCIOKEHUMHU TOIMOJOTIIMU
['JIK nnst TAroBux enekTpoMexaHiuHux cucteM; B [13] po3pobneHo amanTuBHUN
anroput™ ineHtudikamii napamerpiB  DC-DC neperBoproBauiB; B [1-5,7,8,11,12]
pPO3pO0JIEHO TMporpamMHo-amapaTHi 3acoOM MPAKTUYHOI peaiizailii, eKCIepuMeHTalbHI
YCTAaHOBKM Ta METOAMKH IPOBENEHHS EKCINEPUMEHTAIbHUX JIOCHIKEHb PO3POOICHUX

CUCTEM KCpPYBAaHHIA CJ'IeKTpOMexaHi"IHI/IMI/I CUCTEMaAMH 3 I“i6pI/II[HI/IMI/I JOKCpEiliaMu
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xuBieHHs; B [1] — [13] mpoBemeHO AOCHIIKEHHS PO3POOICHHX CUCTEM KEpyBaHHS
3aco0aMM MaTeMaTHYHOTO MOJICTIOBAHHS Ta/ab0 eKCIEPUMEHTATbHOTO TECTYBAaHHS.

Anpobauia pe3yabTatiB  aucepramii. OCHOBHI TEOpPETHUYHI  IOJIOYKEHHS,
pe3yNbTaTH 1 BHCHOBKH JHCEPTAIiiHOT pOOOTH JOMOBIMATUCS 1 OOTOBOPIOBAIMCS Ha
MDKHapoaHUX HaykoBO-TexHIUHUX koH(pepeHiisx: IEEE «Electrical Systems for Aircraft,
Railway, Ship Propulsion and Road Vehicles & International Transportation
Electrification Conference» ESARS-ITEC (Nottingham, UK, 2018), IEEE «Problems of
Automated Electric Drive. Theory and Practice» PAEP (Kharkiv, 2020), IEEE
«Electronics and Nanotechnology» ELNANO (Kyiv, 2019, 2020), IEEE International
Conference «Modern Electrical and Energy Systems» MEES (Kremenchuk, 2017, 2019,
2022), IEEE «Energy Smart Systems» ESS (Kyiv, 2020, 2022), IEEE Ukraine Conference
«Electrical and Computer Engineering» UKRCON (Kyiv, 2019, 2021), IEEE KhPI Week
on Advanced Technology KhPIWeek (Kharkiv, 2022), Workshop at the School of
Engineering, University of Warwick (Coventry, UK, 2019), Workshop «Advanced
Control in Power Systems and Drives» (Friedberg, Germany, 2019), «IIpobaemu cydacHoi
enexkrporexHiku» [ICE (Kuis, 2018, 2020, 2022), «IIpobiemu aBTOMaTH30BAHOIO
enexTponpuBoay. Teopis 1 mpaktuka» [TAEIT (Xapkis, 2017), «OnTtumanbHe KepyBaHHS
enexkrpoyctanoBkamu» OKEY (Binnuis, 2022), «EnekTpoMmexaHiyHi Ta €HEpreTUyHi
cuctemu. Meroau moxemoBanHs Ta ontuMizaniiy ESMO (Kpemenuyk, 2017, 2018),
«CyuyacHi pobiieMu enextpoeHeprorexHiku ta aBromatukm» CIIEA (Kuis, 2017 —2023),
«IIpobnemu Ta NEepCeKTUBH PO3BUTKY €HEPreTHKH, EIEKTPOTEXHOJOTH Ta aBTOMATUKY B
ATIK» ITPEAII (Kwuis, 2019), «Mooap B HayIll: TOCTIIKEHHS, IPOOIEMH, TIEPCTICKTUBID)
(Binaums, 2022), KOHKYypC CTYJIEHTCHKMX HAyKOBHX poOIT «EnekTpoTexHika Ta
enexkrpomexanika» ETE (Kam’sHcbke, 2018).

Ctpykrypa Ta o6csar auceprauii. /(uceprariis ckiamaerbes 31 3MICTy, MEPETiKy
YMOBHUX TIO3HAYEHb Ta CKOPOYEHb, BCTYMY, I'SITH PO3JAUIIB, 3araJbHUX BUCHOBKIB,
CIIUCKY BUKOPHUCTaHUX JpKepen 13 154 HaliMmeHyBaHb Ta 4 noAaTkiB. 3arajbHUM 00CsST
pobotu cknamae 189 cropiHOK, y TOMy uwmcii 145 CTOpIHOK OCHOBHOTO TEKCTy, 81

PUCYHOK 1 21 Tabmnuito.
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PO3JILT 1
AHAJITHYHANT OTJISIT TATOBUX EJEKTPOMEXAHIYHAX CUCTEM

1.1 3araJjabHi BiZOMOCTi PO TATOBI eJIEKTPOMEXaHI4YHI CHCTEMU

Enexrpomexaniuni cuctemu (EMC) cydacHUX eleKTpUYHUX TPAHCIOPTHHUX 3aC001B
(ET3) Ta iX rojoBHI CKJIaJIOBI BU3HAYAIOTh JMHAMIYHI 1 €HEPreTUYHI XapaKTePUCTUKU
TPAHCIIOPTHOTO 3aCO0Y Ta CKJIaJat0Th OUIbIIY YaCTUHY HOTO IIHH.

TunoBa TiITrOBa €JIEKTPOMEXaHIYHA CHUCTEMA EICKTPUYHHUX TPAHCIOPTHHUX 3acCO0iB,
nokaszaHa Ha puc. 1.1, Bkirogae [1],[2]:1) mxepeno »KUBJIeHHS; 2) TATOBUN €JIEKTPOIPUBO/I

(EIT); 3) mexaniuny wyactuny ET3. Ilo3nadenns Ha puc. 1.1: V_,i. — Hampyra i cTpym
JKepena KUBJIEHHS; V, .1, — Hampyra i CTpyM JIaHKHM IOCTIHHOTO CTpyMy; 1 ,l,, ® —

¢a3ni ctpymu 1 mBHIAKICTH potopa asuryHa J{C, /IH — naBaui ctpymy 1 Hampyrwu.

_________________ —_— e ——— =T — . —
|' .
.Jxepeno xuBIeHHS :

TpaHcmicia |
+amndepeHuian |

, _ I
Ll 11IM o Y O | '
| V.l Vi 1 i et |
! sg S v | de ! | sl IBUIKOCTI I :
I

| Hxepeno EPC
(+DC-DC)

| ANTOpUTM KEpYBAHHA 1y | > [+

| Anroputm 1,
: ’KEPEJIOM KUBIICHHS -
| —— | »|kepyBanns EI| o

e | Tarouii EIT}

Pucynoxk 1.1 — Kondirypatiis THTIOBOI TATOBOI €1EKTPOMEXAHIYHOI CUCTEMHU

Tacosuti enekmponpusod. B tarosiii EMC enekTponpuBoa BHUKOHYE (DyHKITIT
KepYyBaHHS IIBUIKICTIO/MOMEHTOM JIs 3a0e3meueHHs 3aqaHux napamerpis pyxy ET3.

Haii6inpm nepcnekTMBHUMHU € BeKTOpHO-KepoBaHi EIl 3MiHHOTO cTpyMy, OCKIJIbKU
3a0€3MeuyoTh BUCOKI IMHAMIYHI 1 €HEPTeTUYHI XapaKTEPUCTUKH 1 Jie-(DaKTo BU3HAYAIOTh
MIPOMUCJIOBUN CTAHAAPT JJIS €IEKTPONIPUBOY TATOBUX €JIEKTPOMEXAHIUHUX CHCTEM.

Tun enekTponpuBoia BU3HAYAETHCS TUIIOM BCTAHOBJICHOTO €JIEKTPUYHOTO JIBUTYHA.

3araibHy Kiacu@ikaiito enekTponpuBoaiB HaeaeHo B [1] — [3]. B tarosux EMC
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HaWOIBII PO3MOBCIOPKEHUMH € aCHMHXPOHHI JBUTYHH 3 KOPOTKO3aMKHEHHM POTOPOM
(A1) 1 cuaxponHi ABuryHH 3 noctitauMu Maraitamu (CHAIIM) [3] - [5].

Bapticte CAIIM € Bumioro 3a AJl, 1110 3yMOBJI€HO BUKOPUCTAHHSM PiJIKO3EMEIbHUX
Mar”HiTHUX MarepialiB, sIKI MalOTh AyXe OOMEeXeHEe MOXOKEHHS 1 MOCTIHHO 3pOCTalovy
miny. TeHaeHIis] 10 3HW)KCHHS BUKOPUCTAHHS PIAKO3EMEIBHUX MAarHiTiB IMpHU3Beia 0
BIJIHOBJICHHS 1HTE€pECy J0 PO3pOOKH TIATOBUX CUCTEM Ha ocHOBI A/l [6], [7].

Hessuonomtocui C/AIIM cranu ogHMM 3 OCHOBHUX THUIIB MPUBOAHHUX JBHUTYHIB Y
BUCOKOTOUHHUX 3acTocyBaHHsAX. SABHOMOMocHI CIIM (anri. IPMSM) BUKOPHUCTOBYIOTHCS
Yy BHUCOKOE()EKTHUBHUX EJEKTPOMEXAaHIUHUX CHUCTEMax 3aBISKH BHUCOKOMY B1JHOIIEHHIO
MOMEHTY JABUTYHA 10 MOMEHTY 1Hepuii, HaaiitHocTi Ta Bucokomy KK/I. Llei Tun ABuryHI1B
PO3IIISIIA€ThCA K OCHOBHMM JIJISl €JIEKTPONPHUBOAIB TpaHCHOPTHUX 3acoliB. AJl aermio
MOCTYIAOThCA CUHXPOHHUM JIBUTYHAM 3a MUTOMHMH TOKa3HMKaMH, MPOTE MPOCTIN 1,
rojIoBHe, 3Ha4yHO jemieBinl. OcoOJMBO BaXJIMBO BIAMITUTH, IO B YKpaiHi 1CHYE
po3BUHEHE BUPOOHUIITBO A/Jl, B TOM Yac SIK CHHXPOHH1 JBUTYHHU HE BUPOOJISIOTHCS.

B ocrtanHi JecATWIITTS TPOMHUCIOBICTIO PO3POOJEHO CHHXPOHHI PEaKTUBHI
JIBUTYHH, SIK1 HE MAlOTh MOCTIMHUX MAarHITiB, 3aBASKH YOMY MalOTh HU3bKY I1HY Ha PiBHI
AJl 3 6inmpm Bucokum KKJI. Taki MammHu po3risiiaroThCS K MEPCIEKTUBHI, ayie e He
MaloTh PO3IMOBCIO/PKEHHS BHACHIIIOK TOTO, IO BOHM € HACHYEHUMH 1 JJi KEpyBaHHS
BUMAaraloThb BUKOPHUCTaHHs 1HQopMarii npo I1HAYKTUBHOCTI (IIOTOKO3YCIUICHHS) B
IMPOKOMY Jlana3oHi 3MiHH CTPYMIB 1 INBUAKOCTI [5].

3aranpHi BUMOTH JI0 €JIEKTPUYHHUX MAIIMH TSATOBOTO MPU3HAYEHHS BHUII, HDK IS
MaIlIMH POMHUCIIOBOTO 3acTocyBaHHs [3] — [5]:

— Bucokuit KKJ| B mmpoxomy aianazoHi MOMEHTY 1 IIBUAKOCTI;
— BHUCOKAa HQ/IIMHICTh 1 pOOACTHICTB;

—  BHUCOKI MUTOMI MTOKa3HUKH MOMEHTY 1 ITOTY>KHOCTI;

— HU3bKA Maca; HU3bKa BapTICTh;

— HU3bKHI piBEHb aKyCTHYHOTO IIyMY 1 BiOparfiii.

BexTopHi MeTonu kepyBaHHS po3risaaroThes sk ocHOBHI g AJl 1 CAIIM, sxi e
HeJHIMHUMU OaraToBUMipHUMU 00’ektamu  [6], [7]. OcoOnuBICTH MaTeMaTHYHHUX

MOJIeTIE IBUT'YHIB 3MIHHOTO CTPYMY MOJISITa€ B TOMY, 110 BOHU MaroTh moctuit (A/]) ta
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yetBeptuil (CHAIIM) nmopsiaok 1 3anexats y mpaBiii 4acTUHI AUPEPEHLINHUX PIBHSIHD BiJ
KyTOBOT'O TIOJIOXKEHHS POTOpPA, AKIIO MOJAENb MpencTaBieHo y piznunux 3miHHuX. B A/l 3
KOPOTKO3aMKHEHUMH OOMOTKaMH Ha POTOP1 BUMIPIOETHCS JIMIIIE YACTHHA 3MIHHUX CTaHy,
TOMY B JJaHOMY BHIAJIKy PO3IJIIAETHCS 3a]a4a KEPYBaHHS 32 BUMIPIOBAaHUM BHXO010M. B
CHUCTeMaX BEKTOPHOTO KEePYBAaHHsSI 3MIMCHIOETHCS KEPYyBaHHS aMILTITYAOO i MPOCTOPOBUM
MIOJIO’KEHHSIM BEKTOpa HANpyrd CTaTopa, 3aBISKA YOMY MOXKIIMBE HE3aJIe)KHE KEpyBaHHS
MEXaHIYHUMU KOOPIMHATAMH 1 MOAYJIEM TOTOKO3YETUICHHS JIBUTYHIB.

BekTopHo-kepoBani acuHXpoHHI EIl BUKOHYIOTBCSI Ha OCHOBI THIIOBUX CTPYKTYP
npsimoro (DFOC) 1 menpsimoro Bexktopuoro kepyBanas (IFOC) [7] — [10], siki Ha choTOH1
BU3HAUAIOTHCA K CTaHIApTHI a0 kiacuyHi. Onuc TEXHOJOTIi MOOY/I0BU TaKHX CHCTEM
kepyBaHHs1 AJl, sKl moYaJid BOPOBA/PKYBAaTH B cepiiiHe BUPOOHMITBO B KiHI 1980-x,
HaBeneHo B [6] — [8]. [IpsiMe BekTOpHE KepyBaHHS € OUIBII PO3MOBCIOKEHUM B TATOBUX
eJIEKTPOMEXaHIYHUX CUCTEMaX 4Yepe3 THYUKICTh pealti3allii pekuMiB ociadieHHs mojs. Ha
puc. 1.2 HaBeIeHO THUIMOBY CTPYKTYpY CHUCTEMH CTaHAAPTHOTO TIPSIMOTO BEKTOPHOTO
KepyBaHHs MoMmeHTOM AJl, B sKiii mnependadaeTbCsi TMEPETBOPEHHS 3MIHHUX Y
noJieopieHTOBaHy cuctemy koopauHat (d-q). Opientaniro cuctemu koopauHat (d-q)
3aJal0Th 32 JIOMOMOTOI0 CIOCTepiraya BEKTOpa IMOTOKO3UEIUIEHHS POTOpa, BUXOAAMHU

SKOT'O € OILIIHEH1 KyTOBE MOJI0XKEHHS €, 1 MOJlyJIb BEKTOpa MOTOKO3YEIJICHHS POTOpa ‘\T]‘

VY Bumnanky 3acrocyBanus CJIIIM, monoxeHHst cucteMu KoopauHat poropa (d-q) €
NPUB’SA3aHUM JI0 TIOJIOKEHHS IOCTIMHUX MarHiTiB Ha poTopi 0, ToMy B cucTeMax
kepyBaHHs MoMeHTOM 1 mBuaKicTiIO CIIIM € HeoOXiAHUM BUMIPIOBAHHS TOJOXKEHHS.
CtpyKTypa airopuTMy KepyBaHHS TpH IIbOMY CITIBMaJa€e 3 MOKa3aHOK Ha puc. 1.2 3a
BUHATKOM BIJICYyTHOCTI CIIOCTepiraya MoTOKO34YEIUICHHS, K [M0OKa3aHo Ha puc. 1.3.

CTpyKTypa CUCTEM KEepyBaHHsS aCHHXPOHHHMH 1 CHHXPOHHUMH €JIEKTPOMPHUBOIAMHU
€ B JOCTaTHIN Mipi yH1(DiKOBaHOIO, BOHA Ma€ 30BHIIIHI KOHTYPHU PETYJIFOBAHHS IIBUIKOCTI

(MOMEHTY/TIOJIOKEHHS) 1 MOTOKO3YEIUICHHS, SKi (DOPMYIOTh 3aBJIaHHS AJIi BHYTPIIIHIX
. . PP e ok

KOHTYPIB PEryJIIOBaHHsA CTPYMIB [2]: MOMEHTHOI i, Ta MOJbOBOI i; KOMIIOHEHT CTPyMY

craTopa (mpomMacmTaboBaHUX 3aBAaHb JIJIT MOMEHTY (BICh ) 1 mOTOKY (Bich d)). Buxoau

perynsTopiB cTpymy (OpMyIOTh 3aJaHi Hampyrd [Ais iHBepTopa 3 MPOCTOPOBOIO

IIUPOTHO-IMIYJIbCHOIO MoayJsiieto (ILIIM), sxuii >)kUBUTh OOMOTKHU TSITOBOTO JIBUTYHA.
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Pucynox 1.2 — CtpykTypHa cxema cucteMu ctanaaptHoro kepyBanusa A/l (DFOC)
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Pucynok 1.3 — CtpykTypHa cxema cucteMu BeKTopHOro kepyBanHs CIIIM

Kiacudikariist 1 OCHOBHI XapaKTEpUCTHKU 1HBEPTOPIB TATOBUX EJIECKTPUYHUX JBUTYHIB
HaBeneno B [2], [7], [6]. Ha cporomni cranmapTHUM pIIMIEHHSM € JIBOPIBHEBHUI
TpudazHuil IHBEPTOP 3aBASKH MOTO MPOCTOTI 1 HU3bKUN BAPTOCT1 BHACIIIOK 3aCTOCYBaHHS
MIHIMaJbHOI ~ KUIBKOCTI ~ HANIBIPOBIIHUKOBUX KIIOYIB, Cepel SKUX HailOiimblie
posnoBcromkeHHss MatoTh IGBT B mexxax Hanpyru no 1 kB 1 gactotu nepemukanns 20-
40 xI'm 1 MOSFET B mexax nanpyru 400 B ta vactoru 100-500 xI'tt [2]. B ocTanH1 poku
CIIOCTEPIraeThCsl PO3BUTOK TEXHOJOTIT PO3pOOKH 1HBEPTOPIB Ha 0a3l CHUIIIKOH-KapOiIHUX

(S1C) xmrouiB, SIK1 MarOTh MOKpAIeH1 KOMYTAIliiHI 1 eHEPreTUYHI XapaKTePUCTUKH [5].
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BaxnuBo BimMiTHTH, 1O 3arajJbHONPUUHITHN MAXIT A0 MaTEMAaTHUYHOTO OIHCY
CJIEKTPOMEXAHIYHOI CHUCTEMH, B SKIil TEXHOJOTIYHUM O0’€KTOM € eJNeKTPUYHUN
TPAHCIIOPTHUN 3aci0, MoJIsSIrae B MOro MpEeACTaBICHHI Y BUIVISAL 1HEPIIHHOT 00epTOBOI
MacH, Ha Ky J1I0Th MOMEHTHU 30ypeHHS.

Ocnabnenuss nonsi 6 msa2c080oMy  ejleKmponpueodi. B OIIBIIOCTI THUIOBUX
BUKOPHUCTaHb BEKTOpHO-KepoBaHux EIl BuMmaraerbcs 3a0e3mneunTy MocTIiHUA MOMEHT (110
MaKCHUMAaJIbHOTO) JUIsi KYyTOBUX IIBHJKOCTEH HIDKYE HOMIHAJIBHOI 1 (YyHKIIOHYBaHHS
NpUOJM3HO 3 MOCTIMHOI TMOTYXKHICTIO IS OIBIINX 3Ha4eHb IMBUAKOCTI. OcnabieHHs
MOJIL 103BOJISIE TMIABUIIMTU IIBHJKICTH B MEKax BCTAHOBJICHOI MOTY>KHOCTI JABUTYHA 1
iHBepTOpa. B TAroBux enexrponprBogax QyHKIisS 0CIa0IEHHS OIS € 000B’A3KOBOIO.

CraHgapTHUM CIOCOOOM € PETyIIOBaHHS MOMYJS BEKTOpa IMOTOKO3YEIUICHHS
1HBepCcHO M0 mBUAKOCTI aABuryHa [6], [7], [9] [11]. Take po3iMKHEHE KepyBaHHS Mae
JIEKUJIbKa HEJOJIKIB, TOJJOBHUMU 3 SIKUX € 3aBUIIEHE 3HAYEHHS CTpyMy Juisl (hOpMyBaHHS
MOMEHTY 1 HETIOBHE BUKOPHUCTaHHS Hampyru i cTpyMy iHBeptopa. [lounnaroun 3 1990-x
pOKiB, OyJn0 BIJHOBIIEHO IHTEPEC A0 PO3POOKM ONTHMI30BAHMX CTpATErid KepyBaHHSA
ociabnennsm noisig [12] — [15]. Hampukian, B [13] po3po6ieHO METOJ peryiroBaHHS
MMOTOKY 3a PaxXyHOK HETPSIMOTO KEPYBAHHS CTPYMOM, SIKHW € HE TUIBKU CKJIQHUM, ajie U
BUMarae CKJIaJIHUX pPO3paxyHKIB 1 TAaOJMYHOTO TIpecTaBiieHHs iHpopmarlii. B 3aranpHOMY
BUIMAJKY PO3TJSAAETHCS JEKiJIbKa CTpaTerid omnTumizaliii peXuMiB OCIAOJICHHS TIOJIS:
CTaHJapTHA CTpaTeris Makcumizaiii MoMeHTy Ha ammep (anria. MTPA); makcumanbHOI
MOTY>KHOCTI, 1110 €KBIBaJICHTHA MaKCHUMI3allli MOMEHTY JUIs JaHoi mBUaKocTl. Ha choroiHi
I HUX HEMa€ aHAJIITUYHOTO PO3B’SI3Ky B YMOBax (piznyHuX oOMexeHb A/l Ta iHBepTOpA.

3 MeTOo MiABUIICHHS POOacTHOCTI KepyBaHHs, nmounHarouu 3 2000-x pokiB Oyio
PO3IJISTHYTO JIEKIIbKA TIAXOJIB, SIKI HAJalOTh CHCTEMaM BJIACTMBOCTI 3aMKHEHOCTI
3BOPOTHUM 3B’SI3KOM. AHAQJIOTIYHO IO CUCTEM OCIAOJIEHHS IMOJS B MAIlIMHAX MOCTIHHOTO
CTPYMY 3alpOINOHOBAHO pIIICHHS, B SKUX 3aMICTh peryasaropa Moayis (OIlIHEHOIO)
BEKTOpa MOTOKO3YEIJIEHHSI BUKOPUCTOBY€EThCS peryiisitop EPC (omineHoro 3nauenHs) [6]
— [11]. Hukn mocmimkens [16], [17] posrasgae cuctemMu 31 3BOPOTHUM 3B’SI3KOM 32
MOJYJE€M Harpyrud iHBepropa. Metony ocnabnennss nons AJl, skuil 3a0esneuye

BUKOPHUCTAHHA MMOBHOI MOTYXHOCTI JDKEpeia, HE HaBEICHO.
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1.2 IpenTndikanis napamerpiB B CHCTEMaX BEKTOPHOI0 KePyBaAHHS

Jnsa peamizaii cuctem BektopHoro kepyBanus A/l 1 CAIIM neob6xigHa iHpopMmartis
PO CJIEKTPUYHI 1 MEXaHIYHI MapaMeTpu iX MaTeMaTUYHUX MOJEJICH, Kl B 3arajibHOMY
BUITAJIKy HE € MOCTIHHUMH. HEeTOUHITh 1X BU3HAYEHHS MOXKE MPUBECTH SIK J0 TOTIPIICHHS
MOKA3HUKIB SKOCTI BIJMPAIFOBAaHHS MEXaHIYHUX KOOPAMHAT, TaK 1 JO IiJABUIICHHS
CIO’KMBAHOI MOTY>KHOCTI, [0 € OCOOJIMBO KPUTHUYHUM JIJ1s1 aBTOHOMHUX TsAroBux EMC.

OcHoBHI pe3ynbratu B iaeHTu(ikamii napamerpis AJ[ 1 CAIIM mMoxxHa po3aiuiutu
Ha JIBl OCHOBHI TPyIH: a) Ti, [0 HE MOTPEOYIOTh JOJATKOBOTO OOJiagHaHHS 1 0) Ti, IO
noTpeOyroTh. MeToau iaeHTHdIKaIil mepIioi rpynu NOAUIIIOTECS Ha: 1) OHIaltH-MEeTOIH,
B SIKMX JBUTYH MPAIIO€ B TUTIOBUX YMOBAax 3 MEPEHANAIITYBAHHSIM B PEXKUMI PEaIbHOTO
yacy 3aB[IKM 3MIHHUM MapameTpaMm peryysaropis; 2) oQuiailH-METOqu 3 pOTOPOM, IO
BUTBHO 00€pTaEThCs, a00 HEPYXOMHUM POTOPOM, IO TepeadavyaroTh poOOTy B PEXKHUMI
cCaMOHAJIAIITyBaHHS 31 CHEllaJIbHUMU yMOBaMHM. [eHTH(IKAIlIL 3 HEPYXOMHUM POTOPOM €
aKTyaJbHOIO TEHICHIIIEI0, 0COOIMUBO JIsl 0€3AaTYUKOBOTO KEPYBaHHS.

Oyinrosanusn akmusroeo onopy pomopa A/l. AxktuBHmiA omip potopa B moaem AJl €
napaMeTpoM, SKud (I3UYHO HEMO)KHa Oe3MOoCepeHbO BUMIPSITH, BIH MOXE CYTTEBO
3MIHIOBATUCSl BHACIINOK TPUBAIOi POOOTH JBHUIYHA, IO MPU3BOAWTH N0 JAerpajarii
JUHAMIYHUX MOKA3HUKIB AKOCT1 KEPYBAHHS €JIEKTPUYHUMHU 1 MEXaHIYHUMH KOOpAUHATAMU
A/l y cknazai cuctem BekTopHOro kepyBanHs [18], [19].

[TouaTkoBe BH3HAYECHHS AaKTUBHOTO OMOPY pOTOpa 3IIMCHIOETHCS Ha eTarll
1Himami3amii cucreMu abo MporeAypy caMOHaNaIITyBaHHs (aHTi. “self-commissioning™),
B TOW 4Yac K KOMIIEHCAIlis 3MiH B pEXHMI eKCIuTyartaiii 3a0e3mneuyerbes alanTUBHUMU
CHUCTEMaMH Ha OCHOBI aJalTHUBHUX CHOCTEpiraviB motoko3uerwieHHs [20], ski 10AaTKOBO
70 TIOTOKO3YEIUIEHHS OI[IHIOIOTh aKTUBHUU omip poropa. llounHaroun 3 mMiOHEPCHKOT
pobutun[21], Oym0 3ampOMOHOBAHO AECATKU PIIIEHb, K1 BIAPI3HAIOTHCS K BIACTUBOCTIMU
(TexHiyH1 pimieHHs 0€3 JOBEACHHS CTIMKOCTI, rio0asbHO ab0 JOKaJbHO CTiHKi), Tak 1
CKJIQJIHICTIO 3 MOpsAKOM BiJl 5-ro 10 11-ro. Cnoctepirau Matcyce [22] mae 5-uil opsioK,
ajyie CTPOroro JOBEACHHS JIOKAJbHOI aCUMITOTHYHOI CTIMKOCTI He HagaHo. CrocTepiraui
[23] — [25] (muB. TakoX MOCHIaHHA B [24]) MalOTh CTpOre TE€OPETUYHE OOTPYHTYBaHHS,

[0 TapaHTy€ BIACTUBOCTI TII00adbHOI EKCTOHCHIIAIBHOI CTIHKOCTI, SKII0O MOMEHT €
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HEHYJBOBUM a00 MOTiK He € crtanuMm. CTpykrypa cmoctepiradiB [23], [24] € ckiamgHOTO,
Mae Oarato koedimieHTiB HajamTyBaHHsI. CKIAIHICTh € OTHUM 13 CTPUMYIOUHX (aKTOPIB
IMIMPOKOI0 3aCTOCYBAaHHS aJaNTUBHUX CIOCTEpIradiB, M0 CTUMYIIOBAJIO BIAHOBIICHHS
IHTEpECy 10 PO3BUTKY IIHOTO HAMPSAMY aJalTUBHOTO KepyBaHHS. J[JI1 BUKOPUCTaHHS Yy
CKJIaJll CHUCTEM I1Hiliami3amii 0axaHo MaTh 3HA4YHYy 30HY CTIMKOCTI BIAHOCHO 3Ha4Y€Hb
HEBIJIOMOT0 OMOpPY pOTOpa, B TOM K€ 4Yac MJisi aJalTUBHOIO KEPYBaHHS B yMOBax
eKCIUTyaTarlii JOCTaTHbO JIOKAIBHOTO PIIIIEHHS, OCKIJIBKU Bapiallii ormopy oOMexeHi.

loenmudbixayis napamempie CJ[I[IM. Jns peamizaiii ajiropuTMiB KepyBaHHS
noTpiOHa iH(oOpMalls npo m’ ATk napamerpiB ABuryHa. [ns ix rmoOanbHOI (JIOKaIbHOT)
igeHTudikamii 3a3BUyail BUKOPUCTOBYIOTh METOIH, SIKI CHHTE30BAHO Ha OCHOBI JPYroro
mertoza Jlsmynosa [26], [27]. [lepuuii rmobaibHUN aaTUBHUN peryssiTop [26] rapaHTye
ACUMIITOTHYHE BIAMPAIIOBAHHS KyTOBOTO IOJOXKEHHA 1 HEe moTpedye iHdopmaliii mpo
Oynb-sikuii mmapameTp Mojeni. OCHOBHUM HEIOJIKOM pimeHHs [26] € HaaMmipHa
napameTpu3allis BEKTOpa HEBIIOMUX MapaMeTpiB, 10 HE TUIbKM YCKIJIAHIOE aIallTUBHUMI
PETYJATOp, alie ¥ 3HAYHO MOTIPIIYE YMOBHU 301KHOCTI TOXMOOK OIliHIOBaHHSA. B ymoBax
peanbHOi po6oTu EIl MOXKIIMBO OIIHIOBATH JIUIIIE YACTUHY TTapaMETPIB.

AnanTuBHI OHNaWH- Ta odnaitH-anroputMu KepyBanHsa [27] — [30] 6a3yroTbest Ha
pi3HUX MoJU]IKAIlAX CIOCTEpIradyiB MOBHOTO MOPSAKY, a TaKOX PI3HUX KOHQIryparisax
aJanTUBHUX PETyJSITOPIB OKpeMHX KoopAuHAT. YacTuHa anropuTMiB HE Mae
TEOPETHYHOTO JOBEICHHS CTIMKOCTI, B TOM 4Yac SK Ha MPAKTUIll BOHU JEMOHCTPYIOTh
3a/I0BUIBHY Tpale3aTHICTh. BUXOIA4n 3 TEOPETUUHUX TMO3MIIIHN, YCl1 TTapaMeTpyu MOJeI
Al 1 CAIIM, MOXITMBO OAHOYACHO 1ACHTU(]IKYBATH JTUIIIE 32 YMOB CIIECLIATbHUX PEXKHUMIB,
K1 TapaHTYIOTh BHUKOHAHHS yMOB MepcHCTHOCTI 30y/mkenHsa [31]. Taki pexumu He
BIJIMOBIAAIOTh THM, IO ICHYIOTh B pealibHuXx pexumax pobotu EMC. Tomy oHmaiiH-
imeHTrdIKaIisd B yMOBaxX €KCIUTyaTallii JO3BOJISIE OIIHIOBATH HE Oumbine 2-3 mapameTpiB
Mozeni aBuryHa. Takoxk e(peKTHBHICTH METOJIB 1JeHTHdIKAIl 3aJIeKUTh Bl OaraThox
(dakTOpiB, TaKuMX SK 3aBajd, HEMOJENbOBAaHA JWHAMIKA, HANpPHUKIaA, Yy BUIJISAIL
HEJTHIMHOCTEH 1HBEPTOPA, a TAKOK HEBU3HAYEHOCTI TApaMeTpiB, sIKI HE 11€HTU(DIKYIOThCS.

Buxonsiun 3 1poro, Bu3HadeHHs mnapamerpiB Mojeneir EMC 3aificHIO€THCS

3a3BUYail MOETAHO B JIEKUIbKA MOCHIOBHUX KpOKiB. Hampukian, mMeTomu OIiHIOBaHHS
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1HAYKTUBHOCTEH, fAKI MOTPEOYIOTh JOJATKOBOTO OOJagHAHHS, TO3BOJSIOTH OIHHUTH
edeKkTr, 10 3a1eKaTh Bl HACUYEHHS, y CHEIlaIbHUX TeCTaX 3 3a0JOKOBAHUM POTOPOM
a00 3 OCTIHHOIO MIBUAKICTIO, 110 3a0€3MeUy€eThCsI 10/1aTKOBOIO MamnHoo [32], [33].

HeoOxigHo BiAMITUTH, 10 1AeHTU}IKALISA MapaMeTpiB MOJAENEH, SIK eIeKTPUIHHX
JIBUTYHIB, Tak 1 ckiagoBux EMC, HeoOxigHa B MepIly 4Yepry Ha eTanax po3poOKH,
EKCIIePUMEHTAIbHUX JOCII/KEHb, B TOMY YHCII MPOTOTUITHOTO TECTyBaHHS, a TaKOX B
MpOLECi TECTYBAHHS IPOMUCIIOBUX 3Pa3KiB.

Sk BUTUIMBAE 3 OTJISAY JTEpaTypu, METOAM 1 aNrOPUTMHU OHJIAWH- Ta odIaiiH-
inentudikamii mapametpis Al 1 CHIIM, siki € TeopeTH4HO OOIPYHTOBAHMMH, MAIOTh
BHCOKY IIBHJIKOJIIO 301KHOCTI TapamMeTpiB, B TOH K€ Yac € JOCTaTHbO MPOCTUMH B

MpaKTUYHIN peai3allii, 10 TeNepIlIHbOro Yacy He po3po0IeHO.

1.3  Oco0aMBOCTI BUKOPMCTAHHS AKYMYJISITOPHHUX OaTapei

B Ourbmiocti TpaguIiiHUX TATOBUX €JIEKTPOMEXaHIYHMX CHCTEM IePBUHHUM
mkepenoM € akymyssitopHi  Oarapei  (AKDB), ski  XapakTepu3yrOThCS  BEJIMKHUMHU
3HaueHHsAIMU nMUTOMOi eHeprii. [Ipore depe3 eneKTpoXiMiuHYy MPHUPOAY BOHU 3a3HAIOTH
PUCKOPEHOI'0 CTAapiHHS (HacaMIiepe/l, MiJBUILCHHS BHYTPIIIHBOTO OMOPY 1 3MEHIICHHS
€MHOCTI) BHACIIJIOK JIii HaBaHTaXXeHb, sKi € TunoBuMH 1 ET3: 1) HaBaHTa)KCHHS BHIIIE
HOMIHAJIBHOTO CTPyMYy; 2) IIBUJKO3MIHHI HaBaHTa)KEHHS; 3) MKOBI HaBaHTaXCHHs [34],
[35]. Taki Tunu HaBaHTaXeHb (POPMYIOTHCA B MEPEXIAHUX PEKUMAX POOOTHU TATOBOTO
EIeKTPONPUBOAY, TOOTO TpW po3roHax 1 rambmyBaHHsSX. JlogatkoBo AKB wmaroth
oOMeXeHHS Ha TEMITH 3apsy/po3psay, TOOTO BOHU HE MOXKYTh €(DeKTHBHO 30€perTd BCIO
EHEPTiI0 peKymepaiii eJeKTPONpPHBOIa B pEXKUMax TradbMyBaHHS, 4YacTKa SKUX B
pobouomy nukii ET3 (ocobmmuBo MapuipyTHux) moxe csratu 20-25 % 1 Ounbiue [36].
Oxkpim uporo, Hanpyra Ha AKDB 3MeHIIyeThCsl POMOPILIINHO 3MEHIIEHHIO CTaHy 3apsay
(aarn. SOC — state of charge), mo ycknanHioe poOOTy Ha MaKCHUMalIbHIA MIBUAKOCTI 1
PO3riH 3 MAKCUMaJIbHUM MPUCKOPEHHSM 33 YMOB HU3bKOTO 3apsiy.

Knacuuaumu merogamu 3anoOiranHs miaBuiiieHoMy ctapinHio AKbB € 3aBurienus
HOoMiHaNBbHUX napameTpiB AKD nuisxom BukopucTaHHS OLIbIIOT KIIBKOCTI €IEMEHTIB AJIs
JOCSITHEHHSI HOMIHAJbHOI HAmpyrd IHBEpTOpa Ta MacluTa0yBaHHS CTPYMY B MexKax

HOMIHAJIBHOTO, a TAaKOK 3HIKEHHS TEMIIIB PO3TOHY/TaJIbMyBaHHS TSArOBOro IBUryHa [37].
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B cranmapTHuX TATOBUX €IEKTPOMEXAHIYHMX CHCTEMax BXiJHA HAIMpyra iHBEpTOpa
(BuXimHA HampyTa JHKEpelia )KUBJICHHS) He € KepoBaHOoto. Jyisa crabimizaiii 1 miaBUIICHHS
PIBHSI HANPYTH y Moro ckiaai MoxyTh BukopuctoByBaTucs DC-DC nepeTBoproBauyi.

Enepretnuna egextuBHicTs ET3 3HaUHOIO MipOIO 3aJI€KUTh BiJ TOTO, SIKa YacTHHA
eHeprii pekyneparlii B pexuMax rajbMyBaHHS Moxe OyTu 30epekeHa, TOOTO HACKUIbKU
e(eKTUBHO (PYHKI[IOHY€ €HEPreTUYHUN KaHAIl «EJIEKTPOIPUBOJ — JIXKEPENO KUBJICHHSI» B
0a30BHUX peXUMax BiAAaul €HEprii B pyLIITHOMY peXuMi 1 HAKOMMYEHHS [P peKyneparii.
Haiibiypi1 MpUHIMIOB] pe3ysbTaTH JOCIHIKEHb B 1IbOMY HaIpsMi MPEACTaBiIeHO B [4],
[37]. Bimomo, o 30epexenHst eHeprii pexyneparii B ET3 3 KOHTakTHOIO Mepexero He
nepesutrye 50-60% Big reHepoBaHoi, a B cucteMax 3 xuBjaeHHsSM Bifg AKD et mokasHuk
Moxke Oytu 1me HwkuuM 36-40%. 3HayHa KUIBKICTh KOHIIENTYaJbHUX JIOCTIKEHb
MOKa3ye, MO KOEPIIIEHT BUKOPUCTAHHSA €HEPrii pekymnepaiii Moke OyTH MiJBUILIEHO 3a
paxyHOK ONTHUMI3allli KepyBaHHsS MpoliecaMyd eHeprooOMiHy Mixk Tsrosum EIl Ta
JDKEpeNioM SKUBJIeHHsS. Tak, SIKIIO JaHKa MOCTIMHOTO CTPYyMY IHBEPTOpa JOMOBHIOETHCS
kepoBanuM 3a nonomororo DC-DC mnepeTBoproBaua IIBHIKOIIIOYHUM HAKOMHUYyBaueM
eHeprii, Taka KoHQiryparis MOTEHIIHHO MOK€ 30UIBIIUTH KOE(IlIEHT BUKOPUCTAHHS
eHeprii pekymnepaii 10 75-85% ta eHepreTuyHy e(peKTUBHICTh TATOBOI CUCTEMH HA 5-6%,
a Takox 110 20% 361unbinye pecypc AKD B crctemax 3 aBTOHOMHUM KUBJIeHHM [4], [37].

Liopuoni  oocepena owcuenenns (IJK). OpgauM 3 NEPCOEKTUBHUX PIIICHBb
posrasnyTux HenomikiB AKDB € 3actocyBaHHS Tak 3BaHUX 2IOPUOHUX OdHCepen HCUBTIeHHS,
K1 mependavaroTh cymicHe BukopuctanHs AKbB 3 0moxkom cymnepkonaeHcaropis (CK).
brox CK mosxe 3abe3nedyBaTyl MIBHIIKE MOCTAYaHHS €HEPTii 10 HABAaHTAXEHHS 1 MIBUIKE
30epiranHs eHeprii pekymnepaiii eneKTpornpuBoia 6€3 BTpaTH KOPUCHOTO TEPMIHY CIIyXOu
BHACJIJIOK BHYTPIIIHBOI MOPOBOI CTPYKTYPHU 1 €JIeKTpUYHOTO mpuHIuUy mii [36] — [38].
Taxum unnom, 010k CK 3a0e3neuye nmomoBxkeHHs TepMiny cinyx6u AKDB, oOMmexenHs ix
CTPyMYy B PEXHUMI PEKyNEpATUBHOTO T'aJIbMyBaHHS JBUT'YHA, 4 TAKOX POOUTH MOKIIMBUM
BUKOPUCTAHHS CIELIAIbHUX PEKUMIB, TAKUX SIK HMIBUAKE MPUCKOPEHHS/TAIbMYBAaHHS, 1110
1Hakme npusseno 0 a0 npuckopeHoro crapinas AKbB [39].

Heo0xigHO BIAMITUTH, IO TEXHOJIOTiS PO3POOKH BOJHEBUX MAJIMBHUX EJIEMEHTIB

Ma€ IIBHUJIKHHA PO3BUTOK, 110 CTUMYIIOE po3BUTOK ET3 3 Takum xuBnenusam 3amicts AKD.
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3acrocyBanns Onoky CK pa3om 3 mnDaJiMBHMMHM €J€MEHTaMHU CYTTEBO IIi/IBUIIYE
EHEPreTUYHl TIOKA3HWKHW JDKepesa JKUBIICHHSA, aJ/pKe IalliBHI €JIEMEHTH HE MOXYTh
npuiiMati eHeprito pekynepanii. Cuctemu I'JIXK, moOymoBaHi 3 BOJHEBUX TMaJUBHHUX
eneMmeHTiB 1 CK, po3rianaroTbes K HAWOIbII MEPCIEKTHUBHI TEXHOJIOTI 3a0e3meueHHs
ABTOHOMHOTO >KMBJICHHSI BHACJHIZIOK OUIbLI BHUCOKMX 3HA4Y€Hb MUTOMOI eHeprii. [Ipote
CTBOPEHHSI BOJHEBOi 1HGPACTPYKTypH JJii BHUPOOHMUIITBA 1 TPAHCHOPTYBaHHS [0
KIHIIEBOTO CIIOKMBAYa € CTPUMYIOUYHM (PaKTOPOM PO3BUTKY JAHOTO HATIPSIMKY.

Oxpim HakomnuuyBayiB, BaxymBuM eieMeHToM I'JIDK € 3acobu HamiBNpoBiTHUKOBOI
CHJIOBOI €JIEKTPOHIKH, 3aBISKHU SKUM 3a0€3MeUy€eThCsl KEPyBaHHS MOTOKAMHU €HEepTii AJis
3a0e3neueHHs oOmMexxeHHs cTpyMy 1 Harpyru AKD ta perynioBanHs BUX1JHOT HAllpyTH.

Ormsin miteparypu [2] — [5], [37], [40] cBiguuTs, 1o 3actocyBanus ['J[DK B TaroBux
EJIEKTPOMEXAaHIYHUX CHCTEMax JIETKUX MacaXKUPChKUX TPAHCIOPTHUX 3aCO0IB MOKU HE €
Jo1iIpHUM Yepe3 BUcoKy BapTicTh DC-DC neperBoptroBauiB 1 CK. [lonepenni pe3yabratu
JTOCHTIDKeHb BKa3zyloTh Ha Te, mo ['JIXK € OlaplmuM MepCrneKTUBHUMU IS CEepedHix 1
Baxkux ET3, Takux SK eNeKTpU4yHI BaHTaXiBKH, einekrpoOycu Tomo. Takox ['JIK e
JOLIIBHUMH, KOJM BapTICTb BCTAHOBJIEHHS EJIIEKTPOMEXaHIYHOI CHUCTEMHU HE €
BUpIIIANEHUM (aKTOpOM, Hanpukiaja, B 6omigax @opmynu E (Big anrn. Electric [41]).

3a3HauMMo, 1110 B JaHii poOoTi posrisaatoTbess EMC nuiie moBHICTIO €IeKTPUYHUX
TPaHCIOPTHUX 3ac00iB. B cuctemax TiOpUIHHMX EIEKTPUYHUX TPAHCIIOPTHUX 3acO0IB 3
JABUTYHOM BHYTpIIIHbOTO 3ropsiHHsi, ne AKDB 1 enekrpompuBoja 3a3Buuail BUKOHYIOTh
(GyHKINT 0JATKOBOTO JKEpejda MOMEHTY, BCTAaHOBJICHI IOTYXKHOCTI HWXKYl HDK JJIs
MOBHICTIO €JIEKTPUYHUX JIETKUX TpaHCTIOPTHUX 3aco0iB [1], [4], [35], [42].

BaxmuBo BiamituTH, mo TexHomoris ['JIDK BBakaeTbcs MEpCIEKTHUBHOIO, MPOTE
Hapasl JIMIlEe BUBYAIOTHCS MOXIIMBOCTI, SIKI BOHa MO)KE€ HaJlaTh. ABTOpPOM HE 3HAWJEHO
MPUKIIAIIB peatbHOTO MIPOMHCIIOBOTO BIIPOBAHKCHHS aKyMYJISITOPHO-
cynepkonjencaropuux ['JIXK TsaroBoro npusznadenHs. OgHuUM 13 CTpUMYIOUHMX (DAKTOPIB
pasom 3 Bucokor BapTicTio DC-DC mnepetBoproBauiB 1 070Ky CK € HEBHU3HAUYEHICTH
MexaHi3miB crapinHgs AKDB BrHacmigok [ii HaBaHTaXe€Hb BHINE HOMIHAIBHOTO 1
IIBUJIKO3MIHHUX HaBaHTa)XEHb, a TaKoXX BTpatu eHeprii npu 3apsni AKB enepriero

pekynepalii eIeKTpUYHOrO JBUTyHAa, SIKI BaXXKO OLIHUTH Yy BaprtocTi. JlogaTkoBo
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MexaHi3mu ctapiaas AKDB 3anexarts Big TOro, SIKHA y €JIEKTPUYHOTO TPAHCIOPTHOTO
3aco0y ki podoTu (anri. driving cycle) ta pexxumis podotu AKB.

B [43] Hamano nepiini cipoOu MpoBECTH OLIHKY epekTuBHOCTI Bukopuctanas ['JIDK.
[Tokaszano, mo ansa BaHtaxkHoro ET3 macoro 2500 kr. Bukopuctanus ['JDK 3 kepoBaHum
kaHasioM CK € ekoHOMIYHO OOIpyHTOBaHUM 3a YMOBH 301iblieHHs pecypcy AKbB Ha 50%.

TakuM YMHOM, TOJIOBHI pe3yJIbTaTH POOOTH HAIpaBiIeHI Ha Te, IOOM OIIHWUTHU
notenuiini nepesaru ['JI’K no BigHomenHto 1o xuieHHs Bix AKbB, a Takox po3pobutu
QNrOpUTMH KepyBaHHS HUMU. OTpuUMaHi pe3yibTaTH MOBHICTIO PO3MOBCIOKYIOTHCS Ha

ET3 3 )xuBNeHHSIM BiJ TAJMBHUX €JIEMEHTIB, a TAKOXK Ti, III0 MatOTh Jutie kepoBanuii CK.

1.4 KepyBaHHs riOpuaHuMu JxepesaamMu kuBJjeHHs Taroux EMC
HesBaxkarouu Ha mepiii oOHaAININBI pe3yiabTaTh po3poOku mnepcnektuBHux ['J0K

g TsaroBux EMC, Teopist kepyBaHHS MpoOLieCaMU €HEProoOMiIHY B €JIEKTPOMEXaHIYHUX
CUCTEMax 3 HUMH 3HAXOJUTHhCSA HA CTajli cTaHOBJIEHHS. Lle 00yMOBIIEHO K CKIIAJIHICTIO
3aJ1a4l, TaK 1 0OMEKEHUMH MOYKJIMBOCTSIMM aHAITUYHUX METOIB JOCIIKEHHs. B ToM ke
yac, Bepudikallisi TEOPeTUYHUX pe3yJbTaTiB B yMoBax peanbHoro ET3 Bumarae 3HauyHHX
KamiTaJoOBKJIA/ICHh 1 HEe € €(EeKTUBHOI Ha IMOYATKOBUX CTadisx po3pobku. Y [4], [35],
[39], [42] mamano ornsam Tsaroux EMC 3 T'JIXK. B [44] — [48] mpoanamizoBaHo
xapakrtepuctuku 1 Matrematuuni moneni AKb 1 CK. B [39], [49] — [56] HanaHO OCHOBHI
ocobnuBocti ['J[JK TAroBuX eNeKTpoMEXaHIYHUX CHUCTEM, SIKI BKJIFOYAIOTh OOMEKEHHS
pexXuMiB poOOTH, OIS TOMONOTIH 1 cTparerii kepyBaHHA. [luTaHHsIM cUHTE3y, aHaMI3y 1
npakTU4HOi peamizamii cuctem kepyBanHa ['JIDK mnpucBsueHo 3HauHY KUIBKICTh
nyOmikauid. HalOinpmn BaxIMB1 pe3ynbTaTd, K MAalOTh 3aralbHOTEOPETHYHY LIHHICTD
1 pimenHs 3anad kepyBanus /DK, npeacrasneni B HacCTynmHuX myOiKamisix:

— cucrtemu kepyBanHs Hanpyroro DC-DC neperBoproBauis: [57] — [66];

— anroputmu iaeHtudikauii napamerpis DC-DC nepetBoproBaua: [67] — [73];

— TOpIBHSHHSA TomoJorii 1 MetoiB kepyBanus ['JIXK: [50] — [53], [74] — [83];

— CHCTEeMHM KepyBaHHS HaIpyror noBHicTO kepoBanux ['JIDK: [84] — [98];

— ¢opmyBanns nuHamiganx pexxumiB ['JK tarosux EMC: [39], [50], [99] — [105];

— perymoBanHsa Hanpyru 0s0ky CK B moBHicTiO kepoBanux ['JI2K: [106] —[113];

— (akropu, SKi BIUTMBAIOTh Ha aerpaxarlito miTid-ionanx AKb: [114] —[118];
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— wmetoau posnoainy crpymiB Mk AKbB 1 CK B tarosux EMC: [36], [50], [85], [88],
[92], [111], [121]—[123].
3a3HauMMoO, 110 MPOBEICHHUM aHami3 1 po3po0jeHl B POOOTI CUCTEMH KEpyBaHHS 1
MeTo10JI0T1sI poBeAeHHs AocaimkeHb ['JIXK He 0OMexyI0TbCs TATOBUM MPU3HAYCHHSAM, a
€ YHIBEpCAJIbHUMU JIJISl KJIACy €JIEKTPOIPHUBOAIB 3 TAKUM THUIIOM >KUBJICHHS 1 HAsIBHICTIO
PEXKUMIB PO3TOHY-TaIbMYBaHHS.
Xapaxmepucmuxu naxonuuysadis. SIk mokazaHo Ha puc. 1.4, B moexnandi AKb Tta
60k CK 103BOJISIIOTE OHOYACHO 3a0€3MEeYUTH BHUCOKI 3HAYEHHS MUTOMOI MOTY>KHOCTI 1
nuTomoi eneprii [55] — [56]. [To6ynoBa aBToHoMHNX ET3, mo sxuBnsatecs Tutbku Big CK,

MOKH 1110 € EKOHOMIYHO HEJIOIIBHOIO Yepe3 iX Mally MUTOMY €HEPTii0 Ta BEIHKY IIHY.
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Pucynox 1.4 — IIutomi XxapakTepuCTUKHA HAKOTTMYYBayiB

VY 1abn. 1.1 naBeneno xapakrepuctuku pizHux tumiB AKb ta CK. IIpomucnosictio
BUITyCKAEThCS BeNMKa KibKicTh TuIiB AKDB, cepen mommpeHnx BBaKa€eThCs, M0 KPaIuM
BapilaHTOM € 3acTtocyBaHHs miTiii-3amizo-pochataux (LiFePO4) AKbB [46], [47]. Bouu
MaloTh OUIbIIY €MHICTh MPU OJHAKOBUX MAacO-TabapUTHUX MapameTpax. 3 IbOro Kiacy
AKDB BuainstoTeesa miTii-metaneBi AKDB 3 miaBuIeHUMH 3HOCOCTIMKMMU IMapaMeTpamu,
poTe B poOOTI BOHU HE PO3IIISIAIOTHCS Yepe3 HU3bKY MOUIMPEHICTh 1 BUCOKY BapTICTh.

Ozns10 memooig kepysanns pesepcusnumu DC-DC nepemesoprosauamu. PeBepcuBHi
DC-DC nepetBoproBaui (anri. two-quadrant/bidirectional DC-DC boost-buck converters)

IIMPOKO 3aCTOCOBYIOTHCS MJISl MIJBHUIICHHS MOCTIMHOI Hampyru B cuctemax sk ET3,



35

BITHOBITIOBAIbHI JKEPeia KuBJIeHHs Tomo [57]. Ha3Ba «peBepcuBHUID CIAYE 3 TOTO, IO
TaKUi TUI TEPETBOPIOBAYIB 3a0e3Medye KePOBAaHUU MOTIK €HEprii K B MpsAMY (PeXHUM
«boost»), Tak 1 B 3BOpoTHY (pexum «buck») croponu. Po3poOka HOBHX TOMOJIOTIH
0e3mocepeIHbOr0 MiIBUILIEHHS! MOCTIHHOI HANPYTH CYNMPOBOIKYETHCS PO3BUTKOM Teopil
kepyBaHHsi Oazopumu Ttunmamu DC-DC mneperBoproBauiB [58], [59]. TumoBy cxemy
peBepcuBHoro DC-DC nepetBoproBaua Hanpyru mnokaszaHo Ha puc. 1.5. [IpuiinsTo, 1o Bci
CJICKTPUYHI €JIEMEHTH € JIIHIMHUMH, MalOTh HE3MIHHI y 4acl mapaMeTpu, TPAaH3UCTOPH €
17IealbHUMU KJIIF0OYaMHU, SIK1 IEPEMHUKAIOTHCSI CUMETPUYHO y NMPOTU(A31 TAKUM YUHOM, IO
BUXI1JHA HAIpyTa JAHKUA MOCTIMHOTO CTPyMY Vg, MIATPUMYETHCS Ha 3aaHOMY PiBHI.

Tabmung 1.1 — XapakTepucTUKU HaKONU4YyBadiB eHeprii [46], [47]

HakommuyBay AKb CK
[TapameTp Lead-acid | Ni-MH Li-ion
[Turoma enepris, Br-roj/kr 35...50 70...90 100...250 2...10
[Tutoma moTyXHICTh, BT/KT 150...300 | 300...800 | 500...5000 | 1500...12000
Pecypc pobotu, ikt 100...1000 | 500...2000 | 500...3500 >1muIH.
Tepmin cityx0u, poKiB 2...10 2...15 5...10 >20
PoGouya remniepatypa, °C -30...45 -40...60 -30...60 -50...70
KK, % 70...85 65...80 80...95 >90
OO0cnyroByBaHHS Tak Hi Hi
Hina, non/kBt-rox 50...200 | 500...1500 | 1000...2500 | 10000...20000
Lina, non/kBT 50...150 75...400 400...670 50...100
=g
c T1¢
— Vi | &
NE
T

Pucynok 1.5 — CtpykrypHa cxema pesepcuBHoro DC-DC nepetBoproBaua
Ha puc. 1.5 no3naueno: 1 — Bxiguuil ctpym; L, R — iHAYKTUBHICTh Ta BHYTpIilIHIN
omip apoceinst; E — EPC mxepena sxuBnennsi; C — BUXiIHa €MHICTh NIEPETBOPIOBAYA; 1 —
CTpyM HaBaHTakeHHS; Q, Q — CUTHAIM KepyBaHHS HAMIBIPOBITHUKOBUMU KITFOYaMHU.

PeepcuBauit DC-DC mnepeTBopioBad B yCepeAHEHUX 3MIHHUX [62] omucyeThes
MaTEMaTHUYHOI0 MOJEJUII0 2-TO MOPAAKY. B Toif ke yac BOHa € CyTTE€BO HENIHIMHOIO 1
HEMIHIMaJIbHO-(Da30BOI0, 1[0  BHUKJIMKAHO  HASBHICTIO  «IpPaBUX»  KOPEHIB B

XapaKkTepuCTUUHOMY TostiHOMI [57], [58] mineapuzoBanoi moueni. Lle dhakT He m103BOIISIE
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3a JIOMOMOIOI0 CTaHJAPTHUX MIAXOAIB OTPUMATH BUCOKI JIWHAMIYHI TOKa3HUKU
PETyJIIOBaHHS HANPYTH JIAHKH MOCTiHHOTO cTpyMmy [60], [61]. Taki cmocobu kepyBaHHS
MarTh OOMEXKEHHMH Jliana30H PEryIIOBaHHS, SKUM 3anexuTh Bl mapametpis DC-DC
MEepPEeTBOPIOBaYa 1 BHMAararOTh BHUKOPUCTAaHHA Benukoi emHOCTI C nmms 3abe3nedyeHHs
JTUHAMIYHUX TMOKA3HHUKIB SKOCTI [62] — [64]. JIna mokpaiieHHsT AUHAMIKWA PEryJItOBaHHS
Hanpyru 3 Ill-perynsaropom Oysio 3amporoOHOBAHO pi3HI Mojaudikalii peryasaropiB 3
KOMIIEHCAIITHIMHU 3B’si3kamu Ta anroputmu 3 kackaguumu [I(II1)-cnoctepirauamu crany
NepeTBOpIOBaYa 3HIDKEHOTro Topsiaky [63], [64], ski MaloTh «IpaBi» KOPEHI B
«TEHEPATOPHOMY» PEXKUMI poOOTH 1 HE 3a0€3MeUyI0Th TOCTATHIO MIBUIKOAIIO.

J711 BUCOKOBOJIBTHUX 3aCTOCYBaHb, Takux sik ET3, pexxum pexymnepariiii eneprii Biz
EIT € 000B’3k0BUM, a)Ke JTIO3BOJISIE TTOJOBXKUTU MPOOIT 32 paxyHOK 30€peKeHO0i eHeprii.
HonatkoBa ymoBa anst ['J[PK — BucOka MIBHAKO[IS MEpETBOPIOBAaYa ISl MAaKCUMaIbHOTO
BUKOpUCTaHHA BiIacTUBOCTI CK 10 MpUHHATTS MUTTEBUX 3HAYeHb CTpymy [36], [56], [57].

OaHuM 3 METOIB CHMHTE3Y WIBUIKOIIIOUMX aJITOPUTMIB KEPyBaHHS, 30KpeMa s
CWJIOBHX TIEPETBOPIOBAYIB, € MPHUHIUI TMACHBHOCTI, PO3TIAHYyTHH y [65], [66] Ta y
BKJIaJICHUX mocuiaHHsAx. OCHOBHa iJied TOJISITa€ y BJIACTUBOCTI BCIX CHCTEM OyTH
MACMBHUMHU JI0 BU3HAYCHHUX 3MIHHUX CTaHy. Ba)XJIMBUM € TOKa30BICTh TOTO, IO CTIAKICTh
3aMKHEHOT HEJIHIMHOT CHCTEeMH MOXKHa 3a0€3MEYUTH IOCTIMHOK KEPYHYOH € 3
BukopuctanusaMm [1l-perynstopa 3a yMOBU BUMIPIOBAHOCTI BUXITHUX 3MIHHUX.

3 aHami3zy JiTepaTypu BUILIMBAE, IO KJIACHYHI Ta MOAM(]IKOBaHI ajIrOpUTMH Ha
OCHOBI IiAnopsAKoBaHoro kepyBaHHs 3 [1I-perynstopamu 3a10BOJBbHSIOTH 0a30B1 BUMOTH
kepyBanHs DC-DC mepeTBoproBauaMu, IpOTE BiJICYTHE 3arajlbHO BU3HAHE, TEOPETHYHO
oOrpyHTOBaHe pimeHHs. Hu3ka perynstopiB modygoBaHa Ha OCHOBI cripoieHoi mojaeni. B
[60], [62], [66] BUKOPUCTOBYETHCSA CIPOIICHA MaTEMAaTUYHA MOJEJb, sika HE BPAXOBYE
OIip BXIJHOTO KOJa, 1[0 MOXE MPUBOAUTH JI0 TOXUOOK perymioBanHs [64]. s 3HagHOT
KUIBKOCTI aJTOPUTMIB HE JIOBEJICHO CTIWKICTh 3aMKHEHHUX CHCTEM Ha OCHOBI Mojei
MOBHOTO TMOPSAKY Ta HE MIATBEPKEHO EKCIEPUMEHTAIbHO Npale3JaTHICTh B
reaepaTopHoMy pexkumi [60] — [64]. Takox BiACYTHI peKOMEH ALl [010 HATaIITyBaHHS.
TakyuM 4YMHOM, CHHTE3 HOBUX METOMAIB KepyBaHHs Hampyrotwo pesepcuBHux DC-DC

MEPETBOPIOBAYIB 3 IMIBUIIICHUMH TUHAMIYHIMH BIACTHBOCTSIMH € aKTyaJIbHOIO 33/1a4€l0.
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Kopomxkuii oenso memoodis ioenmugbixayii napamempie DC-DC nepemesoprosauis.
Jlnis 3acTOCYBaHHS BUCOKOC(EKTUBHUX aIrOpUTMIB HEOOXiJHa TO4yHa iH(OpMarlis mpo
napametpu DC-DC nepetBoproBaya. [loyaTkoBo mapameTpu HE € TOYHO BU3HAYEHUMHU, a
TaKOX BOHM MOXXYTh 3MIHIOBATHCSl B MPOIECI poOOTH Yepe3 BIUIMB 30BHIMIHIX 30ypeHb,
TaKuX SK HArpiB 1 CTapiHHA eJeMeHTIB. Bapialis mapaMeTpiB MPU3BOAUTH 10 3HUIKCHHS
e(hEeKTUBHOCTI IEPETBOPEHHS €HEPrii 1 MOKA3HUKIB SKOCTI PETYIIOBaHHS HAPYTH.
Hampuxnan, BHYTpilHIA omip 1 IHAYKTUBHICTH BXIJHOTO KOJa 3MIHIOIOTHCS BiJl
TeMrepaTypu 1 CTapiHHS, 1HAYKTUBHICTh TaKOXX 3MIHIOETHCS Yepe3 HACUUCHHS, a OMip
3aNeXUTh Bl 3MIHHUX pexkuMiB pobotu IIIM 1 kommeHncanii «meptBoro yacyy». o6
MOJIOJIATH Il MPOOJIEMH 1 MIABUILUTH TOYHICTh PETYIIOBAHHS HAMPYTH JAHKHU MOCTIHHOTO
CTpyMY, HEOOX1ZJHO BU3HAUYUTH MMapaMeTpU MEPETBOpIOBava 3 JIOCTATHHOIO TOYHICTIO. B
TOM e Jac mpobiieMa BH3HAYEHHS IMapaMeTpiB peBepcuBHOTO mepeTBoproBaya DC-DC
JI0C1 TIOBHICTIO HE BUpIIlIEHA HABITh JJIs eTany camoHanamTyBanus [21], [51], [58].
[cHytoui  OHJaWH-METONM  JO3BOJISIIOTE B PEXKHMMI  peajJbHOro  4acy
NEePEeHANAIITOBYBAaTH apaMeTpH PETYyIsSTOPIB HA OCHOBI 11eHTHdiKaii mapameTpiB [67] —
[71]. Anroput™m ineHtudikaiii napamerpiB [67] 6a3yeTbest Ha npyromy mMeToi JIsimyHOBa,
OLIIHIOE YOTHUPH MapaMeTpu peBepcuBHOro mneperBoproBada DC-DC: 1HAYKTHUBHICTD,
BXIJTHY HaINpyTry, BUXIJIHY €MHICTh 1 CTpyM HaBaHTaxeHHsS. [IpoTe 30DKHICTH OIIHEHHX
napaMeTpiB He JOBEJCHA JJId BCIX PEXKHUMIB POOOTH. ANANTUBHUM pEryisTop [68]
BU3HAYAE Ti caMmi MapaMeTpH, 3a BUHATKOM BXIJHOI HaIpyrHd, aje MmoTpedye TOYHOTO
HaJaITyBaHHS OUIBIIOro YKcia KoedimieHTiB. PobacTHuil anantuBHU perynsrop [69] 1
aJIaITUBHUN PETyNATOp 3 KomreHcaliero [70] OLUiHIOITh TUTBKHA BXIAHY HAmpyry Ta Omip
HaBaHTaXeHHA. AuroputMm [71] 3acHOBaHMN Ha METOAl PEKypCUBHUX HaWMEHIINX
KBaJIpaTiB; OJHAK 1€ PIIICHHS HE TapaHTye ACUMMOTOTUYHOI OLIHKK AJI1 HEeileaJbHUX
cwiioBux eneMeHTiB. OdaitH-mMeron [72] BpaxoBye mapa3uTHI mapaMeTpu TPAH3UCTOPIB,
ajle BHUMAarae TOYHOI 1H(opMaIlli Mpo MEXl HEBU3HAYECHOCTI MapameTpiB, OCKUIbKH
3aCHOBAHMUI Ha aNrOpUTM1 HaAaWMEHIIMX KBajpaTiB. PO3IMKHYTHIl crocTepirad mpocropy
ctany [73] 3abe3neuye iaeHTU(IKAIIIIO JBOX BXITHUX 1HAYKTUBHOCTEH 1 BUX1THOI EMHOCTI.
Jloka3 CTIMKOCTI JyIsi OUTBIIOCTI 3alpOINOHOBAHMX AJITOPUTMIB 3IIMCHIOETHCS Ha

OCHOBI 3HAaYHUX CHPOUIYIOYUX MPUITYIIEHb, K1 3arajoM CTaHOBIATH: |) HEXTyBaHHS
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OTIOPOM BX1THOT IHAYKTHBHOCTI [67] — [69]; 2) NoKanbHa JiHEeapu3aIis JUHAMIKH CUCTEMHU
[67], [70] — [72]; ab6o 3) mpumyiieHHsl, O 3MIHHI CTaHy € Habarato MIBUIIIMMHU HIXK
NOXHOKH OIiHIOBaHHS MapaMmeTpiB [73]. HexTtyBaHHs onmopoM 1HAYKTUBHOCTI MPU3BOIUTH
70 TOTIpIIEHHS JUHAMIKA OLIHIOBaHHS. JleKiibKa ainropuTMiB BpaxoBYIOTh OMIp
1HIYKTUBHOCTI B MOJIeJI1 ITIepEeTBOPIOBaya, aje He oIiHTh ioro [70], [71], [73].
binpmicte  anropuTMiB - K€pyBaHHS ~ MOKHAa  BHUKOPUCTaTH  JIMIIE  JJISt
OJIHOHATPABJICHUX MEPETBOPIOBAYIB, SIKI MPALIOIOTh HA PE3UCTUBHUM OIip HaBaHTaKCHHS,
10 HE MOKE PO3IJIAIaTUCA B TaKUX 3acTocyBaHHAX sk ['J[JK TSIroBux eaexkrpoMexaHiuHUX
cucteM [67] — [72]. Jleski anrOopuTMHU MPU3HAYEHI JJIsi BUKOPUCTAHHS 31 CHEI[laTbHUM
oOnanHaHHSAM HaBaHTakeHHs [73]. Huska perynsaTopiB MOXKyTh OyTH 3aCTOCOBaHI TiJIbKU
B peXuMi Oe3nepepBHOI MPOBITHOCTI (aHT. continuous conduction mode) [67], [68], [70],
[73], sixwmii mepeadadae, mo CTpyM HAaBAaHTAXKEHHSI € IO3UTUBHUM 1 HE CTIaaae 0 HyJIS.

Sk BUmIMBae 3 orjsAy, npobdiemMa BU3HAYEHHS mapameTpiB peBepcuBHuUX DC-DC
NEPETBOPIOBAYIB MOBHICTIO HE BUpIIIEHA 3 TOYKH 30py BpaxXyBaHHS AUHAMIKH CHCTEMHU
MMOBHOTO MOPSAKY 1 TOCTATHRO MPOCTOi (hi3MIHO OOTPYHTOBAHOI CTPYKTYPH, SIKa TapAHTYE
POCTI 1 TPO30P1 YMOBH MEPCUCTHOCTI 30YIPKEHHS I TOCTATHHO MIBUAKOTO OI[IHIOBAHHS.

Topisnsannua mononoeiu I JPK mazosux erexmpomexaniunux cucmem. B miteparypi
HaBeJIEHO 0araTo TEOPETUYHUX JOCITIIKEHb 11010 opiBHsAHHA Tonosioriit I'JIXK, ane myxe
Majgo0 3 HHUX MICTATh pe3yJbTaTH MOJENIOBaHHA a00 eKCIEepUMEHTIB s BCIX
HAWTOMMPEHIIUX TOMOJOTIH, sKi 300pakeHo Ha pwuc. 1.6 [39], [49] — [56]:
N 1. Akymynstopre mxepeno kuBieHHs; N 2. [lacuaa Tomnosoris; N 3. AKb 3 DC-DC
neperBoproBaueM; N 4. TlacuBna Tomomoris 3 DC-DC  meperBoproBauem;
N 5. HamiBkepoBana (aktuBHa) Tomosorisi 3 kepoBanumu AKDB; N 6. HamiBkepoBana
tonosoris 3 kepoBanuM 6si0koM CK; N 7. [ToBHICTIO KepoBaHa TOMOJOTIS. Y ¢l TOMOIOTi
MaroTh Ha MeTi oomexxkeHHs ctpyMy AKD, 3a Bunsitkom N1 1 N3, ski He matots 650Ky CK.
Hpyra uine ['JIJK — peryntoBaHHs HapyTry JaHKHU MTOCTIHHOTO CTPyMY (HE mepeadadeHo B
N1, N2 1 N6). OcHOBHI pe3ysibTaTH, OIyOJI1KOBaHI B JIITEpaTypi, HaBeICHO B Tab. 1.2.

Kiro4yoBi acniekTr mopiBHIHHS MOKa3yl0Th, 1110: Equation Section 11

— HamiBKEpOBaHA TOMOJIOTIS 3 kepoBaHUM O10koM CK He 3MeHIlye najiHHs HAIpyTu

JIAHKH MTOCTIHHOTO cTpyMmy [79], [80];
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Pucynok 1.6 — ®yHKII10HAJIbHI CXEMU TOTOJIOT1H HKepest )KuBjieHHs TAroBux EMC

Tabnuug 1.2 — Ananmi3 jpiTepaTypu 1o nopiBHsHHI0 Tonojorik I'JIDK ET3

IToc.| HocmimkyBaHi TOMOJIOTI] AJITOPUTM KE€pyBaHHS TecTyBaHHs
[50] N2,56,7 JnHamiyHe mporpaMyBaHHS MoentoBaHHA
[52] N3,4,7 [1I-perynaropu, DHY MonentoBaHHs
[77] N5,6,7 Perynsarop 3 HEYITKOIO JTOTIKOIO MoentoBaHHS
[78] NS5, 6 [11- perynsaropu MopentoBaHHs
[76]| N 6, 7 (onHOHampaBJeHU) | AJITOPUTM 31 3MIHHOIO CTPYKTYyporo  [MojentoBaHHs
[79]| N 2 (nomatk. DC-DC), 5, 6 JluHamiuHe porpaMyBaHHS MopentoBaHHs
[80] N5,6 a) [1l-perynsaropu; 6) anantusauit ®HY |MoaenroBaHHs
[82] NS5, 6 AJroput™ 31 3MIHHOIO CTPYKTYpoto | EkciepuMeHT
(53] N1,7 a) perynaTop 3 HG?‘IiTKO}O JIOTIKOIO; EKCIICpUMEHT
0) AJITOPUTM 31 3MIHHOIO CTPYKTYPOIO
[83] N1,6 a) HeHpOHHa MepeKa; EKCIIepHMEHT
0) AJITOPUTM 31 3MIHHOIO CTPYKTYPOIO

— macuBHI TornoJorii (N2, 4) He 3a0e3neuytoTh nmoBHe Bukopuctanus 01oky CK [50];

- noBHicTI0O KepoBana tomousioria ['JIDK (N7) mae Hmwx4yy eHeproedeKTHBHICTb

BHacmiIok jnoaatkoBux BTpaT y DC-DC neperBoproBauax [50], ane HalOUIbIIY KUIbKICTh

CTYTICHIB BUTLHOCTI KepyBaHHS 1 MOXKe 3a0e3meunTy kpari ymoBu pobotu AKbB [74]-[77]

- moBHICTIO KepoBaHa Tonosiorisa ['JIDK 1 HamiBkepoBaHa Tomnosiorisa 3 kepoBanum CK

3a0e3neuyroTh MeHiny BTpaTy emHocTi AKDB, nopiBasHo 3 )xuBnenusm Big AKD [53], [83];

- edektuBHICT, KepoBaHux Tomoyorii (N5 — N7 mwa puc. 1.6) 3amexuTh Bif

BUKOPHUCTOBYBAHOTO anroputMy kepyBanns [39], [53], [80], [83].

Pe3ynbrati ekcnepuMeHTAILHOTO MOPIBHSHHS HaBeaeHo jumie B [53], [82], [83].

Kputepii nopiBusinHs Oynu oOpani HactynHuM 4duHOM: cTpyM AKDB [50]; ctpym AKBD i

HaIpyra JaHKH MOCTIHOTO cTpyMy [52], [79]; ctpym ta Hanpyra AKb [77], [82]; cTpym,

Harpyra i1 crtan 3apsay AKbB [80]; wactoramii cnektp ctpymy AKDB B mepeximHoMmy

pexumi, BTpata emHocTi AKB, a Takox ctpymu AKb 1 CK [53], [83].
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3 ornsay cliigye, 1I0: a) MOBHOMAacHITaOHE €KCIEPUMEHTaJbHE MOPIBHSIHHS BCIX
3raJlaHuX TOIOJIOTIH HEe MPOBECHO; 0) OUIBIIICTh AOCIIIKEHb 3aCHOBaHI Ha pe3yJibTaTax
monentoBanHsl nukiy Ell, axuil ckilagaeThCs 3 MOBTOPIOBAHUX MPO(]NIB MIBUAKOCTI Ta
MOMEHTY ABUTYHa. Takuil miaxiA J03BOJSIE TOCHIIUTH BIUIMB IHTETPAIBHUX MapaMETpiB,
takux sk SOC, BTpaTu eHeprii Ta noTy>kHocTi. OHaK BiH HE PO3KPHUBAE MEXaHI3M BILTUBY
enexkrpornpuBoay Ha poooty I'JIDK mis xokHoro enementy 1ukiny pyxy ET3, Takux sk
PUCKOPEHHSI, TaJbMyBaHHS Ta po0OTa 3 YCTAJEHOIO MBUAKICTIO 1 MOMEHTOM.

Ozna0 memoodis kepysauns noswicmio keposanumu [JDK. TiOpumni mxepena
KUBJICHHS JUTSI TSTOBUX €JIEKTPOMEXaHIYHUX CHCTEM MPEICTABISIOTH COO0I0 KOMIUIEKCHI
CUCTEMH, TOMY JaHUH MMyHKT PO3/IIJICHO HA YACTUHU: a) AITOPUTMHU KEPyBaHHS HATPYTOIO
noBHicTiO kepoBanux ['JIXK 1 pozainenns crpymiB mix AKDB 1 CK; 6) perymtoBanns 3apsiay
CK; B) MeTOIM PO3MOJILIY CTPYMIB, SIKl JOJIaTKOBO 0OMEXYIOTh 3HaUeHHs cTpymMy AKD 1
HOTO TOXITHOT; T) BUMOTH JIO TATOBUX eliekTpoMexaniuaux cuctem 3 ['JIK.

Aneopummu KepysamHs BUXIOHOIWO HANPY20l0 2IOPUOHUX OJHCepen JHCUBIEHHS 3
posoinenusam cmpymie misnc AKH i CK. Knacuunuii anroput™m kepyBanHs ['JIK,
CTPYKTYpPHY CXEMY SKOTO 300pakeHo Ha puc. 1.7, Hagano B [101].

Anroputm mictuth Tpu Ill-perynsaropa: BuxigHoi Hanpyru i ctpymiB AKbB 1 CK.
Po3B’si3yBaHHS CTPYMIB JIOCSTAETHCS 3a MOMOMOTor0 (inbTpa HU3bKUX yactor (DHY).
MonugikoBaHi alrOPUTMH MarOTh AOAATKOBHM perysstop Hanpyru CK, sskuii «1OBUIbHO
sapsypkae CK, sskuil Mmae Majo BIUIMBATH Ha cTabimi3aiito BuxijgHoi Hanpyru [85] — [88].

Anroput™m [89] BuxopuctoBye ctpym AKb ans oGumcienHs 3agaHoro crpymy CK
3aMiCTh WOTO 3aJaHOTO 3HAYEHHS, 3aBISKH YOMY JIEIIO TMOKpAIIyeThCS AWHAMIKA MPOIIECIB.
Anroput™ kepyBanns s ['JDK 3 mausens-renepatopom 3amicte AKB [86] momiOnmii 1o
nokazaHoro Ha puc. 1.7. Cucrema KepyBaHHS 31 3MIHHOIO CTPYKTyporo (abo airoputm
3aCHOBAHUM Ha TpaBUjiax BiJl aHTII. rule-based control) [87], 3a0e3mnedye BCl MOKIIMBI PeKUMHU
pobotu I'JIDK myst MikpoMepek Ha OCHOBI 1H(OpMaIlii Mpo MOTYKHICTh, cTaHu 3apsiny AKD 1
CK, npote He 3a0e3mnedye BUCOKY IBHIKO/II0 BHACIIIOK 3aCTOCYBaHHS JOJATKOBOTO (QUIBTPY
BUXOMY peryisitopa Hanpyru. Cuctemu kepyBanHs [90] — [92] moOGyaoBaHO 3 BUKOPUCTAHHIM
koB3HUX peryisaTopiB ctpymiB AKbB 1 CK. Anroput™m KepyBaHHS 3 YHCEIBHOK ONTHMI3AIlEl0
BIJIMIOBIZTHO JI0 MAaTPUYHUX HepiBHOCTEH [91] BuMarae CyTTe€BOI OOUMCITIOBAILHOI 3IATHOCTI

npotiecopa 1 okpemoro HanamryBanus i pizHux ['JDK. B [90], [92] nanpyra perymoeTbes 3a
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JI0TIOMOT0r0 3BOpoTHOTO 3B’s13Ky B Kanaimi CK. B [92] 3actocoBaHO mpsiMy KOMITEHCAITIIO
CTpyMy HaBaHTaxeHHsI, ajie oxigHa ctpymy AKbB He oomexyethes. B [90] 3acrocoBano ®HY
i po3aiieHHs ctpyMiB AKD 1 CK 13 koB3HUM perymsitopoM Hanpyru. Anroputvu [98], [99]
MarOTh PEryJISITOp HAPYTX Ha OCHOBI PILLICHHS PIBHSIHHS €HEPreTUUHOro OanaHcy. Y pilieHHl
[98] nmomaHO iHTETrpabHY KOMITOHEHTY IS BIATPAIIOBAHHS BUXiMHOI Hampyru 1 aBa [I-
perymsitopu ctpymiB AKbB 1 CK 3 ®HY Tta cnioctepirauem cTpyMy HaBaHTaXKEHHsI. AJITOPUTMHU
[91], [92] HEe MarOTh peryysaTopa Hanpyryd. AHaII3 CTIMKOCTI HaBeaeHui e y [91] 1 [92], B

AKUX 3HeXTyBaHO AuHamikoro ctpyMiB AKB 1 CK.
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Pucynok 1.7 — CtpykTypHa cxema KJI1acuqyHOro airoputMmy kepyBanss ['J[0K

Jpyrum BaxiauBuM nNUTaHHAM kepyBaHHsS ['JIXK TsAroBux enekTpoMexaHIYHHX
cucteM € posnoair crpymiB Mixk AKbB 1 CK B mepexigHux mpoiiecax, sSIKAi 31HCHIOETHCS
HUISIXOM PO3JLIEHHS CTPYMY Ha «IOBUIbHY» Ta «IIBUIKY» CKJIAJOBI.

Henonikom crangaptHoro ®@HY (muB. puc. 1.7) € Te, mo nans po3paxyHKY
CYMapHOIO 3aJaHoro cTpymy BuUKOpUcTOByeThbcsa Hampyra AKbB, a crpym CK
PO3paxoBYETHCS 3a BEJIMUMHOIO, siIKa HE BiAnoBigae ctany 3apsany CK, mo npu3BoauTh 10
3aTpUMKHU 1 30UTBIICHHS AMHAMIYHOI MOXMOKM perymtoBaHHs BuxiaHoi Hampyru ['JIK.
Hpyrum HenomnikoM € te, o ®HY He 3a0e3nedye oOMeXeHHsS MaKCHUMAJIBHOTO 3HAYEHHS
ctpymy AKD, a Takox Horo moxigHoi Ha OJTHOMY PiBHI B pi3HUX pexxumax poootu EIL.

MonudixoBani @®HY mis pospaxynky 3aganux crpyMiB AKb 1 CK marots 6510ku
MaciiTa0yBaHHS JUIS BIAMOBITHUX PIBHIB HANPYT, 10 TMOKpAIlye€ TWHAMIKY PO3MOALTY
ctpymiB [36], [39], [84], [101], [102], [111]. Taky xoH(}irypaIir0o yMOBHO Ha3WBAIOThH

¢ubTpoM posnoaury yactoT (PPY). Pimenns [101] € edextuBHUM A HAKOMUYYyBayiB
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MEpEX JKHUBJICHHS MOCTIMHOTO CTpyMmy. EKBIBaJIEHTHUMH € aITOPUTMH 3 PETYIITOpaMHU
CTPYMIB, SIK1 HAaJAIITOBAHO HA Pi3HI cMyTH nponyckanus [85], [88], [92], [121].

Anroputmu kepyBaHHs 0e3 @HY [93] — [97] 3acTOCOBYIOTH Pi3HI MIIXOAU JJIS
posninenHs ctpymiB. Cucrema kepyBaHHsS [93] Oa3zyeTbcs Ha 3MIHHOMY 3HA4Y€HHI 3aJ]aHOI
Hampyrd, 10 YCKIATHIOE CUCTeMy KepyBaHHS. B [94] BHKOPHCTOBYETHCS KOMILJIEKCHA
cUCTeMa KEepyBaHHs, sIKa HE JI03BOJIIE CTBOPUTH MPOCTY METOJMKY HaJAIUTYBaHHS 3
oOmexxeHHIM BuxigHux koopauHat I'JIXK. Anroputmu 31 3MiHHOIO CTPYKTYporo [95], [96] He
3a0e3neuyroTh €heKTHBHY POOOTY B YMOBAX BCIX PEKUMIB POOOTH €JIEKTPOIIPUBOTY TITOBUX
EMC. Anroputm [97] moOymoBaHuii Ha OCHOBI TMPHUHIIMITY MACHBHOCTI, TPOTE HE Mae
npocToro cmnoco0y HamamTyBaHHa oOmexenHss ctpymy AKDB 1 iioro mnoximHoi. B
ontuManbHuX anropurMax [50], [123], [123] po3noain 3a1HCHIOETECS HESBHUM YMHOM Ha
ocHOBI oumaitH MiHiMiIzawii ¢yHkuii mBuakocTi 3MiHu cTpyMmy AKD, B [53] — 3a mnonomororo
SIBHOTO pEryJsiTopa Hampyrv. AJITOPUTM Ha OCHOBI ONTUMAJILHOTO AemidyBaHHS [88] Mae
TPU PETyJATOpHU, sKI TMOKazaHO Ha pwuc. 1.7, mpore He BukopuctoBye ®HY. Perymsrop
Hanpyru (opmye 3aBmaHHs perynstopa crpymy AKDB, a moxuOka ioro perymroBaHHS
0e3nocepeIHbO0 BUKOPUCTOBYEThCA SIK 3aBiaHHs peryisitopa ctpymy CK. Lle npusBoauts 110
3aTPUMKH BHYTPIIIHIX KOHTYPIB 1 HE JJO3BOJISIE BUKOPUCTATH BCl MOxIIMBOCTI 611oky CK.

Sk chigye 3 ornsaay, OUTBIIICTh AITOPUTMIB 0a3yIOThCS Ha CTAHIAPTHOMY ITIXOI1
KAaCKaJIHOTO PO3JAUICHHS MpolleciB perynatoBanHs Hanpyrd 1 ctpyMmiB AKb Ta CK. Inmn
QITOPUTMH 3aCHOBaHI Ha «MPSAMOMY KepyBaHHI CTpyMom» (MOAiOHO 10 NPSAMOro
kepyBaHHsi MoMmeHTOM (DTC) nanst ABUryHIB 3MIHHOTO CTPyMy) Ha OCHOBI KOB3HHX
perynstopi. Po3p’szka ctpymiB AKbB 1 CK moxe Oytu gocsrayto 3a gomomororo @HY
abo HayexHOi KOH(Iryparii peryisiTopiB CTpyMy, NMPOTE 3arajJbHOBH3HAHOTO PIIICHHS
3amau (opmyBaHHs quHaMiyHUX pexxkumiB ['J[XK mo TemepimHboro yacy He po3poOiieHo.
binpiricTs pobIT HE MalOTh JOKa3y CTIMKOCTI 3aMKHEHOI CUCTEMH. BIIbLIICTh AOCHTIIKEHb
0a3yeTbCss Ha pe3yJbTaTax MAaTeMAaTUYHOIO MOJIEIIOBaHHS 0€3 EeKCIEePUMEHTAIBLHOTO
niaTBepkeHHss 1 Bepudikarii matematnuHux wojeneit AKb 1 CK. IlopiBHsSHHSA
po3noBcrokeHux crparerii kepyBanns ['JI2K Ta ix pexxumis HaBeneHo y Jogatky A.

Pezynosanns 3apsaoy cyneprxonoencamopis 6 1 7K. B TATOBUX €IEKTPOMEXaHIYHUX

cuctemax 3 kepoBannMu CK pexum 4YacTuX MPUCKOPEHBb/TAIbMYyBaHb MPU3BOJAUTH 0
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3aHaJTO IIBUIKOTO 3apsmy/po3psay 6soky CK, i fioro Hampyra BUXOIUTh 3a JOMYCTUMI
MeXI1, MICAS YOro MOro HEoOXiHO BUKJIIOYHMTHU 3 MpOLECy KepyBaHHS. TakuM YHUHOM
BTpauaroThes Bei nepearu I' /DK Hazg sxuBnenHsm Tiabku Big AKDB, 1 BCl IBUAKO3MIHHI Ta
MKOB1 HABAaHTAXXEHHS MPU3BOIATH 10 3MEHIIEHHS TepMiny ciry:xk0u AKDB [106].

OmHuM 3 METO/IB BHUPIIICHHS I11€1 MPOOJIEMHU € CUHTE3 aJIfTOPUTMIB KEPYBaHHS, K1
nepeadavaroTb (popMyBaHHS 3aliekHOCTel BuxigHux koopauHaT I'JIDK Bim mBuakocti
ET3, mporte 1eil HampsMOK MOCTIIHKEHb € J0Ci Ha CTaiill PO3BUTKY, YHIBEPCAIHLHOTO
pIILIEHHSI HE TIPEJICTABIICHO, 3aJIEKHOCTI BiJl IIBUIAKOCTI CPOPMOBaH1 IHTYITUBHO Ha OCHOBI
npaBuil (cUcTeMa 31 3MIHHOIO CTPYKTYporo) [107] abo ueitponnux mepex [108].

Posznosciomxennm metogom € perymsarop 3apsay CK, skuii miarpumye Hanpyry CK
Ha 3aJjaHOMY piBHI a00 Aiana3oHi. OJUH 3 TIEPUIUX AJTOPUTMIB JJIsI TIOBHICTIO KEPOBAHUX
['JIK [85] mae mocniioBHY KacKagHy CTPYKTYpY, IO OOMEXYe HIBHUAKOMAII0 KOHTYpIB
perymoBanHs cTpyMmiB AKD 1 CK 1 He € pekxoMeHnnoBanuM jyist mBuakoairogux I'JK.

CranmgapTHUM DIIIEHHSAM JJI1 CTPYKTYPH, NOKa3aHii Ha puc. 1.7, € miniitaui I1I-
perymnarop Hanpyru CK [109], [110], axuil Ha OCHOBI MOXUOKH 11 peryatoBaHHsS (opMye
JI0JIATKOBY BEJIMYHMHY B po3paxyHKy 3aaaHoro ctpymy CK. ExBiBaJeHTHUM MiAXOAOM €
okpemuid ®HY [111]. B [89] 3anponionoBano ananoriyauii perynsarop eneprii 01oky CK B
I'’/IDK Ha ocHoBi oxgHodazHux iHBepTopiB. Cuctemu kepyBanHsa [J[XK 31 3miHHOIO
cTpykTyporo [74], [75] mawTh okpemi pexumu 3apsay CK, ski BMHUKalOThCs JIMILE 3a
BHU3HAUEHUX YMOB, HAIllPHUKJIAJ, 32 YMOBU JOCTaTHbOrO cTany 3apsay AKDB i1 3meHmieHoi
Hanpyru CK HIX BCTaHOBJIEHE MIHIMallbHE 3HAYEHHS. AJIBTEPHATUBOIO PO3TJISHYTUM
PIIICHHSAM € aITOPUTMH Ha OCHOB1 HEeUiTKOT JIoTikH [112] ta HeliponHux Mepex [113].

binburicte HaBeEeHUX pillIeHh HE MAIOTh J0Ka3y CTIMKOCTI KOMIO3UTHOI CHCTEMHU
KEepyBaHHs; HE HaJaHO PEKOMEHJallli 100 HalamTyBaHHs perynsTopis 3apsaay CK; ne
JOCTIKEeHOo BIUIUB perymoBaHHs 3apany CK nma qunamiky perymoBanss Hanpyru I'JIXK 1
Ha BiacTUBOCTI (inbrpamii crpymy AKDB, 1o ckinagae akTyalbHICTh MOAAIBIINX
nociipkeHb. CUCTEMH KepyBaHHS 31 3MIHHOIO CTPYKTypoto [74], [75] € dyTnuBumMu 10
YMOB MepeMUKaHHS MK pexkumamu. Pimenns [74], [75], [109] nanpaBneHi Ha KepyBaHHS
MIKpOMEpPEKaMH, B IKUX CTPIMKI 3MIHM CTPYMY HaBaHTa)XEHHs 1 MOBTOPHI LIUKJIIN 3apsiTy-

po3pAay HEC € TUIIOBUM BUIIAAKOM pO6OTI/I SK'y TATOBHUX eJ'IeKTpOMeX&Hi‘-IHI/IX CHUCTCMaAX.



44

Memoou kepysanns 3 oomedicenuam weuokocmi aminu cmpymy AKB. Y miteparypi
npucBsiueHiii onucy crapinas AKbB 3aranbHuM enekTpudHuM (aKkToOpoM, sIKUi BIUIMBA€E HA
BTpaTy €MHOCTI B aimit-ionHux AKD, € MakcuMmaibHE 3HAY€HHSI CTpyMy (IIBUIKICTD
3apsany/po3psny AKB). B Toit xe Wac, MBHIAKICTh 3MIHU CTPYMYy HE PO3TIIAIAETHCS SIK
napameTp, sIKuid 0e3rnocepeHb0 BIUTMBAE Ha cTapiHHA JiTiH-i0HHMX AKD, Tak sik BruBae
st ceunyeso-kuciomuux AKBS [114], [115]. 3 Touku 30py tTunoBux ET3, gacti po3ronu i
TaIBMYBAaHHS €JIEKTPONPHUBOAY TPU3BOASATH JIO IIBUAKOTO 3pPOCTAHHSA TMOTY>KHOCTI
(ctpymy) [116]. O6MexxeHHsT MIBUAKOCTI HapocTaHHs NOTYykHOCTI AKB B 1ux pexxumax
00OMeXye cepeHe 1 MaKCUMalIbHE 3HAYEHHSI CTPYMY, 110 MOJOBXKYE iX TEPMiH CIIyXOu.

[TpoGiiema Bu3HAYEHHS BILUTUBY YacTOTH CTPyMy Ha Jerpajaiito mitid-ionnux AKb
3HAXOJIUThCS Ha CTajlii po3BUTKY. Pe3ynbTaTtu omHOro 3 nepmux aociimpkens [117], [118]
EKCIIEPUMEHTAJIbHO TMOKa3alu, M0 31 30LIbIICHHSM 4YacTOTH 30UIBLIYIOTHCS BTPATH
€MHOCTI, BHYTpIIIHIN omip 1 Temmneparypa. Lle ocobmuBo BaxkiauBo mjisa Tsaropux EMC,
OCKIJIBKM Ha TI€pBMHHE JDKEPENIO  JKMBIEHHA  BIUIMBA€ IIMPOKHM  Jiama3oH
BHCOKOYACTOTHUX IyJIbCALl CTPyMY, sIKI BUKIIMKaHI 2-Ma OCHOBHUMH (hakTopamu [117]:
1) BuUCOKOYacCTOTHI CTpyMH BUKJIHMKaH1 podoToto IIIIM-nieperBoproBauiB (Bija KiibKOX K11
10 necATkiB KI'1); momaTKOBI MepemKoau BiJ 3apsAAHOI Mepexi; 2) BUCOKOYACTOTHI
CTPYMH BHUKJIMKaHI pOOOTOIO €JICKTPONPUBOAY: a) HEMapHI TapMOHIKH, [0 BUHUKAIOTh
BHACJIIIOK HECHHYCOinanbHOo1 (hopmu npotu-EPC; 6) mapHi rapMOHiKU Bij] 3MIHU B3a€MHOI
1HAYKTUBHOCTI OOMOTOK (BH3HAYAETHCS KITBKICTIO Map TOJIOCIB); B) BHCOKOYACTOTHI
nudepeHIiaabHl CTPYMH, BUKJIMKAHI Pi3HUIICIO IMIeAaHcy (pa3HuX oOMOTOK TpudazHUX
JIBUTYHIB; T) 3yOueBl rapMmoHiku cratopa. OmnucaHi BHCOKOYACTOTHI MEPEUIKOAU
3rIaKyI0Thest  cripoektoBanuMu B DC-DC  meperBoproBadax HH3bKOEMHICHUMH
¢binpTpamMu, OJJHAK BOHU HE 3HUKAIOTh MOBHICTIO 1 HETATUBHO BIUIMBAIOTH HAa JHKEPEIIO.

VY [111] moka3ano, mo Tpanumiitae HajamrtyBanHs ®PUY 3 ¢ikcoBaHOIO CTasioro
yacy He€ J03BOJISIE JIOCATTH e(peKTUBHOro po3noiury B TsaroBux EMC, ockiibku He
3abesneuye obmexeHHs ctpymy AKDBb mns pisHux npodiniB  HaBaHTakeHHS. s
3a0e3MedYeHHs KPaIoro po3noAlry 1 oomexxeHHs moka3HukiB ctpymy AKb (MakcumanbHe
3HAQYEHHS 1 MIBUIKICTH 3MIHM) 3aCTOCOBYIOTH HACTyIHI migxonu: 1) amantuBHuii ®PY;

2) niHIAHAA 00MEXyBad IMIBUIKOCTI 3MIHU CTPYMY; 3) CUCTEMH 31 3MIHHOIO CTPYKTYPOIO.
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AaroputMu 3 0OMeKyBaueM MIBUAKOCTI CTPYMY BUKOPHUCTOBYIOTHCS B MO€AHAHHI 3
®PY [120], abo 3 iHTeNeKTyaJbHUMH peryistopamu Hanpyru [53], [125]. Taki cucremu
XapaKTepu3yrThcs KoluBaHHsIMU Hanpyru CK 1 MaioTh ckilajiHe HaJallTyBaHHS.

B anmantuBaux anropurmax [36], [85], [111] xoudirypamis ®PY 3miHIOETHECS B
PEeXUMI peaIbHOTO Yacy Ha OCHOBI iHopMaliii mpo: ctaH 3apsay 010ky CK; piBeHb 1 3HaK
CTPyMYy HaBaHTa)XEHHS; PIBEHb 1 3HAK MHUTTEBOI MOTYXHOCTI HaBaHTaKEHHs; YaCTOTHUM
CHEKTpP CTPYMY HaBaHTa)KEHHS 31 IIBUAKOTO nepeTBopenHst Pyp’e (anrn. FFT) Tomo.

[leit HAPSAMOK CUHTE3Y aJTOPUTMIB MOTEHIIIHHO MOXe 3a0€3MeUnTH HalKpaiun
posmoain  ctpyMiB. OpHak BiH MOTpeOye MOMANBIINX JOCHIHKEHb, OCKUIBKU
YHIBEpPCAJILHOTO PIIIEHHS 3a/adl aJanTUBHOTrO posnoauty mnotyxHoctedr B ['JK He
IPEACTaBJICHO, a ICHYI0Yl aIrOPUTMHU 0a3ylOThCA HE HA JUHAMIYHUX PIBHSHHSAX CHCTEMH,
a Ha IHTYiTUBHOMY miaxoi mo amgantaiii ®PY i BumaraioTe 1eTaapHOTO HAJAIITYBaHHS
MiJ] KOHKPETHUH UIUKI POOOTH TITOBOrO €IEKTPONPUBOIY. TaKkox anropuTMu, sKi
BUKOpUCTOBYIOTh FFT cTpymMy HaBaHTa)XeHHS, MalOTh JOJIATKOBY YaCOBY 3aTPUMKY MpPH
OHJIAaTH-PO3PAXyHKY aJalTUBHOTO PO3MOILTY CTPYMIB, 110 3MeHIrye mBuakoaito I'JK.

CucteMu KepyBaHHs 31 3MIHHOIO CTpYKTypoto [53], [123] 3abe3neuyroTh pikcoBaHe
NepeMHUKaHHS MK pexxumamu poOoTu. Tumosi anroputmu 1 taroBux EMC 6a3yrotbcs
Ha iH(opmMmauii npo Hanpyry CK, piBers ctpymy AKD Ta 3Hak cTpyMy HaBaHTa)KeHHS ISl
BU3HAYCHHSI MEPEMHUKaHHSI MK pexumamu criibHoi podotu I'J[XK a6o okpemoi pobotu
AKDB mig mi€ero HU3BKOTO 1 BHCOKOTO PiBHS HaBaHTaXEHHs, BiAmoBigHo. Hemomixamu
TaKUX CHUCTEM € Te, 110: 1) HEMOXJIMBO 3a0e3neyuTd edekTuBHI yMoBU pobotn AKB Ta
6moky CK B ycix pexxumax poboTy; 2) B IpaBuiIax MepeMUKaHHS HEMOXKJIMBO OMMCATH BCl
pexxumu pobotu ET3; 3) ckiiagHO HalamTyBaTH MEXI MEPEMUKAHHS 3aJIe)KHO BiJ YMOB
PI3HHUX LHUKIIIB pOOOTH €JIEKTPONPUBOTY TATOBOT €JIEKTPOMEXAHIYHOI CUCTEMHU.

Takum unHOM, yHIBepcalpHOrO pimeHHs 3anadi kepyBaHHs ['J[JK 3 oOMmexeHHSIM
mBUaKOCTI 3MiHU cTpyMy AKD 13 aBTOMaTuuHUM NIepeMUKAHHIM MK peKUMaMu poOOTH,
sKe 0 Majio MPOCTE HAJIAIITYBAaHHS 1 JOKa3 CTIHKOCTI, HE MPEICTaBICHO.

Bumoeu oo mseosux enekmpomexaniunux cucmem 3 IJPK. Tlpu dopmyBanHi
CTpaTerii KepyBaHHS TSATOBUMHM elekTpoMexaHiyHuMu cuctemamu 3 ['JIK icHye gekinbka

OCHOBHMX Kpumepiig sskocmi BAKOPUCTAHHS JHKEpEIT )KUBJIEHHS [126]:
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- MakcuMmizauig ganbHocTi pyxy ET3 (TpuBanocti pobotu I'/J1K);
- MiHIMI3aIig AuHaMiYHuX HaBaHTaxkeHb AKD;
- MakKcuMi3allisl HAKOIMMYEHHS €HEPrii B peKuMax peKyIrepallii eJIeKTponpuBoa;
- 3aJI0BOJICHHSI MUTTEBHUX MOTPEO MOTYKHOCTI J1J1st 3a0e3nedenns nuaamiku ET3;
— KepyBaHHS MMOTOKAMH €HEPTii s 1 30epekeHHs 111 MaiOyTHIX moTpeo.
BianoBigHO 10 BKa3aHUX KPUTEPIiB (POPMYEThCS JTUCT BUMOT O OKPEMHX YaCTHUH
taroBux EMC. OcHoBHi 1 po3mmupeHni BuMoru HasezaeHo B [37], [76], [82], [125]:
Bumozeu 0o mszosoco EII [125]:
— BHUCOKA MTUTOMA TIOTYKHICTb;
— BIANpPAIIOBAHHA MEXAaHIYHHUX KOOPJAMHAT 13 BpaxyBaHHSIM OOMEXEHb JKepesa
YKUBJICHHS: 0OMEXEHHS BIJIIOBIIHO JI0 MOTOYHOT BX1/THOT HAIPYTH 1HBEPTOPA;
- BigmpaimtoBaHHs ~ 2-3-KpaTHOTO  HOMIHAJIBHOTO  MOMEHTY;  BIAIPAI[IOBaHHS
M1BUIIEHOTO MOMEHTY Ha HU3bKUX IIBUAKOCTSX MpH cTapTi 3 Haxuiiom ET3;
— 3a0e3MeueHHs MaKCUMaJbHUX 3HAY€Hb MPUCKOPEHHS MPH PO3rOHi 1 TajJbMyBaHHI 3
BpaxyBaHHSM IUIABHOCTI pyXy (pPUBOK);
— BHUCOKA MOTYXKHICTh Ha KPYI3HUX LIBUJKOCTSAX; BUKOPUCTAHHS MOBHOI MOTYXHOCTI
JDKeperta )KUBJICHHS B peKUMax ociaabieHHs nois (10 2-4 HOMIHATBHUX IIBUAKOCTEH);
— MakCHUMaJIbHO JOCSDKHA €(EeKTUBHICTh B IIMPOKOMY Jiana3oHl peryJtoBaHHS
HMIBUAKOCTI 1 MOMEHTY, BKJIFOUAIOYH PEKUM 3 HU3bKUM MOMEHTOM;
— OINTHUMAJIbHE CITIBBITHONICHHS] MK IMMKOBAM MOMEHTOM TSTOBOTO JBUTYHA 1 BOJIBT-
aMIIEpHOI0 XapaKTEPUCTUKOIO IHBEPTOPA;
— 3aXHUCT BIJ TEPEeBHUIIECHHA CTpyMy po3MmarHidyBanHs g C/AIM; iHmi THOH
3aXUCTY: BiJl IEPEBAHTAXKEHHS, IEPETPIBY, MAKCUMAIIBHUX CTPYMIB TOIIO.
Bumoeu 0o daicepena scusnenns:
- Bucoka mmBuakomis DC-DC meperBoproBauiB st edeKTHBHOI  peaizarii

aJTOPUTMIB ONTUMI3Allli MPOIIECIB EHEProoOMiIHY MIX JixKepesioM xkuBJieHHs 1 EIT;

MOCTa4YaHHsI MUTTEBOI MOTYKHOCTI B YCIX pEeKUMax poOOTH €IEKTPONPUBO/LY;

ACUMITOTHUYHE PETYJIOBAaHHS HANPYTH JIAHKU MTOCTIHOTO CTPyMY;

3ano6iranHs npuiBuameHoMy ctapinaio AKbD 3a paxynok CK;

3a0e3neyeHHs] He0OX1HOT eHeprii Ui BiAMpAaIlOBaHHS 3aJaHOl BIICTaH1 PyXYy;
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pobactHicTh cuctemu kepyBanus ['JIK go Bapiamiit pexumiB pod6otu EIl [37];

perymoBanHs Hanpyru CK 171 cienianbHUX peXKUMIB MIBUIKOTO PO3TOHY TOLIO;

HIBUKUAN MPOLIEC 3apsiay MiJ] 4ac yacTuX 3ynuHoK (s mapupyTHux ET3);

3abe3neyeHHs pobotu inBepropa EIl Bim omnoro mxepena skuBneHHs (AKB abo
60k CK) B aBapiitHuX Ta cHeliajJbHUX peXUMax poOOTH;

— ajanrailisi piBHS HAPYTH JIAHKU TIOCTIMHOTO CTPYMY JI0 IIBUJIKOCTI JIBUTYHA.

BucHoBkHu 10 po3aiay 1

AHQTITUYHUN OTJISAJ TOKa3aB, IO THUIOBI TITOBI €JIEKTPOMEXaHIUYHI CUCTEMHU
0a3yl0ThCsl HA ACHHXPOHHOMY a00 CHHXPOHHOMY €JIEKTpONpuBoi. B Toit yac sik cucremu
BEKTOPHOT'O K€PYBAaHHA ABUTYHAMU € YHi1(pIKOBaHUMH, 1IeHTH]IKALIA X MapaMeTpiB HE €
BUpIIIEHO TMpooOsiemoro. CucremMu ocnabieHHs Toysl it poOOTH B pexkuMax 31
MIBUJAKICTIO OlIbIlle 32 HOMIHAJIBHY HE 3a0€e3MeuyloTh MOBHE BUKOPUCTAHHS MOTYKHOCTI
mxepena xuBneHHs. J{ns xuBnernas tunoBux ET3 BuxopuctoBytothes Tinmbku AKDB, 1o
CIIpUYHMHSE TX pUcKopeHe ctapinHs. [loBHicTio akTBHA Tomnosorisa I'J[2K mae HaitOinbIny
THYYKICTh KepyBaHHA. CTaHOapTHI CHUCTEMH KepyBaHHS Ha OCHOBI miHiHuMX [II-
perynaropiB ctpymiB 1 Hampyru 3 ®OHY gns d9acToTHOro pos3mojaily CTPyMiB
3aJI0BOJIbHSIIOTH BUMOTAM 3HAYHOI KIJIbKOCTI 3aCTOCYBaHb, MPOTE 0Aa3yIOThCS HA CYTTEBUX
CTIPOIIYIOUYUX MPHUITYIICHHSIX, OCHOBHUM 3 SIKUX € HEXTYBaHHs HETHIHHOIO HEMiHIMAJIbHO-
($ha30BOI0 qTUHAMIKOIO MpolieciB ¢popmyBaHHs BuxijHoi Hanpyru DC-DC nepeTBoproBadiB
1 TMHAMIKOIO JKEepeJ JKUBJICHHS. Y 3B 43Ky 3 MM TUIOBI anroputMu kepyBanus ['JIK ne
MarTh CTPOTOr0 TEOPETUYHOTO OOTPYHTYBaHHS, CTIUKICTh CYTTEBO HENIHIMHUX CHUCTEM HE
noBeneHo. Sk Hacmigok, miacuctemu kepyBaHHS ['J[XK 1 TaroBum enexTpompuBoAOM €
B3a€MO3B’S3aHUMH 1 YYTJIMBUMU [0 KOOPAMHATHUX 1 TMapaMeTpUYHUX 30ypeHb,
OCHOBHUMH 3 SIKHX € Bapiallii akTUBHOTO omopy potopa AJl, eIeKTpUYHUX MapameTpiB
CAIIM 1 mapamerpiB DC-DC mneperBoproBauiB, II0 B CBOIO Ye€pry NPU3BOJUTH 110
Jerpaaamii JUHaMIYHUX TOKa3HUKIB SKOCTI KEpyBaHHS 1 3HWIKCHHS EHEpPreTUYHOI
e()EeKTUBHOCTI MPOIIECIB €IEKTPOMEXAHIYHOTO TIEPETBOPEHHS CHEPrii.

OTxe, pO3BUTOK METOIB CUHTE3Y Ta aHaNi3y TATOBUX EJIEKTPOMEXaHIYHUX CHUCTEM
Ha 0a3l BEKTOPHO-KEPOBAHMUX EJEKTPOINPHUBOJIB 3MIHHOTO CTPyMy 3 TiOpUIHUMU

JDKCpCIIaMU JKHUBJICHHA, CprIMOBaHI/Iﬁ Ha HiI[BI/III_[eHHﬂ X CTaTU4YHHX, I[I/IHaMi‘-IHI/IX Ta
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CHePreTUUHUX XapaKTepUCTHK 3a PaxXyHOK pO3pOoOKH 1 BIPOBAKEHHS METOIIB
HEJIHIHHOTO 1 aJanTUBHOTO KEpPyBaHHA € METOI0 JaHoi pobotu. Jlyis mocsTrHEHHS
MOCTABJICHOT METH BUPILTYBAJIUCS HACTYITHI OCHOBHI 3aa4i:

— aHaJi3 ICHYIOYMX METOIB KePYBAaHHS TATOBUMH €JIEKTPOMEXaHIYHUMH CUCTEMaMHU 3
riOpuAHUMH JDKEpeIaMH >KUBIICHHS 3 METOI0 OOTpYHTYBaHHS HEOOXIAHOCTI BUPIIICHHS
HayKOBO-IIPUKJIAHOT 3a/1a4l, sIKa pO3IJIAIa€ThCs B pOOOTI;

— pO3poOJeHHsI aarOpUTMIB OCJIA0JIEHHS MOJsI B CHUCTEMaX BEKTOPHOTO KepyBaHHS
AJl, anroputmiB iaeHTH]IKALli aKTUBHOTO onopy poTopa AJl, eleKTpUuyHUX MmapameTpiB
CIIIM, a rakox napametpis DC-DC nepeTrBoproBauis;

— PO3BHUTOK TeOpii CHHTE3y 1 aHali3y JABOKOHTYPHUX CHCTEM KEpYyBaHHS HAMPYyTOlO
kmacom DC-DC mnepeTBopioBauiB SK HEMHIMHUX HEMIHIMaJIbHO-(a30BUX 00’ €KTIB
KEpYyBaHHS;

— TeopeTHuHe OOIPYHTYBaHHS 1 po3pobsieHHs cuctemu kepyBanHs [JIK, ska
3a0e3neyye aCUMITOTUYHE PEryNIOBaHHS HAMPYTH JIAHKH MOCTIMHOTO CTPYMY, PO3MOALI
muHamiuHuX ckianoBux crpyMiB Mk AKDB 1 CK, a Takox crabimizaiiio cepelIHbOro
3HaueHHs Hanpyru CK;

— pO3pOO0JIEHHS KOHIEMNIli €KCTIEPUMEHTAIBLHOTO JOCHIHKEHHS E€IeKTPOMEXaHIYHUX
CUCTEM 3MIHHOT'O CTPYMY 3 FOPUIHUMU JIPKEpEIaMu )KUBJICHHS;

— CTBOpPEHHS NAKETy MOJENIOYMX IPOrpaM Ta EKCIEPUMEHTAIBHUX YCTaHOBOK,
NPOBEJCHHS MMOBHOMACINTAOHUX EKCIIEPUMEHTAIBHUX JIOCHIIKEHb JAUHAMIYHUX Ta

CTaTUYHUX XAPAKTCPHUCTHUK p03p06J'ICHI/IX CHCTEM.
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PO3/ILI 2
KEPYBAHHS EJIEKTPOMEXAHIYHUMHYA CUCTEMAMU HA BA3I
ACUHXPOHHMX I CHHXPOHHMX EJEKTPOIIPMBO/IIB

binpuricte cucteM kepyBaHHs 3 ociabneHHsM monst A/l He 3a0e3meuyroTh MOBHE
BUKOPUCTAHHS TMOTYXKHOCTI JuKkepena. B po3niii mpeacTaBieHo CTPYKTYPHO YHidiKoBaHI
METOJIU OCIIA0JICHHS TOJISI ISl CUCTEM MPSIMOTO BEKTOPHOTO KEPYBAHHSI, SIKI IPYHTYIOTBHCS
Ha OJHOYacHOMY (OpPMYBaHHI 3aJaHUX TPAEKTOPI MOMEHTY 1 MOTOKY SK (DyHKIIIH
OI[IHEHOTO MOTOKY, 1110 3a0e3neuye OLIbII TOBHE BUKOPHUCTAHHS MOTY>KHOCTI JIKepera.

JlocarHEeHHST L€  BEKTOPHOTO  KepyBaHHS  MOMEHTOM/HIBUAKICTIO  Ta
notoko3ueruieHHaM AJ[ 1 CHAIIM moxnmBo, AKIIO iX mapameTpu BiaoMi 1 crtami. Ause
BIIOMO, IO aKTHBHHUH omip poropa AJl € HEZOCTYMHUM JUIi BUMIPIOBAaHHS Ta MOXKE
3MiHIOBaTUCS y Mexax BiJ -50% no 100% BiAHOCHO HOMIHAIBLHOTO 3HAYEHHS MPH POOOTI
MiJT HABaHTAXXEHHSM BHACIIJOK HarpiBy a00 HETOYHOCTI BHM3HAuYCHHS mapamerpiB. B
3araJlbHOMY BHWITQJKy Bapiaimii aKTHMBHOTO OIOpPY BHUKJIMKAIOTh TOPYIIEHHS YMOB
MOJICOPIEHTYBAHHS, IO NPU3BOAWTH JO JETpajarii JWHAMIYHMX MOKA3HHUKIB SIKOCTI
BIJIMPAIFOBAaHHS KOOPJAWHAT, 301IbIIICHHS aKTUBHUX BTPAT B €JICKTPUYHINA MalllMHI, Ta B
JeSIKUX BUMAAKax 70 BTpaTH CTIUKOCTI cuctemH. [IpuurHa nmopyieHHs moJeopi€HTYBaHHS
CIiZlye 3 BU3HAYEHHS CUHXPOHHOI 4acTOTH oOepTaHHs cuctemu koopauHat (d — q). B
cuctemax BekTopHoro kepyBaHHs CJIIIM moTik MOCTIHHMX MAarHiTiB 3HIKYETHCS 3
TEPMIHOM CIY»OM BHACIIZOK pO3MarHiuyBaHHS, B TOMY YHCJI 4yepe3 poOOTy B pexuMax
OcJIa0JIeHHs TO0JIs, @ IHAYKTUBHOCTI 3MIHIOIOTHCS] BHACIIAOK HACUYEHHS.

B nmanomy poszaini Takoxk po3po0JIEHO anTOpUTMH 1AeHTH(IKaLil mapamerpis, sKi
3a0e3MeuyoTh OLIHIOBAHHS aKTUBHOTO OMopy poTopa A/l 1 BCiX eIeKTpUYHUX MapamMeTpiB
CIIM B ymoBax ix mo4atkoBoi HeBu3HaueHoOCTi. Equation Section (Next)

OCHOBHI pe3yNbTaTH PO3/LTy OImy0OJikoBaHO B poboTax [127] —[133].

2.1 IIpsime BeKTOpHE KePyBAHHSI MOMEHTOM i IIBUAKICTIO A/l
Marematuuna mozaens AJl B cramioHapHid cuctemi koopauHaT (a-b), 3amucana
4yepe3 BEKTOPH CTPYMY CTaTopa Ta MOTOKO3UYCIJICHHS pOTOpa 32 YMOB JIIHIHHOT MarHiTHOT

xapakTepucTuku AJl Ta 30aJ1aHCOBAHOTO KUBJICHHS, Ma€ BUTJISAT [6]
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o1 3L ) )

W= E(M — Vo — Mc )’ M = EL_zpn (WZallb - WZblla )’

i1a =—1, + afy,, +Bop,v,, + G_lu1a9

i, = =7, +aPwy,, —Bop,v,, + G_lulb’ (2.1)

Wy, = =0, —0p, W, +al 1,
Vo, = =0, +Op, Y, +al 1,

I ® — KyTOBa IIBUAKICTb 00€pPTaHHSA pOTOpPa; U, ,U., 1,1y, W,,» Wy, — KOMIOHEHTH
BEKTOPIB KEpYIO4Oi Hamnpyru, CTpyMy cTaTopa i HOTOKO3YelleHHs poropa; R,,R,
aKTUBHI omopu craropa 1 poropa, L,,L, — iHgykruBHOCTI cratopa i1 poropa; L —

1HIYKTUBHICTh HAMArHIUyIOUOTro KOHTYpa; J — CymMapHUil MOMEHT 1HepIlli; Vv — KoedilieHT

-1
r

B’SI3KOT0 TEPTsl, P, — YKMCIO map momiocis; o =R, /L, =1,', T, — crana 4acy poTOpHOTo

T

koma; =L, /oL,; o=L, -2 /L,; y=(R,/o)+apL, .

m

Busnaunmo 3MiHHI B CHHXPOHHIHM CHCTEM1 KOOPAMHAT HACTYITHUM YHHOM:

x(d—q):e—Jgox(a—b), J= 0 -1 e = C(.)S‘C'o sing, . 2.2)
1 0 —sing, COSg,

7€ X — IBOMIPHI BEKTOPU HAIMPYTH, CTPYMIB Ta HOTOKO3YEIJIEHb, TO/I1 TUHAMIYHA MOJIENb
AJl B cuHXpOoHHIN cuctemi koopauHat potopa (d —q), sika 00epTaeTbcsl 3 CUHXPOHHOIO

KyTOBOIO IIBUJKICTIO ®,, Oyze

O=1"(M=vo-M,),M=15p, (L, /L) (Wi, = Wiy).
i1d =—Yijg + Oply, +OPY, 4 +POp, Y, + G u,

. _ . . 1
Ly =7 Thq —Oplyy + aBqu —Bop,y,, +0 Uy

Wog =—0W,, + WY, + al, i, (2.3)
“ij2q =0, — O, + O(’Lmilq9

€y = 0y,

£,(0)=0,

Ke 4,11y, Uy,Uy, — CTPYMH Ta HAmpyru craropa mo ocsm (d —q); 9acToTa KOB3aHH

JOPIBHIOE ®, =®, —P,®, €, — KYTOBE MOJIOKEHHSA PyXxoMoi cuctemMu koopauHart (d —q)

BIJIHOCHO HEPYXOMOI CUCTEMHU KOOpAMHAT cTatopa (a-b), B Akl BU3HaUeH1 (13UYH1 3MIHHI.
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VY 3arajibHOMY BUIIAJIKY M*(t) Ta \y*(t) >0 € 3amaHi1 MaaKi QyHKIIT MOMEHTY Ta
MOJyJIs TOTOKO34erieHHs. KyToBa MIBUAKICTh MIPU KEPYyBaHHI MOMEHTOM PO3TIIAIAETHCA,
K oOMexeHa 30BHIIIHA (QYyHKIIS yacy. BuxigHi 3MiHHI, II0 MalOTh BiAIpPalbOBYBaTHCH,
BU3HAYAIOTHCS K HETIHINHI QYHKIIIT Yacy

1-5pn(\|’2di1q_\lf2qi1d) A M
= (2.4)

yi = .
[ 2 2 ‘ ‘
\Vzd + “|j2q \IIZ
Aneopumm kepysanus MOMeHmMOM I NOMOKO3YenieHHsAM, SIKUA HaBelneHo B [134],
3a0e3neuye: T00aidbHI ACUMOTOTHYHI BIACTHBOCTI BIAMNPALIOBAHHA MOMEHTY Ta
MOTOKO3YETJICHHS; PO3B’SA3aHICTh MNPOLECIB KEPYBaHHS HUMU; ACUMIITOTUYHY OpIEHTALII0
3a BEKTOPOM MOTOKO3YEIUICHHSA. AJITOPUTM MICTHUTD:

— CIocTepirad MOyl BEKTOpa MOTOKO3UEIJICHHS pOTOpa:

~

V)| = _a“l’z‘ +al, 1,
, i (2.5)
€, =0, =p,0+al ——,
v,
ne \ilz‘ — OLIIHEHE 3HAYEHHS MOTOKO3YeTJICHHS;
— peryusiTop MOMEHTY:
M*
.k
iy = (2.6)
Yy
— PEryJsTOp MOIYJIS MOTOKO3YESTUICHHS:
1, :(oc\p + —kw\y—xw)/aLm,
~ (2.7)
X, = k\w\p,
ae = \il2‘ —\y — noxuOKa BIJIMpAIIOBaHHS OLIHEHOIO0 3HAYEHHS MOTOKO3YEIJICHHS,
(k,.k,;)>0 — KoedilieHTH NPONOPLIAHOI Ta IHTErpabHOI CKIAIOBHX PEryisITOpa

ITIOTOKO3YCIIJICHHA, XW — iHTeraJ'H:-Ha KOMITIOHCHTA PEryjsiTopa NOTOKO3YCIIIICHHS

— perymnsTop cTpymy 1o oci d:
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. v ok A %
U, = G(O)Olld — K lg =Xy + Y1} _OLB“l’z‘ +11d)’

_ (2.8)
X4 = Kiiglygs
= (o +\ — OLLmkwlld +k, (a+k )=k, Jw-k x, )/ oL
ne 1i,=i,—i, — NOXMOKA BiANpAIOBAHHA CTPYMy 1,,; i, — B3afaHMH CTPYM;
(k.y,k;y) >0 — xoediuieHTH NPONMOPLINHOI Ta IHTErpajbHOI CKJIAJOBUX PETYJATOPA
CTpyMy 10 oci d; X, — IHTerpajibHa KOMIIOHEHTA peryJisitopa cTpyMy 1o oci d;
— PEryJaTop CTpyMy IO OcCl q:
Uy = G(_(Doilq - kiqlilq — X, t Yilq + Bpno‘)“IIZ‘ + ilq)>
(2.9)

X —knqllq,

* % % o % *)

i =My =My,
ne i ¢ =lg— i, — noxmbka BimnpamroBaHus; i, — 3amamEmit ctpym; (K, - Kig) >0 —

q q

Koe(ilieHTH MPOMOPIIIHOT Ta IHTETPAIbHOI CKJIAJIOBUX PETYJSATOpa CTPYMY MO OCI q; X

— iHTeTrpaJibHa KOMIIOHEHTA PETYJIsATOpa CTPyMY TI0 OCi (.
[licns migcTaHOBKM anroputMy kepyBanHs (2.5) — (2.9) B (2.3) orpumaemo

HACTYIIHI PIBHSHHS AMHAMIKU MOXUOOK BiAMPAIIOBAHHS MOMEHTY:

~ 3 L ok < *7 ~ ke e
M= Epn L [(\y + W, )(11q + llq) +Y 1, — Yy, (11d + 11d)} , (2.10)
2
ilq :_kiqilq _Xq _Bpn(’O\T’,Zd +OLB\T[2q’ (2 11)
knqllq’
Ta KOOPAMHAT €JIEKTPOMArHiTHOI miacucremMu A/l
\T;:—(oc+kw)\:|1—xw+o¢Lmid, 2.12)
X\u = k\yi\:ll’
_kidid —Xg T 0BV, +Pp, 0V, (2.13)
kudlld’
‘172 = -0,y + (’OZ‘IIZq’ (2.14)

\qu O“qu O, W45
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1
. _ _ lq
g =0,=p,0+al —-,

A

e qu:'y-l—k k'd:y+kidl'

iql®> i
3rinHo 3 piBHsgHHsAMH (2.10) — (2.14) pesynpTyroya JuHaMika MOXHOOK
BIJIMIPAIIOBAHHS TMOTOKO3YEIUICHHS] Ta MOMEHTY Ma€ BHIJIS[] MOCHIIJIOBHOTO 3‘€HAHHS

JIBOX IIJCHCTEM, sIKi MaroTh 30ypeHHs (KOMIOHEHTH 3aleKHI BiX ,;,,,), WO €

(GYHKIIEI0 MOXMOOK OIIHIOBAHHS MOTOKO34eruieHb. OCKUIBKM HOMIHAJIBHA JIUHAMIKa

(2.10) — (2.14) (mpu 4 =,, =0) € niHifiHO0O i aCUMNTOTUYHO CTIHKOW I BCiX

(k,.k,;.k;,k,,k;) >0, T0 3 yMmOBH ng(\f’zd»q’zq) =0 cmaye 11_1)2(1(/[,@) =0.

Aneopumm KepysanHs weuoxicmio i nomokosueniennsam [134] € aHamoridyHUM [0
anroputMy kKepyBaHHs MoMeHTOM A/l (2.2), (2.5) — (2.9), 3 pi3HUIIEIO B 3aMiHI pEryJsiTopa

MOMEHTY Ha HEJIHIMHUN PEeryJsaTop IMBUIKOCTI B CTaHAAPTHINA Gopmi:

i = 1*(Mc+60*—kmc7)+voo*/J),

oy (2.15)

a6 ®=0—@® — MOXHOKA BIJIITPAITIOBAHHS IIBUAKOCTI; 1\7[C =M,/ J)—l\A/IC — MIoxXuOKa
OIIIHIOBAHHS HEBIJJOMOi KOMIIOHEHTH MOMEHTY HABAaHTa)KCHHS, MC — OI[IHKA CKJIAJ0BOI
MOMeHTy HaBaHTaxkeHHs M /J=const; (k, ,k, )>0 — xoedinienTn nponopuiiiHoi Ta
1HTETrpaNbHOI CKIaI0BUX PETYIATOPA IIBUIAKOCTI.

Y Bupasi (2.9) ana perynsaTopa CTpyMy 3aMiCTh ifq BUKOPHUCTOBYETHCS

. . . . . ok
MOI[I/I(blKOBaHa B1JOMa CKJIaJOBa ITOX1JHO1 B1[] 1lq , IKa Ma€ BUI'JIA

i =M+ —k, (k@ py T )+ ve' /Ty =y (2.16)

1q1

PiBHsHHA nuHAMIKM TOXMOOK BIAMpAIfOBAaHHS KOOPJAWHAT B EJIEKTPOMATHITHIN
MIJICUCTEMI HE 3MIHIOIOTHCS BITHOCHO €JIEKTPOMEXaHIYHOI MJCUCTEMH, BOHM BU3HAUYCHI B
(2.12) — (2.14). PiBHaHHS JAMHAMIKM TOXMOOK BIANpAIIOBAaHHS KOOpPJAMHAT B

€JIEKTPOMEXaHIYHIH MiIcucTeM] B CHITY JIii anroputMy kepyBanHs (2.15), (2.16) OyayTsb
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(2.17)
Ilq = _killq - Xq - M_lkch + W*(GB\TIZCI - Bpnm*“’pZd) - épanZd\V*B +
+ M_lkm(qJZd + \Izl)llkq - ko)\Tqui;kd / G‘Lm + km (\T]2d + \T])i’lq - kquZqud'

O6’ennana HemiHiWHa cucrema (2.12) — (2.14), (2.17), mo omnucye AUHAMIYHY
noBeiHKy A/l B mipoiieci BiANpamroBaHHsI KyTOBOI MBHUIKOCTI 1 MOJTYJISI TOTOKO3YETUICHHS
poTopa, Ma€e MECATUI MOPAIOK. MK THM IiJIECTIPSIMOBAHO JTOCSATHYTa JACKOMIIO3HINISI Ha
enexkrpomexaniuny (2.17) ta enekrpomarHitHy (2.12) — (2.14) miacuctemMu 03BOJISIE
CYTT€BO CITPOCTUTHU aHAJI3 CTIMKOCTI.

HeoOxigHe po3dijeHHs y 4Yaci MPOIECIB PETyJIIOBaHHS B 30BHIIIHBOMY KOHTYpI
MIBUAKOCTI 1 BHYTPIIIHBOMY KOHTYpl CTPyMy IO OCI ( JIOCSTA€ThCS YMOBOIO

@y, >(2+3)®,,, Ae 3HAYCHHS BIACHOI YaCTOTH HEASMI(OBAHHX KOIMBAHb KOHTYDIB
: 2 _ 2
PEryJOBaHHS CTPyMy @, Ta LIBHAKOCTI ), BH3HA4YaeThest K o, =k, 0, =K ;.

CrangapTHi HaNMaITYBaHHA KOE(DILI€HTIB PETryIsaTOpa HIBUAKOCTI
k,,=(a+ kw)2 /4npué=1, k  =(a +kw)2 /2mpu §=0.707. (2.18)

ne & — koeilieHT 3aTyXaHHs HeAeMII(POBAHUX KOJIUBAHb Y KOHTYP1 PEryIIOBaHHS.

2.2 OcaalJieHHs 10JIS B CHCTEMAaX BEKTOPHOI0 KepyBaHHs A/l

Mertoro 1100 MiAPO3ALTY € PO3p0o0Ka YHIPIKOBAHUX METOIIB OCJIA0JCHHS TIOJIST JJIsI
CHUCTEM TMpPSIMOTO BEKTOPHOTO KEpPyBaHHS MOMEHTOM 1 NOTOKO34eruieHHsM AJl, ski
rapaHTyIOTh BIAMPAIIOBaHHS 3aJaHUX TPAEKTOPIH y BCIX MIBUIAKICHUX PEeKUMaxX poOOTH 13

BpaxyBaHHsIM (13UYHUX OOMEKEHBb JBUTYHA 1 IHBEpTOpA.

2.2.1 OOMexkeHHS 32 CTPYMOM I HANIPyro0 ISl pesKUMY 0CJ1a0JIeHHS OISt
[[IBuakicHl pexumu poOoTu AJ] MarOTh TpU pErioHU: MOCTIHHOTO MOMEHTY

(o, < ®,, ), HIOCTIAHOI NOTYKHOCTI (®,, < ®, < ®,,) 1 IOCTIMHOTO KOB3aHH (M, = ®,, ) [9],

ae ®,, 1 ®, BHU3HAYAIOTH K 0a30BY 1 KPUTUYHY YACTOTU CTPYMY CTATOpPa, SIK 1€ TOKA3aHO

Ha puc. 2.1.
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Pucynok 2.1 — Xapakrepuctuku AJl B peKuMi MOCTIHHOTO 1 0CIa0JIEHOTO TOTOKY

MaxkcumainpHe 3HaueHHSI MOMEHTY AJl BH3HAYa€TbCcs OOMEKEHHAMHU 32 CTPYMOM 1
HAIpPYTol0 1HBEPTOpa, a TaKoXK TepMainbHUM cTpymoM AJl. 3 mozeni (2.3) oOMexeHHs 3a

CTPYMOM MAIOTh BUTJTIAA

2 :2 2
g+, <L (2.19)
ne 1 — MakcuMmanpHMH CTpyM 1HBepropa. OOMmexeHHs (2.19) Mae Burian kojga Ha

IUIOIIMHI CTPYMIB 3 pasiiycoM [p.y.

BianoBigHO 00MEXXEeHHSI 32 HATPYT'O0 BU3HAYAIOTHCSI BUPA3OM

u, + ufq <U: (2.20)

max ?

Jie MaKCUMaJlbHE 3HaY€HHs BUXIJHOI Hanpyru iHBepropa U =nV, / V3 ; 1=0.9-0.95
— Koe(ilieHT 3armacy.

Peowcum nocmitinoco momenmy (o, <®,,). Popmanizanis obmexenus (2.20) 3
BpaxyBaHHSM CTaTHUHUX pexumiB mozemi AJl (2.3) B pexumi opieHTalli 32 BEKTOPOM

MOTOKO3YEIUICHHSI pOTOpa Ma€ HACTyNHUM BUTIIAA [12]

m

Up =05 | (010) + (L)’ |. (2.21)

PiBusiHHS (2.21) Bu3Ha4ae einc Ha IUIOMIMHI CTPYMIB, SIKMI 3a YMOB 301JIbIIIEHHS

o, a00 3MEHIIICHHS 3BYXKYETBCA BiI[HOCHO IMOYAaTKy KOOPAUHAT.
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Buxozsuu 3 ooMexenHs (2.19) 11 HOMiHATBLHOTO CTPYMY 1,9y = Wy / L_,nae y, —

HOMIHAJIbHE IOTOKO34YCIJICHHA, Ma€EMO 0OMEKEHHS AJIs1 MOMCHTHOI'O CTPyMY

gma S APy — 12y - (2.22)

OOmexenHs (2.22) Bu3HA4ae, MO JJII HOMIHAJIBHOTO ITOTOKO3YCIICHHS \u;
MaKCUMaJbHUI MOMEHT B PErioHi MOCTIHHOTO MOMEHTY 3aBXkJH OJHAKOBUM, OCKUIBKH
BiJICyTHE OOMEKEHHS 32 HAPyTOI0.

31 3pOCTaHHAM KyTOBOI HIBMJKOCTI, @ BIJNOBIIHO 1 3pOCTaHHAM ,, emnc (2.22)
3BY)KY€ETBCS 1 HAacTa€ MOMEHT, KOJU oOMexyrue kosio (2.20) 1 eminc (2.22) maroTh

CHiIbHY TOYKy. BOHa BH3Hauae 4acTory ©),, AKY MPUHHATO HA3WUBATH 0a30BOKO IS

novatky ocyabsenns noJis. [licis nepetBopens 3 (2.21) BU3HAYUMO

® Y , (2.23)

"L (-0t -,

a TaKoXK 0a30BYy KYTOBY IMIBUAKICTh
0, =0y, —0,, (2.24)

J€ ®, —4acTOTa KOB3aHHA U CTpyMmy |

max *

Peowcum nocmitinoi nomyowcnocmi (0, <0, <0, ) — ocrabrenna noas Nel. AJl

pPO3BUBAE MPHUOIU3HO HOMIHAIBHY MOTYXKHICTh (B YCTaJ€HOMY PEXHM1), TOMy MOMEHT

M=P, /o, ne P, — HOMiHaJIbHA HOTYXHICTb. PeXXUM OCIAGICHHS OIS [IOYNHAETHCS 3
YaCTOTU @, 1 3aKIHUYETHCS B TOUL KPUTUYHOI YACTOTH (), , MICJIA SIKOI BIICYTHI TOYKH
mepeTHHy enirca (Uit @, ) 1 KpuBoi mocTiiHoro MomenTy M =M (0, /®,.) -

BianoBiHO 10 BCTAHOBJICHUX POOOYMX 30H BAXKJIMBO BIIMITUTH, IO B PEXKUMax 3

MOCTIMHMM MOTOKO3YEIUIEHHAM OOMEXKEHHS 32 MOMEHTOM BH3HA4aroThes [ <1 B 30HI |

max %

OCJIa0JICHHS TI0JIsI BCTAHOBITIOIOTHCS OOMEXEHHS 3a CTpyMoM Ta Hanpyroro U < U

max *

Peoicum nocmiiinozo xoesamna (0, <m, <, ) — ocirabnrenna nons Ne2. B [14]

ITIOKa3aHO, 11O MaKCHUMaJIbHa 4aCTOTAa KOB3aHHA B peFiOHi ociabyenHs most Ne2 3a YMOBH

HEXTYBaHHS aKTUBHUM OIIOPOM CTaTOpa JOPIBHIOE



57

o _ R,L, _ L,
e L,(L, - Lzm/Lz) (L, _Lzm/Lz)Tr ,

(2.25)

a KpUTUYHA YacToTa cTpyMy cratopa 3 R, =0 gopiBHoe

B U__2(c +1) (2.26)

- 9

®
*“ 20,L0,l

max
2 v .
ne o, =1-L / L,L, —noBHuii (hakTop po3CiIOBaHHS.
MaxkcumalibHe 3Ha4€HHs MOMEHTHOT'O CTPyMY CTaToOpa MOXKHA po3paxyBaTh sK [11]

. . LL,

1 =, 1,,T =
qmax 2max-1d "r 2
Lm (L1L2 - Lm

)\\yz\. (2.27)

[Ticns mipcranoBku (2.27) B piBHsHHS MomeHTy AJ[ (2.3) oTpumaemo Bupas

MaKCHMAaJIbHOTO MOMEHTY B perioHi ociadieHHs moJist Ne2

ZE&‘W i 3 Liby Iy
g, e oL (LL,-12)'

2
| (2.28)
2.2.2 Metoau ociadjieHHS OISt

Pozivknenusi ancopumm ocnabaenns nons. Anroput™m ¢GopmyBaHHS (I3UIHUX

oomexenb (2.19), (2.20) nns 3abesnedyeHHs: (YHKIIOHYBAaHHS KOHTYpIB PEryJIIOBaHHS
CTPYMiB CTaTOpa HaCTymHWid: 1yt Hanpyr: 1) v, =U_ 5 2) u = U2 —u’; s

crpymiB: 3) 1, =1,; 4) 1 =2 —i,. Sxkmo mi cdopMoBaHi 0OMENKEHHS

1q max max

rapaHTylOThCs, TO KOHTYpH PpETYJIOBaHHA CTPYMiB 3IHCHIOIOTH Oe3lepepBHE

pPETyJIOBaHHS 1 CHUCTEMa BEKTOPHOTO KepyBaHHS 3a0e3ledye pPeryiTiOBaHHS MOMEHTY

(IIBUIKOCTI) 1 MOTOKO3YEIUICHHS B YMOBaX aCUMIITOTUYHOTO TOJICOPIEHTYBAHHS.
HeoOxigHo BigMITHTH, IO Ui 3aJaHuX mnapameTpiB AJl, Hanpyru JIaHKd

MOCTIMHOTO CTPYMy 1 BCTAHOBJIEHHX OOMexeHb 1) — 4) BiAmpalfoBaHHS 3aJaHOTO

MOMEHTY 1 MOMYJS BEKTOpa IMOTOKO3YCIUICHHS pPOTOpa 3a0e3MedyeThCsl 0OHOUACHUM
co * . *
Gopmysannuam 3ananux GyHKIin MoMeHTy M (t) 1 motoko3deruieHHs  (t). Lle crpuse

(GbopMyBaHHIO TAKUX TPAEKTOPI pyXy MOTOKO3UEIUICHHS 1 CTPYMIB, 32 SIKUX 3MEHIIYEThCS

BIPOT1/THICTh OOMEXEHHS HAIPyTH 1HBEPTOPA.
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CTpyKTypHY CXEMy CHCTEMH TPSMOTO BEKTOPHOTO KEpyBaHHS MOMEHTOM 1
noTtoko3ueruieHHsa (2.5) — (2.9) 13 BpaxyBaHHSIM OOMEXEHb, PO3IVIAHYTHX B MIAPO3ALII
2.2.1, HaBeneHo Ha puc. 2.2 (6e3 perynasaropa HalpyTH, MOKa3HOr0 CHHIMHU JiiHIsIMHU). J1Jis
BUXO/IIB YCIX PETyJATOPIB BCTAHOBJICHO AITOPUTM «anti-windupy.

BignoBimHo n0 metony ¢GopMyBaHHS AMHAMIYHMX PEXKUMIB OCJIAOJICHHS TIOJIS,

3aaBad IIOTOKY KOHCTPYIOE€ 3aJdaHy TpaEKTopi}I IIOTOKO3UYCINICHHA, BHUXOAAYHU 3

B YCIX pexuMax

max ?

. * . .
HOMIHAQJIBHOTO Y . =\, 1 0a30BOi 4acCTOTH ®,, , 3@ YMOBU ‘“1‘ <U
ocnalineHHs noiyisd. [HauKaTuBHE 3HA4YeHHSA ®,, (2.23) mpU LBOMY KOPETYEThCS 3 METOIO

OLJIbII MTOBHOTO BUKOPHUCTAHHS HANIPYTH JUII MOMEHTIB O1JIbIIIE 32 HOMIHAJIbHUIA.
BaxxnuBoro BIIMIHHICTIO 3alpPOIIOHOBAHOTO METOAY BIiJ ICHYIOUHMX pIllIEHb €
dbopmyBaHHS (QYHKIIT 3ajaHOr0 MOMEHTY. B 30H1 ocnabnenns mojs Ne2 (auB. puc. 2.1)

3ajjaHe 3HaueHHs M . oOMexyeTbcsi Ha piBHI (2.28), mo 3abesneuye podoty AJl 3

MaKCHMAJIbHUM CTAJIUM 3HAYCHHSAM 4YacTOTH KOB3aHHA o, . (2.25). JlomatkoBo B

3a/71aBadi MOMEHTA 3/iHCHIOETHCS OOMEKEHHS MOXiAHOI BiJ 3a1aHOro MomeHta M’ st
MOTIePEIKEHHST HACUUCHHS PETYJISATOpa CTPyMY IO OCi B TUHAMIII.

Bupasu g pospaxyHky OasoBoi (2.23), kputuuHOi ®,, (2.26) 1 4acToTH
MaKCHMAaJIbHOTO KOB3aHHS (2.25) moTpeOyroTh TouHOI iH(opMarii npo napamerpu A/l 1
MPUNYIIEHHS, 0 BOHU € TOCTIMHWUMHU. B TO# ’ke 4ac HEBH3HAYEHICTh MapaMmeTpiB, a
TaKOX 1X Bapiallii B 3aJIE)KHOCTI BiJl HACUYEHHSI MAarHITHOI CUCTEMH, BUMAararTh peanizarlii
¢yHkuiii y  Ha ocHOBI Hamepen c(OPMOBAHMX TAaONHIb, OTPUMAHUX 3 EKCIIEPUMEHTY.
Takuii miaXia € He TUIBKU CKJIQJHHUM, aje W BUKIIOYA€ MOKIIMBICTh OTPUMAHHS HAIHHUX
(pobactHuX) yHipIKOBAaHMUX pilieHb. PO3MOBCIOMKEHUN TEXHIYHUN MiAXiA THepegdadae

BCTAHOBJICHHS 3HAYCHHS @, Habarato MeEHIIIE PO3PAaXyHKOBHX 3HAYCHb, 3aB/SIKH YOMY

JOCATAETHCS M1IBULIEHHS] MAaKCUMAIbHOTO MOMEHTY B YMOBaX 0OMEKEHb 32 HAIPyTOIO.
3amkuenutl  aneopumm ociabnrenHs nois  0a3yeTbCs HAa HOBOMY  KOHTYpI
peryJiloBaHHS HaNpyrd 1HBepTOpa (BHAUICHHM CHHIMHU JIHISMH Ha puC. 2.2), SKHUM
obmexye ii 3poctaHHd 3a Mexi jgomyctumoro pisHa U_ . Ill-perynstop Hampyru
aKTUBYETHCS TIJIbKU 32 YMOBH MEPEBUIICHHS MAKCUMAJIBHOTO 3HAYCHHSI HAIIPYTH. 3aBISKU

3k
TaKOMY 00MEKEHHIO HaIIpyTU NUJIAXOM BIUIMBY Ha 3aBIAHHA ) OOCATA€ETHCA



59

(n1Aduen wodoisrA1ad € — yuHoMIWeE ‘UIAdeH edorsrrA1od €09 — UMHOHMWIEOd) BIrOI BHHIIIQRIDO WOWLHAOIIrE €

7V WOLHOWOW BHHedAdoM 0I0HAOIMod 0JOWEAI HWALOMD BIWOXO BHAAINAAL)) — 77 MOHAdU]

IIIIIIIIIIIIIIIIIIIIIIII |_
|

“ 17V AMOLOU OJOHLIHIEW hedidoroon)
_ “ BHHOIMIOheoNOLOm |
| | heqgeres _
doroxuy d " | doasad |
0 1 | ehedoidodradau |
3 [ O | | i |
| | |
T | |
1 ,:v ) “ | nakdueH |
o le=el| | o | (mmmm e ] N St S | dowsrkiag _
- — a
v p | _thy XBWp, _ p,
vy 1 " X v “ “ u::m::owmov_o.ﬁo: ol_>u_ . <
| | | OLEITAId] 005="" ">t
| | |
" l |
: _ .
|
_ 1
|
| ! ! |
4 1 | e
HIV R I P S
n n
g 3
[
v "1"D-T ALHOWOW |
11 P “ ] ; o nesereg |
T€ N h €
e oy |
o
A | |
e T ) q M Lo = o |
/ 5 = Y I [ N - A |
T d
e—]o q LI IR B I - |
i bAdan 1 X 1 I Jor
- b (WA s W |z | W
frowb 1 | | A = N
ALHOWOW | | “
dowsurkiog _ “ SN |
a

L] 0=" xmubyy - by e ==______2 - ______ __-—— _ ____________
1= _v— xewbyy > by



60

MaKCUMaJbHE BHKOPWUCTAHHS JOCTYMHOI HANpPYTH JpPKepenia XKUBJICHHS [JIi CTBOPEHHS
MOMEHTY, a BIJMOBIAHO, 1 MOTYKHOCTI JJI1 AaHOI KyTOBOI MBHUIKOCTI. JlocATHEHHS ITi€l
METH € BaXIMBAM B yMOBaX OOMEXKEHOI HAmpyrd MEPBUHHOTO JDKepeia KHUBJICHHS,
HAIPUKJIIA], B €JICKTPUYHOMY TPAHCIIOPTHOTO 3aC00I.

3amkuenuii memoo ocnabaenHs noJisi MA€ HACTYIIHI BaXJIWB1 BJIACTUBOCTI: 1) BIH
nepeadoavae GopMyBaHHS 3aJaHOTO MOMEHTY 3 BpaxyBaHHSIM oOMexeHHs (2.28) Ha OCHOBI

1HpopMarlii 31 cnocTepiraya NOTOKo34eryieHHs (2.5); 2) 3aaHe 3HaUeHHS MOYJIS BEKTOpa
MOTOKO3YEIIeH S \ (t) (opMyeThes K (QYHKINS CHHXPOHHOI YacTOTH ), i CHTHAIy
OOME)XEHHSI HAlpyrd CTaTopa BiJl peryiasTopa Hampyru. B pexumi oOMexeHHS Hampyru
PETYIATOp HANPYTH KOPETYe 3aBaHHA ' (t) Ha OCHOBI BUMIPSHOTO (OIIHEHOTO) MOMYJIS

BEKTOpa HAIIPyT'H CTATOPa 3 METOIO MIATPUMAHHS H0ro Ha MakcumansHoMy piBHl U .

2.2.3 Pe3yuabTaTH J0CJTiKEHb

JlocniKkeHHsT TUHAMIYHUX PEKUMIB CUCTEM BEKTOPHOTO KE€PYBaHHS BUKOHAHO JIS
enexktpornpuBoay 3 AJl nmoryxuictio 30 kBT, macriopTHi AaHi sSikoro HaBeaeHo B Taou. b.1
B Jlomatky b. Y myHKTI nDpUAHATO HACTYNHI CKOPOYEHHS: PO3IMKHYTHH METO.
ociiabnenns moisd — OII-1; 3amxkHeHU MeTo 1 ocnadiaenHs mois — OI1-2.

Ha puc. 2.3 npencraBieHo pe3yibTaTH MOJEIIOBAHHS CHCTEMH BEKTOPHOIO
kepyBaHHs MoMmeHTOM AJl (2.5) — (2.9) mpu BiampamroBaHHS HOMIHAJIBHOTO 3aJaHOTO
MOMEHTY 32 YMOBHM HE€ BXOJ/IKEHHS B OOMEKEHHS 3a Hampyrow (perioH MOCTIHHOTro
MOMEHTY Ha pwuc.2.1). 3 anamizy pwuc.2.3 cuiaye, 110 MOMEHT 1 MOIYyJb BEKTOpa
MOTOKO3YEIUIEHHS POTOPa BiANPALbOBYIOTHCS ACUMITOTUYHO.

I'padiku nepexigHUX NPOLECIB PO3TOHY A0 KyToBoi mBuakocti 870 pag/c (2.8w, ) 3
HACTYNHUM TajbMyBaHHSM 0 HYJs MOKa3aHO Ha puc.2.4 1 puc.2.5 s MOYaTKOBUX
3Ha4Y€Hb MOMEHTY M =2M, 1 M’ =M, BianosigHo. IlyHKTHpPHI JiHII BIANOBIIAIOTH

metony OII-1; cuni minii — OII-2. YmoBu:i, =20 A; 1 =2.5I, =140 A; U__ =310 B.

max

3 puc. 2.4 cuixye, mo rpadiku MepexiTHUX NPOIEeCiB 3MIHHUX KyTOBOI MIBUIKOCTI,

MOMEHTA, MMOTOKO3YEIUICHHS, MOTY)KHOCTI, CTPYMy 1, 1 MOJyJsi HAalpyr¥ BIANOBIAAIOTH

TEOPETUYHO BHU3HAUEHUM, TOKa3aHUM Ha puc. 2.1; BOHM BMIIIYIOTh 30HH MOCTIHHOTO

MOMEHTY, MOCTIHHOT MOTYHOCTI 1 mocTiHOro KoB3aHHsA. Cuctema OlI-2 nepexoauTh B
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Pucynok 2.3 — I'padixu nepexiiHUX NPOIECIB B pEKUMI OCTINHOTO MOMEHTY IS

M =M,
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— — —Cucrema OI1-1
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Pucynox 2.4 — I'padiku nepexiHuX MpOoIECIB CUCTEM MPSMOI0 BEKTOPHOTO KepyBaHHs

momenToM AJl mpu M~ =2M,, (cyuinbHi Jinii — OI-2, mTpuxosi jtinii — OI1-1)
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50

50

50

momentoM AJl mpu M™ =M, (cyuinbHi ninii — OI1-2, mTpuxosi oinii — OT1-1)
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Pucynok 2.5 — I'padiku nepexiiHUX MpOIECiB CUCTEM MPSIMOTO BEKTOPHOTO KEpyBaHHS
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pexxum ocnadienns nmoist No2 y t = 12 c¢. Hampyra iHBepTOpa He MepeBUIllye MaKCUMaJbHE
3HAYEHHS, B TIPOIIECI PO3TOHY 0OMEXYEThCS MAKCUMAJIbHE 3HAYCHHSI MOMEHTY BiJITIOB1THO
10 Bupaszy (2.28), a Takok MakCUMaJlbHEe 3HAYEHHS MOMEHTHOTO CTpyMy. MakcumasibHe
KOB3aHHS B 30H1 ociabieHHs mosist No2 BiIOBIa€ pO3paxyHKOBOMY 3TiTHO (2.25).
[TopiBHsuibHUM aHami3 puc. 2.4 1 puc.2.5 cBiguuTh, mo B cuctemi 3 OII-2
3a0e3neuyeThCss OUTbII MOBHE BUKOPHUCTAHHS HAIMPYTH JKUBJIEHHS, 32 PaXyHOK 4YOro
3MEHIIY€ETHCS TPUBAIICTh PO3TOHY 1 rajdbMyBaHHSA. 31 3MEHIICHHSIM 33JaHOT0 MOMEHTY
PI3HMIISL MIX JBOMa METOJaMU CTae MeHuowro. He nuBnsunch Ha Te, IO PI3HUI 4Yacy
IUKJIB po3roHy-ranbMyBaHHs st metoAiB Oll-1 1 OIl-2 ne mepeBumrye 10-15 %, mio
3a3BUYail HE € KPUTUYHUM JIJIs 3arajbHUX TPAHCIOPTHHUX 3ac00iB, CUCTEMA 31 3BOPOTHUM
3B’SI3KOM 3a HAIPYTro¥o € O1IbIIT POOACTHOIO MO BIHOIICHHIO /10 Bapiailiil mapameTpiB AJl.

®da30Bi MOPTPETH POTIASHYTUX TECTIB MOKA3aHO Ha prC.2.6 y BITHOCHUX OJMHUIISIX.

Buxigna nmotyHicTb P, o Buxigna noty>kHicTbh P, o
2 L T T T T T - T ] 2 L T T T T T - T ]

o — ——

0.5r _
of — — — Cucrema OII-1 — — — Cucrema OII-1 |
05+ Cucrema OI1-2 Cucrema OII-2 |

0 0.5 1 L5 2 2.5 W 0 0.5 1 L5 2 2.5 W
MOMEHTOYTBOPIOIOYa KOMIIOHEHTa CTPYMY 1 4 5o MOMEHTOYTBOPIOIOYA KOMIIOHEHTA CTPYyMY 1 4 5o
2F — ] 2f To= .
7~
1t 1 1F :
ot 1 of .
-1t 1 -1t < -
~
~
~
'2 L 1 1 1 1 1 — 7 '2 L 1 1 |\ — 1 1 7
0 0.5 1 1.5 2 2.5 w 0 0.5 1 1.5 2 2.5 w
B.O B.O
a) M =2M,, 6) M' =M,

Pucynok 2.6 — ®a30Bi MOPTPETH BUX1AHOI MOTY>KHOCTI, MOMEHTY 1 MOMEHTHOT'O CTPyMY
(cyuinbHi niHii — OII-2, mrpuxosi aiuHii — OI1-1)
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Bonu Takox miaTBepKytoTh nepeBaru metony OIl-2, a came MOXIHUBICTH OTPUMAaHHS

OLIBIIOT TUHAMIYHOT IOTY>KHOCTI B YMOBaX 0OME)KEHOT HApPyTH KUBJICHHS.

2.3 Coocrepiray akTuBHOIO0 onopy poropa A/l

MeTor0 miIpo3alTy € CHHTE3 CIOCTepiraya MmoTOKO3UCIUICHHS, IKHM € aJalTHBHUM
70 3MIH aKTHUBHOTO omopy portopa AJl 1 Mae mpoCTilly CTPYKTYpYy y MOpPIBHSHHI 3
ICHYIOUMMHU TJI00AJIBHO CTIMKUMU PIIIEHHSIMHU.

Ilocmanosxa 3aoaui oyinioéanusA. MaTemMaTHuHa MOJENb EJIEKTPOMAarHiTHOI

nigcuctemu AJl, 3amucaHa 4epe3 CTpyMH 1 IOTOKO3YEIUIEHHS cTatopa z, =1, +PBvy,,,

z, =1,, +Bvy,, (MacmtaboBaHi) orpuMana 3 (2.1) mae Burmsn [6]

: —1- . . —1
i, =—R,c71, —a(l+BL ), —p,®i,, +0z, +p,0z, +G u,,

. —1- . . —1

1, =-R,071, —a(l1+BL )1, +p,0i, +0z, —p, 0z, +G U, (2.29)
. -1- -1 :
z,=-R61, +tou

la?
. _ —1- —1
z,=—-Rc 1, +0 u,.
Hexail BUKOHYIOTBCSI HACTYIIHI IPUITYILIEHHS:
A.1. Ctpymu craropa i, 1, Ta KyTOBa IIBUJKICTh (0 BUMIPIOIOTHCS 1 € 0OMEXEHUMM.
A.2. [lapamerpu B3, o, L _ Bizomi 1 NOCTIiHI, TapaMeTp o HEB1IOMMIA NOCTIHHUM.
Heo0xiaHO cuHTe3yBaTH aJanTUBHUI CIIOCTepIray, SIKUii rapaHTye:

CO.1 AcuMnToTuyHE OIIHIOBaHHS 3MIHHUX CTaHy, TOOTO

lim(i,,,5,.%,.2,) =0,

la”
t—o0

~ ~ ~ ~ A ~

e i, =1, —1,, 1, =1, —1,, — NOXUOKH OLIHIOBaHHS CTPyMIB CTaTopa; i,,1, — OLIHEHI
3HAUEHHS KOMIIOHEHT CTpyMy CTaTopa; Z,,Z, — MNOXUOKU OLIHIOBAHHS IOTOKO3YEIJICHb

craTopa (MacmTabOBaHUX ).
CO.2 AcuMNOTOTHYHE OLIHIOBaHHS aKTHMBHOTO OIOpPY pOTOpa, SKUW BU3HAYAETHCA

napamerpoM o =R, /L, , T06TO

lim& =0, (2.30)

t—o0

7e O =0 —Q — MOoXUOKa OIIHIOBAHHS, O — OLIHKA IMapameTpa.
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3ayBa)kMMoO, IO aKTHUBHUU omip poTtopa (mapameTrp o) HE MOxe OyTu
11eHTU()IKOBAaHUM SIKIIO HA JAECSIKOMY 1HTEpBaJl 4acy MOIYJb BEKTOpPA MOTOKO3YEIUICHHS €
cTaiiM ab0 MOMEHT ABUTYHAa JOPIBHIOE HYJIO, OCKITBKA B IIbOMY BHUIAIKY PiBHSHHS
(2.29) ne 3anexarp Bim HBOTO. J[aHa BIACTUBICTh BH3HAYAETHCS (izukoro podotu Al i
OB’ s13aHa 3 BIJICYTHICTIO IPOTIKAHHS CTPYMY B POTOPHUX OOMOTKAaX.

3 (2.29) nuHamika OLIHEHUX CTPYMIB CTaTOpa 3aMUCYEThCS Y BUTIISII

’:\ —1’-\ A . 0 el o —1 H
i, =-R671, —a(l+BL )i, —p,01, +0on, +p,0z, +c u, +ki,, (2.31)

i1b = _Rlc_lilb —a(l+BL, )i, + pnmila +6M, —p,0Z, +0 U, + klib’
ne M,, N, 1 Z,,2, — OLIHKKA HEBIIOMUX 3MIHHUX Z,,Z, , SIKi Oy1yTh BU3Ha4eHi gaimi; k, >0
— Koe(IIieHT 3BOPOTHOTO 3B’S3Ky crocrtepirada. Bigmitumo, mo B (2.31) BBeaeHo
HAUIMIIKOBE OLIHIOBaHHS 3MIHHMX Z,,Z,, TOOTO KOXHAa 3 KOMIIOHEHT BEKTOpa
HIOTOKO3UETICHHS OLIHIOETHCS ABIYi 3a JOIIOMOTO0 3MIHHUX Z_,M, 1 Z,, ;.
[ToxuOKy OLIHIOBAHHS 3MIHHUX Z,,Z, BU3HAYUMO Y HACTYITHOMY BUIJISAL

Z,=2,—2,,72,=Z,—Z2,,N,=2Z,—M,, N, =2, — M- (2.32)

3 BU3Ha4YeHHA Z,, Z, B (2.29) oliHEH1 TOTOKO3YENJIEeHHS POTOpa IOPIBHIOIOTh

Vs, = B_l(ia - i1a)a Vs = B_l(ib - i1b)- (2.33)
3(2.29), (2.31), (2.32) nuHamika MOXUOOK OI[IHIOBaHHS 3MIHHUX JOPIBHIOE:

L _1- -1 A
z,=-Ro1,+c u, -z

a’

2 —1- —1 A
z,=—Roc 1, +0 u, -z,

: (2.34)
N, =-R,o i, +6 'u, —1,,
ﬁb =-R,c i, +0u,, - ﬁb,
11 =~ (R0 +k )i, —a(+BL, )i, —p,0k, +&H, +afi, +p,07. 0.35)
i, =—(R,6”" + k)i, —a(l+BL,)iy, +p,oi, +df, +af, —p,0Z,.
B matpuunii hopwmi (2.35) nepenumieTbcs y BUTTISAL
?la |k 'R, p,o ila . 0 po a 0 f 5, 3, W, 7 &)T (236)

. -p,® k +o R, [lig, -, 0 0 a f
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f =n,— (1 + BLm)ila, f,=n, — (1 +BL,, )ilb, a00 B KOMIIAaKTHii (opmi

X=AX+WD 9, (2.37)
I[e A — _(kl + RIG_I) _pn(’0 . W — O pn(’0 1 0 ﬁa _(1 + BLm)ila -
pn(’0 _(kl + Rlc_l) ’ _pnm O 0 1 ﬁb - (1 + BLm)ilb

. e~ < Y . -1 -1
Binoma Martpuus perpecii; X =(i_,i,)"; D=diag(l,La™',a"',1) — NO3MTHBHO-BU3HAYEHA
niaronaneHa Matpuns; ¢ =(Z,,Z,,1,,M,,0)" — BEKTOP MOXUOOK OIiHIOBAHHSL.

Jlnst cuHTE3y criocTepiraya po3rIssHEMO HacTynHy QyHKIito JIsnyHoBa:
V=05(X"%+6"A'D§)20.5(1 +ij, +k, (@ +7) + k@] + ;) +17'67) > 0,(2.38)
ne (k,,k;,A) >0 —koediuientu cnocrepiraya; A = diag(kz,kz,k3,k3,k).
[ToximHa Bix (2.38) B310BX TpaekTopiit (2.35) nopiBHIOE
V=055"(A"+A)X+§"WD'§+¢"A'D 92 ~(k, +R,o7)({. +i7)+

+ (A, — (1+BL,, )iy, )i, & + (A, — (1+BL, )iy )iy + oy, B, + o, + (2.39)

+p,00,2, —p,05,Z, + k' (2,7, +7,2,) + ok (@1, +7,0,) + 476G
3 (2.39) cnmigye, o0 IUHAMIKa HEBIIOMUX 3MIHHHX Ma€ OyTH
P=¢-0=—AW'S, (2.40)
ne ¢ =(z,,z,,M,,M,,0)"; §=(2,,2,,M,,M,,Q)" ; Toai noximua (2.39) Oyne MaTh BUTIIA

V=x"(A"T+A)x2—(k, +R,o ({2 +12)<0. (2.41)

N-

=7 =77 =2 — 2, 1, =N, = N N =Ty — N> 3 (2.29),(2.40)

a a

Ockinbku G =—0,

YacTHHA CIOCTEpiraya, sKa OLIHIOE€ HEBIIOMI 3MIHHI Ta MapameTp o, Ha0yBa€ BUTIIALY

A —1- —1 v
z,=-Ric i, +6 u, —k,poi,,
7 =—R.c i, +0 0, +k.p oi

p — O 1y, 1 2P 01,5
A —1- —1 od
na = _RIG 1la +C ula + k311a’ (242)

A

_ —1- -1 g
N, =—Ro7 1, +0 u,, +kiiy,

6= (A, =1+ BL iy, )i+ (R, =+ BLiy )y, |-
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3 (2.38) i (2.41) cuiaye, mo (X, @) € ooMexenumu Vt >0, BIAMNOBIZHO ¢ TaKOXK
obMmexenuit. 3 (2.37), (2.42) caiaye, mo noxiasi (X, ¢) oOMexeHi, a (X, ¢) — pIBHOMIPHO
6esnepepsni. Ockinbku V(1) < (k, +R,67")"'V(0), To X € KBaApPaTHYHO iHTErPOBAHKM, i y

BIIMOBITHOCTI 3 JJemoro bap6amar [31] 3 1iporo criiaye, mo 1imHi(t)H =0.
t—o0

Ockinbkn A € ['ypBineBoro matpuiiero, W, W e oOMexKeHUMH, 1 SKIIO0 ICHYE

MO3UTHBHA KOHCTAaHTa T Taka, o MaTpuus 5 x S5
[T W @W(n)de>0 (2.43)

Vt>0 (ymoBH mepcucTHOCTI 30ymxkeHHs), To (X, §)' =0 € 1106anbHO €KCIOHEHIiHO

CTIMKUM TIOJIO’KEHHSM PIBHOBAru CUCTEMHU
~ ~ 1~
Xx=Ax+ WD o,

, (2.44)
¢=—AW'X.

Cucrema (2.44) mae craHgapTHy (PopMy 3TiTHO JIEMH TIPO MEPCUCTHICTD 30yIKEHHS
[31]. 3 anamizy ciijaye, 10 KOMIOHEHTH BEKTOpa MOTOKO3YEIJICHHS, a TaKOXX aKTUBHUM
omp poropa (0) OIIHIOIOTHCS ACHUMITOTUYHO 3 E€KCIOHCHIIAJIBHUM PIBHEM 3aTyXaHHS
MOXMUOOK 70 HyJsl, SKIIO YMOBH HMEPCUCTHOCTI 30Yy/KEHHS BHUKOHYIOTHCSA. AHAIITHYHE
noBeieHHsS] yMOB (2.43) € 10CTaTHHO CKJIAHUM 1, 3a3BHYa, IX BUKOHAHHS JTIOCHIIKYETHCS
MOJIETIIOBAHHSAM Il TUNOBUX pexumiB pobotn AJl. HasBHICT HaAIUIIIKOBOTrO
OLIHIOBAHHSA 3MIHHUX Z_,Z, Tepeadayae, o pexuMu poOOTH JIBUTYHA A 3a0€3ICUEHHS
(2.43) MOXyTh BUMaraTy 3MIHHHMX Y 4aci IIBUJKOCTI, MOMEHTY 200 MOTOKO34EIICHHS.
Pesynomamu mooenrosanusa. JIOCHIJDKEHHS JUHAMIYHUX PEXKHUMIB CIIOCTepiraya
(2.31), (2.42) B aBTOHOMHOMY pE&XHUMI1 TTPOBEICHO HA OCHOBI nBuryHa (.75 kBT, macroptHi
naHi skoro HajaHo B Ta0u. b.2 B Jlogatky b, HomiHanbHe 3HaUYEHHS MapaMeTpy o, = 5.9 ¢’
[lepenbaueno, mo AJl mpaipe B CHUCTEMI HENPSMOTO BEKTOPHOIO KEpyBaHHS
IIBUKICTIO, OTpuMaHii 3 (2.5) — (2.9) 3amiHOIO OI[IHEHOTO MOTOKO3YEIUICHHS Ha 3aJ]aHe
V. 3amaHi TpaeKkTOpii MIBHAKOCTI, MOTOKO3YETIEHHS i MPOodilb MOMEHTY HAaBAaHTAKECHHS

NoKa3aHo Ha puc. 2.7. HanamryBanns cnocrepirada: k, =60, k, =3, k, =6, A =50. Yci

OYaTKOBI YMOBH crioctepiraya i AJ] 3agano HyiapoBumu, okpim & (0).
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3ajaHa KyToBa MIBUIKICTH @* (pa/c)

npocuib HaBauTaxxennst M *10 (Hm)3anane norokozuemienns y* (BO)
60 1

50 0.8

0 {{ Ml oo/
30 / £ /
20 ]

o ——— — — 04 /
10 0.2
} - 0 /

0
0 025 05 075 tec O 025 05 075 tec

Pucynox 2.7 — 3agani TpaekTopii MIBUIKOCTI 1 MOTOKO3YETUICHHS

Ha puc. 2.8, puc.2.9 nokaszano rpadiky nepexiHux MpoIeciB MOXUOOK OLIHIOBAHHS
KOMIIOHEHT CTpyMy cTaTopa I, MacIiiTabOBaHOIO INOTOKO3UYEIUIEHHS Z, 1 Mmapamerpa o

IS IBOX BUMAAKiB moyatkoBux ymoB: a(0)=0.5a, ta &(0) =20, BiAMOBiIHO.

[Toxubxa OL[i}IIOBaI-IPI}IiNa (A) 0.02 [oxuOka oriHroBanHs 7, (A) ; [ToXuOKa OLIHIOBAHHS O (C'l)

2.5
0.1 0.01 5
0 1.5
0 N 1 \\
-0.1 -0.01
0.(5) "
-0.2 -0.02
0 025 05 075 tc 0 025 05 075 tc 0 025 05 075 tec

Pucynok 2.8 — I'padixu nepexigaux mpouecis moxuook orintoBanas ((0) =0.5a.,)

0 [Toxubxa OL[i}IIOBaI-IPI}IiNa (A) 0.02 [oxuOka oriHroBaHHs 7, (A) [ToXHOKa OLIHIOBAHHS O (C'l)
0.1 0.01 -1 //
/ 2
0 0

-0.1 -0.01

-0.2 -0.02 -6
0 025 05 075 tc 0 025 05 075 +tc

025 05 075 tc

Pucynok 2.9 — I'padiku nepexigHux mporeciB moxuOok omintoanus ((0) =2a., )

3 puc.2.8 1 pwuc.2.9 cmiaye, mo cmocrepirad 3a0e3medye acCUMIITOTHYHE
OLIIHIOBAHHSI CTPYMIB CTaTopa Ta akTUBHOro omopy poropa (o). KomnoHeHTH BekTOpa

IIOTOKO34YCIUICHH CTaTOpa Z,,M,, Z,, M, OHiHI-OIOTBCH 31 CTATUYHOIO TTOXUOKOIO BHaCJIiI[OK

BIJICYTHOCTI MEPCUCTHOCTI 30ykeHHs. Yac OIliHIOBaHHS aKTHMBHOI'O OIOPY pOTOpa s

NPUMHATHUX MapaMeTpiB HAJAIITYBAaHHS criocTepiraya cranoBuTh MeHie 0.3 c.
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Ha puc. 2.10 nHaBeneHo rpadiku mporeciB OIIHIOBAHHS TSI BUMAJKY MOYaTKOBUX

ymoB notoko3uerieHHs Al vy, (0) =y, (0)=0.02 B6, B cnoctepiradyi noyaTkoBl yMOBU
Hy/b0Bi, OKpiM @.(0) =20, . AHAJOTIYHO OO TONEPEIHIX BHIIAJKIB, ACUMIITOTHYHICTh
OLIHIOBAHHS KOMIIOHEHT BEKTOpa IOTOKO3YeIUIeHHs cTaropa Zz.,M,,Z,,N, He

3a0e3MeuyeThesl, B TOM Yac K CTPYMH 1 aKTUBHHIA OTIp POTOPa OLIHIOIOTHCS KOPEKTHO.

[Toxubxa OL[i}IIOBaI-IPI}IiNa (A) 03 [oxuOka oriHroBanHs 7, (A) [MoxubKa OLIHIOBAHHS O (C'l)

0.2!\ . \ -(1) /_ ~—

0.1 0.2
0 N 0.1 \ 2 f/
0.1 0 \\_.\_ 4

-0.2

-0.1
0 025 05 075 tc O 025 05 075 tc O 025 05 075 tc
Pucynok 2.10 — I'padiku nepexiJHUX MPOIIECiB MOXUOOK OIlIHFOBAaHHS

(v,,(0)=vy,,(0)=0.02 Bo; &(0)=2a,)

3a3HauyuMoO, M0 y BUMAJKy BUKOHAHHS YMOB TEPCHCTHOCTI 30YyIKCHHS, Ma€
3a0e3nevyBaTucs aCUMITOTHYHICTh OILIHIOBAHHA BCIX 3MIHHUX. SIK mpukian, Ha puc. 2.11
HaBe/IeHO rpadiky MepexiTHUX MPoIeciB MBUAKOCTI AJl 1 MOXHUOOK OIIHIOBAHHS B PEXKUMI

YaCTOTHOT'O KepyBaHHS IIBHUJIKICTIO 3 CHHYCOITHUM 3aBJaHHAM 3 yacToToro 10 I'm.

HIBunkicTs ® (pan/c) Toxubxa omimroBanHs 1, (A) 03 Toxubxa omimroBanHs 1, (A)

oML e
10 \\ VYV VY ) / KR
20y -0.2

230 . -0.3
02 04 06 08 1 0 1 2 3 t,e 0 1 2 3 t,c
[Toxubxa OL[i}IIOBaI-IPI}IiNa (A) 03 [oxuOka oriHroBanHs 7, (A) [MoxubKa OLIHIOBAHHS O (C'l)

— 0

0.1 0.2 -1
0 0.1 2 [(

[\ 1 Y, -3

0.1 0 e 'Z_‘

0.2 0.1 -6

0 | 2 3 t,c 0 | 2 3 t,c 0 | 2 3 t,c
Pucynok 2.11 — I'padiku nepexiiHUX MPOIIECiB MIBUAKOCTI 1 TOXHUOOK OI[IHIOBAHHS B
PEXXHUMI YaCTOTHOTO KEpyBaHHS 31 3SMIHHUM 3aBAAHHSM LIBUIKOCTI
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3amana TPa€eKTOPis MOTOKO3YEIUICHHS HE 3MIHWJIACS, MOMEHT HABaHTAKEHHS HE
npuknanaerscs. ['padiku, HaBeaeHi Ha pwuc.2.11, NIATBEPIKYIOTh BIACTHBOCTI
ACHUMNTOTUYHOI CTIMKOCTI CcriocTepirayva.

TakuM YHHOM JOCHIIKEHHS, pPE3yJdbTaTH SKUX TMPEACTaBICHO Ha puc.2.8 —
puc. 2.11 cBiguarh mpo Te, 10, HABITH 32 YMOB BIJICYTHOCTI MEPCHUCTHOCTI 30y KCHHS,
aKTUBHUU OIp OIIHIOETbCS KOPEKTHO, 1 TOMY CHHTE30BAaHHMU CIIOCTEpIrad MOKe

BUKOPHCTOBYBATHUCH B SIKOCT1 allTOPUTMY 1I€HTU(]IKAIT B CUCTEMaX CaMOHAJAIITyBaHHS.

2.4 BekrtopHe kepyBanHs mBuakicTio CAIIM
Mamemamuuna moodenv sisnononocuux CIIM B cuctemi koopauHat potopa (d — q)

Ma€ HaCTYMHUHN BUTIS [ 7]

0=0,

. 3p, ..V M,

w:ET[Wmﬂ—(Ld—Lq)ld]lq—Tw— T

. L

iy =——", +—p,0i, +Lud, (2.43)
Ld d Ld

iq :—&iq —hpncoid —hpnuwiuq,
Lq Lq Lq Lq

jie § — KyTOBe MOJIOKEHHS pOTOpa; 1,,i, T u,,u, — CTPYMH Ta HANPYTH CTATOPa MO OCIM

q

(d —q) Bigmosixuo; (L,,L ) — iHgykTuBHOCTI craropa mo ocsm (d —q); R, — akruBHumii
OIlp cTAaTOpa; Y, — MNOTOKO3YEIJIEHHS NOCTIHHUX MarHiTiB.

Aneopumm eekmopHozo repysants weuokicmwo CHIIM, pospoonennit B [130],
3a0e3neuye aCUMITOTHYHE BiANpPAIIOBaHHS KYTOBOI HIBHUAKOCTI Ta MPSAMOI KOMIIOHEHTH
CTpyMy CTaToOpa; aCHMITOTHYHY PpO3B’SA3KYy MpPOLIECIB KepyBaHHS HHUMH; JIHEAPHU3AIiI0
MiICHCTEeMH KEPYBAaHHS MPSMOI0 KOMIIOHEHTOK CTPYMY; ACHMITOTHYHY JIiHEapH3aIlito
M1JICUCTEMH BIJIMPAIFOBAHHS KYTOBOI IIBUAKOCTI. AJTOPUTM BMIIILYE:

— PErymasTop MIBUIKOCTI

x 1
1

f=— (MC ~k 0+0 + J_lvco*),
h(y) (2.46)

M, =-k, .o,

ne u(iy) =1.5p,07' (,, + (L, —L iy ) > 0;
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— PEryyaTop CTpyMy IO 0Oci q

u, = Rli:‘ +Lp,oiy +y, p,oi, +L, (—kﬂq;q +X,+ i;),
Xq - _kiiqiq’
ok ] ek A oo ¥ 1 e* 1 =2 e* ok " ~ .k -1 * (247)
N =p (ld)(Mc+co +37vé )—1.5an W (1)L — LIy (M, —k @+ + T vo' ) -

ik, (<K, +TVID+ R, + 159,07 (L, ~ L), ):
e iq =1 0= 1 0« nmoxuOKa BIAMPAIFOBAHHS CTPYMY 1 0 iq — 3a7jaH€e 3HA4YEHHS 1 0

— peryssTop cTpymy o oci d

u, =R i, —L_p,oi +L, (ki +xX,+i)),
d 1d q q d 1d'd d Tl (2.48)

Xy =—Kiqlgs

*

ae fd =i, —i, — moxuOKa BiMpaIFOBaHHsA CTPYMY 1, ; 1, — 3a1aHe 3HAYEHHS 1.
3 (2.45) micna migcraHoBku (2.46), (2.47) oTpuMaeMo PIBHAHHS Pe3yJbTYyHOUOL

JUHAMIKU MMOXUOOK BIAMPAIOBAaHHS IIBUIKOCTI 1 CTPYMIB Y BUTJISAI

gev

: =—k,,®—M, +u(,)i, +3p, (L, —L )i i, /2], (249)
¢ ku)ia)9
¥ iy —] ek ~
i, = _kiqqu X, K (1)k M, (2.50)
X = _kiiqlq’
Td :—kid;d~+ X 4o (2.51)
Xq ==Kl
ne k, =k, +R/L;; k, =k, +R/L_.
Cuctema (2.49) — (2.51) € acuMnTOTHYHO CTiHKOw. JIJIsi HESIBHOMOJIOCHOTO

JIBUTYHA B MOJIeN (2.45) i anroputmi KepyBaHs npuiiMaerscst ymosa L=L, =L .

2.5 Inentudikanis eqekrpuunux napamerpis CAIIM
Jnist momem (2.45) cuHTE3 anTOpPUTMIB IJis TPOIEAYPH caMoineHTUuiKarrii
B1I0YBA€THCS 32 HACTYITHUX YMOB:
A.1. Ctpymu cTaTtopa, HIBUAKICTh, MMOJIOKESHHS POTOpA JOCTYIHI JIJIS1 BAMipPIOBAHHSI.
A.2. HeBigomi nmapamMeTpH JIBUTyHA € IOCTIHHUMU.

A.3. HacuueHHs1 MarHiTHOT CUCTEMU Ta MEPEXPECHI 3B SI3KH € HEXTYBAaHO MAJIMMU.
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3a npunymenb A.1 — A.3 HEOOXiTHO CHHTE3YBaTH aJrOPUTM 1JeHTU(IKALIT, SIKUK
rapaHTy€ aCUMOTOTUYHE OI[IHIOBAHHS HEBIIOMHX MapaMeTpiB, a came

hm(RlsLdaL 9\|j ):09 (252)

t—o
ne R, =R, —R, — noxubka ouinroBanus akrusHoro onopy, L, =L, -L,, L =L _—-L_-—

NOXMOKH OIIHIOBAHHS IHJYKTUBHOCTEH 1O ocsM d Ta q BIANOBimHO, =y _—\ _ —

A A

noxu0Ka OLIHIOBAHHS IOTOKY MOCTIMHKUX MarHiTiB, R ,L,,L q,\ffm — OIIHKH.

2.5.1 TlocaigoBHa ineHTH}IKALIS €JIEeKTPUYHUX MAPAMETPIB Yy ABa eTanu
B [130], [131] nmaBemeno mpomenypy camoigaeHTHdikamii, e Ha TEPIIOMYy eTalll

BiIOyBa€ThCsl ieHTU(IKALIS akTUBHOro onopy R, Ta impykrusaocred, L,, L . s
BU3HAYE€HHS IIOTOKY NOCTIMHUX MAarHiTiB \J  BOHH BBa)KaIOTHCS MOCTIHHUMU.
loenmudghixayis onopy ma inoykmusrnocmeii cmamopa. B moneni (2.45) npuitmeMo:
=R, /Ly, 0,=L, /Ly, 0,=L,. (2.53)
Hexait @, Ta ¢, =@, —@;, 1<i<3, BU3HAYAIOTh OL[HKU MapaMeTpiB JBUTYHA Ta

NOXMOKK X OI[IHIOBaHHS BiAMOBiAHO. Toal PIBHSHHSA JAWMHAMIKH KOMIIOHEHTH CTPYMY

cTaTopa 1o oci d 3amuIIeThCs y BUTIISII
. . 71
=0l T O,0p, 1, T Q5 Uy (2.54)

CKOHCTPYIOEMO aJJaiTUBHUMN PETYISTOp CTpyMy 1o oci d y HacTymHii Gopmi:
U = s (g = Pr0p,i, — ki +1y ). (2.55)

[Ticns miactanoBku (2.55) y (2.54) orpumaemo

> oy ~ ok ~ s ok . ~ o~ ~ T
iy ==kl — @iy + ,0p, 1, — @5 0,8, = K, (ld —0p,1, E.’d)(q)l ¢, (93/@3) /(2.56)

ne &, = (i, — §,0p,i, — ki, +1j).

PiBHsiHHS (2.56) MOXXHa TIPEJACTABUTH Yy CTaHIAPTHIA BeKTOpHiN dopmi (2.37) 3
X=i, A==k, W=(-i; op,i, -&), D=diag(LLe,).$=(5.,.9,)"

J{nst cuHTe3y anropuTMy 11eHTU(dIKAIT pO3TIITHEMO HACTYNHY QyHKIIito JIsmyHoBa

V=05X%+9'A"'D'9)=0. 5(1d F AP AP+ 0, '93), (2.57)
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ne A=diag(A,,A,,A,).
[ToximHa Bix (2.57) mOpiBHIOE:
V= 0.5>2~T (A" + ~A)i + iTwP-l(f, + (T)TA:lD‘l(T) 2 | | s
2 —kgly = @il + §,0,00,1, — 03 DLy + 190 +1,'9,0, +15'0:'9,6;.
OCKUIbKM HEBIIOMI IapaMeTpu @, € MOCTIMHUMHU, TO (T):—(f). 3 (2.58) Bu3HAUMMO
aITOPUTM 1JIeHTH(IKAIT Y BUTJISII
$=—9p=—AW'%, (2.59)
Tomi V = —kidfdz <0.
3 ymoBu V>0, V<0 crmgye, mo Bekropu X, ¢ € obMmexenummu Vi>0.

3actocoByrouu seMy bapOanat [31], BcranoBmoemo, mo limi, =0. 3a BUKOHaHHS yMOB

t—o0
nepcucTHocTI 30y keHHs (2.43), (i;,0,,0,,P;) =0 € r1100aabHO EKCIOHEHLIHHO CTIMKUM

MOJIOXKEHHSIM JIIHIMHOT HEaBTOHOMHO1 cuctemHu (2.56), (2.59).

BigmiTumMo, 1O yMOBH TEPCUCTHOCTI 30YKEHHS JOCSTAETHCS 3a PaxyHOK
.. e o ¥ .
dopmyBaHHs 3agaHoi QYyHKLIT cTpyMy 1,. TakuMm 4MHOM, NpU BUKOHaHHI yMOBH (2.43),

QJITOPUTM TrapaHTye JOCSITHEHHS LTI lim(ﬁl,ﬂ d,i )=0.
t—o0

Anroput™m inentudikarnii napamerpis (2.59) mae BUrisin

(bl = _kliﬁda
¢, =A,p, 01 i, (2.60)
(AP3 = _7“3§d;d'

loenmucpixayis nomoxy nocmilHux MmaeHimie. AHAJIOTIYHO 10 OIIHIOBAHHS

napamerpiB @, — @, chopMyeEMO aJaTUBHUNA PErYJIATOP CTPYMY Y BUIJIAII
u, =R +op, L, +,p,0+L 1 —ki). (2.61)
[Ticns migctanoBkwu (2.61) B (2.45) orpumaemo
i, = ki, —~Lp,oV,. (2.62)
J{nst cuHTE3y alropuTMy i1eHTU(dIKAIIT pO3TIITHEMO HACTYNHY (QyHKIIit0 JIamyHoBa:

V=051 +1,'92), (2.63)
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MOX1/THA B1JT SIKOT TOPIBHIOE

V=—k,ii -L/p, ol ¥, +1,'V, ¥, . (2.64)

199

Busnauumo anroputwm inentudikariii y hopmi

A

¥, ==V, =—ALp,oi, (2.65)
TOJ1 OTPUMAEMO
. -
V=-k. i <0. (2.66)

3 aHali3y, IKMH aHAJIOTIYHUN PO3IJISHYTOMY U1 @, — (;, BCTAHOBIIIOEMO 11O TIpU

BUKOHAHHI yMOB TEPCUCTHOCTI 30ymkeHHs mist cuctemu (2.62), (2.65) rapaHTyeThCs

aCUMIITOTUYHE OLIIHIOBAHHA NIapaMeTpy Y, , TOOTO BUKOHaHHA yMoBHU limy _=0.
t—>0

Hns neuryna NORD 100T2/4, macniopTHi AaHi SKOTO mpejcTaBieHo B Tabdn. b.3 B
Honatky b, BUKOHAHO TOCTIKEHHS aITOPUTMY 1AeHTH(IKALIT eIeKTPUYHUX MTapaMeTpiB.
Ha nepwomy emani npoBoguThCs 1aeHTH(dIKamia mnapamerpiB R, Lg, Lg

3ilicHIOBaNIach B yMOBax TecTy 3 i, =2sin(50t) A, u, =10sin(50t) B. Koediuienrn

aNropuT™My imeHTH(iKAaNii TnpumitHATO HacTymmmMmu: k=100, A, =10°, A, =55,
A, =0.004. Ouinku @, — @, MawTh HYJIBbOBI MOYATKOBI ymoBU. ['padiku mepeximHUX
IPOLIECIB OLIIHIOBAHHSA Ta BIANPALIOBAHHSA CTPYMYy 1, HaBelEeHO Ha puc.2.12, 3 skux

CHiAye, IO aCUMIITOTUYHE OI[IHIOBAHHS 3/IIMCHIOETHCS 3a yac B Mexax 0.3 c.

Ha opyeomy emani BinOyBa€eTbCs 11IeHTU(IKALS TOTOKO3UYEIUIEHHS . 3HAUEHHS
R, L4, Ly B34TO 3 momepenHporo TecTy. 3aJaHuii MOMEHTHHMH CTpyM C(HOPMOBAHO Yy
BUTJISI I i; =3sin(50t) A, B Toif uwac sk u,=0. Ha puc.2.13 HaBeneHo rpadiku
MepeXiTHNX MPOLECiB OLIHIOBaHHS \y = 3 HamamryBanHsM A, =3, k, =1000, 3 y_(0)=0.
3 puc. 2.13 cninye, 1o oOliHKa MOTOKO3UEIICHHS BinOyBaeThes 3a yac 0.2 c.

2.5.2 OaHouyacHa izeHTH(IKALIA eJIEKTPUYHUX MapaMeTPiB

Po3po06reHo ananTuBHI perynsaTopu CTPYMIB HACTYMHO1 (GOpMHU:

uy =Riij —op,L i, +Li; — ki, (2.67)

u, =R,il + op, L, + op,§, +L.i —ki. (2.68)
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3aBOaHHA CTPyMY i; (A) [Toxubka cTpymy iNd (A)
3 ! : : 1 : : -
3 - - ' 1.5 - - -
0 0.1 0.2 0.3 t,C 0 0.1 0.2 03 t,c
60 [ToxuOka OiHIOBaHHA P1 3 [Toxu0OKa OIiHIOBAHHS ©2
40 2
1 L
20
0 L
O L
1 1 ! _l L 1 L
0 0.1 0.2 0.3 t,c 0 0.1 0.2 0.3 t,c
0.04 [loxnOKa OLiHIOBAHHA {3 15 UIBuakicTs w (pan/c)
0.03 { 107
0.02 |
0
0.01 ¢
5t
0r 10+
-0.01 - - ' 15 - - -
0 0.1 0.2 0.3 t,c 0 0.1 0.2 0.3 t,c

Pucynok 2.12 — Ilepexinni npouecu ouintoBanust @, =R /L, 0, =L /L;,0, =L,

[Ticnsa migcranoBku (2.67), (2.68) B piBHsSHHA Mojem (2.45) oTpumaemo

7 ok . ok
i, ) |-, —p,0i; —i, —p,

L,i, R+k, 0 (i) [ -i poei, 0 | . . _ _ 1
; { 0 Rk + , (R, L, L, 7,) (2.69)
quq 1 iq

Cucrtema (2.69) Mmoxxe OyTH mpeacTaBieHa y CTaHAApTHIN BeKTOpHIN dhopwmi (2.37) 3

x=(i,i,)" A= —diag((Rl +k,)/Ly (R, +k, )/Lq) ,

_.* _:* . 0 . B B B
w()=| ¢ T4 PO . D=diag(L,,L,), $=(R,,L,.L.¥,)"
-1, —-p,»o -1, —p,®

Jl1st cuHTE3y anropuTMy iieHTUdIKAIT pO3rIsIaeThCcsl HACTyNnHa JIsmyHoBa:
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3aBIaHHS CTPyMY i: (A) [ToxubOka cTpymy iNq (A)

0.1

4 - - ' 0.2 - - :

0 0.1 Q.Z 0.3, t,c 0 0.1 0.2 0.3 t,c
0 HOXII/I6Ka OIIlII-IIOBaHHSI'\I/M s mBHHKi ctb w (paxy/ (‘:)
0.6F
04r
02r

0 L
0 0.1 0.2 0.3 t,c 0 0.1 0.2 0.3 tic

Pucynox 2.13 — IlepexiHi npouecyu Npyu OLIHIOBAaHHI Y
V=05&Dx+¢§'A"'$)>0, (2.70)
ne A =diag(A,A,,A;5,0,)>0.
[ToximgHa Bix (2.70) B310BX TpaekTopiit (2.69) mae BUTIISIA
V=055"(AT+A)X+X'WD 9 +¢'A D . (2.71)
OcKinbKkn § = —(f) , TO SIKITO AJITOPUTM 1AeHTU(]IKAIIT BU3HAYAETHCS SIK
O=—6=AW()'X, (2.72)
To/1 oxijaHa Bix pyHkiii Jismynosa (2.71) Oyne
V=-(R+ky)i; - (R +k, )i} <0. (2.73)
3 ymoB V>0, V<0 po6uMO BUCHOBOK, 0 X, ¢ € obmexenumu V t>0. Toxi,

K0 U Ta x=(id,iq)T oOME)KeHi, TO BEKTOp OIIHOK () € TaKoXX OOMexXeHHM. Sk

Hacaiok, W(t) B (2.71) Ta BEeKTOp MOXiTHUX X € TaKOX OOMEKEHHMH. 3 TMPSIMOTO

3acTocyBaHHs Jiemu bapOanar [31] ciiaye, mo limX =0. Jlunamika moxuOGoK OLIHIOBaHHS
t—o0

(2.69), (2.72) ommcyeTbcsl PIBHAHHAMHU y CcTaHmapTHiA ¢opmi (2.44). Sxmo ymoBa
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nepcucTHoCTi 30ymkeHHs (2.43) nns matpumi W(t) Bukonyetbest V>0 1o (X,90)=0 €

€KCTIOHEHIIIMHO CTIMNKUM TIOJIOKEHHIM PiBHOBATH 7151 cuctemu (2.69), (2.72).
O06’eqnanuii anropuT™ iaeHTrdIKamii (2.72) 3anumeTses K
A _ }\, I 204 It 204
R =-A (141, +1,1),

L, = A, (op, i, +1;i,), 274

L, = hy(~op,i i, +iL,),

V., = —M(x)pnfq.

['padiku ekciepuMeHTaIbHUX TECTYBaHb alroputMy (2.74) HaBeneHno B Po3aini 5.

BucHoBkH 10 po3aity 2

[Tonanpimoro po3BuTKy HaOyna Teopis BekropHoro kepyanus AJl 1 CAIIM B
HAmpsIMKY IIJIBUILIEHHS JUHAMIYHMX BJIACTUBOCTEH CHUCTEM MPSIMOTO0 BEKTOPHOTO
kepyBaHHs AJl B pexumax ocinaGiaeHHs MoJisd, a TakoX ineHTudikamii napamerpiB A/ 1
CJITIM Ha eTarii caMOHaIAIITYBaHHSI CUCTEM KE€pyBaHHS.

1. Po3poOrieHo HOBHiI yHiBepcaldbHMI METOA (POPMYBAHHS NWHAMIYHUX PEKHUMIB
ocnabnenns nona A/l B cucremax mpsMOTO BEKTOPHOTO KepyBaHHs, SIKMW mependadae
TUHAMIYHE OOMEXKEHHS 3aJlaHMX TPAeKTOpid MOMEHTY B  (YHKIII OI[IHEHOro
CriocTepirayeM 3HAa4YeHHs MOJYJs BEKTOpa IMOTOKO3YEIUIGHHA poTopa 1 3aJaHuX
TPAEKTOPIA MOTOKO3YEIUICHHS y (PYHKIT BUXIJHOT HANpPYyru 1HBEPTOpA, 3aBIASKH YOMY
3a0€3MeuyeThCs MaKCHMMi3allisi MOMEHTY 3a YMOBU OOMEXEHHS HAalpyru 1, BIAMOBIIHO,
M1IBUIIYIOTHCS MMOKA3HUKH IMHAMIKH TPAHCTIOPTHOTO 3ac00y.

2. CuHTE30BaHO aJAaNTHBHUN O aKTUBHOTO OMOPY POTOpA CHOCTEpiray BeKTopa
notoko3ueruieHHa AJl, a Takox anroputmu inentudikamii ycix napametpis CHAIIM, sxki
MalTh TMPOCTINIy 3a ICHYIOYl aHaJIOTH CTPYKTYpYy Ta TapaHTYyIOTh IJI0OalibHEe
ACUMIITOTHUYHE OI[IHIOBAHHS MapaMeTpiB, HE MOTPeOYyIOTh TOAATKOBOTO O0JaJHaHHS a0o0
HAssBHOCTI HABaHTAXXyBAJIbHOI MAIIMHHU, 110 POOUTH MOXKJIWBHM BUKOPHUCTAHHA iX B

nmpoueaypax 1nmo4YaTkoBOro cCaMoHaJIalllTyBaHHS.
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PO3JILT 3
KEPYBAHHS HAIIPYT'OIO DC-DC IIEPETBOPIOBAYIB

MeToro po3aiiny € po3poOka METOQy KOHCTPYIOBAaHHS 1 aHaji3y JIBOKOHTYPHHX
cucteM kepyBaHHs DC-DC neperBoproBauamu Harpyru. CHHTE30BaHO HOBHI aIrOpUTM
KEepyBaHHS 3 YacCTKOBOIO JIIHEAPU3AIIEID 3BOPOTHUM 3B SI3KOM, CTPYKTypa SKOTO HAaJa€e
MOKJIMBICTh aHAJI3yBaTH CTIMKICTh CUCTEMH 1 (JOpMYBATH MOKA3HUKHU SIKOCTI K€PYBaHHS
Ha OCHOBI JliHeapu3allii 1 MOJaJbIIOr0 BUKOPUCTAHHA OMNTHUMI3allli 3a «CHUMETPHYHUM
ontumymMom». Jlna imentudikamii mapametpieB DC-DC mnepeTrBoproBadiB 'y pexuMI
CaMOHAJIAIITYBAaHHA CHHTE30BAHO TJIOOAIBHO ACHMITOTUYHO CTIMKWAN aJalTHBHHM
CrocTepirad Hampyru 1 CTpyMy, KUl 3a0e3medye aCHMIITOTUYHE OIIHIOBAHHS TTapaMeTpPiB
nepeTBoproBaya.

OcHoBHI pe3ynbTatu po3aity onyoaikoBano B [104], [105], [139], [140].

3.1 MaremaTn4Ha Mo/JeJIb IEPETBOPIOBAYA, IOCTAHOBKA 3a1a4i KepyBaHHA

Cxemy pesepcuBHoro DC-DC mneperBoproBaua Hanpyrd HOKa3aHo Ha pwuc. 3.1.
[IpuiiHsaTOo, MO BCl €JIEKTPUYHI €JIEMEHTH € JIHIMHUMU, MaloTh HE3MIHHI y dYaci
napaMeTpH, TPAaH3UCTOPH € 11€aIbHUMU KIIIOUaMH, SIKI IEPEMUKAIOTHCSI CUMETPUYHO Tak,

1100 Hampyra JIJaHKH MOCTIHOTO CTPyMy MiATPUMYyBajacs Ha 3aIaHOMY PiBHI.

!

Q_| i
R L

<
&
HaBantaxxeuus

. 9

& &

Pucynok 3.1 — CrpykrypHa cxema pesepcuBHoro DC-DC nepeTBoproBaua

Ha puc. 3.1 no3naueHo: V, , 1 — BUXiiHA Hampyra Ta BXigHui crpym; L, R —
IHAYKTUBHICTh Ta BHYTpilHii omip apocensi; E — EPC mxepena sxusnenns; C — BuxijgHa
€MHICTh IIE€pPEeTBOpIOBAaYa; 1, — CTpyM HaBaHTaxeHHs; Q,Q — curHaam kepyBaHHS

HaIBIPOBITHUKOBUMU Kitouamu. Equation Section (Next)

Maremarnuna moaesns DC-DC neperBoproBaua mae BUJsig [S7]
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. 1 .
V, = E(O.Spswl —i.),

. (3.1)
i=—(-Ri+E-0.5p,,V,,).
L
DyHKIiS TEPEMUKAHHS KITIOY1B BU3HAYAETHCS SIK
2, Q - DOCTIMHO 3aMKHEHO,() — IOCTIHO PO3IMKHEHO; (3.2)
Psw = —~ . . : -
SW 0, Q —mOCTIHHO 3aMKHEHO,(Q — MMOCTIHHO PO3IMKHEHO.

B moneni DC-DC mepetBoproBaua (3.1) perynbr0BaHOIO KOOPAMHATOI € BHUXIIHA

Hampyra V, , KepyHOUOw [JI€l0 € (YHKILId NEPEeMUKaHHSA p . , CTPyM i, — 30ypeHHs.
HewminimManpHO-(a30B1 BIACTUBOCTI BUKJIMKAHI HasBHICTIO p,, B 000X piBHAHHAX (3.1)
[103].d7151 cuHTE3y arOpUTMY KEPYBAHHSI 3aCTOCYEMO HEJIIHIMHE TIEPETBOPEHHS

u=0.5V,p,., (3.3)

TOoI1 Mojienhb (3.1) mepenuieTbes y BUTIIS I

V, = é[iui - iLj;
A (3.4)

i:%(—Ri+E—u).

Kepyroua nmis p,, Mae pospuBHuil xapakrep 1 ¢opmyerbes sk LIM-curnan. 3a

YMOB KOPEKTHO PO3paxOBaHOI YaCTOTH KOMYTallii MepexoisaTh J0 YCepeaHEHOI MOJeni
(3.4), B axiit kepyroua mist u 6e3nepepBHa oomexxena [61]. Hexait qiis (3.4) BUKOHYIOTBCS

HACTYIIHI1 IPUITYILIEHHS.
A.1. 3anana Hampyra jojaTHa i crama V, >0, V, =const, E>0, E =const.
A.2. Bei mapamerpu nepeTBoproBada BiJIoMl 1 HOCTIMHI, 1; = const.
A.3. CtpyM 1 Ta Hampyra V,, JOCTYIIHI AJIs1 BAMIPIOBAHHS.

3a yMOBHM BHKOHAaHHA NpumyiieHb A.l — A.3, HEOOXiIHO CHHTE3yBaTH aJrOPUTM

KepyBaHHsI, AKUI rapaHTye aCUMITOTHYHE PETYIIOBaHHS HAIPYTH, TOOTO

limV, =0, (3.5)

t—o0

ne V, =V, —V, —noxubka BiIIpamioBaHHs HAIPYTH.
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3.2 Hexainiitnnii aaroputm 3 IlI-peryasaropamu cTpymy i Hanpyru

B TumoBii  cTpyKTypl  JOBOKOHTYpHOi  cuctemMu  kepyBanHa  DC-DC
nepeTBoproBayaMu (Gi3uyHl Kepyroul jaii, Ha ocHOBI sikux (opmytorbes [IIIM curnanm
(3.2), 3agatotecs BuxigHnuM curranom Ill-perynsaropa ctpymy. Takuii migxin 6a3yerbcs Ha

NPUIYLIEHH], 10 V,, ~ const. Po3riasHemMo MoaudikoBaHuil anroputM kepysaHHs [104],

JUISL SIKOTO TaKe MPUMYILEHHS HE € HEOOX1THUM.

Bignosinno no (3.3), (3.4), neniHiitHe nepeTBopeHHs (3.3) 3A1HMCHIOE MEPIIUA KPOK
YaCTKOBOI JIIHeapu3allii 3BOPOTHUM 3B’ I3KOM BuXinHO1 mojeni (3.1).

llokpoxosuii  cunme3  B800CKOHANEHOI  cucmemu kepyBanHs ~ DC-DC

nepeTBoproBayamMu. PerynsTop cTpyMy KOHCTPYIOETHCSl Y HACTYITHOMY BHUIJISIL:

u= E7— Ri" +L(k,1+k,x.), G.6)
X, =1,

qe 1=i—i" — moxubka BiANpAIIOBAHHS CTPYMY; i — 3aaHa TPAEKTOPIs 3MiH CTPyMy, SKa
dopmyeTbest perynsatopom Hampyru; k, >0, k, >0 — koe(illeHTH NpOHNOpLIIHOI Ta
IHTerpaJIbHOI CKJIaJOBUX peryisiropa crpymy. 3a ymoBu k. =0,x, =0 mnponopuiiiHo-
IHTETpaNbHUN  PETYJIATOP 3 BUIEPEIKATHHOK KOMIICHCAIIEI0  CIPOILLYEThCS /10
nponopuiiinoro. Hanamrysanns Ill-perymstopa siamosimao mo Ri =0,Lk, =R /1,

Lk, =L/t, ne 1, — crama 4acy KOHTypa pEryJllOBaHHS CIpyMy, 3a0e3mneuye

KoMreHcatiro crajoi yacy L/R y npyromy piBHsiHHI (3.4).
[Ticns mincranoBku (3.6) y apyre piBHSHHS (3.4), OTpUMaEMO PIBHSHHS JUHAMIKA

MOXHOKHU BIAMpAIIOBAaHHS CTPYMY Y BUTJISII

X, =1,

1

(3.7)

~ o

i=ki-kx -1,

1 um i

ne k. =k, +R/L.
3a ymoBu i =const (i =0) cucrema (3.7) € miHIHOW 1 ACUMOTOTHYHO CTIiHKOIO

vV (k;,k;)>0, T06T0 limi=0 31 IIBUAKICTIO, fKAa BU3HAYAETHCS HAIAIITYBAHHIMHU

t—o0

perynaropa ctpymy (k, .k, ). J1s KOHTypa perynatroBaHHs CTpyMy 3 KOMIIEHCALIIO CTaIol

i1?

yacy L/R B (3.7) HeoOxigHo npuitnsatu x, =0, k., =k, .
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J1Jis oAanbIIoro KOHCTPYIOBAHHS PETYNIATOPa HAIPYTH BU3HAYUMO
v=L(k,i+k,x,), (3.8)
Ta 3A1MCHUMO HEJlHIITHEe TTIePEeTBOPEHHS KOOPIUHAT
z=V.,z =V, =const(z =0),z2=z-2, (3.9)

1e Z — noxuOKa BiAMpaIfoBaHHs KBapaTy HApPYyTH.
3 ypaxyBaHHsM (3.8), (3.9) piBHSAHHS AUHAMIKY HAMPYTH 3aMHUIIETHCS Y BUTIISAII
Z:E[(E—Rl +O)(i"+1) = Vi |. (3.10)
VY nyxxax (3.10) 3anucaHo piBHSHHS OanaHCy MOTyXHocTed B cratuil. OcTaHHA

CKJIagoBa V,1, € HNOTYXKHICTIO, KA BIAJA€TbCS Yy HABAaHTAKEHHs 3a yMOBH 1, > 0. SIkimo
1, <0, TO mKepeno CIOXHUBA€E IMOTY)KHICTb, SIKy T'€HEpy€e aKTUBHE HaBaHTaXeHHA. B

CUCTEMax, A€ MCPCTBOPIOBAY BHKOPUCTOBYETLCA JId JKHUBJICHHSA BCKTOPHO-KEPOBAHHX

€JIEKTPOIIPUBO/IB, 1, Tpeda po3IIAIaTH K TaKUH, 1110 TEHEPYETHCS [UKEPEIIOM CTPYMY.

I3 BusHauenns V, =V, —V, B (3.5) crizxye, mo

~

~ V4 . ~ * 0\ .
v, :m,vdclL = (Vi + Vi )i, (3.11)

tomy Bupa3s (3.11) naOyBae BUrISIAY

~

. Z . * o * .
VdclL = WIL + VdclL , VdclL = const . (312)

c de
3 ypaxyBanusm BuzHaueHb (3.11), (3.12), piBasans (3.10) Oyne

z:_i%iﬁ%[(E—Ri*+u)(i*+1)—vjciL]. (3.13)

Kepytouoro miero B (3.13) € 3amaHe 3HaueHHA CTpyMy i (BHXiZ peryasTopa
Hanpyru). ng BuU3HAYEHHS alropuTMy KepyBaHHA Hampyroro piBHsHHA (3.13) 3pydHO

NepenucaTy y BUTIISI

2z . +2[(E_Ri*)i*+ui*+(E—Ri*+U)I—V§ciL]. (3.14)

5.2 7
CV,+V, C
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Ockimeku (E—Ri)~E>0, 1o 3 (3.14) chopmyemo mimiiiamit Il anroputm

pEryJIIOBaHHS HAIPyTH

V1

1 -
E(—kvz—k .XV), (3.15)

ne k. >0, k>0 — koedileHTH NPONOPLINHOI Ta IHTETPAIbHOI CKIaJOBUX PEryJsiTopa
HaTIPYTH.

BpaxoBytouu (3.15), piBHSHHS AUHAMIKH TOXHOOK PEryatoBaHHs OyayTh

X, =27,

| | e o * . o316
CVdc+Vdc E E C

X, =1,

(3.17)

ne v 3amanoy (3.8),ai —y (3.15).

Cucrema (3.16) onucye nuHaMi4Hy MOBEIIHKY KOHTYpa PETyIIOBaHHS HAIMpYTH, B
Tol yac sk (3.17) — KOHTypa perynoBaHHs CTpyMy. MeToro nepeTBopeHb 3rijiHo (3.6) —
(3.15) Gyno mpeAcTaBICHHS HETIHIHHOT CHCTEMH Y BHUTJISII JBOX JIIHIMHUX aCHMITOTUYHO
CTIMKMX CHCTEM JpPYroro mopsaky (B 130JbOBAaHOMY CTaHi), SIKi BKJIIOYEHI Y KOHTYpi
HEeJIHIMHOTO 3BOpPOTHOrO 3B’s3Ky. Cucrema 4-ro mopsuaky (3.16), (3.17) € cyrreBo
HEJTIHINHO0, aHami3 CTIMKOCTI SKOI CKJIaJHUN y 3arajllbHOMY BHIMAJIKy, a CHerudikaris
JUHAMIYHUX TIOKA3HUKIB JJIs HAJAIITYBaHb PETYJIATOPIB HE € MOXKJIMBOIO. BpaxoByrouw,
mo (3.16), (3.17) mae kackagHy CTPYKTypy 3 BHYTPIIIHIM KOHTYpPOM pEryJIIOBaHHS
ctpymy (3.17) Ta 30BHIIIHIM KOHTYpOM peryntoBaHHs Hampyru (3.16), To 1e no3BoJisie
BUKOPHUCTATU MiAXIiJ, AKUNA 0a3yeThCsd Ha PO3AUICHHI Yy Yaci JUHAMIYHHUX MPOIECIB B
KOHTypax peryiroBaHHs. BiamoBigHo 1o Teopii kackagHux cucteMm [141], BHyTpimHiH
KOHTYp pETyJIIOBaHHS CTPyMy Ma€ OyTH B JI€KLIbKa pa3iB OUIbII MIBUAKOIIIOYHM Y
MOPIBHSHHI 3 KOHTYPOM peryJIlOBaHHS Hanmpyru. BiaMiTUMO, 1110 HATypaJibHI BIaCTUBOCTI
critikocti DC-DC mepetBoproBaya (3.1) BU3HA4ArOTHCS JIUIIE BTpAaTaMy Ha TIApa3UTHOMY

oropi R, 1 Tomy CTifiKiCTh cucTeMu Ma€e (GOPMYBATUCS BUKIIOUHO aITOPUTMOM KEpYyBaHHS.
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Ananiz ne3bypenoi ounamixu. J{nsi moJanbIIOro aHami3y CTIMKOCTI MPUHMEMO, IO
«TapasuTHUI» oOmip I1HAYKTHUBHOCTI HeXTyBaHO Manmii, ToOTo R =0, a ctpym
HaBaHTaXXeHHs (30ypeHHs) JaopiBHIOE HyM0 1p =0, 10 [03BOJIsI€E BU3HAYUTH 0a30BI
BJIACTUBOCTI CTIHKOCTI He30ypeHoi auHamiku (3.16), (3.17). 3a nux ymoB piBHsHHS (3.16),

(3.17) 3anumryThest SK:

X, =7,
. . . . (3.18
2=—kvz—kvixv+3Ei+£(kﬂi+kﬁxi)(—k Z—kvixv)+£(kili+kiixi)i, (3.18)

E C

X, =1,
. . 3.19
1——kll—kﬁxl+gl(kvi+kvi~) G19)

2 E

JlociaKeHHs CTINKOCTI MOJI0XKEHHS PIBHOBAru (X, ,Z,X;,1) = 0 HemHINAHOI cucTeMH
(3.18), (3.19) BukoHaemMO Ha OCHOBI i JiHeapu3allli 3a paxyHOK HEXTyBaHHS

KBaJpaTUYHUMHU CKJIaJOBUMU. BigmiTuMmo, 1o HemiHiitHOCTI B (3.18), (3.19) (AB1 ocTaHHI

ckian0Bi B (3.18)) maroTh OLTiHINHMI XapakTep. JliHeapu3oBaHa cucTeMa Ma€ BUTJISA

X, =7,

v

. ¢ (3.20)

S (S 2 )
2E
BaxnBoro 0co0JIMBICTIO 3aMpONOHOBAHOTO METOJIy aHai3y € Te, 10 BJIACTUBOCTI
niHeapu3oBaHoi cuctemu (3.20) BH3HAYAIOTHCSA JIMINE TapaMeTpaMH PETYISTOPIB, IO
JI03BOJIIE  BIAOKPEMUTH HE TUIBKM BIUIMB HEJIHIMHOCTEH, aje ¥ mapaMeTpiB
neperBoproBaya. CTpyKTypHy cxemy JiHeapuszoBaHoi cuctemu (3.20) mokazaHO Ha
puc. 3.2. IlepenaTouni GyHKIIIT pO3IMKHEHOI CHCTEMH HA pUC. 3.2 32 yMOBU BUKOPUCTAHHS

[1I-perynaropa cTpymy 3a1at0ThCs PIBHAHHIMU

(260,p+1)  (2&Tp+1) (285 np+l) 1
W — v v . 171 , W = Y . ’ 321
«(P) ©p’ Tp’ +2E 1 p+1 (P) p’ (T1P+1) 20

AK1 BIJNOBIAAIOTh CTAHAAPTHOMY BUIJISIAY JJIS KOHTYPIB PEryJIIOBaHHS 3 HAJAIITYBaHHSIM

Ha «CUMETpUuHUi» ontumyM [6], W (p) BpaxoBye koMmeHcaito cranoi yacy L/R.
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TP 2, T :
- pJ C - lp
ki+£ kv+k”‘<—«
P P
Ccl1
_<_kv +kvt<
2B f

Pucynok 3.2 — ExBiBaJieHTHa CTPYKTypHa cxema JiiHeapu3oBaHoi cuctemu (3.20)

Buznaunmo B (3.20) BiacHi 4acTOoTH HeIEeMI(POBAHUX KOJHMBAHB 130JIbOBAHMX

I T _
o, =k; =17, k; =260, Ta

1

migcuctem y gopmi BupasiB o, =k, =17, k, =2 o, ;
®,; = k, (komnencauis cranoi yacy L/R), ne iHaekcu «v» Ta «i» BITHOCATHCS 10 KOHTYPIB
peryJjloBaHHS Hampyru 1 cTpyMmy BianosiaHo; C ,C. — koegiuieHTH aeMndyBaHHSA Y
KOXXHOMY 3 KOHTYpIB peryntoBaHHs. BiAmoBigHO 10 CTaHAAPTHUX HAJAIITYBaHb CUCTEM
APYroro mopsaky koedimientu aemmndyBaHHS oOuparoThes § =1, abo Q:\/E/Z st
PO3MUJIEHHS TMPOLECIB Yy dYaci B KOHTypaX peEryjJloBaHHS HaNpyru 1 CIPyMy

BCTAHOBJIIOETHCS CHIBBIAHOIIEHHS O, = P, , p =4 [6].

Bci pocnipkeHHsT mpoBeAeHO i Mojieii mepeTBoproBada (3.4) 3 mapamerpamu
[84], [105]: L=0.011TH, R=0.50M, C=500 mx®, E =50 B. 3agane 3HaueHHA
Hanpyru jopisHioe V, =100 B.

Ha pwc.3.3 wnHaBemeHo JorapudMiuHi aMIDiTyAHi 1 ¢as3oBl  4YaCTOTHI
xapakrepuctuku (JIAUX 1 JIOUX) ana cucremu 3 nepenatoyHoro ¢yskuiero W (p)
(3.21) a1 o, =200 paw/c (k, =400, k., =k>/4, ¢ =¢ =1), p=45 (k =900,
rpadiku 1)1 p=9 (k, =1800, rpadiku 2).

3 (3.21) 1 puc. 3.3 cuigye, mo JIAUYX niHeapr30oBaHOi CHCTEMU Ma€ CTaHIAPTHUMN
Burisig  -40 J16/mex,-20 J16/nek,-40 J16/mex, mio 3abe3medye ri100adbHy CTIWKICTh
niHeapu3oBaHoi cucteMu (3.20), a oTKe JOKaJbHY CTIMKICTh HENHIWHOI cuctemu (3.16),
(3.17). BaxnuBo, 110 AMHAMIYHI MTOKa3HUKW 3a PO3IVITHYTUX YMOB OyayTh BiANOBIIATH
CTaHIApTHIM onTumizamii 3a «CHUMETPUYHHM» ONTUMYMOM, WIO MIATBEPIKY€ETHCS
rpadikaMu MepexiJHUX IMPOLECIB BIAMNPAIOBAaHHA NodaTtkoBux yMoB V, (0)=99 By
cucreMi (3.16), (3.17) 3 1, =0, p=9, npeacrasaeHux Ha puc. 3.4 U1 HalalTyBaHHI

perynaropa cTpymy 3 KoMreHcalier crajioi yacy L/R.
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s Jlorapudmiuni AUX L (1b)
20 - 1-p=45i =0 -

15 F e , 1
10 F N ———2-/):9,1L:0 _

10 =T S Te—ee .
A5 ¢ ~ - .
20 F 2’_,—37 R
_25 L f L M| f ! f f ! L f M| f

90 —r————

-120
-150
-180
-210

240 + Bk

270 b : T T : :
102 103 w (pan/c)

Pucynoxk 3.3 — Jlorapudpmiuni AUX 1 ®UX nineapusoanoi cuctemu W, (p) (3.21)

~

[ToxuOka PeTy/OBAHAA HANPYTH Y 4> B CTpyM i Ta IOXMOKa peryioBanHs cTpymy i, A

0.25 : 0.5 :
o 0.25
0.25+ _
ot Tw=——
0.5+ . |
I
075 | 1-0.25
- : : : 0.5 : : :
0 0.01 0.02 0.03 tc 0 0.01 0.02 0.03 t, ¢

Pucynoxk 3.4 — I'padiku nmepexiTHUX MPOIIECIB BIAMPAI[IOBAHHS TOYaTKOBUX YMOB

Ananiz 36ypenoi ounamixu. Posrnsaaemo (3.16), (3.17) 3aymoBu 1, #0, R=0:

X, =7,
5ok 2L Z—kvixv—gv;iL+3E§+30(i*+§),

CV, +V, C cC C (3.22)
X. =1,
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. * o .
Ockinbku 30ypeHHs V, 1, =const, TO IHTerpajbHa CKJIaJOBa PEryjsiTOpa Halpyru

kvixv MOXKE pO3FHHI[aTI/IC}I AK I\/'IOI‘O OHiHKa. BI/I3HaLII/IMO
2 .
n :kviXV +EVdCIL’ (323)

TOJ1 mepii ABa piBHIHHA (3.22) nepenuinyTbes y BUTIISAL

| o, . 3.24
7=- kv+£;*iL 2—n+in+£Ui+lU(—kv2—n+£VdciLj' .
CV, +V, C C E C

C

Jlineapu3zauis (3.24) B 0K0JI1 IOJIOKEHHS piBHOBaru (n,z,X;,1) =0 nae

1:] = kviz’
7=— k. +£;*iL z—m +£(E "'ch;kciLki)I +££V§ciLkiiXi'

CV, +V, cl E CE (3.25)
X =1,

i=—ki-k.x +9l(kvi +k,2).
2E

CrpykTypHy cxemy cuctemu (3.25) HaBeaeHo Ha puc. 3.5. 3a yMOBH BiACYTHOCTI

HaBAaHTAKEHHS BOHA CIIBMAJa€ 3 IOKa3aHow Ha puc.3.2. Ha puc.3.5 W, (p) —

nepeIaTovHa byHKITiS 3aMKHEHOTO KOHTYpa peTyIIfOBaHHS CTpyMY,
TP T,
W, (p)==—5— abo W, (p) = —— (kxommneHcaruis crajnoi yacy L/R).
Tp +2§Tp+l i
2 .
) F, = EVdclL
i 2 - 1 z
—> W \ d > _E L >
k <P) L C ) D
. k. 2 1
££VdciL—>kl.—|—i k,+— 1, |eo
C E p C Vdc + Vdc
C1 P
—¢ kv + kvi:
2 FE i

Pucynok 3.5 — ExBiBajieHTHa CTPYKTypHa cXxema JiiHeapu30BaHoi cuctemu (3.25)
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3 piBHsHB (3.25) Ta puc. 3.5 chigye, MO HASBHICTH CTPYMY HABAaHTAXEHHS 3MIHIOE
CTPYKTypy cuctemMu (auB. puc.3.2). Baxmupicte mnpenctaBieHHs y Burisai (3.25)

NOJIsITa€ B TOMY, IO JIHEapU30BaHa CUCTEMa JI03BOJISIE BCTAHOBUTH BIUIMB 1 Y BUTIISAI HE
TinbKK 30BHiMIHBOTO 30ypenns F, (p) =2C'V,i, (p) (qwmB. puc. 3.5), ane i iHoro BIUIMB Ha
napaMeTpu 3aMKHEHOi cucTeMHu. BiAmoBigHO 3amponoHOBAaHE MPEACTABICHHS JT03BOJIE
aHai3yBaTy BIUIUB 1, HA CTIMKICTH 1 MOKa3HUKU SKOCTI KEPYBaHHSI.

Iepenarouni dynkuii posiMkHeHoi cuctemu (3.25) 3a ymoBu V, + V. ~ const i 3a
YMOBH HAJIAIITYBaHHS 3aMKHEHOTO KOHTYpa PETYJIOBaHHS CTPYMY Ha «CHMETPUYHUII»

OIITUMYM MAKOThb BUTJIA/L

(28,7, p+1)(2&Tp+ 1){1 - ELzV;in} + { C\lﬁ i p(Tp’ +25Tp + 1)}

dc

\\Y = , (3.26
P wp’ (1p’ +281p+1) (3:20
L * . 1 2.
(2§Vrvp+1) 1= = Vi p |+ = rvle(tip+1)
E CV.
W.(p) = : (3.27)

Tp’ (rip + 1)

JIAYX 1 JI®UX posimkHeHoi cuctemu (3.27) mokazaHo Ha puc.3.3 mig p=9,
1, =3 A. 3a ymoBu 1, =0 nepenarouni ¢pyskuii (3.26), (3.27) OPIBHIOIOTH BIANOBIIHUM
byHKIiIM He30ypeHoi cuctemu (3.21).

Ax cmigye 3 (3.27) Ta puc. 3.3, BIaCTUBICTh HEMIHIMAIBHOI-()A30BOCTI CHCTEMH
(3.25) nmpu3BOAUTH 0 3MIHU BUX1THOI CTpYKTYypH (3.21), 1110 3MEHIIye 3amac CTIMKOCTI, a
TOMY THOTIPIIY€E MOKA3HUKH SIKOCTI KEPYBAHHS 1 MOYKE MOPYLIUTH CTIHKICTh CHCTEMHU.

Hanawmysanunsa xomwmypie pezymoeanns. Jljid KUIBKICHOTO aHaji3y BIUIUBY 1
pO3IJISIHEMO TepefarouHy (QyHKII0 3aMkHeHOi cucteMu 3 W, (p) (3.27) BiaHOCHO
30ypenss F (p) y Burmsui:

tip(rip+1)
wp + 1k, (1 )p” + Tk (i )p+17

Wi (p) =~ (3.28)

) I . L .. . L .. I .
pi (] kl(lL):kv +W1L _kviﬁ(vdclL)’ k2(1L):l_kv?(vdclL)-i_TinL'

dc de
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HanamryBanus 3 o) >po,,, A€ O, =T, , P4 BiANOBIAIOTH THIOBIH
ONTUMI3allll 32 «CUMETPUYHUM ONTUMYMOMY, III0 TapaHTy€ CHUCTEMI BIAMOBIIHY SKICTb
nepexiiHux mpoueciB. B Toil ke uac 3a ymoBu 1, #0 BHIVIAJ ONTHUMI30BAHOI
nepeaaToyHoi QyHKIT 3MIHIOETHCS, IO MPU3BOANTH HE TUTBKH J0 AeTpadarlii MoKa3HUKIB
SIKOCT1 K€pyBaHHsI, ajie ¥ MOTEHIIHHO 10 BTpaTu CTiMKoCTI. [Ipu oMy, Ha BiAMIHY Bij
(3.20), (3.21), BmactuBocTi cuctemH (3.28) BU3HAYAIOTHCA TOAATKOBO yciMa MapamMeTpaMu

* .
cucremu (V, ,E,C,L), moBHy KOMIEHCAllil0 BIUIMBY SKUX HEMOXXJIHMBO 3a0€3MEUUTH 3a

paxyHoK HanamryBaHHs peryiusatopiB (k .k .,k.). B Toil xxe yac mist ¢pizuuHo oOMeReHUX

vi?
3HaY€Hb CTPYMY HaBAHTAXXEHHS 1 3alaHOTO PIBHSA PO3IUICHHS MPOLECIB y daci A
KOHTYpIB perymoBaHHi p=4 ymoBu k,(i,)>0, k,(i;)>0 Bu3HAuarOTh TrpaHHUYHI
3Havenns k ,C,L.

KirouoBuM Koe(ilieHTOM XapaKTepUCTHUYHOTO PIBHSAHHA IepeaaTodHoi (PyHKIIT
(3.28) € k,(i,)>k,, >0, sxuii ana ¢ikcosanoro 3nauenns (L/E’)V,i, BusHauae
rpaHUyHe 3HaueHHs k  ass 3a0e3neueHHs sIK CTIMKOCTI CUCTEMU, TakK 1 IKOCTI MepexX1IHUX
nponeciB. 3a ymoBu p=4 B crpykrypi (3.28) k,, mae Oyru B mexax 0.35-0.4.
HaBenenuii anami3 CTIHKOCTI JiHEapU30BaHOI CUCTEMHU J03BOJIsI€ CPOPMYBATU HACTYIHY
npoLeypy HalalITyBaHHS:

1. Buznauenns napamerpiB DC-DC mneperBoproBaua L, E, C 1 3amaHoi BHUXIJIHOi
Hanpyra V, .

2. BuzHaueHHd MaKCUMaJbHO JOCSHKHOI a0o OakaHol MIBHIKOJII KOHTYPY

-1
pEryJIlOBaHHS CTPYMY 3a paXyHOK BCTAHOBJIEHHA M), =k, =1, .

-2
v

3. Po3paxyHOK HapaMeTpiB perynsropa Hanpyru o, =k =1, k, =2{ o, s
BCTaHOBIICHOTO PiBHS PO3JAUICHHS Y Yaci MPOIIECiB Y KOHTYpax perytoBaHHs p > 4.

4. Ilepesipka ymoBu k,(1;)=k,, >0, SKI0 BOHAa HE BUKOHYETHCS, TO HEOOXIHO
30ubmuTH p=4. YmoBa Kk (1;)>0, sK mnpaBuio, BHUKOHYETbCS [UIsl KOPEKTHO

po3paxoBanux napametpis L, C.
Ha puc. 3.6 npencraBineno rpadiku mepexiTHUX MPOIECIB HAKUAAHHSI-CKUTAHHS

IPaHUYHUX 3HAYEHb CTPYMYy HABAHTAXEHHSA 1, =14 A B HeiHINHIN cucTeMl NOBHOTO



90

nopsiaky (3.22) mis o, =1, =1800 pan/c i nBox 3nauens p =10.5(k, =350k, =0.43),
p=8 (k ,=450,k,=0.25<k,,). I'padiku  mnepexigHMX  MpPOLECIB  MIATBEPIKYIOThH
NPaBOMIPHICTh BHKOPUCTaHHsS HaBeJAeHOro aHamizy. llogampmie 3MmeHmeHHs p <8

IPU3BOAUTH A0 AeTpajallii SKOCTI IPOLECIB PETYIIOBAHHS 1 BTPATH CUCTEMOIO CTIHKOCTI.

Ctpy™m HaBaHTaXeHHS 1, A

6 | | | L |
4 -
2} .
0
2F |
4 |
6 | ! ! ! !
0 0.05 0.1 0.15 02 0.25 t,c
[Toxubxa perymtoBaHHs Hanpyru V e’ B
20 .
15 -
10 -
5 —
0
-3 .
-10 -
-15 -
-20 -
-25 =
0 0.05 0.1 0.15 0.2 0.25 t,C
s Bxigauii ctpym i, A
T T T T
o} 1 &2 |
\7
5 RAY AN 1
1
0 = 7
SE |
-10 | | | = | |
0 0.05 0.1 0.15 0.2 0.25 t,c

Pucynok 3.6 — IlepexiiHi MpoIeCH B CUCTEMI 3 PETYJISITOPOM CTPYMY 3 KOMIICHCAIlIEIO
ctajioi yacy L/R

Teopemuune y3azanvHeHHss METOJly KOHCTPYIOBAHHS 1 aHali3y JBOKOHTYPHHUX
cucteMm kepyBanHs kiacom DC-DC nmepetBoproBauiB mossirae y HactynHomy. Ha ocHOBI
3arajbHOI KOHIIEMIii CTIHKOCTI 3a JISmyHOBUM, BIAMOBITHO J0 SIKOi HEMIHIMHA cUCTEMA €
JIOKQJIbHO ACUMIOTOTUYHO CTIMKOIO TOAl, KOJIM IOJIO)KEHHS PIBHOBAarv JIIHEApU30BaHOI
CUCTEMH € AaCHUMOTOTUYHO CTIHKHM, pO3pOOJEHO METOJ aHali3y CTIHKOCTI CHCTEM
kepyBanHsi DC-DC mnepeTBoproBayaMu, SKHM TMependadae MpeACTaBICHHS BHXIIHOI
HEJTHINHOI CUCTEMH Yy BUIUIAMI ABOX JIHIMHMX CTIMKHX CHCTEM, BKIIOUYEHUX B KOHTYpI
HEJTHIMHOTO 3BOPOTHOTO 3B’s3KY (3.22). JIns AOCATHEHHS Takoi CTPYKTYpPHU B ajIrOpUTMI
KepyBaHHS Tepe0ayeH0 YacTKOBY JIIHEAPHU3allil0 3BOPOTHUM 3B’S3KOM BIIIMOBIIHO 0

BupasiB (3.3), (3.9). CnenianpHUI THN JTiHEapU3aIlli HeMiHIWHOI cuctemu (3.22) 3M1HCHEHO
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BITHOCHO (i3UyHO OOYMOBIIEHOTO MaHI(pOay, AKUH MpeAcTaBisie COOOI0 PIBHSHHSA
Oamancy moryxHoctei (auB. meprie piBHsSHHS B (3.15) 3 miacranoBkoro (3.23)). 3a
PaxyHOK IIbOTO B PE3YJIbTYIOUIN JIHEAPU30BaHIA CUCTEMI BCTAHOBIIIOETHCS BIUIUB CTPYMY
HABaHTAXXEHHS 1 SK Y BHUIVISAI 30BHIIIHBOrO 30ypeHHs (AuB. puc. 3.5), Tak 1
napamMeTpUYHOTO 30ypEeHHs, 1110 € pe3yJIbTaTOM TOT0, 110 BUX1JHA MOJIETh IEPETBOPIOBAYA
(3.4) € HemiHimManbHO-(ha30BOI0. Pe3ynbpTyroua cTpyKTypa JiHeapu30BaHoi cucteMu (3.25)
enepuie JO3BOJIIE BUKOPHUCTOBYBATH JOCTYITHI METOIW aHami3y CTIMKOCTI JHIHHUX
CHUCTEM 31 3MIHHUMHM TTapaMeTpaMH, a TAKOXK iX ONTHUMI3aIiI0 JJI1 pO3PaxXyHKy mapaMeTpiB
perynsaTopiB. BaxnwBO TakoX 3a3HAYWTH, IO OCKUIBKH HemiHIHHOCTI cuctemu (3.24)
MaloTh OUTIHIHHUN XapakTep, TO JMHAMIYHA TOBEAIHKAa HENIIHIHHOT CHUCTEMHU 1
JHEapU30BaHOI MAIOTh IOCTATHIO CXOXKICTb.

AHanoriyHo 3AliicHIOEThCA aHamiz g cucremu (3.16), (3.17), B sxii
BUKOpUCTOBYeThCsl [ll-perynsitop crpymy. Huunamiuna mnoBeainka 3 Ill-perymsitopom
CTpyMy CIIBHaJa€ 3 MOBEAIHKOIO 3 BUKOpHUcTaHHSIM [ll-perynstopa cTpymy y 3arajibHiii

dopmi (3.6). CTpyKTypHY CXeMy aJIFOPUTMY KepyBaHHsI MPEACTaBIEHO Ha puc. 3.7.

lI_’erim_T%) ctpymy DC-DC nepetBoproBau
| .
o FOYPTOpHAmpYTA_ _ _ I " R E .
de :—_i a :l*l ' Iu a |
3 |
4 4
Z| kvi XV bl : .. Xi : b!
| I | f
L i - U D e 2l
|
|
2 AVdC Vdc |
X [ |
E :

Pucynoxk 3.7 — CtpykTypHa cxeMa cuctemu 3 HeliHiitaumu [1I-perynsaropamu

3.3 KepyBaHHsl 3 KOMIICHCALli€0 CTPYMY HABAHTAKeHHA

Ctpym HaBantaxeHns i DC-DC meperBoproBada € TOJOBHMM 30ypeHHsIM. B
CHUCTEMaX 3 HABAHTAXCHHIM, SIKE Maj0 3MIHIOETHCS, WOTO PO3MISNAIOTH SK MOCTIHHE
HeBHUMIiproBaHe 30ypeHHs. B Toif ke yac B TsroBux EMC cTtpym ip MOXe 3MiHIOBATHUCH B
IIUPOKUX MeXkax 1 3MiHIOBAaTH 3HAK. OCKUIBKYA BUMIPIOBAHHSA 1 3I1IMCHIOETHCS MPOCTO, TO
€ TOIIbHUM 3a0€3MeYUTH HOTO KOMIICHCALIII0 32 PaXyHOK alrOpUTMY KepyBaHHS.

3 (3.14) piBHAHHS AWMHAMIKK PETYJIIOBAaHHS HANpyrd, 3a YMOBH BUKOPUCTAHHS

perynsTopa ctpymy 3 kommeHcariero L/R (3.6), Bu3HavaeTbes sk
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2:———*iL+%[(E—Ri*)i*+U1 #(B-Ri"+v)i-Vyi | (329)

[Tpuiimemo, o omip DC-DC mneperBoproBauiB € HexTyBaHO MaiuM R =0, tomi 3

(3.29) orpumaemo

=S —— i+ (Zj[El +0i" +(E+v)i- Vi |- (3.30)

3 (3.30) cninye, 1m0 115 KOMIIEHCAllil CTpPyMY HaBaHTa)KEeHHsI 1 cTabimizalii BUXigHO1

HaIpyru MO>KHa BUKOPUCTOBYBATH HACTYITHUM PETYIATOP HAIPYTH:

PR C
1 :E(Vdc 1, 2(k Z+kv1Xv)j

X, =Z.

v

(3.31)

[Ticns migcranoBku (3.31) B (3.30) oTpumaemMo pIBHSHHS JUHAMIKU 3aMKHEHOL

CUCTEMH y BUTJISII

Jlineapusanist (3.32) B OKoJII IOJOXKEHHA piBHOBaru (Xx,,z,1)=0, 11 BuUOaaky

KoMIeHcauii cranoi yacy L/R, ¢popmye nminiiiHy cucreMy y Burisni (3.26) 3 k. x.=—Ri=0:
=7,
( % iLji —k,x, +%(E +%kiV§CiLjT, (3.33)
1d
= ki +——(k Z+k z)——a( it

* . . o . . .o :
3a ymoBu Vi, =const aHami3 CTIHKOCTI JiHeapu30oBaHoi cuctemu (3.33) cmiBnazgae
3 PO3MISIHYTUM U1 cucTemH (3.26).

3a yMOBHU BpaxyBaHHs 01opy R perymsitop i Moske MomudiKyBaTHCS y BT

ok ok IC
1 =1, _EE(k z+k x )

vi‘tv

. _EB- JE? —4RV,i, ) .
T =const, E°—4RV_ 1, >0, (3.34)

X, =7,

v
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I'padiku mepexigHUX MpPOLECIB BIANpPALIOBAHHA CTpyMy 1, =14 A B cucremi 3
KOMITCHCAIlI€l0 cTpymMy HaBaHTaxkeHHa (3.6), (3.34) B yMmMoBax aHaJOTIYHOTO TECTY,
pe3ynbTaTH SKOTO MPOUTIOCTpOBaHO Ha puc. 3.6, moka3aHo H©Ha pwuc. 3.8 s
o, =1, =1800 pax/c i k, =350 (p=10.5) sk «padiku 1», a mud cucTeMH 3
anroput™moM (3.6), (3.15) nnsa TMX camMHX HalalITyBaHb — K «I'padiku 2».

3 puc. 3.6 cuiaye, 10 3aBASKKA KOMIIEHCAIll CTPyMY HaBaHTAKEHHS ITiJIBUIIY€THCS
TOYHICTh peryntoBaHHs Hanpyrd. CTPYKTypHY CXe€My CHUCTEMH KEpPYBAaHHS 3 TOBHUM

anroput™moM (3.6), (3.34) nokasaHo Ha puc. 3.9.

CTpyM HaBaHTaKEHHS iL’ A

6 I T T T I
4 .
2 .
0
ol ( ]
4+ .
-6 I I I I I
0 0.05 0.1 0.15 02 0.25 t,c
IToxubxa perynaroBanHs Hanpyru V de’ B
20 I N I I = I I - —
15 N /N 1 - anropuT™ 3 KOMIEHCALIIEO 1
19 /\;\, | < ———2-amroputm (3.6), (3.15) ]
O il — T = (\ — =
5 = .
-10 \ _
-15 \/ .
-20 n
25k ! ! | | | =
0 0.05 0.1 0.15 0.2 0.25 t,c

Bxinnuit ctpym i, A
T

p—
W

—
)

_10 | | |
0 0.05 0.1 0.15 0.2 0.25 t,c

Pucynok 3.8 — IlepeximHi mporiecu B CUCTEMaxX 3 aJrOPUTMOM 3 KOMIICHCAIIEI0 CTPYyMY
HaBaHTaxeHHs (3.6), (3.34) 1 anroput™mom (3.6), (3.15)
3.4 Auaroputm inenrudikaunii mapamerpis DC-DC neperBoproBaua
MeTo1o maHoro MAPO3IITY € Po3poOKa alropuTMy ineHTudiKamii A npoueaypu
camonanamryBanHs DC-DC meperBoproBadiB, sikuii: a) 06a3yeThCsi Ha MOJENI TOBHOTO
nopsiiKy; 0) He BUMarae momepeaHboi iHdopMmallii Mpo MmapameTpu; B) HE MOTpedye
CHEIIaTbHOTO HAaBAaHTAXXYBAJIBHOTO OOJIAMHAHHS, T) TJIOOQIBHO CTIHKHA I (PI3UYHO

OOTPYHTOBAHMX YMOB pOOOTH MEPETBOPIOBAYA.
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I1I-perynsTop cTpymy

Perynarop nanpyru

o

v.<

L g o o d o o e e o e e e e )

Pucynok 3.9 — CTpyKkTypHa cXxeMa CUCTEMH 3 KOMIIEHCALIIE€I0 CTPYMY HaBaHTAKEHHS
Hexait nst mogeni (3.4) BukonytoTecst mpumnyinenas A.2, A.3 31m.3.1, a Takox
A.4. Tlapametrpu R, L, C mocriitHi, HEBioMI, BXiJHA HAIIPyTa BUMIPIOETHCSI.
A.5. Curnamm i(t), V, (1), 1, (t) Ta i(t), V (1), 1, (t) € oOMe)keHUMHU AJIs1 BCIX PEKUMIB.
3a yMOB BUKOHAHHS npunyieHb A.2 — A.5 HeoOX1AHO CHHTE3yBaTH aJalTUBHUMN
criocTepiray, sKUil rapaHTy€ aCUMIITOTHYHE OLIIHIOBAHHS MapaMeTpiB:

lim(R,L,C)=0, (3.35)
t—o0

~ A ~

me R=R - IA{, L=L-L, C=C- C — noxubKku OIIIHIOBAHHS,; ﬁ, I:,é — OIIHKH.
Posrmsinemo cucremy (3.4) 3 meperBopenHsM (3.9). Busnaummo ¢, =R/L,

¢, =1/L, @, =2/C, Toni ananTuBHuii crioctepirady Moxe OyTH 3anucanuii sk [139]

2= ¢, (ui- Vi, )+kz
. i (3.36)
i==0,i+¢,(E-u)+k,i,

ne ¢, j=1,2,3 1 2,i —ouinku, Z=z-2, i=i—1 — noxubku ouiniosauus; (k, ky) >0 —

Koe(illeHTH HAJTAIITYBaHHS 3BOPOTHUX 3B’ SI3KIB CIIOCTEpIiraya.
3(3.4),(3.9)1(3.36), nmHamMiKa ITOXHUOOK OIIHIOBAHHS BU3HAYAETHCS K

z=-kz+(ui—V,i, )@, 537

0 0 ui—V,.i,
-i E-u 0 ’

i=—k,i-¢i+,(E—u),

-k, 0
a6o B kommakTHi# Qopmi (2.37) 3 A:{ 01 N } W
)

x=(21)", §=(9,9,,0,)", ¢, =09, — ..
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Posrnsnemo HacTymawmii kanauaat GyHkiii JlsmyHoBa:
V=05"Dx+¢'A"'9)>0, (3.38)
ne A=diag(A;", A"\ A00), A; >0 — xoedinientu nanamrysanus; D = diag(l,1).
[Toximna Bix (3.38) B3goBxk TpaekTopiit (3.37) Oyae MaTu BUTIIS

V=05%"(A"D+DA)X+x'DW§ +§'A"§ =k 7 —k,i’ +

- : - : _ (3.39)
(T2, )@, +((E-u)T+25', )3, +((ui- Vi, )2+25'3,) §s-
OCKisIbKU @ — HOCTIiHI, TO (T) = —(i), 1 aIalITUBHUI aJITOPUTM JIOPIBHIOE
P=—0=—AW'%, (3.40)
Tom1 oxijaHa ¢yHKIiil Bia JIsnyHnosa (3.39) Oyae MaTu HACTYITHUM BUTIIS;
V=-k 7z -k,i’ <0. (3.41)

3 ymoB V >0, V<0 MOXHa 3aKJIFOYNTH, IO BEKTOPH X, (¢ € OOMeKeHUMH V

t > 0. IIpsime Bukopuctanus semu bapoanat [31] yctanoBimoe, mo limx =0.

t—o0
Biamitumo, mo matputis W 1 11 moxijgHa € 0OMEXKEHUMHU, SIKIO BXITHUNA CTPYM i,
HAIIpyTa JIAHKH MOCTiiHOTrO cTpyMy V, (i BiIIOBigHO, Kepytouuid BB u=p_ 'V, /2), a
TaKO0’K CTPYM HaBAaHTAJKEHHS i, Pa3oM 3 IX 4YaCOBUMH IOXITHUMU € OOMEKEHUMU.
k1o ymoBa nepcuctHocTi 30ymkenns (2.43) nnss W gocsraersed, Toai (X, @) =0
€ TJ100aJIbHO €KCIIOHEHINMHO CTIHKUM TOJIOKEHHSIM PIBHOBAru JUIs JIHIHHUX CHUCTEM, SIKI
3MiHIOIOTECS Yy Yaci [31] 3amucanux B (2.37) 1 (3.40). HeBaxkxko moGauutu, mo (2.43)
JOCSITA€ThCS B YCIX (hi3UIHO 00rpyHTOBaHUX pexnmax podbotn DC-DC nepeTBoproBadis.
Anroputm iaenTudikarii napamerpis (3.40) Moxke OyTH 3amrcaHui K
(;P1 = _(T)l = _}\‘li’L
®, =0, =1, (E—u)1, (3.42)
(Aps = _(T>3 = A, (Ui - VdciL)z'
I3 3aranbHOi popmu piBHSHB 115 aganTtuBHUX cucteM (2.37) 1 (3.40) cmiaye, 1o

301KHICTB MPOIIECy OLIHIOBaHHS MOTpelye iaeHTH(iKallli BCiX TapaMeTpiB.
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Pesynemamu mooentosanusn. B manomy pocmimxeHHi crmoctepirad (3.36), (3.42)
Ipaloe B PEKKMMI CaMOHAIAINTYBaHHSA IEpPETBOpIOBada (HEpPOOOUOMY pekuMi), Tpu
bOMY (GOPMYIOTHCSI CHTHAM KEPYBaHHS CIELIaIbHOT (QOpMHU, MIOOM 3a10BOJIBHUTH
yMOBaM nepcucTHOCTI 30yxeHHs [31]. CTpyM HaBaHTa)KEHHS HE MPUKIATAETHCA.

MeTtoro MonenoBaHHs OyJI0 MOKa3aTH, 110 crocTepirad 3ade3nedye aCUMITOTHYHE
OIIIHIOBAHHSI BCIX MapaMEeTPIB 3 JOCTATHHOIO IIBUAKOIIEIO.

Bxigna nanpyra popiBHioe E = 25 B, nmouarkoBa nampyra V, (0)=25 B. us
3aCTOCOBYBaHOTrO TepeTBoproBaya (1abn. b.5 Iopmatky b) mapamerpu ¢;, j=12,3
nopiBrO0OTE @, = R/L =45.5 (c'), 9, =1/L=90.9 (Tw"), ¢, =2/C = 4000 (®™).

Ha puc.3.10 nokazano ¢opmy kepyrodoi aii u=E-0.5Ri—-U_sin(2nft), ne
napametpu cunycoign U =3 B, f =33 'y BuOpaHo Tak, 100 CTBOPIOBATU «HE3HAYHUI»

piBeHb KOJMBaHb BHUXIJHOI HAMpyrd jii OOMEKEHHS B pealbHUX IEePETBOPIOBAUAX.
Kommonentu E —0.5Ri HeoOXigH1 1y1st CTIMKOT poOOTH MEpETBOPIOBAYA.
Anroput™m 1neHtudikamii  (3.36), (3.42) HamamToBaHo Ha: k, =k, =1000,
A, =5-10%, &, =10%, A, =100. Bci mouarkosi yMoBHU HymbOBi, OkpiM 2(0) = 625 B’.
['padiku nmepexiTHUX MPOIIECIB OIIHIOBAHHS MapaMeTpiB MoKa3aHo Ha puc. 3.11, ne
KpPAaCHUMHM JIHISIMH TOKAa3aHO peajbHI 3HAYEHHS OIlIHIOBaHMX mapamerpiB. 3 pwuc. 3.11

BCTAHOBJIIOEMO, IIIO BC1 napamMeTpu nNEpcTBOPrOBada OHiHI-O€TBC}I ACHUMIITOTHYHO.

Sk cmipye 3 (3.37) 1 puc. 3.11, npouec OLIHIOBAHHS @, € HE3aJE€KHUM B1J] IIPOLIECIB
OLIHIOBaHHA ©,, ¢,, HIpolec ineHTH(IKaumii @, 1 ¢, MOB’sA3aHI PIBHIHHAM JAWHAMIKH
CTpyMy, TOMY @, MOK€ OyTH OLIHEHWI JIMILE MICJA 3aBEPUICHHS OLIHIOBaHHS ¢,. [licmsa

3aBEpUICHHS ~ CaMOHAJAITYBaHHsS, MapaMeTpu MOXYTbh  BHUKOPHUCTOBYBaTHUCh B
BUIICHABEACHUX HEaallTUBHUX aJTOPUTMAX KEPYBaHHS.
BucHoBku 10 po3ainy 3
1. Po3po0nenuii MeTo1 CHHTE3Y 1 aHali3y JTBOKOHTYPHUX CHCTEM KepyBaHHS KIACOM
DC-DC mnepetrBoproBauiB, AkHil 0a3yeTbCsi Ha BUKOPHUCTAHHI YaCTKOBOI JiHeapu3aii
3BOPOTHHUM 3B’SI3KOM 1 MOJAJIBIIIOMY BUKOpUCTaHHI JiHIMHUX [Il-perynsropiB Hampyru i
CTpyMy, (hopMye pe3ynbTyIouy CTPYKTYpY CHUCTEMHU KEpyBaHHS y BHUIJISAL MOCIIIOBHOTO

3’€IHaHHA JBOX JIHIMHUX aCUMOTOTUYHHUX CTIMKUX MIJCUCTEM Y KOHTYpP1 HEMHIHHOTO
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30 Kepytounii s u (B) Bxinmuii cTpym i (A)
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Pucynoxk 3.10 — I'padiku nepexiiHUX MPOIIECIB i Yac Npoueaypu iaeHTudiKamii
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Pucynoxk 3.11 — I'padiku nepexiHux npoueciB i1eHTUudIKarii

3B’SI3KY 3 OUTIHIMHUMU BJIACTUBOCTSIMU. 3aBASKH IbOMY JIIHEApU30BaHA

cucreMa HaOyBae (hopMu, sIKa J103BOJII€E BUKOPUCTOBYBAaTH TEOPIIO KACKaJHUX CHCTEM 3

PO3AUIEHHSIM Yy 4Yacli TMpoLeciB y KOHTypax peryialOBaHHA TakK, IO NPOIECH Yy
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BHYTPIIIHBOMY KOHTYpi (CTpyMy) y Je€KuIbKa pa3iB OUIbLI IIBUAKI y TOPIBHSAHHI 13
30BHIILIHIM (HAaNpyTH).

2. lns pe3ynbTyro4oi JiHeapru30BaHOT CTPYKTYPH 3alPONOHOBAHO BHUKOPHCTOBYBATU
HAJAIITYBAHHS PETYJISATOPIB 3 ONTHUMI3ALIEI0 332 «CUMETPUYHHMY» ONTUMYMOM, IO
JI03BOJIIE HE TUIBKK 3a0€3MEeUUTH CTIMKICTh, aje W (QopMyBaTH NOKAa3HUKHU SKOCTI
KepYBaHHS, BAKOPUCTOBYIOUH JIJIS IIHOTO JOCTYIIHI JIJIsl iH)KEHEPiB 3 KEPYBaHHS METO/IH.

3. Briepiie moka3zaHoO SKMM YHWHOM CTPYM HaBaHTa)KEHHS BIUIMBA€ HA CTPYKTYPY
CUCTeMH Ta 1ii TapaMeTpH, IO JHO03BOJSE 3IiMCHIOBaTH pOOACTHE HalAIITyBaHHS
PETYJIATOPIB ISl CYTTEBOTO MiJBUILEHHS HAaBaHTa)KyBaJIbHO1 3JaTHOCTI MEpPETBOPIOBayYa,
10 BaXXJIMBO AJI TPAHCTIOPTHUX BUKOHAHbD.

4. BCTaHOBJICHO MEXaHI3M BTPATH CTIMKOCTI B CUCTEMI 3 HETIHIWHUM HEeMiHIMaJIbHO-
¢dazoBuM 00’exktoM kepyBanHs, sikuM € DC-DC meperBoproBau. IlokazaHo, mo BTparta
CTIMKOCTI B yMOBax /ii CTpyMy HaBaHTaXEHHs BiJIOYBa€TbCs B TEpUIy YEpPry B
JIIHeapU30BaHIM CUCTEMI 1 MOKE ITiACHITIOBATUCH 32 PaXyHOK J1i HeJIIHIHOCTEH.

5. [lokazaHo, MO pETYAATOP HAMPyrd 3 KOMIICHCAIIEI CTPyMYy HaBaHTAKEHHS
MiJBUIIYE JTUHAMIYHY TOYHICTH PETYJIIOBaHHSA HAINPyTd B JIEKUJIbKa pasiB, ajie BUMarae
HOro BUMIPIOBaHHS.

6. CuHTe30BaHO 3 BUKOPHCTaHHAM JApyroro wmeroay JlsmyHoBa Ti00aibHO
ACUMITOTUYHO CTIHKWH aZanTUBHUN CIIOCTEpirad HAmpyTH i CTpyMy, SIKHH JO3BOJISIE B
YMOBaX TECTy CaMOHAJAIITYBaHHS AaCHUMMTOTHYHO oIiHoBaTH napamerpu DC-DC
nepetBoproroya, a came R, L ta C. 3aBasku TouHiél iHdopmallli mpo Ii MmapameTpu

CHPOIIYETHCS HANAIITYBAHHS PETYJISATOPIB CTPYMY 1 HAIIPYTH.
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PO3JILI 4
KEPYBAHHS I'BPUJIHUMH JUKEPEJIAMHY KUBJIEHHS

PesynpTatn mocmikeHHs cuctemu kepyBaHHs DC-DC mneperBoproBauem, siKi
npencTaBieHi y miapo3aim 3.2, cBigYaTh Mpo Te, IO 32 PaxyHOK BBEIACHHMX HETIHINHHX
NEPETBOPEHb KOOPJIMHAT B PO3POOJICHUX CHUCTEMaxX KEPYyBaHHS JOCSTAETbCS 3HAUYHE
MOKpAIleHHs] JUHAMIYHUX TOKa3HUKIB siKocTi. BHacmigok Toro, mo I'JIXK OyayroThes Ha
OCHOBI IIUX nepeTBoproBauiB, 1 ['J[JK MokHA BUKOpUCTATH aHAJIOTIYHUM METOJ CUHTE3Y
perynsaropiB ctpymy AKB 1 CK Ta perymnstopa Hanpyru.

B manomy po3nuni mpoBeAEHO aHalli3 BIACTHBOCTEH CTIMKOCTI MOAM(IKOBAHOI
cuctemu kepyBanHs ['JIDK wa ocnoBi AKB 1 CK 3 pesepcuBaumu DC-DC
NEpPEeTBOPIOBAYaMH, a TaKOX CHHTE3 HOBUX aJTOPUTMIB KEpyBaHHA, SIKI JI03BOJSIOTH
MIIBUIIATY AWHAMIYHI TIOKa3HUKHU SKOCTI PETYIOBAHHS BUXIIHOT HANPYTH, MOKPAITUTH
edextuBHIcTh po3noAiny ctpymiB AKD 1 CK, a Takox 3HM3UTH YyTIUBICTH PO3MOALTY 0
3MIH PEXHUMIB poOOTH eneKkTporpuBoay (ctpymy HaBaHTaxkeHHs [J[0K). JlomatkoBo
CUHTE30BaHO HOBUHU perynsaTop 3apsay CK 3 kKoMmeHcaimiero BTpaT Ha CaMOpo3psia i
HaJaHO peKOMeHjalli moAo0 #Horo HajmamTyBaHHsS B TaroBux EMC. Po3po0Oneni
MiJICUCTEMH KEPyBaHHS MOXYTh BHUKOPHUCTOBYBAaTHCh OKpeMo al00 pa3oM y cKiajil
JTOCTITHUIIbKOT TIaThOpMU i1 TECTYBaHHA pPeXUMiB poboTu TsaroBux EMC 3
rOpPUIHUMU JKEpETaMH KUBJICHHS.

OcHOBHI pe3ynbTaTu po3AiTy onmy0aikoBano B [84], [105], [124], [142].

4.1 Maremaruuni moaei I'/[7K, AKDB i CK Ta nocraHoBKka 3a/1a4i KepyBaHHS
g nocnimxenns eneproposnoaity B ['JI2K Bukopuctano crangapTHi MaTeMaTHUHI
mozem peBepcuBHEX DC-DC meperBoproBaui (3.1). Maremarnuna mozaens ['JIK, sky

300pakeHo Ha puc. 4.1, BusHayaeThes sk [92]: Equation Section (Next)

V, = é(O.Spbtibt +0.5pi, —i, ),

1 )
bt = f(_Rllbt = 0.5V, py + Vbt)’ (4.1)

[

isC - %(_R2isc o O'SVdeSC + VSC)’



100

ne V., i, R,, V., i, R — nanpyru, ctpymu, onopu AKb 1 CK; R, =R +R,;;

S sc? sc

R,=R+R_; Py € [0;2] — CUTHAJIM KEPYBaHHSA KIIOYaMHU.

L RHRy iy Qi L— i
—_

<
g
HaBauTaxeHus

Pucynok 4.1 — CtpykTypHa cxeMa MnmoBHicTio kepoBaHoi Tornosorii ['JIDK

Mopens ledepna 3 momudikamisimu TpemOse [48] € mpOCTOTOO 3 TOYKH 30Dy
MaTeMaTHYHOTO omucy. [uHamiuHa moBeniHKa ceunyego-kucromuux AKB omucyeThes

CUCTEMOIO 3-T0 MOPSIKY 31 3MIHHOIO CTPYKTYPOIO:

Vbt:NSEO_lRiibt_KIL.it_KQQ 1_1,1 - ° i, +E,,
N, Q-1 Q-1 1,+kQ
i, =T, (i, +1i,),
o , 42)
i =(1/3600)i 0.1, 20,
1, = 1 R u= .
t " 1,1, <0,
Eop =Bliy|(-E,, +A),  SOC=Q(G,(0)-i),
ne E, — 1imeansbna EPC; V,, - Buxigna Hanpyra; K, — mnomsgpusaniiina

koHcTaHTta (B/Aron); K, — nomgpusauiiinuii omip (Om), 3a3Bu4ail npuilMaeTbed, IO

‘Kl‘ = ‘Kz

; Q — MakcuMalbHa €MHICTh; Q  — HOMIHAJbHA €(PEKTHBHA EMHICTB (Aron); k_
— Koe(IIIEHT, 110 BU3HAYAE CIIOKUBAHUM CTPYM Ipu noBHicTIO 3apsypkeHin AKbB; SOC —
cTaH 3apsany; R, — BHyrpimHid omip AKB; i, — Butpauenuit 3apsn; T, — momsipusaniiia
NOCTIHA 4Yacy; i, — QIKTUBHUMA CTPYM, IO BU3HAYA€ BIUIMB HOJsApuU3aLli; A — aMILITyAa

eKCIIOHEHITIHOI 30HW; B — 3BOpoTHa cTama yacy eKCHOHEHIiiHOi 30HU; E —

exp
KOMIIOHEHTa TICTEPE3UCHOI 30HM; R. — BHYTpIIHINA akTUBHUHA omip; N — KUIBbKICTb

MOCJIIOBHUX €IEMEHTIB; N — KUIBKICTb [IapaieibHUX BITOK.
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Hnst nimiv-ionnux AKS marematuuna mojens Llledepna 3 mogudikamismu TpemOie

Mae 2-Mil MOPS/IOK 1 NPOCTILIMA BHUITISL 38 PaXyHOK BiICYTHOCTI KoMmoHeHTH E_ , sika
MpUCYTHS B Mojienti cBuHIleBo-kucioTHUX AKD (4.2) [48]:
V, =NE, - R, ~KQ -+ 2 [i, - 2o N A
N, Q-1, 1,+k.Q Q-1
i, =(1/3600)i 01 20, (4.3)
1, = I, U=<_ . :
t o 1,i, <0,

i, =T " (-, +iy,)-

Knacuuna momens 6moky CK 3 BpaxyBaHHSIM caMOpoO3psidy, siKka IMOKa3aHa Ha
puc. 4.2, mae Burisiga [46]:

1
——(-V.+ V), .
CscRs ( ‘ " SC) VC :CL _RLVC +isc 4

1 sc p

VSC :m(vc _RSiSC)’ VSC = VC _R 1

V, =
(4.4)

s'sc?

ne V_ — BHXiIHA Hampyra; V. — Hampyra Ha €KBIBaJIEHTHIA €MHOCTI Cgc; MOCTIIOBHUM

omip R, Xapakrepusye akTUBHI BTPaTH, IapallelIbHUi omip R = onwcye caMopospsi.

_I_
R:
y
R sc
Ve =C 7
l o

Pucynox 4.2 — Knacuuna criponiena cxema 6s1oky CK
B3aemMo03B’5130K MoJiesieil OMUCY€eThCS HACTYIMHUM YHMHOM. BUXigHI KOOpAWHATU
mogenel (Hanpyru V, , V_ ) Hagxomats y (4.1), a 3 I'/[DK pospaxoBani cTpymu i, i,

noBepratroThess B Mojzeni AKB 1 CK. Bnacnigok HasBHOCTI «CYTTEBUX» 3HAa4y€Hb

HOCIIJOBHUX onopiB R, , R depe3 mocmigoBHE 3’ €IHAHHS BEIMKOI KIIBKOCTI €JIEMEHTIB,

BOHU MaloTh BpaxoByBaTucCh B (4.1). Ilapa3uTHa 1HAYKTHBHICTh HAKOIHWYYBayiB JOBOJI
Maja, TOMy BOHA HE BPaXOBYEThCS, & JUHAMIKA CTPYMIB ONMUCYETHCS TUHAMIKOIO BX1JHOTO
kosa DC-DC nepetBoproBauiB [35], [46], [148], [149].

Posrnsnemo mogens I'JUK (4.1) ta npunmyctumo, mo s HEI BUKOHYHOTHCS

npunymeHaa A.1 — A.3 31.3.1, a Takox
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A.4. Ctpymu 1 Hanpyru AKD ta 6;oxy CK noctynHi 17151 BUMIpIOBaHHS.
3a yMOB BHUKOHAHHS IUX NPUIYIIEHb HEOOXITHO CHHTE3yBaTH aJrOPUTM
KepyBaHHSI, K Mae 3a0e3revuyBaTH:

CO.1 AcuMnOTOTHYHE PEryJIOBaHHS HAMPYTH JIAHKH MOCTIMHOTO CTpyMy, TOOTO

limV, =0. (4.5)

t—o0

CO.2 Acumnrotruune BiampairoBanus 3aganux crpymiB AKb ta CK:
lim(i,,,i_)=0, (4.6)
t—o

ok

—1,, — MOXUOKHU BIANPALIOBAHHS CTPYMIB; 1, , 1

sSC

e iy, =1y, 1, i, =1 — 3a/1aHi CTPYMHU.

SC

CO.3 Posnoxin ctpymiB Mixk AKbB 1 CK Ha «OBUIbHI» 1 «IIIBHIKIY.

CO.4 OOmexenHs MakcuManpHoro 3HadeHHs crtpymy AKbDb: i, <i, ., #e i,

makcumanbHuil ctpyM AKDB «1C», ToOTO 0fHOKpaTHE 3HaYEHHSI €MHOCTI B [A].

CO.5 O6mexenns mBuakocti 3Mminu ctpymy AKB di,, /dt <di,,, /dt.

4.2 @opMmyBaHHs JIMHAMIYHUX pe:kuMiB po3moainy crpymiB B I'/IZK Ha ocHoBi

¢iabTpy po3nmoainy yacror

Buacnigok moaionocti cxem DC-DC meperBoproBauiB 1 I'/JIDK, gocsxHicTs 1inei
kepyBanHsi CO.1, CO.2 Moxe rapaHTyBaTUCS 3a PaXyHOK BUKOPHCTaHHSI PEryJsSTOPIB,
CUHTE30BaHMX B M. 3.2. Po3moain cTpymiB MK JBOMa HAKONMUYyBauaMH € OKPEMOIO
npo0JIeMOI0, CTaHIAPTHUM pilieHHAM skoi € BukopuctanHsi PHY. ['onoBHOIO MeTOIO
IILOT'O TIIPO3/1Ty € MOKPOKOBUHM aHaI3 cucTteM KepyBaHHs 3 [1I-perynsitopamu cTpyMmiB 1
Hanpyru 3 kinacuuaum OHY, BnpoBamkenns moaudikoBanoro gpinstpy AKBb Ha ocHOBI
JiHeapu3ailii 3BOPOTHUM 3B’SI3KOM 3 METOIO IMiJIBHINEHHS POOACTHOCTI O 3MIH PEKHUMIB
po6otu EII.

g cunte3y anroputMy kepyBanHs ['JIDK MeTogoM miAnmopsiiKOBaHOTO KE€pyBaHHS

BUKOPHUCTAEMO HEIIHIMHI EpeTBOPEHHS KoopAuHAT (3.3) 1 BU3HAYMMO HOBI1 KEpYyrOYl Aii:
u,, =0.5p,,Vy., u,.=05p V,. (4.7)

I3 BpaxyBanusaMm (3.9) 1 (4.7), cucrema (4.1) B HOBUX KOOpAMHATAX M€ BUTJIS
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SC” SC

.2 )

7= C(ubt o UL — Vidy ),

: 1 )

Ly = _(_Rllbt + Vbt — Uy )’ (48)
= f(_R2isc + Vsc - usc )

Ockinpku 'JIDK moOynoBana na peepcuBHux DC-DC mepeTBoproBauax, MOXKHA
BUKOPUCTATH aHAJOTIUHUM MiAXiA I CHUHTE3y PEryjsTopa Halpyrd JIAHKUA MOCTIHHOTO
ctpymy 1 perynstopi ctpyMiB AKDB 1 CK, six HaBeneHo B po3aini 3.

Po3pobiiena cucrema kepyBaHHS BKITIo4ae [84]:

— perymstopu ctpyMmiB AKb 1 CK:

il “sc i sc

Uy = Vi = Ryin + Lkl +kixy ), u = Vi =Rois +L (K, i, +kx,,),

~ ~ (4.9)
th = lbt’ Xsc = lsc’
Ie X,,,X,, — IHTerpajbHl KOMIIOHEHTH PETYJISTOPIB;
— PpEeryjsTop Hamnpyru:
»  C -
i, =—(-k,z—k,x,),
2V, (4.10)

X =27,

ok o o v . o . .
ne i, — cymapHuii 3ananuii crpym I'JUK, sikuit HeoOxinnuil ans inBeptopa taroBoi EMC.
PeanbHuil cymapHuii cTpym i, JAOPIBHIOE CyMl CTPYMIB Ha BUXO/1 IEPETBOPIOBAUIB.

Perynstop nampyru (4.10) copoekToBaHO Ha OCHOBI MNPUIYLICHHS, L0 B
ycraneHoMmy pexkuMi pyxy ET3 motyxHicTe moctadaerbes Timbku Bii AKB. Anroputm
KepyBaHHS HEOOX1JHUHN MaTu crocid po3aiieHHs 1boro ctpymy Ha ctpymu AKbB 1 CK.

[Ticns minctanoBku (4.9) y (4.8) orpumaemo

E:%[(Vbt—Rli;+L(kﬂ1bt+k o) Jine + (Vi = Roile L (I 4k, )i = Vi }

il sc i1 sc dc’L
ok
klbt g = X = 1yps
Ky = s (4.11)
- iy *
1sc = _kisc lsc Xsc - lsc9
X =1

A€ kibt :kil +R1/L; kisc :kil +R2/L .
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KOHCTpyIOBaHHSI alIrOpuTMy pEryJlIOBAHHS HAIpPyr'M BHUKOHAHO 33 YMOBH
NPUITYIICHHS, [0 CTPYMY HaBaHTAXKEHHS 1y HE JOCATa€ TPaHUYHUX 3 TOYKH 30Dy

CTIMKOCTI 3Ha4YeHb (auB. M. 3.2). 3a yMOBU CYTT€BOro p >4 PO3IIJIECHHS NPOIIECIB

perymoBanHs cTpyMiB AKDB 1 6;10ky CK Ta BuxXigHOT HAmpyru cuctema I’ siToro mopsiaKy

ok

. v ok 7
(4.11) mae HacTynHe pIIEHHS 3HMKEHOTO nopsaaky 3 1, =0,x,, =1,,,1,=0,x_ =1

2:———*iLz+(2:[(Vbt Ry, Jin, + (Vi =Ryl )il = Vi, |- (4.12)

Po3pinenns crpymiB Ha «mBHAKD» Ta «mnoBuUlbHI» Mik AKb Tta CK MoxHa
chopmyBati pizHUMHU crocobamu. Haimpoctimuii croci6 momnsrae y 3acTOCYBaHHI
crangaptHoro ®HY 1-ro nopsnaky [144], ogHak 11e MpU3BOIUTH 0 3aJIEKHOCTI MTOXUOKHU
pETyNIOBaHHS HANpyrw JIaHKu mocTiHoro ctpymy Bia piBHiB Hanpyr AKB 1 CK Ta
YCKJIaJIHEHHSI PIBHSIHb pe3ynbTytouoi nquHamiku [124]. JIns toro, mo0 piBHI Hampyr He
BIUIMBAJIM Ha IUHaMIKy perymtoBanusa Hanpyru ['J[2K, B [101] 3anponnonoBano ®PY, sxuii

cknanaerscs 3 @HY Ta anropurmy popmyBanHs 3agaHoro ctpymy CK y Burmisiai

i =Tl( —ip, iy ) (4.13)
f
i :X—:"(i; —iy, ) (4.14)

ne T, — crana yacy ®PY.

[Ticnst migcTaHoOBKM piBHSIHB perynstopa BuxigHoi Hanpyru I'JIXK (4.10) Ta piBHSHB

O®PY (4.13), (4.14) y (4.12) piBHSIHHS TUHAMIKK MOXUOOK PEryJItOBaHHS OYyTh

=7z,

~ . ~ 2 S \/2 o o 2 * .

7= (k CVdc+Vdc jz—kviXV+E|:—Rllbf—R2V—:’2:(lz—lbt) —VdclL:l, (4.15)
Tfl 1bt +1 )

Cucrema (4.15) mae aHanoriuny JiHIHHY 4aCTUHY SIK CUCTEMa 3HMXKEHOTO MOPSAIKY

DC-DC nepetBoproBaua B (3.22). ¥V KBa3i-yCTaJ€HUX PEKUMaX, KOJU CyMapHUHN 3aJlaHU

ok . ok . . . . .
cTpyM 1, nopisHoe ctpymy AKD 1,,, cucTemMu MOBHICTIO 11€HTUYHI. J[J1s1 IHTEpBAJIIB Yacy,
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KOJM TepexiJHl MpOIeCH pPO3MOAULy CTPyMIB HE 3aKiHYeHi, IHTerpajbHa CKJIaJ0Ba

pEryiasaTopa Halpyru X OLIHIOE KOMIIOHEHTH Y KBaJPATHUX AYXKKAX.
HanamryBanna @PY, a came BU3HauYeHHs cTanoi yacy T,, € BIAKPUTUM IUTAHHSM.

3 oxniei croponu, nipu po3psal AKb, nHanpyra 6;oky CK He Mae BacTu HUKYE MEBHOTO

piBHA V. mo 3aknazgeHo npu npoektyBaHHi DC-DC meperBoproBauiB. 3a3Buyaii

sc min

npuitvarots V. =V, /2 [100]. JIns nmouarkosoi Hanpyru CK V_(0) Ta i, =const

sc min

MaKCHMaJIbHaA CTaJjla 4acCy I[OpiBHIO€Z

V (0)= V.,
T _ SC( ). scmm'

fmax ~ “sc

(4.16)

Iy

3 1HI101 CTOPOHH, MIBUAKOIIS BHYTPIIIHIX KOHTYPIB PETyJIIOBaHHS CTPYMIB Ma€e OyTU
OUTBIIOI0 32 MIBUAKOJIIO 30BHIIIHBOTO KOHTYypa HANpyrd, TOMY MiHIMajbHA CTala 4acy
BU3HAYAETHCS YACTOTOK MPOITYCKAHHS KOHTYPa HAIPYTH @, i o0upaerses sk T, . > o, .

JluHamiuyHa  TOBEMIHKA  KOXKHOI  130JIbOBAHOI  ITIJICHCTEMH  BH3HAYa€THCS

HaJAIITyBaHHAM peryiasaTopiB Hanpyru k. >0, k >0 1 crpymiB k., >0, k,>0 3
— 12 _1. 2 \/— ..

HajalTyBaHHAMU k| = kp / 4dnaC=L k, = kp / 2 nna =+/2/2 1ns CHIBBIOHOUIEHHS

BJIACHUX YaCTOT M, = P®,,, P >4. 3 IPOBEAECHOrO aHaJi3y CUCTEMHU 3HUKEHOIO MOPAIKY

ciiaye, mo anroput™m kepyBaHHs (4.9), (4.10), (4.13), (4.14) 3abesneuye AOCSATHEHHS
mieir CO.1 — CO.3 3a yMOBH BIJIIOBIAHOTO PO3AUICHHS y 4Yaci MpPOLECiB KEpyBaHHS B
KOHTYpax peryroBaHHS.

CrpykrypHy cxemy cuctemu kepyBanus ['J[DK 3 ®PY 300paxkeHo Ha puc. 4.3.

B T'JIK ctpym naBantaxkenHs DC-DC mepeTBoproBadiB € TOJOBHUM 30YypPEHHSIM.
Ockinpku B TaroBux EMC BumiproBanus ctpymy HaBanTaxenHs ['J[DK (BxigHuii ctpym
1HBEPTOpa) TEXHIYHO 31ACHIOETHCS MPOCTO, MOXKHA 3a0€3MEYUTH MOro KOMIIEHCAIII0 32
paxyHOK aJTOpUTMY KEpYBaHHS aHAJOTIYHO 3ampornoHoBaHoMmy y M. 3.3. CTpyKTypHY
CXEMY CUCTEMHU KEPYBaHHS 3 KOMIICHCAII1€10 HABAHTAXXEHHS HAaBeJIeHO Ha puc. 4.4.

VY [124] nokazano, mo 1iai kepyBanHa CO.4, CO.5 (oomexenHs crpymy AKD 1

HOro MmoxifHOi) HEMOJKJIMBO 3a0€3M€YUTU 3 MOCTIMHUM HalalTyBaHHAM T, I PI3HUX

pexxumiB poootu EIT TsiroBoi EMC, T00TO pi3HOi IHTEHCUBHOCTI PO3TOHY-TaJIbMyBaHHS.
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Perynsatop Hanpyru

=
aE
5%
=
~ &
Pucynok 4.3 — CtpykrypHa cxema cuctemu kepyBanHs ['J[K 3 ®PY (4.14)
Peryasitop ctpymy AKbB
Perynsarop nanpyru '
! 2 * .

@.* Vi _\/Vbt —4R V1, I =
= ' | >C
i 2R, I =z
L e ———————— ] 919

I a‘g
| .

|

|

|

|

Pucynox 4.4 — CTpykTypHa cXxema CHCTEeMH KEPYBaHHS 3 KOMIICHCAITIE€I0 HABAHTAYKEHHS
Ha puc. 4.5 mpouitocTpoBaHO CTPYKTYPHY CXE€MY KOHTYpPY pEryJitOBaHHS BUXI1JIHO1
Hanpyru I'JI)K 3 R, =R, =0, ska nokaszye npuHuun posaiieHHs y vaci crpymiB AKD i1
CK Ha «mOBUIBHI» 1 «IIBUAKI». SIKIO 3HEXTYBATH NWHAMIKOIO KOHTYPIB PETYIOBAHHS
CTpyMiB, OTpUMaeMo iy =iy, iy =iy, xe iy =C(-k,z-k,x,)/2 3 (4.10)

F,=Q2/CW,i,

Iy — 11|z

Pucynok 4.5 — EkBiBajieHTHa CTPYKTypHa CXeMa MiJCUCTEMH KepyBaHHS HAMpPyrolo JaHKH

nocriitHoro crpymy I'’IXK3 R, =R, =0
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4.3 PeryawoBanHs 3apsiny cynepkonaencaropis B I'JI7K

OcHoBHa imes KepyBaHHS cepemHboio Hampyroro CK momibHa mo Ti€i, mio
BUKOPUCTOBYETHCSL JUII KEpPyBaHHS HANpyrorw KOHJEHCATOpa B CHJIOBHX aKTUBHUX
¢inbTpax [138].

MeToro AaHOTO MiAPO3AiTy € po3poOKa HOBOTO aITOPUTMY PETYJIIOBAHHS HAIMPyTH
CK, a Takokx METOIWKM BHU3HAYCHHS TIOKa3HUKIB sIKOCTI cucteMm kepyBanHs ['J[K i
dbopMyITIOBaHHS pEKOMEHJAIli 3 WOro HajamTyBaHHS [y 3a0€3MedeHHs O
e(eKTUBHOTO PO3MOJILTY CTPYMiB MOPiBHAHO 3 KiacuuHuM [1I-perymsaropom 3apsiay CK.

Jo mineti kepyBanus 1. 4.1 CO.1 — CO.5 nogaemMo J01aTKOBY I1iJIb, a CaMe:

CO.6 AcumnroTnune BiampaioBanHa Hamnpyru Onoky CK, sike He BIuiMBae Ha Il

kepyBa"Hs CO.1 1 CO.2 (moBUIbHUM TPOLIEC)

limV, =0, (4.17)

t—0

ne V. =V, — V. —mnoxubka perymosanns Hanpyru CK; V. — 3anana manpyra CK.
Posrmsinemo momudikoBanuii @PY (4.13), (4.14), sxuii BKIIOYAE TOAATKOBY

komnoHeHTy 3apsay CK i, y HacTymHii Gopmi:

il:&%@—ﬁ)—g. (4.18)

SC

3a yMOBU KOMIEHCAallli €KBIBaJIEHTHOIO HOCHIIOBHOro omopy R B perymsropi

cTpyMmy (4.9) nunamika noxuOku perymoBants Harpyru CK 3HmkeHoro nopsiaky oyne

er(—lﬁ—lﬁﬁ%) (4.19)
p

C

SC

[Ticns miactanoBku moaudikoBanoro ®PY (4.18) y (4.19) orpumaemo

R R

p p SC

v, —L(—iv;z AR (¢ —i;)—iih}- (4.20)

3 (4.20) perynsarop Hanpyru CK, sixuit 3ab6e3nedye JOCTaTHRO HU3bKY IIBHAKOIIIO,

3alIUCYETHCA AK
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i:h = L\/:c - Cscksc\?scf >
R
‘1’ 4.21)
Vscf = f(_vscf + Vsc )’

ne k >0 — koedilieHT IponopuiiiHoi ckianosoi; T, — cTana yacy GuibTpy.

Pe3ynbTyroui piBHSHHS AMHAMIKHU peryiaroBanHs Hanpyru CK MaioTe BUTIISAL

Xch = _ksciVscf ’

~ ~ 1 1 ~ V., (s

Vsc = _kchscf - kscchh + C_(_R_Vsc + i(12 - 1bt )j’ (422)
sc p sc

2 1 ~ ~

Vscf = f(_vscf + Vsc ) .

PiBHsSHHS MuHAMIKK HATIPYTH V4. 3HUKEHOTO TOpsAAKy 3 (4.11) mopiBHIOE

%([Vbt B Rli; :| i; + |:Vsc - Rzi:c :|i:c - VdciL) . (4.23)

7=
[Ticns miactanoBku moaudikoanoro ®PY (4.13), (4.18) B (4.23) oTpumaeMo

sc ch

7= %(Vbti; —Ryiy; = V, iy, = R,iZ = Vi, ). (4.24)

Pe3ynbTyroul piBHSHHA JUHAMIKM cucTeMu 3a yMoBu R, =R, =0 OynyTts

X, =7,
~ ~ . ~ 2 ld * * .
Z=- kVZ + E%IL Z— kviXV +&Vsc (kchscf + kscchh ) + 2VSC Vsc _szclLﬁ
CV, +V. C CR, * C

A e
Ly = ?(_lbt 1y ):

f
. i (4.25)
Xch = _kscivscf’
\;/sc = _ksc{/scf - kscchh - : vsc - ¢ (kvz +kViXV)_£i;t>

RPCSC VSC Vsc
N 1, ~ .
scf :?(_ scf +Vsc)

3 (4.25) cknaaHO OLIIHUTHU B3aEMHHM BIUIMB KOHTYpY perymoBanHs Hampyru ['JIXK 1

Hanpyru CK onun Ha ofHIMN.
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CTpykTypHYy cxeMy KOHTYypy peryiatoBaHHs Hanpyru CK mokasano Ha puc. 4.6.
OcHoBHa imes cuHte3y 3rigjHO (4.21) momsrae B HactynmHoMy. Perymarop nampyru CK

(4.21) xomneHncye Brpatu Ha camopo3psn B CK. B ycraneHomy pexumi 1, =const, ToOTO
i, =const, i TakuMm 4mHOM i, =0 (guB. puc. 4.6), 3 4YOro CIiAye, IO PETYIATOP

3abe3neuye acuMnToTHuHe peryaoBanHs Hanpyru CK tak, mo limV,_ =lmV_, =0. Ilig

t—o0 t—o0

Yyac MepexiJHUX NPOIEeCiB KOHTYp PEryJIOBaHHS HANpyrd MOBHHEH MaTH JAWHAMIYHY
. o ok

MOBEiHKY, fKa clabko BrumBae Ha 3amanuil ctpym CK i, mo Oyzae 103BOJISATH

NPOTIKAHHA MEPEXITHUX MPOIECIB y KOHTYpl HAmpyru cynepkoHaeHcatopiB. OgHum 3

MOJIMBUX TIAXOIB 10 TOCSATHEHHS TAKOT METH € MIHIMI3allis BIUTUBY CTPYMY 3apsiay izh

Ha JuHaMiKy 3aganoro crpymy CK i, .

iy | Tys |
—> - T »
Tf‘S _'_ 1 CS‘CS
:; _1730 ksc 1
TP T R[]

Pucynox 4.6 — ExBiBajieHTHa CTPYKTYpHa CXeMa IijicucTeMu KepyBaHHs Hanpyroto CK
Jna toro, mo6 nmpoaHamizyBatu BIUIUB cTpymy 3apsany CK, posrmsHemMo HacTymHi

nepeiaToyHi QyHKIi (TIPH 10CTaTHBO BUCOKUX R — 00 1 V| =V ):

i, (s) 1 1
W (s) =) _ __ 4.26
(5) ip(s)  kJs(Ts+1)+1  v'p*+2Ews+1° (4.26)

_ i:h (S) _ T;s
W (s)Wi(s)= iv(s) (Tfs+1)(rzs2 +2§rs+1) ’ (4.27)

ne v =k_'T,, 26t =k_;T — exBiBajleHTHA cTala 4acy KOHTYpY perymroBanns Hanpyru CK.

sc ?
3 (4.27) MokHa 3pOOUTH BUCHOBOK, 110 BIUIUB CTPyMY 1, Ha JUHAaMIKy 1, MOXHa

3MEHIIUTH HUIIXOM MiA00py CTalloi yacy KOHTYypy perymtoBanHs Harpyru CK t Takum

YUHOM, 11100 MaTH IOCTaTHHO MOBUIBHY IUHAMIKY JIJIsi cuctemu (4.26).
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Ha puc. 4.7 nokazano JIAUX 1 JIOUX mnepenatounoi ¢yskmii (4.27) nns
HamamtyBanHsa: T, =1.5c¢,t=10c (¢/T;=6.7) (T,=5c¢,&E=1,k,_ =0.05). 3 puc. 4.7

. . . o ok
BHUOHO, II0 IIpH 301JIbIIICHHI B1IHOIICHHA T/Tf S3MCHINY€E€TbCA HECTAaTUBHUU BIUJIUB 1, Ha

AMHAMIKY PO3MOJILITY CTPYMIB Ta KEPYBAaHHS HAIPYTOI0 JaHKU nocTiHoro ctpymy I'JIXK.

Horapmlequ A‘IX L (I[B)

0 ""'"‘-‘.L M
W
_____________________ — W
-50 ~. 8 —
S—— . W_*W
~. F S
\~\
'
-100 - Sl
\~
~N

_150 pual | il | | L

10 103 1072 107! 10° 10! w (pax/c)
00 J'IorapH(letIm (DT—IX qb (rpaz[)

T I T
50 '~ S i
0 _____ —~ ~ T e
\\ ~ «
-50 F ~ o < ]
\\s \c
- AN
-100 ~\\\~\ .
N

150 SNt i
2200 Ll Ll Ll il Ll -.“_—--

104 103 1072 107! 10° 10! w (pan/c)

Pucynok 4.7 — JIAUX 1 JIOUX nepenatounoi ¢pyHkiii (4.27)

CTpyKTypHY cXeMy TOBHOT CUCTEMU KE€pyBaHHS MOKa3aHO Ha puc. 4.8.

PerysisiTop Hanmpyru JaHKH
MOCTIHOTO CTPyMy

Pe >erynsitop Hanpyru CK_
> R 1 I
S |' «

> oy £, P C, -

ol o ol S o o o ol ol ol g o o o o)

v

Jlo

Mojenei
AKB i CK

*

Pucynok 4.8 — CtpykrypHa cxema cucteMu kepyBanus ['/[2K 3 perynsitopom 3apsiay CK
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binpm netanpHI pekoMeHaarii Moa0 BUOOPY MEX 1 MOOYI0BU TPAEKTOPIA 3aTaHOI

Harpyru CK naBeneHo y Jlonatky A.

BucHoBku 10 po3ainy 4

1.Ha ocHOBI 3aralbHOTEOPETHUYHOIO pE3yibTaTy 3 CHHTE3y Ta aHajizy
JIBOKOHTYpPHUX cucteM KepyBaHHsi peBepcuBHUMU DC-DC neperBoproBauamu po3auty 3
po3pobnieHo cuctemy kepyBanHs ['JIJK, sika MICTUTh BHYTpIIIHI KOHTYpPU PETryJIIOBaHHSA
ctpymiB AKb 1 CK 3 uenminiitnumu Ill-perynstopamu, a Tako» 30BHIIIHIA KOHTYP
pETyNIOBaHHS HAmpyru JaHKW mocTiiHoro crpymy (Buxig DC-DC meperBoproBaua) 3
HemnitauM [1l-perynstopom wanpyru. Jns posnoxiny aunamiku ctpymiB AKB 1 CK
BUKOPUCTAHO JIIHIMHUN (UIBTP HU3BKUX YACTOT 3 €JIeMEHTaMH JiiHeapu3allii 3BOPOTHUM
3B’3KOM. Briepiie 10BeieHO HUISIXOM PO3TIsAY IMHAMIKM CUCTEMH 3HUKEHOTO MOPSAKY,
10 32 paXyHOK MaciuTaOyBaHHs 3aBJaHHS CTpyMYy OJIOKY CYNEepKOHAEHCATOPiB y DYHKIT
crmiBBigHomeHHs Hanpyr AKbB 1 CK, crpykrypa pe3ynbTyruoi IWHAMIKM KOHTYypa
pEeryioBaHHS Hampyrd HaOyBae KBa3UIiHIAHOT QopMu, mo 3a0e3nedye JOKaabHE
ACUMIITOTHUYHE CTIMKE PETyJIIOBaHHS CTPYMIB 1 HAIIPYTH JIAHKU TIOCTIHOTO CTpyMY.

2. [lokazaHo, 110 3a paxyHOK Mou(IKallii peryisitopa Hampyru HUIIXOM BBEICHHS
npsIMOi KOMITEHCAIli CTPYMYy HaBaHTA)KEHHSI MOKIIUBO MiIBUIUTH TOYHICTh PETYyIIOBaHHS
HAIMpPYTrd, BAKOPUCTOBYIOUH JIJISl IIHOTO PE3yJIbTaT Miapo3auty 3.3.

3. lns miaTpuMmku ycepenHeHoro 3HaueHHs Harnpyrd CK oOrpyHTOBaHO HOBUM
QITOPUTM PETYIIOBAHHS HANpPYyTH, KU (HOpMY€e NOJATKOBUM 30BHIIIHIM «HIOBUIBHUII
KOHTYp peryJioBaHHs 3a paxyHok kopekmii ctpymy CK. 3ampomnoHoBaHa MeTOIuKa
dbopMyBaHHS AMHAMIYHUX TMPOLECIB y KOHTypi perymoBaHHs Hampyru CK, sk we
MIATBEPKEHO pE3ysbTaTaMU TECTYBaHHS y PO3ALI S5, 3a0e3nedye HEXTYyBaHO MasMid

BILJIUB Ha TMHAMIKY PETYyJIOBaHHS HAMPYTH JJAHKU MTOCTIMHOTO CTPyMY.
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PO3JLI 5
MPAKTAYHA PEAJIIBALISA I PE3YJIBTATH EKCIIEPUMEHTAJIBHUX
JOCJIKEHD TATOBUX EJTEKTPOMEXAHIYHUX CUCTEM 3
TTBPUIHAMHA JKEPEJAMH KUBJIEHHS

3aKIII0YHOIO CTaIi€10 MPOEKTYBAHHS HOBUX aJITOPUTMIB KEPYBAaHHS € 1X MpaKTU4YHA
peanizallisi 3 METOI0 MPOBEIEHHS EKCIEPUMEHTAIbHUX JIOCHIKEeHb, 1110 HAaMpaBjeHl Ha
BUABIICHHS €(EKTiB, K1 HE BPaXOBYIOTHCS IIPHU CUHTE31 Ta MOJEIIOBAaHHI, TaKl SIK:

— KBaHTYBaHHS 32 4acOM 1 piBHEM, 10 MOXK€E 3HU3UTH MOKA3HUKH SIKOCTI KEPyBaHHS;
— 3aBajJid y BUMIPIOBAJIbHUX CUTHAJIAX;

— HECHMMETPUYHICTh MAIlTMHU Ta HETOYHICTh BU3HAYCHHS TTapaMETPiB MOJICTICH;

— HE1IeAbHICTh alapaTHOI YaCTUHU €JIEMEHTIB CHCTEMH.

VY nmaHoMmy po3AuTl PO3MNISAHYTO MHTAHHA NPAaKTHYHOI peanizamii po3poOJaeHHx
aNropuTMiB KepyBaHHs. HaBeneHO omuc eKCrepuMEHTaIbHOI YCTaHOBKH 3 KEpPYHOUHM
KOHTPOJIEPOM Ha OCHOBI 32-X pO3psAAHOro HHU(POBOTO CHUTHAJIBHOTO MpoIecopa 3
maBarodoro kpankoro TMS320F28335 (Texas Instruments), skuii npu3HauyeHUH s
BUKOPHUCTAHHA y CHCTEMax peanbHOro uacy. llpencraBieno omuc koHgirypaii cuiaoBoi
YaCTUHHU, SKa BIANOBIa€ BUMOTaM JO CYYacHOi CHJIOBOI €JIEKTPOHIKH, a TaKOX
pE3yNbTaTH €KCIIEPUMEHTAILHOTO TECTYBAHHS PO3POOJICHUX AITOPUTMIB KEPYBaHHS.

ExcriepuMenTanbsHe TECTyBaHHS BHKOHAHO 3 BHUKOPUCTaHHSM CHHXPOHHOTO
nBuryHa 3 mnoctiiHumu Mmarditamu 3 kBt, DC-DC nepeTtBoproBauiB, 30ipOK CBHUHIIEBO-
KUCJIOTHUX 1 JiTiM-loHHUX AKDB, a Takox OJIOKY CymnepKOHJEHCATOPiB, MapaMeTpy SKUX
HaBeneHo B Jlonatky b.

OCHOBHI pe3yJbTaTu JAaHOTO PO3/LTy omybisikoBaHo B pobortax [84], [104], [105],
[124], [128], [130], [142].

5.1 Konuenuisi ekciepuMeHTaNbHOrO0 aociaigkenns taroux EMC 3 I'/T/K

IcHye Oarato mMiAXOMIB J10 E€KCHEPUMEHTAIbHUX JOCHIKEHh B JIa0OpPATOPHHUX
ymoBax. KoHuenii, 1o MaloTh Ha OCHOBI CTBOPEHHS CTaHIIi IIBHAKOTO MPOTOTUITHOTO
TECTyBaHHS MalOTh OUIbIIE PO3MOBCIODKEHHS, a/DKE JO3BOJISIIOTH HANpPSIMy MPOBOJIUTH
TECTYBaHHS 3 peajbHUMM cucTeMamu. Ha BiAMiHY BijJ IHIIUX MiJAXOIB, BOHH € O1JIBII

EKOHOMIYHUMHU Ta e(PEKTHBHUMH Ha TNEPIIUX eTamax po3pOoOKH CHUCTEM KepyBaHHSI.
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PosnoBcrompkeni migxoau, Taki sk dSpace MOXyTbh OyTH IOCHUTH KOIITOBHMMH, Ta HE
3a0e3neuyBaTu MOTPIOHY THYYKICTh cucTeM KepyBaHHA. KepyBanus mo tumy Hardware-
in-the-loop He 3a0e3medyye OTpUMaHHS peaJbHUX JaHUX, TaK SK YacTMHA CHUCTEMH
PO3TISAAETHCA B IKOCTI MOJIEN, CUMYJIbOBAHOT B KEPYIOUOMY IPOLIECOPI.

Konyenyia oocnioscennss msecoeux EMC 3 2ibpuonumu 0dxcepenamu HCUBIeHHS.
Bpaxosyroun cnenudixky ET3 Ta I'JI2K, excriepuMmeHTa bHa yCTaHOBKA Ma€ 3a0€3MeuyBaTH
MO>KJIUBICTB JOCHIIKEHHS! HACTYITHUX aJrOPUTMIB KEpyBaHHS:

— DC-DC nepetrBoproBauamu, 1110 BXoaaTh 10 ckiany ['JIDK;

norokamu eHeprii mix AKb, CK ta EII;

— TMpoIecaMHu 3apsy/po3psay;

NPUBOJHUM TSITOBUM JBUTYHOM; eMynsaTopoM pyxy ET3.
J51a BUpIIIIEHHSI IEpepaxoBaHMX 3aj]1ad, MOXkKe OyTH 1MoOy0BaHa eKCIIepUMEHTAIbHA
yCTaHOBKa, (YHKLIOHAJIBHY cXxeMy sKoi 300pakeHO Ha puc. 5.1, 3 BHUKOPHUCTaHHSIM

KOHIIETI{Ii MIBUJKOTO MMPOTOTUITHOTO TECTyBaHHSA. BOHA MICTUTh OCHOBHI MOJIYIi:

ITigcHTeMa KepyBaHHA I'JIK ITiicHCTeMa KepyBaHHA IPHBOJOM Ta eMyIaroposM pyxy ET3
| poepe I [Kwael iy, | Imseprop i

EEEEESEEEEETE | ! ‘ i : ! I RS
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Kepyrotsii koHTponep Ha Gasi TMS320F255 Ne 1 ‘

USB Il: - USE

Pucynox 5.1 — ®dynkmionansHa cxema ctailii rectyBanus Tarosux EMC 3 I'J[2K

Kepyrounii koHTponep Ha 6a3i TMS320F255 Ne 2

a) I'JIK, sixe cknamaetscst 3 AKB, CK, nBox DC-DC nepeTtBoproBauiB; Kepyrouuii
KoHTposiep Ne 1, B sIKOMy MPOTpaMHO pPeati3yloThCs MIBUAKOIIIOU1 alTOPUTMU KEPYBaHHS
'K ta DC-DC neperBoproBauamu; KjaMIiep, II0 MOXKE€ BUKOHYBAaTH JBl (DYHKIIII:
KEepOBaHEe HABAaHTAXKEHHS JIAHKU TMOCTIHHOrO CTpyMmy abo cTaliimi3alilo Hampyrd JaHKU

MOCTIMHOTO CTPYyMY IPH HEIITATHUX PEeKUMaX poOOTH;
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0) mapa acCMHXPOHHHMX (CHMHXPOHHMX) ABUTYHIB, IO 3’€JIHAHI KOPCTKOI MY(TOIO,
onuH 3 akux (aBuryH Ne 1) sxuButhcs Bia I'JIXK uepes inBeptop 3 LIHIM Ta BukoHye poiib
taroBoro asuryHa ET3, Tomi sik nBuryH Ne 2 >KUBHUTBCSI BlJ OKPEMOIO IMEpETBOpIOBaya
YaCTOTH Ta MPU3HAYEHHUM JJIs1 MYl JUHAMIYHUX Ta cTaTUYHUX HaBaHTakeHb EIT ET3;
kepyrounii kouTposiep Ne 2, mo kepye EIl emynsaropa pyxy ET3 ta tsarosum EII; doto-
IMITYJILCHUM 1aBa4y KyTOBOT IIBUJIKOCT1/TIOJIOKEHHS.

[TepconanbHMIT KOMIT FOTEP BUKOPUCTOBYETHCS JIJISl TPOTPaMyBaHHS KOHTPOJIEPIB Ta
Bi3yamizaiii mnepexigHux mnpoueciB. s aBroMaru3aiii  AOCTIIKEHb PO3pPOOJICHO
nporpaMHe 3a0e3NeyeHHs], SIKe J03BOJIsIE 3HIMATH 10 16 3MIHHUX y peXHUMi peaJbHOro
yacy Ta HAJAITOBYBaTH TMapaMeTpyd TMPOrpaM Kepyrodux KoHTposepiB. Kepytrodi
KOHTPOJIEPH BUKOHAHI Ha 0a3i 32-X pO3psIIHOTO HU(PPOBOTO CUTHAIBHOTO MPOIECOPY
TMS320F28335 3 mmaBatouoro komorw. Bci maBaui cTpymy ¥ Hampyrud moOyqoBaHO Ha
edexti Xomna. Emynsmis HaBantaxxenHs EIl ET3 nmepenbadae GopmyBaHHS MOMEHTY
HABaHTAXXEHHS B 3aJIe’)KHOCTI BiJ IIBUAKOCTI 3 BpaxyBaHHSAM 3aJaHUX MacO-1HEPLIMHUX
xapakrepuctuk ET3 Ta nmpodinto MiCIeBOCTI, 10 MOXKYTh OyTH 3aKia/ieHl 10 Kepyrdoro
koHTposiepa Ne 2. Jlns peanizaiii Takux MoxiauBoctei EIl emynsaTopa HaBaHTa)KEHHsI Ma€e
3a0e3nmedyBaT BHCOKY IIBUAKOMIIIO, IO JOCATAETHCS 3a PAXYHOK BUKOPUCTAHHS
po0acTHOro HENpsSIMOrO BEKTOPHOTO KepyBaHHS MoMmMeHTOM AJl. ¥V uacTuHi kepyBaHHS
MPUBOJHUM JBUTYHOM TPaHCIIOPTHOTO 3aco0y MependadaeTbesl peaizallis aJrOpUTMIB
BEKTOPHOTO KEpPyBaHHS MOMEHTOM/KYTOBOIO IIBHUIKICTIO 3 BJIACTMBOCTSIMH POOACTHOCTI,
ajianTarii 1 1HBapiaHTHOCTI J0 MapaMeTpudHuX 3MiH Mmoaeni AJ[ [105], [129].

Konyenyia oocnioocenv 172K macosux EMC. I'’JIXK 3 DC-DC nepetBoproBauamu B
TATOBHX €JIEKTPOMEXaHIYHUX CHCTEMax Mae 3a0e3medyBaTH cTablIi3alii0 HAPYyTy JIAHKH
nocTiiHoro ctpymy s skuBieHHs EIL. 3 iHmoi cTopoHH, BCl TATOBI MiJCHCTEMH,
i’ €MHAHI O BHBOJIB JAHKA TOCTIHHOTO CTPyMy NPEACTaBISIOTH COO0OI0 CTPpyM
HABAHTAXKEHHA JJIs JKepesa >KuBJieHHs. Konu TSIroBuil ABUTYH Mpalioe B pyUIidHOMY
pexumi, eneprisa Tede 3 'JIDK B inBepTop (IMO3UTUBHUN CTPYM HaBaHTaXEeHH:). B pexxumi
pekymepartlii eIeKTPONPUBOAY CTPYM Te€ue B 3BOPOTHOMY HANPAMKY (B1J'€MHUN CTPYM).

3anpornoHoBaHa CTPYKTypa CTaHIli IIBUAKOTO MPOTOTUITHOIO TECTYBaHHS IS

nocaimkenuss EMC 3 I'JI2K, 300paxxena Ha puc. 5.1, mae BekTopHO-KepoBaHi Tsrosi EII 3
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emymsaropom pyxy ET3 ta I'JI)K. IlocriliHe BUKOpUCTaHHS ABOX €ICKTPUIHUX MAIIUH HE €
eKoHOMIYHO pomuibHuM s nociipkenns [JDK. Tomy B gaHoMmy TyHKTI 3p0OJieHO
CIIPOIIICHHS YCTAHOBKH. YCTaHOBKA MICTUTh TI  MOJYJi, aje 3aMmiCTh MiJACUCTEMHU
kepyBaHHs TsaroBuM EIl, Bona mependauae Bukopuctanus «emyistopy ElD», mo agie sik

mxepeno ctpymy HaBaHTaxkeHHs ['J[DK. CtpykTypHy cxemy cTaHIii Moka3aHo Ha puc. 5.2.

ITigentema kepyBanus I'JIK ITizcHTeMa KepyBaHHS eMyaTopoM EIT
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Pucynok 5.2 — dyHkIioHanbHa cxema cTaHilli mporotunHoro trecryBanus ['JIDK

ACHUMIITOTUYHE PETYJIOBAHHS CTPYMY HaBaHTa)KEHHS JOCSTaeThCs 3a paxyHok [1I-
perynaropa cTpymy B Tijcuctemi kepyBaHHs emyssitopom EIl. B emymsmii pymiidHOro

pexxumy, eHepris tede 3 I'J[DK Ta posciroeTsecst Ha knammepHomy pesuctopl R . Ilpu

eMyJiii raapMyBaHHS, eHepris tede 3 mepexi ao ['JIDK. 3aBasku 3actocyBannio I11-
pPEeryJATOpiB 3 BHUCOKMMHU 3HAYCHHSMH KOCQIIIEHTIB IMIJICHICHHS MOXIIMBO IPOBECTH
eMyJIIIII0 Oyab-SKoro npoduio HaBaHTakeHHs, Taki sk Tsaropuit EIl ET3, cumoBuii
iaTepdeiic 3apsaku 'K, posymui mepexi Tomo. Emynarop EIl 3acnHoBanmii Ha cxemi 1-
(dazHoro iHBepTOpa. BiH KepyeTbcs Bij TOTO X Kepyrouoro KoHtposepy, o 1 I'J[2K, Tomy

npouecu cuaxponizauii IHIIM-nepeTBoproBadiB CIpOIIyIOThCS.

5.2 Cranuii IBUAKOT0 NPOTOTHIIHOTO TECTYBAHHSA

VYcraHoBka, cxeMmy $KOi 300pak€HO Ha pHC. 5.2, CKIaJaeTbesl 3 METaJEBOIO
KapKacy, Ha KUl BCTaHOBJICHI BBi/HI aBTOMAaTu 1, OJOKH KUBJICHHA 2, TJIaTa JaBayiB HA
edexTi Xoma 3, Kepyrounil KoHTposep 4, sk mokazaHo Ha puc. 5.3, puc. 5.4. Cumnosi

gactunu ['JIXK 5 ta emynaropy EII 6, a Takox Tpudasuuii BUNpsmMis4 7 BCTAaHOBJICHI Ha
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paniaTopu. Jyisg 3MEHIIEHHS IMITYyJIbCHUX 1 BUCOKOYACTOTHHX 3aBaj muiata apaisepis ['J[DK
5 ta mmarta apaiiBepiB emynstopa EIT 6 3akpiruieni sk MokHa Onvpkue 0 pamiatopis. B
SIKOCT1 HaKomuuyBaJIbHUX efieMeHTiB I'JI2K 3acTocoBaHO JiTiIM-10HHI 1 CBUHIIEBO-KUCIIOTHI
AKB 1 CK, mo 300paxeni Ha puc. 5.5. Pesucropu R3 cunoBoi wactuau emymnstopa EIT
pO3TalioBaHl Ha TWIBHIA CTOPOHI YCTaHOBKM (He TokaszaHi). Ilapamerpu cramii

npeacraBiieHo y Tabiu. b.5 B [logatky b.

Wy

Pucynox 5.3 — 30BHIIIHINA BUTISA cTaHIiil npoToTUnHOro TectyBanns 'K

ExcniepuMeHTanbHe AOCTIDKEHHS anropuTMmy iaeHtudikamii nmapamerpis CHIIM
BUKOHAHO Ha CTaHIIIl MIBHUJKOIO MPOTOTUIIHOTO TECTYBaHHS, (PYHKI[IOHATBHY CXEMY SIKOi

HaBEJCHO Ha pUC. 5.6. 3araabHUN BUTJISA YCTAHOBKHU MIPECTABICHO HA puUC. 5.7.
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B) crioBa yactuHa 3 IGBT kimtoyamu
Pucynox 5.4 — Cxmanosi crantii mst mocmimkenns ['JIK

200877728

48V10.6Ah Li-ion Battery
1152P SWINGS300 4/20A

A ECEC

|

a) mri-ionna AKb 0) cBuHieBO-KucI0THI AKDB

B) OJIOK CyNEpPKOHIEHCATOPIB
Pucynoxk 5.5 — 3oBHimHIN BUrisaa Hakonuvysadi ctanmii I'J[DK
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~380V, 50Hz
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Pucynok 5.7 — 30BHIilIHINA BUTIIST €KCIIEpUMEHTaIbHOI ycTanoBkH 3 CAIIM

CraHIis cKIaIa€eThCs 3 HACTYNMHUX ckiaaoBux: 1) 3 kBt sasHonomocHuit CUAIIM;
2)22xBr AJl 3 cepiiiHUM TIEpEeTBOPIOBAYEM YACTOTH, SKHUM BHUKOHYE (QYHKIIT

HaBaHTaXyBajibHOi MammmHu; 3) 380 B Tpudazumii IIIM-inBepTop, sAKUN Mpaiwe 3
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gactororo komytaiii 10 k['1r; 4) koHTposep Ha 6a3i mpomecopa L{CIT TMS320F28335, mo
JI03BOJISIE  BIPOBA/DKYBATH CHHTE30BaHI alTOPUTMU KEPYBaHHA, 5) TepCcOHAIbHUN
KOMIT FOTEP JJIsSI B3AEMO/II1 3 TIepeTBOpIOBaYeM, 0OpOOKH OTPUMAaHUX JaHHX 1 T.I.
[Tacoptri mani aBuryHiB HaBeaeno B 1abn. b.3 (CHIIM) i1 tabn. b.4 (All) B
Honatky b; IlIBuAKiCTh IBUTYHA BUMIPIOETHCS 3a JOMOMOTOI0 €HKOZEpa 3 PO3MOIIIHUOI0
3natHicTIO 4096 imm/06. Takt KBaHTyBaHHS NpH HUGPOBIM peaizallii aaropuTMiB

kepyBaHHs ckinanae 200 mxc. «MepTBuil yac» 1HBEpTOpa BCTaHOBIIEHO 1.4 MKC.

5.3 Bu3Ha4yeHHd eJIEKTPUYHMX MapaMeTpiB aBHONOMKOCHOr0 CAIIM

Jisi mepeBipku  IOCTOBIPHOCTI  OTPUMAHMX 3HA4YeHb iHaykTuBHOCTEM L, L,

CIIOYaTKy MPOBEICHO TECT Il BHU3HAYEHHS MoToko3uerieHb [128]. BiampaitoBaHHs
CTPYMIB CTaTOpa PO3TISIAETHCS 32 YMOBH, 1110 3aBJAHHS OJTHOTO 3 CTPYMIB € TIOCTIMHHM, B
TOW 4Yac AK 1HIIUWA JIHIAHO 3MIHIOETHCS BlJ Bl €MHOIO HOMIHAJIBHOTO 3HAYEHHS 10
nomatHoro. JIBa Ill-perynmsitopa cTpymiB 3a0e3medyloTh IIBUIKOAIID  KOHTYpIB
pETYIIOBaHHS, AKa JOCTATHS AJS PO3IIIALY KBa3i-yCcTaJeHUX pexumiB cTpymiB. [locTiitHa
HOMIHAJIbHA MIBUAKICTh ® =157 pajn/c cTab1mi3yeThcsi HaBaHTaKyBaJIbHOIO MAIIIMHOK. 32

IIUX YMOB ITOTOKO34YEIJICHHS po3paxoByloThes sik:Equation Section (Next)

uq—qu

.o ):_ud—Rid (5.1)

\Vq(ld’lq > \Vd(idai ):

wp, wp,

Po3paxoBani 3aJIe)KHOCTI «IOTIK-CTPyM» HaBEACHO HA pHUC. 5.8, 3 AKUX CIIIYyE, 0
HACUYCHHS MAarHiTHOI CHCTEMH € HEXTyBaHO MajuM, ToOTO mpunmymeHHs A.2 m. 2.5
HiTBEPIKYETHCS.

Anroputm inentudikanii (2.67), (2.68), (2.74) manamrosano sk: k; =k, =100,
A =18, A,=0.003, A, =0.001, A, =0.01, moyaTkoBi YMOBH aJIrOPUTMY HYJIbOBI.

[lepeximai mpoIEeCH 3aJaHUX CTPYMIB, TOXHUOOK BIAMpAIIOBaHHS Ta OIIHOK
HEBIJIOMUX TapaMeTPiB HAaBEJACHO Ha pHC. 5.9. 3amaHi CTpyMHU HAJAIITOBAaHO HACTYITHHM

unHOM: iy = I, sin(2nf,t) 3 mouarky recry, iz =1, sin(2nfqt) 3gacy t=2c¢, e [, =0.5 A,
f, =15 I'u, Ta Iq =5 A, fq =1 I'm. Taki 3aBgaHHs JUIS CTPYyMIB rapaHTYIOTh BHKOHAHHS

YMOB MEPCUCTHOCTI 30y IKEHHS.
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[Morokosuemnsenns ¥ (BG) Totoxosuerierms ]I'q )

0.8 T T T T T T T T T - - - - - 04 T T T T T T T T T T T T T T
075 03
0.7 Sl |
0.65r 1
06 A 0.1r 4
055 0Fr
0.5+ 1 oilL |
0451

02 F 4
04}
035} | -03¢t |
03 i L I i i i i I I 1 _0_4 L L L L L 1 1 I 1 L

-8-76-54-3-2-10123435 6 ?id(A) -8-76-5-4-3-2-1012 3456 ?iq(A)

PucyHok 5.8 — 3ane:xHOoCTI OTIK-CTPYM (id,iq), v, (id,iq)

JIns 3MEHIIEHHST BIUIMBY HEJIHIMHOCTEW 1HBEPTOpA, 3HAUYCHHS IIBUIKOCTI 0OpaHO

OJIM3bKUM 110 HOMIHAIBHOTO (KOJIM Hampyra U, € JIOCTaTHbO BUCOKOIW). SIK HACIIMIOK,

NajiHHs HANpyrd Ha KIOYaxX Ta BIUIUB «MEPTBOTO Yacy» € MiHIMaJbHUMHU. 3 puC. 5.9
Cifye, IO JOCSATAEThCA AaCUMIITOTHYHA OIlIHKAa HEBIIOMUX TmapamerpiB. Ilicis
3aBEpIIEHHS MPOLEAYPH camoifeHTU(]IKaIlil, mapaMeTpy MOXYTh OyTH BUKOPHUCTaH1 ISl
peanizailii BACOKOJIMHAMIYHOTO KEPYBaHHSI MIBUIKICTIO a00 monoxkenusm [130], [131].
ExcriepuMeHTanbHi JaHi MOPIBHSIHO 3 pe3yibTaTaMHU MOJIEITIOBAHHS, SKi IMOKa3aHO

Ha puc. 5.10. B ymoBax MozenoBaHHs B AKOCTI MapaMeTPiB ABUTYHA BUKOPUCTOBYBAINCH
JaHi, sKI OTpUMaHI B EKCIIEPUMEHTI R=24 Om, I:d =31 m[H, L =358 wMIH,
V. =0.615 BO. IlopiBustHHSA rpadikiB Ha puc. 5.9 Ta puc. 5.10 mokasye, mo pe3yabTaTH

MO/ICTFOBAHHS 1 EKCIIEPUMEHTY CIIBIAAA0Th 3 BUCOKOIO TOYHICTIO.

JlonaTkoBuil eKCIiepUMEHT OyJI0 IPOBEACHO ISl TOCHIKEHHS BIUTMBY KOMITEHCALI]
«MEPTBOTO Yacy» Ha TOYHICTh OIIIHIOBaHHS MapaMeTpiB. YMOBU TECTYy I1JEHTHYHI 0
Mpe/CTaBICHUX Ha pHC. 5.9, olHAaK pIBEeHb KOMIICHCALll «MEPTBOrO Yacy» 3MEHILIEHO
BABiul. [lopiBHSIHHS pe3ysbTaTiB HaBeAeHO Ha puc. 5.11, ge YopHi miHIi BIANOBIAIOTH
MOBHIM KOMIIEHCAIlli «MEpPTBOr0 Yacy», YEpBOHI — YaCTKOBIM KommeHcarii. 3 rpadikib
NEePexXiTHUX TMPOIECIB CIiye, M0 KOMIEHCAIllsl «MEPTBOTO 4acy» BIUIMBAE JIMIIE Ha
OILIHKY €KBIBAJICHTHOTO aKTHBHOTO OIOpPY, M0 TOSICHIOETbCS OUIBII CHIBHUMHU
BJIACTUBOCTSIMH  TMEPCUCTHOCTI  30y/KEHHS  JUIA  OIIHOK  IHAYKTHUBHOCTEH  Ta

MOTOKO3YEIUIEHHS MOCTIHHUX MAarHiTiB.
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CtpyMm iq* (A)
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0.7 3
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2t
1.5F
1+
0.5+
L O - L i i
4 fic 0 1 2 3 4 L.c

Hampyra U, (B)

( . . A . -120!
0 I 2 3 4 Lc 0

4 Lc

Pucynoxk 5.9 — Ilepexiani nporecu omintoBanHs nmapametpiB CUIIM (ekcniepumeHT)
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A . : A
: OmiHKa 1HAYKTHBHOCTI L q (MI'RH) OniHKa 1HIYKTHBHOCTI Lq (MIH)
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Pucynoxk 5.10 — Ilepexinni nporecu ouiHtoBaHHs mapameTpiB CJIIM (MonentoBaHHS)

. . . D . . . A
Ouluma umyHKmHocln L, (M}" H) o Oun-‘ma IH.Z[}’I?THBHOCT‘i Lq (:»:1“1‘{)
60+ —— P -
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40
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OmiHKa TTOTOKY {I\Jm (B6)

0.7 S o e
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02} 1 1T 1
0.1F 4 05¢F 4
0 i i 1 i 0 i i i i
0 | 2 3 4 t,c 0 I 2 3 4 t,c

Pucynoxk 5.11 — [1opiBHSIHHS BILTUBY KOMIEHCALlIl «MEPTBOTO Yacy» Ha MPOLECH

1menTudikarii (4opHi JIiHIT — MOBHA KOMIIEHCAIlIsl, YepPBOHI — YACTKOBA KOMITCHCAIT15)
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5.4 Bepugikania matemaTnunux moaesaei AKD i 01oxy CK

Bepugikayis mamemamuunoi mooeni ceunyeso-kuciomuux AKBE (4.2). 3a
HaBeleHUMU B [48] pekoMmeHpaalisMu, ajs Bu3HadueHHs napamerpiB AKB HeoOXximaHO
eKCIIEpUMEHTaIbHO OoTpuMatu KpuBy pospsany AKb — 3anexnicts nHanpyru AKDB Big
CIIO’KUTOTO 3apsly, OKa3aHa Ha puc. 5.12, moHalMeHIle 11l 1BOX 3HaYEHb CTPYMY.

Tun AKb — WP7-12, [152], nactiopTHi aaHi gano B Ttabmn. b.6 HJonatky b (7 Aron,
12 B). Ilopsaok nmpoBeAEHHS TECTY BU3HAUEHHS KpUBOI po3psny: 1o noyatky tecty AKb

Oyna 3apsmxeHa a0 Hanpyru V,, =13 B. V mnouarkoBuii MomeHnT yacy a0 AKD
IPUKJIANAETBCSl HABAaHTAKEHHS, 1IN0 BiAmoBimae cralimizoBaHoMy cTpymy 1, =15 A

(1,, =3 A) i TpUMaeThCS 0 PI3KOTo craay HaIpyTH, 10 BinoBigae Touwi 3 Ha puc. 5.12.

Ubate, | L L
B — Kpuea pospagy
Us 1 | | _jHominanesHa soHa
| Pl ExcrionenLifiHA 30HA
U. >
.[-:['. : - —:_ ]
I\
|
|
0 Qe Qu Q 1, (Aron)

Pucynok 5.12 — XapakrepHa KpuBa po3psity

Jl51s po3paxyHKy mapaMeTpiB He0O0XiIHO 3adiKCyBaTH Mija Yac po3psly XapakTepHI
TOYKH, a CaMe: Halpyry B IOYAaTKOBUI MOMEHT yacy mnpu noHomy 3apsiai U, (1. 1),
HaNnpyry HalpUKIHII eKCIoHeHIianpHol ausHkn U, Ta BianosigHui iif 3apsan Q. (T. 2),
HaNpyry HalpUKIHLI JIHIHHOT (HOMIHaNbHOI) AusiHKA U Ta cnoxuruil 3apsan Q. (T. 3).

ExcriepuMeHTanbHO OTpUMaHI KpUBI PO3pSLy 7S ABOX PI3HUX 3HAUEHb CTPyMYy, a
TaKOX iX ampoKCcHMAaIlisl 3a JOMOMOIol piBHSAHB (4.2) mpeacTtaBieHo Ha puc. 5.13 Ta
puc. 5.14. Buznaueni napameTpu Jisl ABOX TECTIB MpEACTaBiIeHO B Ta0. 5.1.

Jlns BU3HA4YeHHS CTajol 4Yacy, a TaKoXX YTOYHEHHS MapaMmeTpiB MOJE,
POBOJUTHLCS TECT, Tpadiku NEPEXITHUX MPOLECIB SIKOTO MOKa3aHo Ha puc 5.15, puc. 5.16.

Po3paxyHok mapameTrpiB Mojeli 3I1HCHIOETHCS BUPINICHHSIM HACTYIHOI CHCTEMH

PIBHSIHB, siKa OTpuMaHa 3 (4.2)
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PucyHok 5.13 — AnpokcumoBaHa 1 ekcriepuMeHTaibHa kpusi po3pany AKb 1, =1.5 A

Pospsnni xapaktepuctuku AKB

U,B .
14|
13}

— Ekcr.

- ——-Anpokc.

(5.2)

9
8
7 - -
6 - .
5 | | L | | | | | |
0 12 24 36 48 60 72 84 96 108 t, xB
Pucynok 5.14 — AnpokcumoBaHa i ekcriepuMeHTansHa kpusi po3psaay AKB, 1, =3 A
B=3/Q,,
U, =E,-Rji, +A,
U, =E, -Ri, -k, LQe - KZLibt +A-e”,
Q - Qe Q - Qe
Un = Eo - Riibt - Kl Q Qn - Kz Q ibt +A- e(_3Qn/Qe)-
Q-Q, Q-Q,
Tabmums 5.1 — ExcriepuMeHTansH1 mapameTpu 3 KpuBoi po3psany WP7-12 [152]
c A ITapame
TPyM pO3psinay, Vi B| Vs B| Qup»> Ar0n | V. B | Q,,., Arox
1.5 13 12.45 0.045 11.0 5.0
3.0 13 12.35 0.04 10.8 4.85
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Pucynok 5.15 — ExcriepuMenTanbH1 rpadiku nepexigHuxX mpoiecis 31 ctpymom 1 A

TectyBanus Brirodae taki cranii: po3psa AKbB noctiitnum ctpymom npotsirom 30 ¢

(misaka 1) 31 ctpymom 1 A ab6o 1.5 A, HeHaBaHTakeHHM pexkum npoTsiroM 30 ¢ (aisHKa

IT) ta 3apsng AKB Brpomosx 250 ¢ (minsiaka I11). IToyatkoBa Hampyra oOUpaeThCsl TAKUM

YUHOM, 11100 poOoYa TOYKA ITiJT 4aC BChOTO €KCIIEPUMEHTY HE BUXOMIIA 32 MEKI TOYOK 2 1

3 Ha KpUBIiH po3psAy, SIKy MOKa3aHO Ha puc. 5.12, a eKCroHeHIiajIbHa CKJIaJ0Ba HANpPyTH B

MMOYAaTKOBUN MOMEHT Yacy Oyjia HEXTYBaHO MaJo0.
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T I

2 T T
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-1 -
) I I I I I I
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26 T | T T T | T
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Pucynok 5.16 — ExcriepumenTanbHi rpadiku nepexigHux npouecis 31 ctpymom 1.5 A
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Ha minsam [ 3rigao (4.2) piBasaas guHamiku AKDB matote Bursia

Ebt = EO _KIL-it _KZ Llf +Eexp’
Q_lt Q_lt
: L, . .
1 :?(—1f +1y ), . (5.3)
f
1 t
1, :mjlbtdt'

0

Ockinbku  3asiBieHa €MHICTh Q=7 Arog, B paMKax €KCIIEPUMEHTY MOXHa

Q

Q- it

~ const.

NpUHHATH, 0 3MiHa 3apsany AKB Ait=it  —it  HexTyBaHO Mania i TOMy

Kpim Toro, 3a ymoBamu TecTy, €KCIIOHEHIlaJIbHAa CKJIaJOBa HANpPyTd HEXTYBAaHO Maja.

Toni nunamivna noseninka po3psany AKb na [ qunsiHin 3anumeTrses sk

Eb = Exx - K'21f >

o1, (5.4)
1f ZT—(—If + lbt)’
f

t

ac E . =E,-K, Q, i, ~ const Ta K, ZKZL,zconst.
Q-1 Q-1,
Ha ginsam [ mogens AKDB Bu3Haua€eThCst aHATIOTIYHO JI0 TEPIIOT TUISTHKH:
Q . it _K2-Lif + Eexp’
Q—1, i, +k.Q
Eexp = B‘ibt‘(_Eexp + A)’ (55)
1

i =— _if ibt
lg T ( + )’
£

E, =E;-K,

NpoTe JOAAEThCS CKianoBa E =~ Ta 3MIHIOETbCS MONApU3auiiiHuii omip (I0JaHOK 3

(GUIBTPOBAaHUM CTPYMOM 1. ).

Y HenaBanTaxkeHomy pexumi Ha ausHml I ngunamiyna nosenminka AKDB
po3paxoByeThesi 3a (opMyinow, SK Aus po3pany (4.2), 3a BUHATKOM TOTrO, IO B

CTaTUYHOMY pexuMi BiicyTHi# ctpym AKD, a Tomy ii Hanipyra nopiBHioe EPC

V, =E, =E, —KIL,it. (5.6)

Q_lt



127

3 orpumaHux rpadikiB MEepexiHUX NPOIECIB, 300paxkeHMX Ha puc.5.15 Ta

puc. 5.16, Bu3HaueHo mapameTpu Mozedi (4.2), iX 3BeeHo B Ta0I. 5.2.

Tabmung 5.2 — Iapamerpu AKDB 3 kpuBoi po3psiay Ta nepexiHUX MPOLECiB

Mapanerp Ctpym pospsiny, A
1.5 3.0
Ineansna EPC E |, B 12.6 12.6
[MTonspusamiiina koucranta K, =K, , B/Aron 0.073 0.075
MaxkcumainbHa eMHICTE Q, Aron 7.4 7.4
AMITTITY1a €KCIIOHEHLIHHOT 30H1 A, B 0.4 0.5
3BOpOTHA CTala yacy eKCIIOHEeHIIiiftHoi 3081 B, (Aroxm) 70 70
Crpym, A
Hapavetp o T 13
Crana yacy AKb (battery response time) T , ¢ 2 2
AwmrutiTyna ekcioneHtd A, B (B mepepaxyuky Ha 1 AKB) | 0.65 0.75
OGepHeHa cTana uacy, mporopiiitaa crpymy B, (Aroxm) ™ 60 60

3 mopiBHsSHHS Tabi. 5.2 1 Tabm. 5.1 cmigye, mo kopucHa emHicTh AKDB Bmama 3
HOMIHAJIBHOTO 3HaueHHs 7 Aron no 5 Aroza. IHmi mapameTpu OTpUMaHi HUISXOM
arpokcumariii rpadikiB nepexiHUX MPOIECiB, BU3HAYEH] 3 IOCTaTHHOIO TOUHICTIO.

Bepudghixayis mooeni nimiii-ionnux AKb (4.3). Tun enementy — Swing 5300 [153],
MAcIOPTHI JTaHi SIKOTO HaBeneHo B Tabid. b.7, a nominaneHi gani 30ipku AKbB, mokazanoi
Ha puc. 5.5a, — B Tabn. b.8 onatky b (10.6 Aroxn, 48 B). I'padik po3psny AKB nmokazaHo
Ha puc. 5.17. [Jo nouarky ekcnepumenty AKDB 3apsmxena 10 MakCUMaIbHOTO 3HAYEHHS

Hanpyru U =54 B, saxe 3ymoBieHO oOMexeHHssM y BMS Ta 3apsigHoro mpuctporo. B

btmax

MOYAaTKOBUH MOMEHT 4Yacy MpHUKIAJa€ThCsl HaBaHTaXeHHsA, 1o po3psmkae AKDB 3i

3HAQYEHHSIM CTpyMy 1, =5 A, 1 HIATPUMYETHCS 10 CIPALOBAHHS 3aXUCTy IO PO3psly B

BMS, 1o BiamnoBijae 3Haue€HHIO Hanpyru Onau3zbko U =38.5 B. Ilapamerpu Monaemni

btmin

Oyly mMmiJyalmToBaHi TaKUM YHMHOM, IIOOM MaKCHUMajdbHO HAOJU3UTH pPe3yJIbTaTu
MOJICITFOBAHHS JI0 €KCIIEPUMEHTATHHUX JAHUX 3a OTMMCAHOI0 BUIIIE METOIUKOIO.

3 puc. 5.17 ciiaye, 110 3aCTOCOBaHa MOJIeb 3a0e3nedyye TOUHICTh B Mexax 1 % mo
Hampy3i B pobouomy aiamazoni 3apsay 20-100, B sskomy paisTh MpaioBaTd BUPOOHUKH 3

ToukH 30py Bukopuctanus AKb Ta 30epexeHHs HUKIIYHOTO TEPMiHY CITYKOH.
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Ha puc. 5.18 nokazano rpadiku TUHAMIYHHUX XapaKTEPUCTUK HAMpPYTH, K1 3HATI
I BU3HAUEHHS CTaJIol Yacy Ta YTOYHEHHS mapamMeTpiB Mozeni. TecT BKIlOYae HACTYIHI
cramii: po3psan AKB mporsrom wacy 1-9 ¢ (I iHTepBai), HEHaBaHTAXXECHUM PEKUM

npotsrom 1 ¢ (Il inTepsan) ta 3apsag AKB y 10-19 ¢ (III inTepsan).

Hanpyra po3psny AKb Ub . (B)
55 | T T T T

\ ExcnepumeHnTt
N — — —MopentoBaHHs
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T
/
I

/
1
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30 I I I I
0 30 60 90 120 t, xB

Pucynoxk 5.17 — I'padiku po3psay AKbB 3i ctpymom 5 A (50 % Bin HOMIHAIBHOTO)
Hamnpyra AKb an 3apsi- p03p51):[1 Ubt (B)
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Pucynok 5.18 — I'padiku nepexignux npoiiecis 3apsaay-po3psany AKbB, 4 A



129

Pe3ynbratu ekcniepumeHTaNbHOT Bepudikalii 38e1eH0 B Ta0I. 5.3.

Ta6mums 5.3 — InentudikoBani mapamerpu enemedTy AKb Type Swing 5300 [153]

C . C
[TapameTp 3 KpuBOi po3psALY ngM [TapameTp 3 mepexiIHOro NpoLECy szM
Ineansna EPC E,, B 3.65 |llomsapu3ariitHa mocTiifHa 4yacy T,,c 30

Koncranra K, B/(A-rox) 0.008 |BHyTpimniil aktusHuii onip R, , MOM 30

€mHicth Q , Aron 5.3
Ammtityna A, B 0.56 | AmmutiTyna excrioHeHiiiHoi 30uu A, B| 0.56
3Boporna crana B, (Arox) ~' | 0.2 |3BopotHa crana yacy B,(Arox) 0.2

Bepugixayia mooeni 6n10oxky CK (4.4). Tun enementy — ESHSR-0050C0-002R7
[154], macmiopTHi naHi sikoro HaBeneHo B Tabn. b.9, a Hominamehi gaHi Omoky CK,
nokaszaHoro puc. 5.5, — B 1a0i. b.10 Jlogatky b. IIpoBenemo po3paxyHok Mojesi 0JI0KY
CK. Tak sik eKCriepUMEeHTH MPOBOAMIUCS ISl OJOKY 3 KIIbKICTIO eneMeHTiB N =40, nus
aHaJi3y TOYHOCTI MOJIEJi HeOOX1JHO MEPETBOPUTH CXEMY 3 MOCIIIOBHUX €JIEMEHTIB, sIKa
nokazaHa Ha puc. 5.19a [37], [45], no ekBiBasieHTHOi Ha puc. 5.190. 3a copolryBagTbHUX
MPUIYIIEHB JJajli CXeMY MOKHA CIIPOCTUTH JI0 BUTJISITY SIK TMPEJCTaBICHO HA puc. 5.198.

3 IOBIJIHMKA BIACHHUM €KBIBAJIEHTHHUM mapasenbHuii omip enemeHty CK

“Ya 27 35 oM, (5.7)

R =
I, 73-10°°

ne U =2.7 B — HOMIHanbHA Hampyra eJleMeHTy; I, — CTpyM BUTOKY, TOOTO HEOOXiHE

3Ha4YeHHs 115 miaTpuMyBands CK 3apsipkeHUM MpOTATroM 72 TOJIUH.

i Erewenm CK R, i, L

1 |—'—(J ! e B}

i : 5 i

; I R R

:: : L-" L:

i i _ C_SC RP e L C?C RP 5C
a)... At —4——00) ! oB) S

Pucynok 5.19 — Knacuuna moaens CK 3 mapajielbHUM OnopoM Ta OajaHCyBaHHSIM
(a), exBiBajieHTHA cxeMa 3aMileHHs (0), crporeHa cxema 6710ky CK (B)

B sixocTi macuBHOTO OanaHCYBaHHS Ha KOXKHHM €IEMEHT BCTAHOBJICHO MapasieIbHUNA

pesuctop R, =27 xOM 3 MeHIIMM 3HAaYCHHAM HDK R Juist hopmyBaHHS 3pIBHAIBHAX
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cTpyMmiB. [lani micis nepeTBOpeHHsI TPUKYTHHUKY B 31pKY, 3 pHUC. 5.19a BcTaHOBIIIOEMO, 110

3arajJbHUM €KBIBAJICHTHUHN MapaJIeIbHUN OMip OJHOTO €IEMEHTY CKIIaJa€e

Roo_ ReR 37-27
" R +R_+R, 37+0.016-107 +27

=15.6 xOm, (5.8)

i€ €KBIBaJIEHTHUH MOCIIOBHUM omip eneMenTa aopiBHoe R =0.016 Owm.

BuyTpimniit nocnigosuuii omip 6moky CK nopiHioe

R.R .37.10°
R, = Sl = 03'016 37-10 - =9.25 MOwm. (5.9)
R +R, +R; 37-10°+0.016+27-10
Buxignuit nociaigosuuii omnip 6;10ky CK nopiBHIo€e
3
R.Ry 0.016-27-10 =6.75 MmOMm. (5.10)

* R, +R_+R, 37:10°+0.016+27-10°
3 ommsAy Ha Te, WO Rp > R;+R;, CKJIaJOBOIO Rp MO>XHa 3HEXTYBAaTU IpHU

PO3TIIsiAl KOPOTKOTPUBAIMX POIIECIB.

3aranpHui ociaigoBHui onip 6;0ky CK npubin3Ho 10piBHIOE
R, =(R,+R)N=(6.75+9.25)-107 - 40 =0.64 Om. (5.11)

Takox BIIMITMMO, IO NPH CaMOPO3psiAl CKIaJ0BOO R HEXTyITh, ajke BOHA

MaiKe HE BIUIMBAE HA LIEW IIPOLEC.

s eKcriepuMEHTaNIbHOTO IMIATBEP/KEHHS BIPHOCTI MOJENi, sika 300pakeHa Ha
puc. 5.198, y KBazi-ycTajeHUX pEeXKHMaxX 3apsay-po3psay Ta mpu camopospsay CK,
npoBefeHo HacTymHi Tectd g Onoky 3 40 enementiB ESHSR-0050C0-002R7 3
HOMIHaIbHOIO eMHIicTIO C_ =50 @ [154]. Takum 4yMHOM, pO3paxyHKOBa €MHICTb OJOKY
cxnanae Cy. =50/40=1.25 ®. Jlns BCcTaHOBIEHHS CTyIeHs 3anekHocTi emHocTi CK Bif
PUKJIAJICHOI HanpyTH, 0yo oOpaHo Tpu mianazonu: 0+25 B, 25+50 B, 50+75 B.

[lepmuit Tect monsrae y BuzHadeHHI eMHOCTI CK ekcrnepuMeHTaIbHUM IIISTXOM.

ITpu npoMy cain 3a3HauumTH, MO napameTp R, cimabo 3anexurs Bl Hampyru, ToOTO
R, =const. Tect 3apsny-po3psay CKIaJaeTbCs 3 TaKOl IOCIIIOBHOCTI OIEpalii: B

MoMeHT 4acy 1 ¢ no 6moky CK mpukiagaeTscs CTpyMm 3apsay-po3psay Bif KepOBaHOTO

mxepena HomiHamoMm 1 A Ta 0.5 A. I'padiku ctpymy CK npu 3apsiai-po3psiai B Alama3oHi
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Hanpyru 50+75 B nmpezacrasneno Ha puc. 5.20. AHANOTIYHO MPUKIAAABCS CTPYM y BCIX
noiOHUX TecTax. SIK TUIbKM Hampyra JO0CAra€ KpalHbOTO 3HAUYEHHS J1ana3oHy, 3apsii-
pOo3ps 3aBepIyeThes. BianoiaHi rpadiku nmpeacTaBieHo Ha puc. 5.21.

J1st GUIBIIOT TOYHOCTI PO3PAXYEMO EMHICTb i3 BpaxyBaHHAM R | sk:

t(i. FAU/R,)
7 AU_+i R,

C (5.12)

ne AU _ =25 B —3miHa Hanpyry; t, — 4ac 3apsgy/po3psny.

Pe3ynbrat po3paxyHKiB Ha OCHOB1 €KCIIEPUMEHTAJIbHUX JAHUX MPEJCTABICHO B
tabn. 5.4. Sk cninye 3 Tabdn. 5.4, emuicts 6s0ky CK 3miHIO€THCS B Mexax 19 % ++5 %,
o 01m3bKe 1o iHdopmartii, HagaHoi BUpoOHUKOM: BiaxuieHHs -10% / +20% [154].

Tabnus 5.4 — €muicth 610Ky CK B pi3HUX Alana30HaX HaNpyru

PospaxoBana emuicth 050Ky CK, ®©
Jiama3oH HaNpyTH 3apsin Pospsin
05A | 1.0A | 05A | 1.0A
0-25B 1.03 1.02 1.09 1.03
25-50B 1.17 1.19 1.20 1.23
50-75B 1.34 1.29 1.28 1.27
i Crpym i
0 . CT.pyM se 1.5 P e
0.5 Ly
-17 1057
1.5 ‘ ' ' | ‘ ‘ 0 ‘ ‘ ' ‘ ‘ —
0O 5 10 15 20 25 30 tec O 5 10 15 20 25 30 t.c
a) 3apan 0) po3psin

Pucynok 5.20 — I'padiku ctpymy npu 3apsiai (a) Ta po3psani (0) 6moxky CK3 1 A

BaxnuBo 3a3HaunTH, 1m0 rpadiku nepexigHux mnpoieciB Ha puc. 5.20 — puc. 5.21
OTpHUMaHi 3 MOJENIOBAHHS TOBHICTIO CIiBMAJaI0Th 3 €KCIEPUMEHTAIbHUMU JaHUMHU, IO
CBIAYUTh TPO BHUCOKY TOYHICTh BUKOPHUCTAHOI MOJETI B MPOBEICHUX pPEKUMAX.
Xapakrepuctuka camopo3psany CK mokaszana Ha puc. 5.22, Ha IKOMY CYLIJIBHOIO JIIHIEIO
300paXeHO EKCIEepUMEHTaJbHI JaHi, a IITPUXOBOIO — pE3yJbTaTH MATEMATUYHOTO
mopemoBanHsa mozeni 6moky CK 3 moctifinoro emuictio 1.25 @. Sk 6aunmo, moaens CK B

PEXUMI CaMOPO3PSAY MA€ HETOCTATHIO TOUHICTD, 1110 BUMArae ii BJOCKOHAJICHHS.
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Pucynok 5.21 — ExcriepuMenTanbHi rpadiku 3apsany (a, B) Ta pospsay (0, r) 6moky CK

H.?npyral Usc, ]|3

35 . T .
30
25
20
15
10 -
51

O 1
0 10 20 30 40

50

60 70 80 90 t, rox

Pucynox 5.22 — I'padik camopospsay 6moxy CK
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5.5 [HocaigxenHs: anropurmisB kepyBanusi Hanpyrow DC-DC neperBoprosauis
OyHkLiIOHANBHY CXeMy CTaHIIi Moka3aHo Ha puc. 5.23, Bona Bkiarouae DC-DC
IIEPETBOPIOBAY, JPKEPEIIO )KUBJIEHHS, a Takoxk emyJssiTop ElL

DC-DC 6ycrep

1
1
: T SO
AKYMYISTOPHE/ CyTIep- i Ran i Emyssitop ETT 380 B
|mmm et e e fem—————
KOH/ACHCATOPHE ! ! ' i
JUKEPEIIO KHUBJICHHS i ML N : : ﬂ
_____________________ 1 !
! i i | |
' C C1 i
i —> 0 — —b= 2 |EH7|: 45 _?_O
1 L] ! H I
1 1 1 ! !
| |AKB |CK i : i ——o°
' — |EH1 i iy : ! :
i i i ' i
1 1 1 I 1
1 L} 1 1 1
1 1 1 1 !
1 1 1 1 |
i —=> o o . ) i
|, L e ' 1| e o 1
A A J . A A 4 .
| TInata ranbBaHIYHOI PO3B’A3KH Ta Y3TOJKEHHA PIBHIB CUTHATIB |
A F 3
Ubtmsc‘r VIbt/Isc Towns Idc" ‘}Jdc fovnn USB

‘ Kepyrouuii koHTpOsiep Ha ocHoBi TMS320F28335 ‘ — ‘ //"‘

Pucynok 5.23 — Cxema ekcniepumeHTainbHO1 yctaHoBkM DC-DC niepeTBoproBaya

MopentoBaHHS CUCTEMH MPOBOAUIIOCS y TporpamMHoMy cepenoBumni MatlLab 3a
nornomoroto 0i0mioTekn «SimPowerSystem Toolbox», a Takox B mporpami Simnon.
biokom «PWM Generator» 3a0e3neuyBajoch 'eHepyBaHHsS CUTHAJIIB KOMYTaIlll KJIIOYIB,

Ha BX1J O SIKOrO MOJA€Tbecs (PyHKILIA IepeMukaHHs p . Bci enemenTtu cxemm oOpaHo

11eanpHUMU 0€3 ypaxyBaHHS BTPaT, OKpIM OTIOPY BX1AHOTO Koja R.
YMOBH €KCIIEpUMEHTAIbHOTO TECTYBaHHSA aHAJIOTIUHI TUM, IO NpUAMANUCS MpH

MOJIEIIIOBaHHI, 3 pi3HUIEI0, o omip R, =100 Om, skuil 0OMekye CTpyM B IEPBUHHOMY

KOJI1 TP MIAKIIOYEHH] KUBJICHHS, ITYHTY€E€TbCS KOHTAKTOM 3apsIHOTO pejie 10 MOMEHTY
cTapty. Jan mpoxoauTh BMUKAHHSA CHCTEMHU KEPyBaHHS, «PO3KauKa» BHUXIJHOI HANPYTU
70 337IaHOTO PiBHS Ta HABaHTAKEHH IEPETBOPIOBaya. 3 METOIO MONEepPeKEHHS aBapiitHUX

pexkuMiB B anroputmi renepysanss I1IIM nependaueno mepruii yac T, =2 MKC.

s Bu3HaueHHs kopekTHOCTI monem AKB mpoBeneHo Tect i3 3amporOHOBAHUM
anroputMoM kepyBaHHs Harmpyroro DC-DC mneperBoproBaua (3.6), (3.15), a Takox i3
HOBUM aJTOPUTMOM 3 KOMIICHCAII€I0 CTpymMy HaBaHTaxeHHs (3.6), (3.34). Cucrtema

KUBUTbCA B Onoky mitili-ionHuX AKbB (V,, =54 B). Ilpodins ctpyMy HaBaHTa)eHHS,
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MoKa3aHuil Ha puc. 5.24, cknanaerbes 3 AUISHKY npukmananas B t=0.1 c,aB t=0.2¢

CKHJIaHHS CTPYMY HaBaHTaXXeHHS | A 3 aHAJOTIYHUM MPUKIAJaHHIM-CKUIAHHSIM CTPyMY
«1A»Bt=03ci1t=0.4c.

[Ipodinb HaBaHTaKEHHS 1 &’ A

1 L
0.57
0
-0.5 71
0 01 02 03 04 tc
Pucynok 5.24 — I[Ipodine cTpyMy HaBaHTaKEHHS

Jlnst BCiX TecTyBaHb KOE(QIIIEHTH HAIAMTYBaHHS PETyIaTopiB Oyno oOpaHo
TaKuMHM, 00 (QYHKINS NMEepEeMUKaHHS HE BXOJMWJIa B OOMEKEHHS, a MEPEeXiAHUN IpoIiec
Hanpyru OyB amnepiognyauM. [Ipu npomy migTpuMyBanacs 0JHAKOBA MPOITyCKHA YacTOTa
KOHTYpiB: perynsrop ctpymy k., =10°; perymsarop nanpyru k, =300, k , =k’ /4. 3anana

HANpyra JaHKy MocTiiiHoro cTpymy nopisaioe V, =100 B.

Ha puc. 5.25 1 puc. 5.26 npencrasieHo rpadiku nepexiiHUX MpoIECiB OTPpUMaHi 3
MOJIETIIOBaHHS 1 EKCINEPUMEHTaJbHO, 3 SKUX BHUAHO, Mo Moxenb AKDB 3abesmeuye
JOCTaTHIA  pIBEHb TOYHOCTI JUIsl JOCHIDKeHHS TporeciB  kepyBanHs DC-DC

IMEPETBOPIOBAYCM.

IToxuOka peryntoBaHHS HAPYTH v m B

23 (N N
‘2;2{\ s vV | af

Bxinnuii ctpym i, A

751

-7.5
-10 : : : : -4 : : : : -
0 0.1 0.2 0.3 0.4 t,ce 0 0.1 0.2 0.3 0.4 t,c
a) MOJICTIFOBaHHS
" IToxuOka peryntoBaHHs Hanpyru V m B Bxinnuii ctpym i, A
T T T T 4 T T
751
S5t 2
25¢
0 oFr
=257
-5 2
-7.5
-10 : : : : -4 : : : : -
0 0.1 0.2 0.3 0.4 t,ce 0 0.1 0.2 0.3 0.4 t,c

0) eKCIIepuMEHT
Pucynoxk 5.25 — I'padiku nepexigHux npouecis 3 anroputmom (3.6), (3.15)
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IToxuOka peryntoBaHHS HAPYTH v m B Bxinnuii ctpym i, A

10 : 4 - -
75¢F 1
5t 1 2
25¢F \ 7
0 \" A~ V™ (1hs
LT -
-5 1 2t
7.5 1
-10 : : : : -4 : : : : :
0 0.1 0.2 0.3 0.4 t,e 0 0.1 0.2 0.3 0.4 t,c

a) MOJICJTFOBaHHS

0 [Toxubka peryntoBaHHs Hanpyru V ”m B BxinHuii cTpyMm i, A
T T T T 4 T T T T

7.5¢ 1

5 - -
251 7

0 -!.\M/WWWW
-2.51 1

-5 E
-7.5 T
-10 : : : : -4 : : : : :

0 0.1 0.2 0.3 0.4 t,e 0 0.1 0.2 0.3 0.4 t, ¢

0) eKCIIepUMEHT
Pucynok 5.26 — I'padiku nepexiTHUX MPOLECIB 3 AITOPUTMOM 3 KOMIIEHCAIIEIO CTPYMY
HaBaHTaxeHHs (3.6), (3.34)

5.6 Cucrema kepyBanns I'JIK 3 ®HY

MogpentoBanusa (puc. 5.27) 1 eKcHepuMeHTajdbHI JOCHIKeHHs  (puc. 5.28)
IPOBEJEHO JJIs BU3HAYEHHS €(DEKTUBHOCTI CTAHLI{ IBUAKOTO MPOTOTUITHOTO TECTYBAaHHS
['JIK, cxemy sikoi moka3aHo Ha puc. 5.2, a HomiHanbHi napametpu 30ipku AKB 1 CK Nel
HaBeneHo B Tabi. b.11 Jlomatky b (Vy,, = 24 B). DC-DC nepeTBoproBadi aHaJOTi4HI K B
n. 5.4. HanamtyBaHHs HEJIHIMHOTO airoputMy KepyBaHHS 3 Tpboma lll-perynsropamu
(4.9),(4.10) 1 ®HY (4.13),(4.14) (6e3 V,, / V,. ) HacTyIHI: peryasaTopu cTpyMis: k., =600,
k. =k? /4; perynsrop manpyru k, =150, k., :k3/4; crana yacy @HY T, =0.5 c.

3 anam3y puc. 5.27 1 puc. 5.28 cuigye, 1m0 Hampyra JaHKU TOCTIHHOTO CTPyMYy
pErymoeThes acuMnToTuyHo, a Takok mo crpymMu AKB Tta CK BiampaiboBYOThCS
acCUMNOTOTUYHO. JlocsAraeTbcs 4acTOTHE PO3AUIEHHS CTPYMIB, a €KCHEPHUMEHTalbHI JaHl
CHIBIAJA0Th 3 pe3yIbTaTAMU MOJEIIOBAHHS 3 JOCTATHBOIO TOYHICTIO.

JUis OCHiKeHHST MPUHIUIY YacTOTHOTO PO3MOALTY CTPYMy HaBaHTa)KCHHSA Ha
«WBUAKY» Ta «IOBUIBHY» CKJIaJ0BI HPOBEIACHO JOAATKOBUM TECT, YMOBAMH SIKOTO

nepea0ayeHo CHHYCOIHE 3aBJaHHs CTpyMy HaBaHTaxeHHs 1, =0.5sin(2nft) A. Jlna

KokHOi yactoTu f, Oynu 3anucani crpymu HaBanTaxxeHHs AKbB 1 CK.
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s [Toxubxka HaprFI/IV i (B) 5
10 1 1.5} T
5 ol _
0 " 05¢ 1
00 1,0
-15 1-0.57 1
220 1 -1r T
25 1-1.5¢1 1

0 2 4 6 8 0 2 4 6 8
Hanpyra AKB V., (B) Hanpyra 6oky CK'V _ (B)

CTpym HaBaHTaXKeHHS 1, (A)

0 2 4 6, 8 0 2 4 6 8
3ananmii ctpym AKb i, (A) 3ananmii ctpym CKi_ (A)

0 2 4 6 8 0 2 4 6 8

H(I)XI/I6Ka PeryJIIOBAHHS CTPYMY i e (A) 1'[10X1/16Ka PEryJIIOBaHHS CTPYMY i o A
0.751 10.75
0.5¢ 1 05 I
025} 10.25
0 H : A
025 10.25 | |
-0.5¢ 1-0.5
-0.751 0.75
-1 ' : ' -1 ' : '
0 2 4 6 8 0 2 4 6 8
g Oynkuis nepemukanb AKb Py g Oynkuis nepemukanb CK Pe.
1.6 1.6
1.4 1.4
1.2 1.2
1 a |
0.8 1 0.8
0.6 1 0.6
0.4 1 0.4
0.2 ' : ' 0.2 ' : '
0 2 4 6 8 0 2 4 6 8

CymapHuii 3a1aHuAll CTPYM i; (A) [ToxuOka HanpyrHNV 4 B)

v

1 1 1 30 1 L 1 1 1
0 2 4 6 8 0 02 04 06 08 1 t. ¢
Pucynok 5.27 — Ilepexinni npouecu B cuctemi kepyBanns ['JIK (MoaentoBaHHS )




Ctpym HaaHTaKeHHs 1, (A)

[ToxuOka Hanpym?/ i B)

0 2 4 6
Hanpyra AKb V (B)

2 4 6 8
Hamnpyra 6moky CK'V _ (B)

0 2 4 6,
3anannii ctpym AKB i, (A)

2 4 6 8
3amannii ctpym CKi_ (A)

0 2 4 6
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Pucynok 5.28 — Ilepexinni nporiecu B cucteMi kepyBanHs ['J[2K (ekcriepuMeHT)

137



138

CriekTp 4acToT 0OpaHo, BUXOJSYH 3 TUMOBOI JiarpaMu HaBaHTaxeHb ET3 misa pyxy
B Micti [100], B #AKili CTpyM JaHKHA MOCTIHHOTO CTPYMYy CKJIQJa€ThCs TMEPEBAKHO 3
rapMOHIK HU3BKOI 4aCTOTH. AMILTITYIHO-4acTOTH1 Xapaktepuctuku crpymiB AKbB, CK i

HABaHTa)XCHHS MOKa3aHO Ha pHC. 5.29 y BIIHOCHUX OJWHUIAX. Ba30BUM 3HaUEHHSM B3SITO
co . ek ok .
CTPYM HAaBAaHTa)XXCHHS Ha HyJbOBIM yactoTi i, =1;, (f=0TIm). Sk cmpagye 3 puc. 5.29,

CUCTEMa KepyBaHHsS 3a0e3leuye peryjtoBaHHS HaNpyrd JIAaHKA MOCTIMHOTO CTpyMy 3

KOpPEeKTHUM dYacToTHUM posnoaiiom ctpyMmiB CK (wactoru Bume 1 I'm) AKB (ymoBHO

ITOCTIHHMIA).
12 AMIUTITyIHO-4acTOTHI Xapaktepuctuku B ['JIJK
| — o N §
!
0.8 \ \ 1
0.6 i/l i/ 1
. . *
0.4 i /1y, 0 .
0.2 i
O 1 1 1 1
0 1 2 3 4 5

£,
Pucynok 5.29 — AMIUTITYTHO-4aCTOTH1 XapaKTEPUCTUKU CTPYMIB IEIIDK

5.7 MopiBusaunsa xkusjaenns Bix AKbB i I'/I7K na 0a3i niarpamun mBuakocrti ET3

Meroro JgaHOTO MIAPO3AUTY € TOPIBHAHHS XapaKTePUCTUK aKyMYJSITOPHOTO Ta
riOpUIHOTO JKepea >KUBJICHHS ISl CJeKTPUYHUX TPAHCIIOPTHUX 3ac0o0iB Ha OCHOBI
anroputMy kepyBanHsi 3 @PY (4.13), (4.14), BcraHoBeHHS BIUIMBY HanamtyBanb ®PY Ha
posznoain crpymiB ['JI2K nnst pizaux npuckopens ET3, a Takox nmokpaiiieHHsi yMOB poOOTH
AKB y cknaai I'’JIK nopiBHstHO 3 xkuBieHHIM Tuibku Bil AKD.

Jlnst mopiBHsiHHS yMOB pobotn AKDB B cuctemax *UBJIEHHS 3aCTOCOBAHO 3arajibHO
NpUUHATI KpUTEpii, sSKi HalOuiblne BIUMBaIOTh, Ha jaerpagaiiro AKb [100], [150]:

a) MaKCUMalbHe 3HAYCHHs CTpyMy B oiHoMmy eiemeHti AKbB i, =i, /N ; 0) mBuaxicts
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smian ctpymy AKB. BingMitumo, 1110 BU3HaY€HHS AOMYCTUMOI HIBUAKOCTI 3MIHU CTPyMY
AKBD Ta ii BIIIMB Ha pecypCHI MOKA3HUKH JI0 IbOTO Yacy HE OTPUMAJIO KUTbKICHUX OLIIHOK.

Memoouka mecmyeanns. Jlocnimkenus npoieciB eneprooominy Mk AKb ta CK
BUKOHAHO HA CTaHLIi HIBUAKOTO MPOTOTUITHOTO TecTyBaHH: 3 JiTii-ionHuX AKDB 1 610k0M
CK (30ipka Ne2), mapamerpu sikoi HajgaHo B Ta0a. b.12 Jlogatky b.

Ha BigMiny Big momepeaHix TOCHIIKEHb, 3alPpONOHOBAHA METOAMKA Iepeadadyae
(dbopMyBaHHS CTPyMY HAaBaHTa)XEHHsI HA OCHOBI PO3PaxyHKY, BUXOJSTUYH 3 TUIIOBUX JllarpaM
pyxy ET3. B mporeci aoCHiKeHHS PO3MOALITY CTPYMIB y CHUCTEMax >KUBJICHHS
BUKOPHCTAHO TMOCIIJOBHICTh KEpyBaHHS OJIOKOM HaBaHTa)KEHHS, $KYy IIOKa3aHO Ha
puc. 5.30: 1) emymoeTbest po3rid ET3 B ymMoBax pi3HUX 3aJlaHUX NMPUCKOPEHb €; 2) IBUTYH

MPALOE 3 MOCTIHOO MIBUKICTIO, TOKPUBAIOYH MOCTIHHI BTPATH; 3) ABUTYH FaIbMY€ETHCS.

IIIBuakicTh ABUTYHA, paj/c

100
75
50
25
O 1 1 1 1 1
0 5 10 15 20 25 t, C
5 MowmenTt neuryna, Hm
2511 *: ]
0 T |
2.5t - ]
s | | | e |
0 5 10 15 20 25 t, ¢
MexaniyHa noTtyxkHicts P, BT
500 I T T T m T
250 61 ———62 .......... 53 |
0 |
250 ks |
-500 ' - - : '
0 5 10 15 20 25 t.c

Pucynok 5.30 — I'padiku nepexiHux mpolieciB 3adaHux TpaekTopiil pyxy ET3

BuxinHa MexaHiuHa MOTY)XHICTh P mepepaxoByeTbcsl A0 €IeKTpu4yHoi P, 3

ypaxyBaHHSM BTpaT, sIKI NPUCYTHI B JBHUryHi. CTpyM HaBaHTaKEHHS JOPIBHIOE

1, =P /V, . Taka MeToquKa po3paxyHKy HaBaHTa)KEHHS MOKE€ 3aCTOCOBYBATUCH ISl BCIX

TUIIIB TSTOBUX E€JIEKTPOINPHUBOIIB 3 BEKTOPHO-KEPOBAHUMHU JBUTYHAMH 3MIHHOTO CTPYMY.
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JIns JOCHiIKEHHs BH3HAYEHO TPH 3HAYCHHS NPHUCKOpEHHs & = 16.7 pan/c’,

. 2 . 2 . . . ..
& =333 pag/c” Ta & =50pan/c’, Akl BIANOBIAAIOTH MIHIMAJIbHOMY, CEpEIHHOMY Ta
MaKCHMaJbHOMY TIPUCKOpPEHHIO emyiboBaHoro ET3. HamamrtyBaHHS perynisTopis

BIJIMOBIIa€ HaAMTyBaHHIO TecTy 1. 5.6. [louarkoBa Hamnpyra 610Ky CK nopisatoe 90 B,
3aana Hanpyra [JIK V, =100 B.

Hocnioxncenns manawmysanns ®PY. ExcnepuMeHTanbHI Tpadiku MEepexiTHUX
IpOLIECIB OTPUMAHI Ha CTaHIIi MIBUAKOTO MPOTOTUITHOTO TECTYBaHHS 32 YMOBHU PO3TOHY
ET3 3 mnpuckopeHHsiMH €, — &; MokazaHo Ha pwuc.5.31 — pwuc. 5.33. Ha puc. 5.316

JIOJAaTKOBO TIIOKA3aHO pe3yiabTaTh MOJENIoBaHHA. Ha pHCyHKax MyHKTHpHI JiHil
BiJINOBIAI0Th CyMapHOMY 3a/IaHOMY CTPYMY i, AKHI HEOOXiJHMIi JUIS TArOBOTO JBHIYHA

ET3, cyminsaumu — ctpyM AKBD iy 3 pizaum HanamryBanusiMm OPY. [lonatHiit HanpsMok

ctpyMy Bianosigae pos3psaay I'JIK. [louatkose HanamtyBanHs @PY sianosigae T, = 1.0 ¢

JUTSl BCIX BUMNAJKIB IPUCKOPEHHs, sIK1 MMoKazaHo Ha puc. 5.31a, puc. 5.32a 1 puc. 5.33a.

3 anamizy puc. 5.31 BugHo, mo Bukopuctadi momeni ['JDK Ta mkepen xuBneHHS
3a0e3MeYyr0Th JOCTATHIO TOYHICTh MOJICTTFOBAHHS.

3 rpadikiB BHIHO, MmO (IKCOBAHE HaJAIITyBaHHA He 3a0e3nedye OOMEKEHHs
ctpymy AKB Ha mneBHOMy piBHI A KOXHOro pexumy pobotu ET3 3 pizHum
NPUCKOPEHHIM. 3 MeTOr0 oOMexeHHs MakcuMaibHoro ctpymy AKbB Ha ogHakoBOMY piBHI
(ipy = 3.3 A) ®PY Oyno mepeHanamToBaHO sl BUMAJIKIB MPUCKOPEHb €, Ta €; JI0 PIBHSA
Te=2.1 cTaT=2.35 ¢ BIANOBIIHO, 110 MMOKa3aHO Ha puc. 5.326 1 puc. 5.330.

HeoOxiHO BiIMITUTH, IO 1HTerpaigbHe 3HaueHHs ctpymMy AKD i, 3amumaerbcs

MOCTIMHUM TpU po3roHi Ta ranbmyBaHHl, ToOTo AKDB 30epirae/Burpadae omHAKOBY
KUIBKICTh €Heprii He3asjexkHo Bija HamamrtyBaHHs ®PY B mepexignux pexumax ET3. 3
pE3yNbTaTIB TECTYBAHHS JIUIA PI3HUX 3HAYeHBb MO4YaTKOBOI Hanpyru CK miaTBepmkeHo, 1Mo
dbopmyBanas ctpymy CK Bimmosimuo no (4.14) 3abesneuye posmofin ctpymis, mo CK
MOCTAa4Ya€ MUTTEBY MOTYKHICTh BIATIOBITHO 10 PIBHS CBOET HAMPYTH.

JIst akyMyJISITOPHOTO YKUBJIEHHSI BUKOPUCTAHO OJIHY TapajieibHy BITKY €JIEMEHTIB,
TOMY B yCiX €JIeMEHTaX CTPYM AOPIBHIOE 1j.= 1. s ['JIDK 3acTtocoBaHo 2 BITKH, TOMY

ctpyM B enemMeHTi AKDB ;.= 1/ 2.
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a) EKCTIEPUMEHT

0) MOJIeJIFOBaHHS

Pucynok 5.31 — I'padixu nepexigaux npouecis B I'JIDK 1 AKb ipu T, =1 ¢

(e=16.7 pag/c?)

141



142

Crpymu I'JIXK iE’ ib (A) Crpymu I'JIKi1_,1_ (A)
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a) T, =1c

0) T,=2.1c

Pucynok 5.32 — Ipadixu nepexigunx nponecis 8 [JIK i AKB (g =33.3 pag/c?)

(eKcTIepUMEHT)
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a) T, =1c

0) T,=235¢

PucyHok 5.33 — I'padixu nepexiguux nponecis 8 [JIK i AKB (€ =50 pag/c?)
(excriepuMeHT)

Jst cuctem ['JIOK 3 dikcoBanum HanmamryBanasM ®OPY, a came mns Omoky CK,

HEMaEe MOXJIMBOCTI oTpumaTu Ouibiie eHeprii Big ET3, Hixk Oyno Bigmgano. [loreHiiitHo
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apantauis OPY 1 gomatkoBuil perymstop 3apsany 6moky CK mo3Bonuth mepeBecTd BCIO
eHepriro pekymneparii g0 6moxy CK, a motim pospspkatu oro Ha AKbB 3 mimiToBanum
3HAYEHHSM CTPyMY Ta IIBUAKICTIO 3apsiiy, a00 BUKOPUCTATH HAKOMHYEHY €HEPTII0 IS
1HTEHCUBHOTO po3roHy 0e3 3amyuyeHHs AKD.

3 rpadikiB nepexigaux npoieciB Hanpyr AKDB 1 CK MoxHa 3poOUTH BUCHOBOK, 1110
BIJIIIPAIIOBAHHS PEXXUMY rajJbMyBaHHA 3 OLIBIIMM a0COJIIOTHUM 3HAUYEHHSM IMPUCKOPEHHS
MPU3BOAUTH /0 HaBEIEHHS OUIBIIOrO PIBHS IIYMIB, IO BUKJIMKAHO PEXKUMOM pOOOTU
peryJaTopiB CTPYyMIB 3 BEIUKUMHU KoedimieHTamu TiacuieHHs. [lpupoaHo, mnpu
301nbiienH1 ¢pinpTpanii crpymy AKDB, nHanpyra AKbB takox mae OibIn rnagky Gopmy.

3 rpa¢ikiB mepexiAHUX MPOIECiB MOXUOKHU PETYIOBAHHS HANPYTH MOXHA 3pOOUTH
BHUCHOBOK, 110 HajamrtyBaHHs ®OPY He BmjuBae Ha AMHAMIKY PEryJIIOBaHHS HaNpyru
JAaHKU TIOCTIMHOTO CTpyMy moBHIcTIO kepoBaHoro ['JIDK, Toai sk B aKyMyJIATOpHOMY
’KUBJICHH] BHUXIJIHA Hampyra HampsMy 3alexuTh Bia cTtany 3apsay AKDB, ycranenoro
3HA4YEHHS CTPYMY HaBaHTa)kKeHHs Ta Bapiallii mapameTpiB AKb BHaciok cTapiHHS.

3 pwuc. 5.31 — pwuc. 5.33 crhigye: a) IPUCKOPEHHS €, — €; BUMAararTh PI3HOTO
HanamTyBaHHs Tg ©) mpolecu pO3roHY-CHOBUIBHEHHS 1 BUXOJy Ha MOCTIHHY IIBUIKICTDH
NOTpeOYIOTh PI3HOTO HANAIITYBaHHS HABITh B YMOBaX OJIHIET JliarpaMu IIBUAKOCTI.

llopieuanus posnoodiny cmpymie 6 IJDK i axymynamopuomy owcuénenui. s
nopiBHsiHHS YMOB poOotu AKbB mnpu >xuBnenni ET3 Big 'K Tta Tineku Binm AKbB Ha
puc. 5.31 — puc. 5.33 nokazano ctpyM B eneMmeHTax AKD 1., 1€ CyliIbHI J1HIT TOKa3yIOTh
ctpyMm B enementax AKbB y I'JI)K, a mynktupHi niHii — npu sxuBneHH1 Tuibku Big AKB.

BinmiTMO, 10 CTpyM HaBaHTaKEHH 1, AJs *kuBjIeHHS TUlbkH Bl AKB nopisHioe

ctpymy AKB, npote BiH B 1Ba pasu MeHmii 3a i, ana IJ[K, ajke Hampyra eleMeHTIB

AKB nopiBHIOE Hampy3l JIaHKH TOCTIMHOTO cTpyMmy, a aisa Bunaaky ['JIDK — wmampyra
enemenTiB AKb B nBa pa3u menma. [lokazano, mo 3actrocyBanHs OPY 3menmye
MaKCHMaJIbHE 3HaueHHs cTpyMy AKD, 1110 BU3Ha4aeTbest HOro HajgalmTyBaHHSAM.

Binznaunmo noseninky ['JIK mpu ranbMyBaHHI, IO MOYWHAETHCS Y MOMEHT 4acy
t =20 c. Cnouatky ctpyM 3apsmpkae 6ok CK. Ilicas toro, sik cymapHuil cTpym 1, Ta i,

CTalOTh pIBHUMH (t = 22 ¢), HABAaHTAXKEHHS CMAaJa€ MIBUJIIE, HIXK MOXE 3MIHUTHUCS CTPYM

AKB. Tomy 610k CK nocrauvae 3apsiaauit ctpym 10 AKb mist miarpumku rinaakoi gopmu
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lp. 3 aHAMI3y Ciiaye, Mo aganTuBHe HamamTyBaHH OPY Moxe MOTEHIIHO 3MEHIIUTH
ctpyMm B enementax AKDB: s mokazaHoro BUNAAKy CTPYM 1j, 3MEHIIEHO OLIbIIE, HIK
BTpuul 10 1.5 A anst sxunenns Big I'JI2K y mopiBasiHHI 3 5 A — st sxuBsieHHs Big AKD.

VY BciX BUMaJKax 3 OJHAKOBUM HajamTyBaHHsIM ctanoi yacy ®PY T, =1 ¢ nepexigHi
nporecu posnoauny crpymiB AKb ta CK micis 3akiHYEHHS pO3TOHY 3aKIHUYIOThCS 32
OJTHAKOBUH TepMiH yacy nmpubau3Ho 3 c. [Ipore micnsa ranemyBanHs ET3 BoHM TpuBaroTh
THM MEHIIIE, YAM 3 OUIBIIOI 1HTEHCHUBHICTIO TambMyBaBcsi ET3 BHAcHiIOK 30UTBIIICHHS
PI3HUIII MK 3aJjaHUM cyMapHUM cTpyMoM Ta ctpymoMm AKD. 3 anami3y ciiaye, 1mo 070K

CK moxe 3 OUTBIIOI0 IHTEHCUBHICTIO po3noaunTu ctpymu B I'JIK.

5.8 HocaigxenHsi KOHTYpy peryiroBanHsa Hanpyru CK

Mertor miapo3ainy € TOCTiHKEHH TUHAMIKU TTOBHOI cuctemu kepyBanHs ['JIXK 13
3anmponoHoBaHUM peryistopoMm Hampyru CK ngns BcTtaHoBiIeHHs i1 mpaie3mgaTHOCTI 1
NepeBipKU METOUKH HanamTyBaHHs Ha ocHOBI 301pku ['JIK No2 (tabin. b.12 Jlonatky b).

Tect Bkirowae crabumizamiro BuxigHoi Hampyru [JIDK 3 kommeHcarii€o cTpymy
HaBaHTaXX€HHs. MakcuMasnbHe 3HAYEHHS HAaBAaHTAXKEHHS 3 A € OJM3bKUM 10 TPAHUYHOTO 3
TOYKM 30py mnapameTpiB 1 ymoB pobotu DC-DC mneperBoproBauiB. IHtepBan 06e3
HABaHTaXEHHsI HEOOX1HUM JIJIs1 aHaJ3y TOBrOTpUBAiIoro BianpamtoBanHs Hanpyru CK.

ITouaTtkosi ymoBu: V, (0)=52 B, V_(0)=70 B; V,.(0)=100 B, 3agani Hanpyru:
V. =75 B; V,, =100 B. Hanamrysanus: perynstopu crpymis: k, =1000, k,=k’/4;
perynsrop Buximuoi manpyrm: k, =400, k. >k’ / 4; crana vacy ®PY T, =1.5¢c;
perysarop Hampyru CK (4.21): k, =0.05,E=1, T, =5 ¢ (0, =6.70,,).

Pe3ynpTaTn MareMaTH4HOTO MOJEIOBaHHS 300paxkeHo Ha puc. 5.34. Ha inTepBaii
yacy /10 5 ¢ HeMae HaBaHTAKEHHS, OTKe CTPYM 3apsny i, 3mymye AKB sapsmxatu CK.
[IpoTtsirom wacy 5-10 c B perynsTopi BUXITHOI Hampyrd Vg CTPYM HaBaHTaXEHHS 1
anreOpaiiHo CKJIaIaeThes 3 i, , TOMy 3HAY€HHs CyMapHOro 3aJaHOro CTPyMy iy JEIIo

BUIIIE, HIK Y BUNAJKy 0e3 perynaropa 3apsay (mpubnuszHo Ha 0.6 A 1o BiJHOLIEHHIO J0 5
A). Hani, Ha inTepBaii yacy 10-20 ¢ HaBaHTaxxkeHHs € noctiitauM, AKB nmoctauae enepriro
gk o EIl, tak 1 go CK. ¥V pexynepaTUBHOMY pexXHUMI MPOIIEC TOBTOPIOETHCS. 3 rpadikiB

ciiaye, mo Hanpyra CK acuMOTOTUYHO BiANPALbOBYETHCS.



146

[Toxubxka perymoBaHHs HANPYTH VNGlc (B) ; Crpym HaBaHTaxkeHHst i, (A)

0
2.5¢ 1 2t
5t
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-125¢ 1 Iy
495 5 505 51 515 52 525 tc 0 5 10 15 20 25 30 35 40 45 50 55 tc
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. . . . . . . . . . . -6 . . . . . . . . . . .
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52,67
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5147
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>1075 10 15 20 25 30 35 40 45 50 55 te 05 10 15 20 25 30 35 40 45 50 55 te
Pucynok 5.34 — I'padiku nepexiguux npouecis I'J[2K 3 perymoBanusm Hanpyru CK

JlunaMiKy MOXMOKHU PEryJIOBaHHS HANPYTH JAHKHU MOCTIMHOTO CTPYMY MOKAa3aHO B
MOMEHT 4acy 25 ¢, 3 sKoi ciiaye, mo perynarop 3apsay CK He BIuiMBae Ha perystOBaHHS
BUXIJIHOT HAMIPyTH V .

Ha puc. 5.35 nokazano mopiBHsSHHS rpadikiB mepexigHUX MPOIECiB B cUcTeMi 0e3
perynstopa Hanpyru CK (wopHi miHii) Ta 3 perynstopom (cuHi JiHii). 3 rpadikiB HAIPyTu
onoky CK 1 AKBb moxxna moGauutu, mo Hamnpyra CK miaBHO mpsMmye 10 3a7aHOTO
3HadeHHs. be3 perymnsatopa 3apsay CK, ix Hampyra He perymroeThCs 1 MICHs 3aKiHYCHHS
BIJIMPAIIOBAaHHS UKy HAaBAaHTKEHHS BOHA MA€ 3HAYEHHS NMPUOJU3HO TaKe came, SIK 1 10

novatky Tecty. 3 rpadika crpymy CK cmigye, mo 6mok CK B 000X Bumagkax
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BIJIMIPAIbOBY€E IMIBUJKO3MIHHI YaCTKU CTPyMy. 30KpeMa, B MOMEHT 4acy 25 ¢ BHUHHUKAa€

IPOLIEC CKUIaHHS HaBaHTAXXEHH:, TOMY Ul NiATpUMaHHA 11aBHOI 3MiHU cTpyMy AKD i,
6ok CK Bxoauts B pexxum po3psany Ha AKB.

Crpym AKB i (A) Crpymi (A)

0 5 10 15 20 25 30 35 40 45 50 55 tc 0 5 10 15 20 25 30 35 40 45 50 55 tc
Cymaphuii cTpyM iy, T(A) Toxubka peryntosanns Hanpyru V. (B)

7.5
5 -
25¢
O L
2571
5
S1.571
-10
1-12.5¢F

0 5 10 1520 25 30 35 40 45 50 55 tc 0 5 10 15 20 25 30 35 40 45 50 55 tc
Pucynok 5.35 — I'padiku nepexiguux mnpouecis ['JI2K (dopHi minii — 6e3 perynstopa
Hanpyru CK; cuni niHii — 13 3anponoHoBaHuM perynaropom Hanpyru CK)

Ha puc.536 300paxxkeHo ananoriyHi rpadikdi B CHCTeMl 3 MEHIIUM
CHIBBIIHOHIEHHAM () =50, ), IOPIBHIOIOTbCA CHCTEMH KepyBaHHa 0Oe3 OHY

perynsitopa 3apsay [88] ta 3 ®HY perynsaropa 3apsay 6moky CK. Sk chigye 3 anamizy
puc. 5.36, HeBukopuctanis ®HY npu3BOIUTH J0 TOrO, MO MiJCUCTEMH PETYJIIOBAHHS

Hanpyry JIaHKW noctiiiHoro crpymy i Hanpyru CK e 3B’s3anumu. Lle mposiBnseTscs B
TOMY, IO IpH HAaKUJaHHI HaBaHTaxeHHs cTpyM 3apsny CK i, pi3ko 3poctae, 1110
NPU3BOAUTH 10 30UIBLIEHHS CYMapHOIO 33JaHOTr0 CTpyMy 1y 1 30LIbLIEHHS MOXUOKH

PETYJIIOBaHHS HANpPYTH JIAaHKU TOCTiHOTO cTpyMmy. SK ciigye 3 aHamidy puc.5.34 —
puc. 5.36, 3anpomoHoBaHuii perynstop Hampyru CK 13 pmoctaTtHiM po3mieHHSIM

(0, =6.70,,) 3a0e3nedye acCUMOTOTUYHY PO3B’SI3KY IPOLECIB PEryIIOBaHHS BHXIAHOI

Hanpyru 1 Hanipyru CK, 1 npaktuyHO He BIuMBae Ha posnoxain ctpymiB Mix AKB 1 CK.
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Crpym AKbB ibt Ta CyMapHHii i; (A) Ctpym AKB ibt Ta CyMapHHii i; (A)
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Pucynok 5.36 — I'padiku nepexignux mnpoteciB B cuctemi kepyBanns ['JIK 3

perymoBanHsaM Hanpyru CK o, =50, (a—0e3 ®HY, 6 — anroputm 3 ®HY)

5.9 IlopiBHSIHHS TOIOJIOTIH JKepeJI ;KUBJIEHHSI HA 0CHOBI Aiarpamu mBuakocti EII
3 pe3ynbTaTiB €KCIEPUMEHTAIBLHOTO TECTYBAHHS 1 MOJICIIOBAHHS MOKHA 3poOUTH
BUCHOBOK, IO  PO3pOOJICHE  mporpaMHe  3a0e3leueHHs s [POBEACHHS

CKCIICPUMCHTAJIbHUX I[OCJ'Ii,Z[}KCHI) 1 MOJCJIFOBAHHA 33663HC‘IYI-OTB JOCTATHIO TOYHICTh
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CHIBNAAIHHS TUHAMIYHMX mpoiieciB. Lle m03Bossie MPOBOAUTH AOCTIIKEHHS aJITOPUTMIB
kepyBanHs ['JIJK 3acobamu MojentoBaHHS Ha OCHOBI IUKIY POOOTH €IEKTPONPHBOIY
tarosoi EMC.

MeTo0 [@aHOTO JIOCHIIKEHHS €. a) PO3BUTOK METOJOJIOTIi  JOCHiAKEHb
€JICKTPOMEXaHIYHUX CHCTEM EJIEKTPUYHUX TPAHCIOPTHUX 3aco0iB 3 TiOpUIHUMU
JDKepeNlaMu SKUBJICHHS; 0) MOPIBHSIHHS PO3MOBCIOIPKEHUX TOIOJIOTIH JIKEPE KUBJICHHS 3
EHepreTHUHOi TOUKHU 30py enekrponpuBony ET3. /lane nocmigxeHHs HE MPETEHIyE Ha
BCEOCSDKHICTh, a TIJIBKM HaIlpaBlieHe Ha BU3Ha4YeHHs Tux (axktopiB podotu AKDB, sxi
HaNO1IbIIE BIUIMBAIOTH Ha iX cTapiHHs, a caMe: 3HaueHHs cTpymiB AKD 1 iioro noxigHux.

®dynkuioHanbHy cxemy TsAroBoi cuctemu ET3 moxazano Ha puc. 5.37. Cucremu

kepyBanHs ['JIK 1 kepyBanns CJIIIM (2.46) — (2.48) nokazano Ha puc. 5.37a15.370.

Perynsrop nanpyru

v ]
/|

k,,

wi

Mexaniuda
yactuHa ET3

Pucynok 5.37 — dyHKI10HAIbHA cXeMa MOBHOT eIeKTpoMexaHiuHoi cuctemu ET3

Anroputmu  kepyBanas 1BuAkicTio CJ/IIM, po3pobneni B [128], [130],
3a0e3Meuy0Th ACUMITOTHYHE BIJAINpAIlOBaHHSA MEXaHIYHUX KOOPAMHAT B YMOBax il

MOCTIHHOTO MOMEHTY HaBaHTakeHHs. B [131] — [133] naBeneHo po3poOiieHi METOAH, SIKi
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BUKOPHUCTOBYBAIMCS ISl momnepenHboi ineHTudikanii napamerpis CAIIM, pospaxyHkKy
MOTOKIB MAIIMHU 1 PO3paxyHKY 1HIYKTHBHOCTEH 3a ocsiMu d 1 q,. AITOPUTM KEpyBaHHS
I'JIK 3acHoBaHo Ha anroputmi 3 ®PY (4.7), (4.9), (4.10), (4.13), (4.14). IlacnopTHi naHi
CHIIM motyxHictio 3 kBt Hamano B Tabmn. b.3, a mapamerpu 36ipku ['J[)K (36ipka Ne3),
HaBeneHo B Ta0u. b.13 Jlomatky b.

Anropurmu kepyBanHs ['JIDK 1 CHAIIM BkiIto4aroTh OOMEXKEHHS MaKCUMaJIbHUX

CTpyMiB iy, lymax 1 HAmpyr Py Py €[0:2], uqmaX:JdeC /3—u§1 13 (yHKLI€O «anti-

windup». OcTtaHHE O0OMEXEHHsI CIIIJIy€e 3 TOYKH 30pYy, 110 HEOOXITHUN MOIYJIb HANpyru

- [ 2, 2 -y
1HBEpTOpA ‘u‘ =4/Uy T U, 3aBKIM € OOMEKEHUM 3HAYCHHAM HANPYTH JAHKH MOCTIHHOTrO

CTPYMY |u| <V, / 3 BHACJIJIOK IMILJIEMEHTaIlli 1HBepTopa 3 mpocroporoto LM [105].

ANTOPUTMU KEpyBaHHS I1HIIAMU TOTOJOTIIMU MOXYTh OYyTH JIETKO OTPUMAaHUMH 3
puc. 5.37a nuisixom npuOUpaHHs BiAMOBIAHUX KOHTYPIB PETyTIOBAHHS.

Kpumepii nopisnanns mononocit I/[7K. HeoOxi1HOWO yMOBOIO MJis TOPIBHSIHHS
JDKEpeIT JKUBJICHHS 3 PI3HUMHU HAMPYTaMH € OJHAKOBA MOTYXKHICTh JKEPEIT )KUBJICHHS, 1110
€KBIBAJIEHTHO OJHAKOBIA KUILKOCTI €JIEMEHTIB.

3araJibHO BUKOPHUCTOBYBaHI KpUTEpii JJjis1 TOPIBHSHHS PI3HUX TOMOJIOTIN 3
nerpanamii AKb 1 edextuBHOCTI mKepen BrmouaroTh [52], [77], [79] — [81]:

1,2) iHTerpanu cepenHbO-KBaAPATUYHUX 3HAYEHb CTPYMYy OJIHOTO €JIeMEHTa 1 #oro

to+y .y 4
i, (t)dt, D, =t;

to to

to+t

noxignoi W, =t_' '£7(1)dt, ne i =i/ N, — cTpyM B 0gHOMY

enemenTi AKB; t) — mogatkoBuit MOMEHT 4acy; t, — KiHIIeBUI MOMEHT 4acy; f(t) = di;./ dt —

noXiJiHa CTPyMy 1i.; 3) ycTajeHa NoxXuOKa pEeryJIfoBaHHS HANpPYrd JIAHKU TOCTIHHOTO
cTpyMy V, (200 BIAXWJIEHHS HAIpyTd BiJl HOMIHAJIBHOTO 3HAYEHHS Ul TONOJOTrI 0e3

KOHTYpPY pETryJIOBaHHS BHUXIJHOI Hampyru); 4)3arajbHa CKJIAJHICTh BIPOBAHKECHHS,
HAJIAIITYBaHHS 1 KEpyBaHHS CUCTEMH.

Heo06xiaHo BIAMITUTH, IO BU3HAYEHHS JOMYCTUMOI MBUAKOCTI 3MiHH cTpymMy AKb
Ta ii BIUIMB Ha CTPOK X CIy>KOM 1€ HE BU3HAYEHO KIJIbKICHO B JOCTYIMHHUX JOBITHUKAX

[117], [118].
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Pesynomamu  excnepumenmanvno2o  mecmy@amHs — aAn2Opummy  pecynr08aHHsl
weuoxkocmi CHIIM. Xoua tunosi ET3 mpaitoroTh B peXuMi pEryqiOBaHHS MOMEHTY,
nociipkeHHs: B3aemoAii I'JIDK 3 Tsaroum EIl MOXyTh OyTH NMpOBENCHUMU IS PEKUMY
BiampaitoBanHsl mBUAKOCTI. [locmimoBHICTh omeparliii kepyBaHHs: 1) HeHaBaHTaKCHUI
IBUTYH BIANpAbOBYE 3aHaHy TPAEKTOPIO LIBHAKOCTI APYroro mopsuky o (t) 3 0.1 ¢ 3
HyJIbOBOT mBUKOCTI 10 100 pan/c (45 % Big HOMIHAIBHOT) 3 TUHAMIYHUM MOMEHTOM, 1110
nopiBHIOe HOMIHaTBEHOMY (13.6 HM™); 2) Ha inTepBani 0.5-1.3 ¢ npukiagaeTbCst MOCTIHHUT
MOMEHT HaBaHTAXXEHHS, 10 JOPIBHIOE 75 % BiJ HOMIHAJIBHOTO 3HAYEHHs; 3) JBUTYH
raJIbMY€ThCS, MounHaoun 3 1.65 c¢. Taka moCiI0BHICTh Omepailiii KepyBaHHS 3a0e3mneuye
po6oty EII 3 He00Xi1HOIO HAMPYTOIO JAaHKHU MOCTIHHOTO CTPyMY, 1110 He nepeBuinye 320 B
(eneKTpuYHa MOTYKHICTH I11]T HABAHTAXKEHHSIM CTaHOBUTH 1.2 KBT).

HanamtyBanus KOeQii€HTIB PETyISTOPIB BCTAHOBICHO MPHUUHITO HACTYIHUM:
perynstop mmBuakocti k=100, k, =k} / 2; perymaropu crpyMiB k., =1000,
S k? / 4. 3apmanns cTpymy i, = 0. ['padiku nepexiHUX MpolEeciB MOETIOBAHHS

1 eKCIIEpUMEHTAILHOTO TECTYBaHHS MOKa3zaHO Ha puc. 5.38. Hampyry maHku mocTiifHOTO
CTPyMy B yMOBaxX MOJEJIIOBAHHS MOKA3aHO JJisi BUMAJKY aKyMYJSITOPHOIO KUBJICHHS, B
eKCIIEPUMEHTI Hampyra OyJia MOCTIMHOIO.

3 anamizy rpadikiB Ha puc. 5.38 ciigye, M0 aarOPUTM KepyBaHHS HIBUAKICTIO
3abe3neuye aCUMITOTHYHE BIAMPAIIOBAHHS IIBUJKOCTI 1 BPaXOBYE OOMEXKEHHS HAIlPyTH
JAaHKA TIOCTIHHOTO CTpyMmy. Pe3ynbrati MOJAENIOBaHHA 3 JIOCTaTHBbOIO TOYHICTIO
301ratoThCsl 3 €KCIEPUMEHTAIBHUMHU JaHUMHU, TOMY JaHl MOJEIIOBAaHHS MOXYTh OyTu
BUKOPUCTaHI1 JIs TecTyBaHHs Tomnojorii I'J2K.

Pesynomamu mecmyeanns piznux mononocii 0dxcepena HCUeieHHs Ha OCHO8I YUKILY
pobomu C/IIM. MeToro TOCHIIKEHHSI € BCTAHOBJICHHS BJIACTUBOCTEH PI3HUX TOMOJIOT1H
JDKepena JKUBIIEHHS, oka3zaHux Ha puc. 5.39, B TunoBux pexkumax podotu EIl tarosux
enekTpomexaniyHux cuctem ET3.

TecTyBaHHS TIOBHOI €JIEKTPOMEXaHIYHOI CHUCTEMH, MpeacTaBieHoi Ha puc. 5.37,

BKJIIOYA€ BIJIIPALIOBAHHS CTPYMY 1; Pa30M 13 peryJlOBaHHAM HapPyTy JaHKH MOCTIMHOTO

cTpyMy (Ha pisHi V,_ =320 B) B ymonax BunpoOysanns CJITIM, HaBeneHuX Ha puc. 5.38.



TpaekTopist 3a1aHOT MBUAKOCTI ® (pan/c);
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Pucynox 5.38 — I'padiku nmepeximHux mpoiieciB cucteMu kepyBanus mBuakictio C/IIIM

(KpacHi JIiHIT — €KCIIEPUMEHT, CUHI — MOJICJTFOBaHHS )

AnroputMu KepyBaHHS pisHUMH Tomosiorisimu ['JIDK Oynu HanmamroBaHi Auis

JIOCSITHEHHSI OJIHAKOBOT'O PIBHS SKOCTI PETYJIIOBaHHS HANpPYrd 1 BXIJHUX CTPYMIB, SK

nmoka3ano B 1. 5.7. B aktuBHux Tomojorisx (N5, N6, N7) anropuTMu MaroTh OJHAKOBE

HanamtyBanHs ®OPY, Ty = 0.1 c¢, ske HanamToBaHO Jisl JOCSTHEHHS SIK YCTaJIEHOTO

pexumy ctpymy AKDB, Tak 1 Hioro ¢gigbTpallito B ymMoBax TecTy. EnekTpuuHa MOTYyXHICTh
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JBUTYHA BUKOPUCTOBYETHCS JIJISI PO3PAXYHKY CTPYMY JIAHKH MOCTIHHOTO CTpyMy (CTpymy

HaaHtaxeHHs IJDK iL = 1q0) 1, =P,/ V., P,=(3/2)(u i, +ui,).

AKE aks[ | 7 aks] | ck  akp| | )
— \A ] A J@ V,. ] \A
T IR ST T T

__@;_@J _(:C]IJ@@%CIIJ I
2) iodc 4)@ L o 6)—E J_o 7)—E

Pucynox 5.39 — OyHKIiOHAIBEHI CXEMU TOTOJIOTIH JpKepen kuBieHHs Tsropux EMC

['padiku mepexiHUX TPOIECIB MOXUOKU PEryIIOBaHHS HAMNpPyrd 1 BiJHOIICHHS
CTpyMIB MOKa3aHO Ha puc. 5.40 175 BCIX PO3MOBCIOHKEHUX TOMOJIOTIN, 300pakeHUX Ha
puc. 1.6, okpim Tomosnoriit N3 1 N4, ockinbku iX mepexigHi XapaKTepUCTHUKU €KBIBaJICHTHI
tonoJiorisiMm N1 1 N2 BIANOBIHO 3 JOJIaBaHHSAM pEryitoBaHHs Hanpyru. [loyatkoBuil ctan
3apsany Bcix enmeMmeHTiB AKB mopiBaioe 95.1%, mo 3abe3nedye HymbOBE BiIXUICHHS
BuxinHoi Hampyru mis po6otu AKDB 06e3 meperBoproBaua. IlouatkoBa Hampyra CK
nopiBHioe 200 B ripu poOOTI 3 OKpEMUM MEPETBOPIOBAUEM.

Ctpym B omnomy enemenTi AKD 1, moka3aHo y BITHOCHUX OJIMHUIIAX 3 €TAJIOHHUM
3HAYEHHSM YCTAJIEHOTO CTPYMY IMiJi JII€I0 MOMEHTY HaBaHTaXEHHS ISl aKyMYJISITOPHOTO

(1) _

xuBneHHs 1, =1.85 A. Crpym CK 1 cTpyM HaBaHTa)XKeHHS MacIITaOOBaHI 3HAYEHHSIM

YCTAIIGHOTO CTPYMYy HABAHTAKEHHS JUIS aKyMyJSTOPHOIO JKUBJIEHHsA, iy =3.7 A. 3

aHamizy rpadikiB Ha puc.5.40 crigye, 1m0 HAOpyra JaHKU TOCTIHHOTO CTPyMy
ACHMIITOTUYHO BiANPALbOBYETHCS IS BCIX TOIOJIOTIH, B SIKUX MPUCYTHE KepyBaHHS DC-
DC mneperBoproBadem. Jjig 1HIIMX TOMOJIOTIA HANpyra HE PEryiroeTbCsl HAa MOCTIHHOMY
piBHI.

Po3paxoBani 3HaueHHs KpUTEPIiB MOPIBHSHHS MpeacTaBieHo y Taba. 5.5. Jlani ns

aKyMyJISITOPHOTO JKMBIIEHHS PO3IIIAOThCs sk 6a3osi W) =1.6, D! =258. Jlani inmmx

TOTIOJIOT1 TIOKA3aHO y BITHOCHUX OJWHUIAX 10 0a30BUX 3Ha4deHb. 3 aHam3zy puc. 5.40 i
TabJ1. 5.5 BUILTHBAE, [0 THTETPATbHE CEPEIHBbO-KBAIPATHYHE 3HAYCHHS CTPYMY CIIEMEHTA

AKDBb W, € miHiManbHUM A71s1 nacuBHUX Tonojorid N2 1 N4. Lle nosicHIOeTbCs. THM, 1O
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Pucynok 5.40 — I'padiku nepexiHUX MPOIIECIB B PI3HUX TOMOJIOTISAX JHKEpeia )KUBJICHHS 3
M.

lc

CAIIM (cun1 miHIi — BifHOWEHHS cTpyMy B 1-my enemenTti AKD 1, / 1

M

gyepBoHi — cTpyM CK i / i), JKOBTI — CTPYM JlaHKK NOCTIHHOTO CTPYMY 1, / 14
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Tabnuns 5.5 — Pe3ynbraTtu NOpiBHAHHSA TOMOJOTIH xepen xkuBieHHs ET3

Tomnonoris AKZ;/I}ZIGMT MacuBHa AKb 3 |IlacuBHa 3 le:HB:egpo Ha;i;;czpo [ToBHicTIO
Hapa\MeTp YKUBJICHHS (2) D((:;?C D((:;S)C aAKTUBHUM | aKTUBHUM Kep(o713)aHa
(1) AKB (5) | CK (6)
w, /W 1 0.57 1.05 0.87 1.04 0.89 0.93
D, /DY 1 0.38 1.12 0.84 0.68 0.07 0.07
V.,V 4.4 4.4 0 0 0 4.4 0
CKJaHICTh 1 1 2 2 3 3 4

eMHICcTh 010Ky CK 3aTpumye nepexiHi mpolecu CTpyMiB, TOMYy B YMOBaX T€CTy BOHH HE
JOCSTalOTh yYCTAJIGHUX 3HA4Y€Hb 1 BIAMOBIAHO HE PO3IISANAIOTHCS JIS MOPIBHSIHHS.
Hacrtynne minimManbae 3Ha9eHHST W), BITHOCHTBCS 10 Torojoriid N6 1 N7.

BaxnuBo BiAMITUTH, IO JJI KEPOBAaHUX TOMOJIOTIA 3MEHIICHHS IHTETrpaily
CEPEeIHbO-KBAAPATUYHOTO 3HAYEHHS CTpyMy Wi, MOB’S3aHO 3 PI3HULIEIO €KBIBAJEHTHUX
nocnigoBaux omopiB AKBb i1 CK, npuuomy THumoBe 3HaueHHs omopy einemeHty CK e
meHmuM 3a omip eneMeHta AKB. Hesnaune 30inbmenus Wi, (mis tomonorid N3, N7
nopiBHsHO 3 N1, N6 BiANMOBIHO) MOXKHA MOSCHUTH HASBHICTIO 10JaTKOBUX BTpaT B DC-
DC mneperBoptoBauax. dopma ctpymiB it TomoJsiorii NS BiZIpi3HSIETHCS Bij 1HIIHX,
OCKIJIbKM JIMHAMIKa HAIMpYrd JaHKWA MOCTIMHOTO CTPyMY OIUCYETHCS BIACHE €MHICTIO
osoky CK C,., sika € HabaraTto OLIBIIOI0 32 EMHICTh JJaHKH TOocTiiHOTO cTpymy DC-DC
neperBoproBauis C.

[HTEerpanpHe cepelHbO-KBaJApaTUYHE 3HAYEHHS MOXIAHOI CTPYMY OJHOTO €JIEMEHTa
AKb Dy, € MakcuManbHuM Jj1s1 TOonoJiorii N3, OCKUIBKM BOHA MAa€ KOHTYP PEryIIOBaHHS
Hanpyru 1 He mae 010ky CK mnst gpinbrpanii crpymy AKB. B iHImMX Tomonorisx 3Ha4eHHs
Di, € HmwkunM, 1 BOHO Xapaktepusye BIUIUB Ojoky CK. V tomosorii N4 3riamkyBaHHS
3abesneuyeTbes TibkH eMHICTIO OJoky CK 1 cmiBBigHomenHsM omopiB AKb 1 CK. ¥V
tonojorii N5 6mok CK Takoxx € HEKepOoBaHMM, TOMY BiH HE MOXeE 3a0€3MeUnuTH TMOBHY
¢dinprpamito. Y tomnosorisix N6 1 N7 6mok CK € kepoBaHMM, IO 3a0e3ledye IMOBHY
PO3B’sI3Ky 1 MakcuMaibHy GuibTpaiito ctpymy AKBD.

MoskHa 3poOMTH BHCHOBOK, IO TMOBHICTIO KepoBaHa Tomosoris [JIK €
pPEKOMEHI0BaHOIO i 3acTocyBaHHs B ET3, ockiibku BOHa 3abe3reuye BC1 BUMOTH /10

JoKepera JKUBJICHHS Ta Ma€ HalKpal MoXJIUBOCTI o ¢giasTpalii ctpymy AKbB. Xoua 1
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TOTOJIOTISl € HAaWCKIAIHIIIOW 3 TOYKH 30py MPAKTHYHOI peasizaiii 1 Mae KOMILIEKCHY
CUCTEMY KEpyBaHHsS, BOHa Ma€ HAHOUIbIIY KiJBKICTh CTYNEHIB CBOOOAM KEpPYBAaHHS AJIs

nokpaieHHs: yMoB po6otu AKBD.

BucHoBkH 10 po3airy 5

1. OGrpyHTOBaHO KOHIICHIIO TMPOBEACHHS EKCIEPUMEHTAIBHUX JOCIIIKEHb
€JIEKTPOMEXAHIYHUX CHUCTEM EJEKTPUYHHUX TPAHCHOPTHUX 3ac00IB 3 BEKTOPHO-
KEPOBaHUMH €JEKTPOMPUBOJAMU 3MIHHOTO CTPYMY, $IKI JKHUBISATBCA BIJ TOBHICTIO
kepoBanux ['JIDK na ocHoBi AKDB 1 O1oky cymepkonaeHcaTopiB. B skocTi emyisiTopa
HABAHTAXKEHHA, SKE€ TEHEPYEThCS  TPAHCIOPTHUM  3aCO00M, BUKOPUCTOBYETHCS
HABaHTa)XXyBaJbHUI ENEKTPONPUBOA 3 KepyBaHHSIM Bix wMoxaeni pyxy ET3. s
nocimikenHss Tubku ['JIXK nependaueHo HaBaHTaKEHHSI 3a JOMOMOTOK KEpOBAaHOTO
JDKepenia CTpyMy, SIKe eMYITIOe CTpyM JIaHKH mocTiiiHoro ctpymy EIN. Taka xkondiryparis
JOCITITHUIIBKOT TIAT(HOPMHU JT03BOJISIE€ 3IIMCHIOBATH EKCIIEPUMEHTAIbHI JOCTIDKCHHS B
pexuMax, HaOIMHKEHUX JI0 ICHYIOUHX B peallbHUX TPAHCIOPTHUX 3ac00ax.

2. Po3pobrnena Ha OCHOBI KOHUIENIii m. 1 cTaHIis MIBUIKOTO MPOTOTHITHOTO
TeCTyBaHH, sika BMilrye BekTopHo-kepoBaHi EIT (Al 0.7 — kBt, CAIIM — 3 kBr), ['JIXX 3
BinmoBimanmMu DC-DC meperBoproBauamu Ta niti-ionHi AKb 10.4 Arom i cBUHIIEBO-
kuciotHi AKb 7 Aron, CK 100 B, 1.25 @, kepytoui I[CII koHTponepr, KOMIT I0OTEpHE
oOnagHaHHS JJii aBTOMATHU3allli MPOIECIB  TECTyBaHHS, JI0O3BOJISIE  MPOBOAUTH
NMOoBHOMACIITaOHI €KCIEPUMEHTaJIbHI TECTYBaHHSI MacliTaboBaHUX 3a MoTyxkHicTIo EMC
€JIEKTPUYHUX TPAHCTIOPTHUX 3aCO01B.

3. Bepudikariis MaTeMaTHYHUX MOJEICH CBUHIIEBO-KUCIOTHUX 1 JiTiM-ioHHUX AKbB
1 CK moxkasye, mo iX CTaHAZapTHI MOJENI HAa OCHOBI OOTPYHTOBAaHUX TMPHUITYIICHb
MOETHYIOTh MPOCTOTY Ta JIOCTATHIO TOYHICTD JJISI JJOCHIKEHHS MPOIIECiB €eHEProoOMiHy B
taroux EMC; B 6a30Bux pexumax poOOTH PI3HUI MK pe3yibTaTaMHd MOJEIIOBAHHSA 1
excriepuMeHnTy He nepeBunrye 5 %. Tounicte B Mexax 5-10 % oTpumaHo B pe3ynbrari
EeKCIIEPUMEHTAJIbHUX TECTyBaHb aJITOPUTMY 1eHTU]IKAIli MmapamMeTpiB 1 CHUCTEMH
BeKTOpHOro kepyBaHHs mBuakictio CJHIIM, cucremu kepyBanns Hampyror DC-DC
nepeTBoproBaya, a TakoX cucreMd kepyBanHs [JIJK B pexumax BignpaitoBaHHs

CTYMIHYATOTO HABAHTAXKEHHSI 1 TUIIOBOI MIKpOJiarpaMu pyxy 3 AUITHKAMHU PO3TOHY, PyXY 3
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YCTaJNCHOI MIBUAKICTIO 1 TaJbMyBaHHSIM JUIsl PI3HUX TEMIIB PO3TOHY-TaJbMyBaHHS 1
HaJamTyBaHb po3noaiay ctpymiB Mixk AKbB 1 CK.

4. Po3p00JIeHO METOJUKY JOCHTIPKEHHSI JUHAMIYHHUX IPOIECIB €HEProoOMIHY Mixk
mxepenamu sxuBieHHs 1 TaroBuM Ell, sika no3Bosisie B ymoBax mMojentoBaHHS popMyBaTu
ctpymu HaBaHTaxkeHHs [JIDK, mo BigmoBimaroTh THIIOBMM diarpamaM pyxy ET3,
OTPUMAaHUM 3 €KCIEPUMEHTAIbHUX TECTIB. 3aBASKU LbOMY B1JIKPUBAETHCS MOXIIUBICTD
OLIIHIOBATH ePpeKTUBHICTH po3noaury ctpymiB Mixk AKDB ta CK Ha koHIH 13 AUISHOK PyXy
ET3 nns pizuux crpykryp I'JIXK.

5.Ha ocHOBI MOpPIBHSJIBHOTO TecTyBaHHS TUmoOBUX KoH(pirypamin ['JDK
BCTAHOBJICHO, IO pO3POOJICHUWH aNropuTM KepyBaHHS NOBHICTIO kepoBanumu ['JIK
3a0e3neuye 3MEHILIEHHS IHTErpajbHUX CEPeHbO-KBApaTUYHKUX 3HaueHb: cTpyMmy AKD Ha
7 %, a ¥oro moximHoi 0 93 % MOPIBHSIHO 3 aKyMYJATOPHUM >KHMBJICHHSM B YMOBax
BIJIIPALIOBaHHs 00paHOro LUKIY pyXy. BcTaHOBIEHO, IO cepen PO3IIISIHYTUX THUIIOBUX
TOMOJIOTIA TOBHICTIO KepoBaHi ['/[PK MaroTeh HaWkpalll BJIACTUBOCTI PETYJIIOBAaHHS

BUX1AHOI HanpyrHu, po3noaury ctpymiB Mixk AKbB 1 CK, a Takoxx oomexenns ctpymy AKbD.
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3AT'AJIBHI BUCHOBKHA

Y nucepramiiiHiii poOOTI OTpuMana MOJANBIIUI PO3BUTOK TEOPIs KepyBaHHSA
KOOpJIMHATAMU TATOBUX €JIEKTPOMEXaHIYHUX CHUCTeM Ha 0a3l BEKTOPHO-KEpOBAaHUX
€JIEKTPOTPUBO/IIB 3MIHHOTO CTPyMY 3 T1IOpHUAHUMHU JIKepeIaMH KUBJICHHS, 1 Ha 11ii1 OCHOBI
Oyna BuUpilleHa aKTyajlbHa HayKOBO-TEXHIYHA 3a/Jaya pPO3BUTKY METOMIB CHUHTE3Y,
TEOPETUYHOTO Ta MPAKTHUYHOTO JOCTI/PKEHHS HOBUX AQJITOPUTMIB KEPYBaHHS, SKI
MIIBUIYIOTh 1X CTaTHYHI, TUHAMIYHI Ta €HEPTeTHYHI XapaKTEPUCTUKH, IO € BAXKIMBUM
JUISl TSATOBUX 3aCTOCYBaHb B YMOBaX OOMEKEHb IO MEPBUHHOMY JHKEpeNy *KUBIEHHS, a
TaKOX JJIs TIABUIICHHS MOKA3HUKIB €HEPreTHYHOI €(EeKTHBHOCTI €JIEKTPOMEXaHIYHOTO
nepeTBopeHHst eneprii. [Ipu nboMy OTpUMaHO Taki OCHOBHI pe3yJIbTaTH:

1. Po3BUHYTO Teopito KepyBaHHS KJIacOoM peBepcHUBHHMX miaBHInyBaibHUX DC-DC
MEPETBOPIOBAYIB IUIIXOM PO3POOKH METOJY CHHTE3Y 1 aHalli3y CUCTEM KepyBaHHs, KU
JI03BOJISIE BUKOPUCTOBYBATH TEOPII0 KACKAJIHUX CHCTEM 3 PO3AUICHHSIM Y 4Yaci MpoIeciB
PEryJloBaHHS y KOHTypax BXIJHOTO CTPyMYy 1 BHXIJIHOi Hampyryd, a HaJalTyBaHHS
PETYJATOPIB 3 ONTUMIZAIEI0 33 «CUMETPUYHHUMY» ONTHMYMOM JO3BOJIIE HE TUIBKU
3a0€3MeUnTH CTIHKICTh, ajne U (QopMyBaTH TOKAa3HUKH SKOCTI KepyBaHHs. Bmepiie
MOKAa3aHO MEXaHI3M BIUIMBY CTPYMY HaBaHTA)KEHHS Ha CTPYKTypy cucteM kepyBaHHs DC-
DC mneperBoproBauaMM Ta 1iX TMapaMeTp, IO JO3BOJISE€ 3I1ACHIOBATH pOOAcTHE
HaJAIITYBAaHHS PEryJIsATOPIB Il CYTTEBOIO MIJBUILIEHHS HAaBAHTAXKYBaJIbHOI 3aTHOCTI
NEPETBOPIOBAYIB, II0 € BAXJIMBHUM JJISl TATOBUX €JIEKTPOMEXaHIYHUX cucteM. JloBeneHo,
10 3aBJSKM KOMIIEHCAllli CTpPyMy HaBaHTAa)KEHHS B PETYJISITOPI HAMPYTU 3a0€3MeUy€eThCs
MIBUIIEHHS JTUHAMIYHOT TOYHOCTI cTa0Ii3a1lii HalpyTry B AEKUIbKA pasiB.

2. Po3po06rieHo, 3 BUKOPUCTAHHSM 3arajlbHOTECOPETHYHOTO PE3yJIbTaTy 3 CHUHTE3Y 1
aHamizy cuctem kepyBanHs DC-DC mneperBoproBauamu, cuctemy kepyBanHs ['JIDK 3
koHTypamu peryitoBanHs ctpyMiB AKB 1 CK ta BuxinHoi Hanpyru 1 GiabTpy po3noaiLy
4acTOT 3 €JIEMEHTaMM JiHeapu3allli 3BOPOTHUM 3B’A3KOM, SIKa TapaHTy€ KBa3UIIHINHY
dbopMy CTpYKTYypU AMHAMIKM KOHTYpa PEryJiIlOBaHHS HAIpyrH, M0 3a0e3rnedye JOKalbHe
ACUMITOTUYHO CTiMKE PpEryiaroBaHHS CTPYMIB 1 Hampyru JIaHKH MOCTIMHOTO CTpyMy.
[TokazaHo, 110 KOMIIEHCAlllsi CTPYMY HaBaHTaXEHHS B PEryJSATOpPl BUXITHOI HAIMpyTu

MJBUILYE TOYHICTh PEryJIIOBaHHS HAMpPYrH B JEKUIbKAa pa3iB, aHAJIOTIYHO OTPUMAaHOMY
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pesynbratry mins DC-DC meperBoproBauiB. J[nsi MATPUMKH yCEpETHEHOTO 3HAYCHHS
Harpyru Onoky CK y [OBrorpuBaivx peXuMax CHHTE30BAHO HOBHHA aJTOPUTM
PEryJIIOBaHHS MOro HAmpPYTH 1 3alpPONOHOBAHO METOJIMKY HalallITyBaHHS, sika 3a0e3neuye
acuMnTOoTHYHE BignparroBanas Hanpyrd CK sk «mIOBUTBHOTO» MPOIECYy 3 HEXTYBaHO
MaJIMM BIUIMBOM Ha JMHAMIKY PETyJIIOBAaHHS HANpPYTU JaHKU MOCTIHHOTO CTPyMY.

3. TeopeTndyHo OOTPYHTOBAHO, 3 BHUKOPHCTaHHSIM Jpyroro Mmeroay JlsmyHona,
CTPYKTYpPY aJalTUBHOTO 10 aKTHBHOTO OIMOPY POTOpa CIOCTepiraya MOTOKO3ZYETICHHS
AJl 1 amroputmiB ineHTU(dikamii enexkrpuuHux mnapamerpiB CHIIM Tta DC-DC
MEePETBOPIOBAYIB, SIKI MAalOTh BJIACTHBOCTI TJIOOQJIBHOI €KCITOHEHIIHOT CTIMKOCTI, 1, Ha
BIIMIHY BiJ] ICHYIOUHUX, HE MOTPEOYIOTH 1H(OpMAIIil PO MOYATKOBI 3HAYCHHS OLIIHIOBAaHUX
napaMeTpiB Ta J0JIATKOBOTO OOJIaJlHaHHS, € MPOCTIIIMMH Y BUKOPUCTaHHI 1 MOXYTh
BUKOPHCTOBYBATUCH y PEKUMI CaMOHAJIAIITYBaHHS.

4. 3anpornoHOBaHO HOBUM yHIBepcajdbHUU MeToa (OPMYBaHHS JAMHAMIYHHX
pexuMiB ocnabneHHs mnonas AJl, sxuii mepenbadae nUHaMIYHE OOMEXKEHHS 3aJaHUX
TpPAaeKTOPiii MOMEHTY y (YHKIIi OI[IHEHOTO CIOCTEpirayeM MOTOKO3YEIIEHHS poTopa 1
3aIaHUX TPAEKTOPIN MOTOKO3YEIJIEHHs Y (PYHKIIII BUX1HOT HAIIPYTH 1HBEPTOpPA, 3aBISIKU
yoMy 3a0e3neuye MaKkCMMI3allil0 MOMEHTY 3a YMOBU OOMEXEHHs HAmpyTH 1, BIAMOBIIHO,
M1BUILY€E MOKa3HUKU TUHAMIKU TPAHCTIOPTHOTO 3ac00y.

5. Po3pobsieHa  KOHUEMIISE MPOBEACHHS  €KCHEPUMEHTAIbHUX  JOCIIKEHb
enexkTpoMexaHiyHux cucteM ET3 3 BEeKTOPHO-KEPOBAHUMU E€JIEKTPONPUBOAAMU 3MIHHOTO
CTpyMy, SIKI >KUBISATbCA BiA moBHICTIO kepoBanux ['JIDK, 3a paxyHok chemianbHOI
KOH(Irypamii MOCHITHUIBKOI MIaTPOPMHU 3 EMYJISTOpaMU HaBAHTAXKEHHS O3BOJISE
3MIACHIOBATH €KCIIEPUMEHTANIbHI JOCII/DKEHHS B peXUMaX, HaOMMKEHHUX J0 ICHYIOUHX B
peanbHUX TPAHCIOPTHHUX 3ac00ax.

6. CTBOpEHO MakeT MOJENIOIYHX Mporpam, po3podsieHO mporpamMHe 3a0e3neueHHs
JUIsl KOHTpOJIepa Ha OCHOBI Iu(poBoro curHasibHoro mporecopa TMS320F28335, a Takox
pPO3pO0JIEHO HA OCHOBI KOHUEIMII M. 5 CTaHI[I0 MIBUAKOTO MPOTOTUITHOTO TECTYBaHHS 3
BekTopHO-KepoBaHumu EIl: AJ] motyxknictio 0.7 kBt 1 C/AIIM notyxwictio 3 kBt, I'JI)K
3 BianoBigHuMu DC-DC mneperBoproBayaMu, JITIH-IOHHUMU 1 CBHUHIICBO-KUCJIOTHUMHM

AKB 1 6mokom CK, 3a 70mmoMoror sSKux BUKOHAHO TOBHOMACIITA0OHE €KCIIEPUMEHTATBLHE
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TECTyBaHHS CHUHTE30BAHUX aJITOPUTMIB KEepyBaHHs. Pe3ynbTaTH €KCIepUMEHTAIHLHOTO
TECTYBaHHS B 3HAYHIN Mipi MOBTOPIOIOTH PE3YJIBTATH MATEMATHYHOTO MOJICITIOBAHHS, 110
M1TBEPJIKYE TOCTOBIPHICTh TEOPETUUHUX TBEP/KEHb POOOTH Ta X BUCOKY €(PEKTHUBHICTD,
SKa TIOJISITa€ y MABUIIEHH] CTATUYHUX, TMHAMIYHAX Ta EHEPTeTHYHUX XapakTepucTuk. Ha
OCHOBI pe3ynbTaTiB Bepudikailii marematnunux mojaenet AKb 1 CK BcTtanoBieHo, 110 iX
CTaHAAPTHI MOJIENI Ha OCHOBI OOIPYHTOBAHMX MPHUMYIIEHb MOEIHYIOTH MPOCTOTY Ta
JOCTATHIO TOYHICTH JJIS1 TOCHIKEHHS MpoIieciB eHeprooominy B TsiroBux EMC.

7. Po3poOneHa MeTouKa AOCIHIKEHHS AMHAMIYHHMX IPOIECIB €HEPrOOOMIHY MIXK
JoKepenaMu kuBlieHHs 1 TsroBuMm EIl mo3Bosisie B yMoBax MopentoBaHHS (popMyBaTu
ctpymu HaBaHTtaxenHs [JIDK, mo BiamoBimaroTe THMOBUM miarpamam pyxy ET3,
OTPMMaHUM 3 EKCIEPUMEHTAJIbHUX TECTIB, 3aBASKU YOMY BIJIKPUBAETHCS MOXKIUBICTh
OLIIHIOBATH ePpeKTUBHICTH po3noaury ctpymiB Mixk AKDB ta CK Ha koHIH 13 AUISHOK PyXy
ET3 nmns pizaux ctpykryp I'JIXK. BetanoBneHo, 110 po3po0JIeHHI aJirOpUTM KEpyBaHHS
noBHicTI0O KepoBanuMmu ['JIDK 103BoJisle 3MEHIIUTH IHTETpasibHI CEepeIHbO-KBAIpaTUYHI
3naueHHs: ctpymy AKbB na 7 %, a fioro moxigHoi 10 93 % MOpiBHSAHO 3 aKyMYJISTOPHUM
KUBJICHHSM 1 1HIIMMHM TUNOBUMHM KoHpirypamismu ['J[DK B ymoBax BiampalitoBaHHS
00paHOTO UKy PYyXy, MO crupuse 3HmKeHHIO BTpaT y AKDB 1 momoBxkeHHIO TepMiHY X
ekciutyaTallii. BcTaHOBiE€HO, IO cepel PO3IMJIAHYTUX THUIIOBUX TOMOJIOTIM MOBHICTIO
kepoBani ['JIDK wmarTh HaWkpallli BJIACTUBOCTI PETYIIOBaHHA BHUXIJHOI HaIpyTH,
posnoainy crpymiB Mk AKB 1 CK, a Takox obmexenus ctpymy AKbB, 1 Tomy €
PEKOMEHIOBAaHUMU JIsl 3acTOCYBaHHS B TsiroBux EMC.

8. PesynpraT BUKOHAaHMX B poOOTI JOCHIPKeHb BIpoBamxkeHo: B TOB
«ITomitexnocepsic» (M. bpoBapu) Ta B ocBiTHI mpouec y KuiBcbkoMy MOTITEXHIYHOMY
iHCcTUTYTI 1M. [. CiIKOpCHKOTO JIJIs1 BAOCKOHAICHHS JIEKI[IHHUX KYPCIB Ta OHOBJICHHS IIUKJIIB
nabopaTopHux  poOIT  guctuiuiiH - «EjxexkrpomexaHiduHi  CHCTEMH — €IEKTPUYHHX
TpaHCIOPTHUX 3aco0iB» 1 «KepyBaHHS TepEeTBOPEHHSIM e€HEeprii B BIIHOBIIOBAHUX
JoKepenax Ta  enekTpoMoOunsix». llomanbine BOpOBaJKEHHS PEKOMEHIOBAHO Ha

HANPUEMCTBAX €IEKTPOTEXHIYHOTO MPOPin0 YKpaiHu.
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KJIACHU®IKAIIISI CTPATEI'TA KEPYBAHHS 1 PEXKUMUM POBOTH T'JIK

Ha ocHoBi ormsaiB metoaiB Tta crpateriii kepyBanus I'JDK [50] — [53], [126] —

[146], monepenHbO 3p0OOIEHO BUCHOBOK, IO iX WITKOT rpaaaimii He icHye. ToMy BUpIIIEHO

HagaTH OIIUC CTpaTeriﬁ 0e3 YITKOTO BCTAaHOBJICHHS HAJIC)KHOCTI A0 KOHKPETHOI'O KJiacCy.

Bci anroputmMu MaroTh 32 OCHOBY MPHUHIIMIT YaCTOTHOTO po3noairy curHaiiB Mix AKbB Ta

CK. Tak sx B nmaHiii po6oTi ctpaterii kepyBanus (anra. EMS — energy management

strategy) He pO3IISAAIOTHCSA, HABENCHO JIMIIE KOPOTKHUM OMHMC ICHYIOYMX CTparerii B

Tabmn. A.l.

Tabmums A.1 — IlepeBaru 1 Heoiku cTparteriii kepyBauus [50] — [53], [126], [146]

Nel ' Crparterii kepyBanns IlepeBaru Henomiku
.. [Ipocte 3acTocyBaHHs : :
KepyBaHHs 31 3MIHHOIO . 3aJIe)KHICTh BlJl €eBPUCTUKHU
. |EpexTuBHICTH pO3paxyHKy
1 | ctpykTyporo (Ha OCHOBI He 3a6e3mneuye onTumManbHOTO

MIPaBUII)

MOoIHMBICTh 3aCTOCYBaHHS B
peaibHOMY 4Yaci

KepyBaHHS

KepyBanns 3

PoOacrtHicTs 10

napaMeTPUIHUX 3aneXHICTh BiJl €BPUCTHKHU
peryasTopaMu -
2 HETOYHOCTEH He 3a6e3mnedye onTuManbHOTO
oOyJJOBaHUMU Ha .
S .. MOKIMBICTh 3aCTOCYBaHHS B [KEPyBaHHSI
HEYITKIH JIOTIKI ,
pearbHOMY Yaci
: ["apanTye rinobanpHe
HuHamivne : HeMoxmBO 3aCTOCOBYBATH B
3 ONTUMAJIbHE PIILICHHS 1JIs )
porpaMmyBaHHS pealbHOMY dYaci

3aJa4 cTpaTerii KepyBaHHS

CroxacThyHe JUHAMIYHE

['enepye anropurmu
KEepyBaHHs, 10 HE 3aJIeKaTh

KepyBaHHS B IpoCTOpi CTaHy
BU3HAYACTHLCS JINILE JUTS
3MIHHHX, 110 OyJIM MOTIEPEaHBO

4 B1J] Hacy )
porpaMmyBaHHs ) BU3HAYECHI
Mae MOXITUBICTE
. , Bumarae po0oTy 3 BenTMKUMU
ONTUMI3yBaTH PO3IMOILIT ,
00’eMaMHu JTaHUX
) Moske 3HU3UTH TOYHICTH
Mae morenman s
MOJICTFOBaHHS Yepes
[IpenukTuBHE 3aCTOCYBaHHS B peaIbHOMY ) .
) BUKOPHUCTAHHS JIIHEAPU30BAHOI
5 (mporao3yroue) yaci )
) Moaenl
KepyBaHHS OOMEXKEHHS B CUCTEMI JIETKO

00X01ThCsT (00OPIOIOTHCS)

Bumarae po0oTy 3 BenmuKUMHU
00’eMaMH JTaHUX




175

Ne| Crparerii kepysanns IlepeBaru Henomniku
PoGactHe kepyBaHHS 10 Bumarae BiamoBigHux
HOBOI BX1JIHO1 1H(opMaIlli Ta [HaBYAIbHUX JIAaHUX Ta
6 KepyBaHHs Ha OCHOB1 [pi3HUX NpodiTiB poIeAYpPH MPOCKTYBAHHS
HEWPOHHHUX MEPEXK  |HABAHTAKCHHS Mepexi
MosxnuBicTh 3acTocyBaHHs B [He 3a6e3neuye onTuManbHOTO
peaibHOMY Yaci KEepyBaHHS

VYHiBepcanbHa crpateris kepyBanHs ['J[DK Ha croromnimHii geHs BiACYTHS [55] —
[56], [105]. IcHyroui migxoau A0 KEpYBaHHS MOKHA PO3JUIMTH Ha JBI OCHOBHI KaTeropii: 3
IIPOTHO3YBaHHAM HEOOX1IHOTO piBHSA MOTY>KHOCTI Ta oe3 HBOTO.
[IporHo3yBaHHS CIOKMBAHOT MOTY>KHOCTI MOXJIMBO 3I1MCHUTH Ha OCHOBI TOMOrpadiyHOl
iH(opmartii, curnaniB Big 6oproBux GPS, naHux npo IHTEHCHUBHICTh PyXYy B pealbHOMY
gaci tomo. Oco0nMBO e(EeKTUBHHM MPOTHO3YBAHHS CIOXHBAHOI TMOTYXHOCTI € MJif
mapimipytaux ET3. Skmo aiarpama mepemimenns ET3 Bimoma, cran 3apsagy CK
BCTAHOBIIIOETHCA TakKuM, 100 3a0e3MeYuTH MaKCUMyM HEOOXIJHOI MOTY>KHOCTI.
Hampuknan, skmo BigoMo TOYHHWE Yac mpuckopeHHs, crtaH 3apsay CK moBomutbest 1o
100%, mo6 3abe3neuutu npuckopeHHs Big CK. AHamOriyHo, SKIO BIJOMO dYac
raJbMyBaHHs, CTaH 3apsay Moke OyTH [OBEICHHM [0 MiHIMaJbHOTO, HI00 310patu
SKHaOUIbIIe eHeprii pekymnepailii. CepeaHe 3HAUYCHHS TMOTY)XHOCTI MOCTAYaTUMEThCS 3
AKB, Toai sk CK MOXyTh MmocTadyaTH MOTYXHICTh Habarato Buie 3natHocti AKD,
301mbIIyI0un egextuBHIcTh A0 20% [36]. Enepris, sika mpuiimMae ydacTb B MEpexiTHHX
Ipoliecax PO3rOHy Ta TrajlbMyBaHHS, CTAHOBUTb MPUOIU3HO JABI TPETHUHH BIJ 3arajbHOI
KUTBKOCTI eHeprii mo BchoMy Huisixy juist mickkoro ET3. Omxe, 301u1bIIeHHS €HEprii, 110
MOBEPTAETHCS 3 PEKYNEPATUBHOIO raIbMYBaHHS MAa€ BEIMKUNA MOTEHITIAN 7151 301IbIICHHS
niamazony poootu ET3.

Pesicumu pooomu nosnicmio xeposanux I /DK

Ha puc. A.1 npencraBieHo BC1 MOXJIHMBI PEKUMH POOOTH TMOBHICTIO KEPOBAHOI
napanenbHoi Tornosorii I'/JIK nst ET3.

1) Cnyaicoosi pescumu:

a) 3apsa 61oky CK Bigm AKB go crapty ET3 (Takox micis pexkxumMy MPUCKOPEHHS —

«ckunanaa» ctpymy AKb na CK npu BincytHocTi ctpymy ET3);
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Pucynok A.1 — MoxnuBi pexxumMu poOOTH MOBHICTIO KepoBaHoi TornoJorii I'JIDK
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0) po3pan CK na AKDB micns 3ynunku, sikuo ET3 He Oyae BUKOpUCTOBYBATHCS B
HANWOIMKYMN Yac, M0 CHIBPO3MIpHUH 13 yacoM camopo3psany 6moky CK (TumoBo necsitku
XBUJIMH).

2) Asapiini pescumu ogaoro 3 DC-DC nepeTBoproBadis:

B) pobora ET3 Ttineku Bim AKb (ananoriuno go po6otu I'JIDK 3 TpuBamoro
MOCTIHHOIO MIBUAKICTIO B PEKUMI «KPYi3-KOHTPOIIO»);

r) pexynepauisi eHeprii B AKb 3 mimiTOBaHMM 3HAa4YeHHSIM CTPYMY 32 YMOBH, LIO
610k CK Bike MOBHICTIO 3apsiKeHU a00 HEIOCTYITHUM;

n) pobora ET3 Timeku Big Onoky CK (abo BHIamoK CHEMiaTbHOTO PEKUMY
MaKCUMaJIbHOTO MPUCKOPEHHS );

K) pexynepartiist eHeprii B 610k CK 3 MakcMMaIbHUM CTPYMOM.

3) Hopmanonui «nepexioniy (Ounamiymi) pesxcumu:

K) npuckopenHs: ET3 Bix ['JI)K B HopMaasHOMY pexuMi;

1) pexyneparitis eHeprii Bix EIl B AKB 1 6ok CK («iapyra» 30Ha rajibMyBaHHS,
micist Toro sk ctpyMm AKD mimaBHO 3MiHMBCS 3 TOAATHOTO HA BiI’ €MHUN);

M) 3apsan CK Bim AKB Tta iHBeptopa (3apsny CK i maiOyTHIX moTped mnpu
raneMyBaHH1 ET3);

H) 3apsin AKD Big CK Ta iHBepTOpa («mepina» 30Ha rajabMyBaHHs, kKoiau ctpyMm AKb
€ BIJI’€EMHUM, CTPYM peKymneparii BicyTHii, 1 6ok CK mae miarpumyBaTu MiaBHY 3MiHY
ctpyMy AKDB 10 3HM)KEHHS 10 HyJIs).

4. CneyianvHi pedxcumu:

n) migzapsan CK Bin AKbB npu (cranomy) pyci ET3 nist maitOyTHix motpeo;

p) po3psan CK na AKbB Tta omgHouacHe 3abesneuenHs pyxy ET3 Bim CK — mpu
NOJaIbIIIIHN AeTEpMIHOBaHIN TpUBAJiN 3yNUHIN a0o micis TpuBajoro 3apsay CK.

Biamitumo, mo pexumu (M) (H) (yctaneHi) ta pexumu (1), (p) MOXKIIUBI JIHIIE Y
BUIIAJIKYy 3aCTOCYBaHHA peryisitopa 3apsny (Hanpyru) CK.

HacrtynHi pexomenaanii 3 HanamryBaHHsa peryisaropa Hanpyru CK dopmyroTscs
st EMC 3 TpuBajiuMy HaBaHTaKEHHSIMU.

Meoxci nanpyeu CK. MiniManbauii piBeHb Hanpyru CK V.

scmin

BHU3HAYA€THCA

BJIacTUBOCTAMHU mijaBuiyBajgbHuX DC-DC mneperBoproBadiB 1 3a3BUYail JOPIBHIOE
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MOJIOBUHI 3aJ]aHOi HAINpyTH JIaHKu nocTiitHoro ctpymy [108]. Tlpu nmonansimomy po3psiai
CK ix cTpyM MOXe MepeBUIyBaTH MaKCHUMallbHE 3HAUYCHHA AJisl 3a0e3neueHHs OanaHCcy

noTyxHocTi [142]. MakcumansHuii piBeHb Hanpyru CK V. MOBUHEH TEPEBUIIYBaTH

scmax

MaKCUMAaJIbHE 3HAYEHHS BUXIJHOI Hampyru V, OCKUIBKHA IIOJAJbIIE 301IBIIEHHS

cmax 2

npu3Beze 10 npoodoro enementie CK [106].

Pigenv 3aoanoi nanpyeu CK. 3aranbHONPUNAHATE TEXHIUYHE 3HAYCHHS VIS TATOBUX
EMC cranosute V, =V, / V2 [89]. Takuii piBeHs BimmOBixa€ HASBHOCTI MOIOBHHHU
KOPHMCHOI €HEprii, sika JOCTyMHa I 3apsny ado po3psay. [lpu HabmmxeHH] 10 pexumy
raJbMyBaHHs, PEKOMEHYEThCS 3HIKYBATH 3HAYeHHS V.., MO0 30eperTH MaKCHMAaJbHY
KUIBKICTh €HEPT1i peKyneparlii, 1 HaBMaKu — JIJIsl PEKUMY PO3TOHY.

Pexomenoayii 3 umanawmysanns — mpaexmopii  3adanoi  Hanpyeu  CK.

3arajapHOINPHUIHITE peKoMeHA0BaHe 3HaueHHs 3ananoi Hanpyru CK mist ET3 B mitepatypi
CTaHOBUTb V=V / V2 [89]. Takum unHOM nonoBUHA KopucHOi eHeprii CK poctynHa
SK JJIS 3apsiay, Tak 1 JJIs po3psay. 3 iHIIoi cTopoHHu, B [108] mponoHyeThCs 3aI€kKHICTh

. . * .
Big mBuakocti ET3 V =V __ Jl-o/®_, , 16 ®, ®_  — [HOTOYHA 1 MakCHUMalbHa

scmax
mBuakicte ET3. 3amana wnampyra CK € MiHIManbHOIO, KOJIM IIBUIKICTH JIBUTYHA
MaKcHMalibHa, 1 MakcuMaibHa, ko ET3 3ynunserscs. Takuiil miaxig nokaszye epeKTuBHI
pe3yNbTaTH y TOPIBHSAHHI 3 aKyMYyJSATOPHHM >KUBJICHHs, aje BIH mepeadayae Juile
CTalllOHapHI peXuMH poboTu (ockuibku Tipu 3MiHI mBUAKocTi ET3 nampyra CK Takox
Oyae 3MiHIOBAaTHCS), 1 B IIUIOMy cCHCTeMa 0a3yeTbCs Ha MiAXOMAl, 3aCHOBAaHOMY Ha
NpaBWiax, 3 BUCOKOIO YYyTJIMBICTIO 10 YMOB MEPEMUKAHHS PEKUMIB, 10, SIK TIPABHIIO, HE
NPU3BOAUTE 10 edekTuBHOrO pos3noautry eneprii [151]. ¥V [151] ug x KoHueniis
3aCTOCOBaHAa Ha OCHOBI HelipomepexeBoro perymiaropa Hampyru CK. B poboti [112]
BUKOPHUCTOBYEThCS cXOkuid minxia, ane 3amani ctpymu AKbB 1 CK nepepaxoByroThcsi Ha
OCHOBI cx0x0i kopeHeBoi 3anexHocTi Bij Hanpyr AKD 1 CK, a ne Bin mBuakocti ET3.

SAx nomoBHeHHs 10 pe3ynbTaTiB 3 [108], [112], [151], Mu npumyckaemo, 1o 3a1ana
Hanpyra CK Moske peryntoBaThcs aHaJIOTiYHUM YHHOM, ajie He B MaciiTabl MaKCUMaJIbHO1
IIBUIKOCTI My, @ B MACIITA01 PI3HUIII MK TTOTOYHOO 1 TIPOTHO30BAHOKO IIBUAKOCTIIMHU.

Hampuknan, y pasi maiOytHboro npuckopeHHss ET3 pexomMeHAyeTbCcs MakCUMi3yBaTH



179

. 3k
Hanpyry CK (piBenp V_ . ), m00 3a0e3ne4nuTH NPUCKOPEHHS 3 MAaKCUMAaJIbHUM

npuckopeHHsM (ockuibku CK Moske mBuAKO BijmaBaTu eHeprito [106]), sk moka3zaHo Ha

puc. A.2a npu po3roHi BiJl HOTOYHOT IMBUIKOCTI ®; 10 MaHOYTHBOT ®,.

LBunakicte @ LBnakicTe @ LBnakicte @ Brpati CK Ha camopoapsia
1% w4 A > BTpaT Ha ix nepesapsig
, w,
3apana V* t 3agaHa e t 3apaHa V* t
Hanpyra CK " sc Hanpyra CK " sc Hanpyra CK " s
A A A
scmax scmax scmax
* A * \ * «
I/scmin \ V\'cmin R V.\z'min \ /
\ > Y > ,f >
3apsig CK Big AKB t Pospsig CK t MoBHui pospsg CK 3apsg t
a) po3rin abo MaiidyTHE NPHUCKOPEHHS 6) Maii0yTHE raabMyBaHHS 6) «BENUKI» 3yMUHKU MiX [IUKIIAMH
LLBunakicte @ LBnakicTe @ LBnakicTe @
a);‘ w3“ w3“
w . » {\ sudden
2 2 2 Vecelaration
w, w, w, \
3apaHa v t 3apaHa v t 3apaHa y t
Hanpyra CK" s Hanpyra CK:" s Hanpyra CK" s
A A A
Y4 X : X : /
Viemin Vemin Viemin

-~V

\ \ \ > >
3apsig CK [ocratHin yac ans «Piske» npuckopeHHs, CKHe t CK noBHICTIO 3apsgKeHo, nimitoBaHa
Bia AKB HOBOrO 3apsagy MOBHICTIO PO3PSIAXKEHO (BUKOPUCTAHO) pekynepaTtusHa eHepria 3apsgaxae AKb

2) MOCHiJOBHI IIPUCKOPEHHS

Pucynok A.2 — PexoMeH10BaHi1 3a/1aHi TPA€KTOPii HANIPYTHU B TUIIOBUX ymMoBax ET3

VY pa3i HeyacTUx mepexiAHUX MpoleciB Ha BUCOKIM mBUAKOCTI ET3 (pexum «kpyiz-

KOHTPOJII0») a00 MaltOyTHBOI'O rajlbMyBaHHS, 3aJJaHE 3HAUEHHSI HAIIPYTH PEKOMEHTyEThCS

BCTaHOBJIIOBAaTH Ha MIHIMaJbHOMY piBHI V. , 1100 310paTM MakCUMallbHY KUIbKICTh

scmi

eHeprii pekyrmnepaiiii, Ik IpouTIOCTpoBaHO Ha puc. A.20. ko ukn podotu ET3 Britouae
TpHUBal 3yNUHKH, Tak 110 edekT camopo3psny CK mepeBuliye akTUBHI BTpaTH Ta BTpaTH
B TIEPETBOPIOBAYi 3a OJWH IUKI MOBHOTO po3psany-3apsany CK, moamit po3psag CK Ha
AKDB € exoHomiuHuii crioci® 30epexeHHsT eHeprii, sk 300pakeHo Ha puc. A.2B. AHami3
BUTPAYCHOI €HEPrii CIi 3aCTOCOBYBATH 710 KOXHOT MiUstHKY 1uKiny ET3.

[HmMi acmekT mossirae B MOCTIAOBHUX NPHUCKOPEHHSX/CIOBITbHEHHSIX. K

MoKa3aHo Ha puc. A.2r, konu TpaekTopis 3amaHoi Hampyru CK noOpe cmnaHoBaHa,
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3arajbHa CHCTEMa KEpyBaHHS Mpalloe, BUKopucToByroun Bech nmotenmian CK. Lle moxe
OyTu 3a0e3redyeHo, HampUKIIaJ, 3a PaxXyHOK BUKOPUCTAHHS aJTOPUTMIB MPOrHO3YBaHHS
pyxy ET3 na ocnoBi GPS, Tonorpadiunoi iHpopmariii ta indhopmarliii mpo J0pOKHIN pyx y
peanbHOMy uaci [53]. Takuit migxin € HaWOUIbII ePEeKTUBHUM Juisi MapmpyTHuX ET3.
HaBnakwu, sikmo tpaextopis 3agaHoi Hanpyru CK 3MiHIOE€TBCS Mi BIUIMBOM OYyAb-SIKOTO
30BHINIHBOTO (DAKTOPY, HANPUKIIA, TpadiKy, 1€ YCKIaJHIOE TOBHOIIIHHE BUKOPUCTAHHS
CK. Sk mpukmanm, po3riasHEMO OCTaHHIO TpaekTopito Ha puc. A.2. Hampyra CK Oyna
BiperynpoBaHa a0 piBHA, mpu sikomy Onok CK He MOXHa BHKOPHUCTOBYBATH, IO
NPU3BOAUTH JI0 BTpAaTU €Heprii pekymnepaiii npu raasmyBaHHl Ha AKDB. Takux pexumin
MOKHa YHHMKHYTH, SIKIO 3a37alieriib po3paxyBaTh TpaekTopito 3amaHoi Hampyru CK;
SKIIO 11€ HEMOJKJIMBO, TO CIIiJl 3aCTOCYBAaTH OOMEKECHHsI Ha MPUCKOPEHHS 1 TaJbMyBaHHS
ET3, mo Moxe 00MEXUTH MOKIMBOCTI BOJIISI Y 3BUYAHHUX PEKUMAX POOOTH.

Bigmitumo, mo perymoBanHs Hanpyru CK BinmkpuBae MOKIHMBICTH MpAIOBATH B
YOTUPHOX CIEHialbHUX peknMax moBHicTi0 aktuBHUX ' J[XK, 300pakenux Ha puc. A.l, a
came: a) 3apsn 0moky CK Bim AKB ta emexrpompuBony (3apsn CK nns MaliOyTHHOTO
MPUCKOPEHHsI TIPU MOTOYHOMY/TIOJANIBIIIOMY TajJbMyBaHHI €JIEKTPONPUBOY); O) po3psn
CK na AKBD ta EIl (mpu mMaiilOyTHhOMY rajibMyBaHHI Ta/a00 miciisi MONEPEAHbOTO 3apsiay
CK); B) po3psin 6ioka CK na AKB mig yac ranemyBanas ET3 (ko 610k CK MoOBHICTIO
3apsUDKEHUN TICIs HENpaBUJIbHOI poOOTH (rajlbMyBaHHS Ha OCTaHHBROMY Trpadiky Ha
puc. A.2) r) miazapsag CK Bin AKbB y kBaszicranionapuomy pexumi pyxy ET3 abo mepen

CTapTOM JIJII MaOyTHIX moTped Ta/adbo moKpUTTs BTpaT Ha camopo3psa CK).
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JNOJATOK b
HOMIHAJIBHI MTAPAMETPU ABUTI'YHIB, IEPETBOPIOBAYIB I JIKEPEJI
KUBJIEHHSA
B Tabmunsax b.1 — b.4 nHamano HOMiHaNbHI TapaMeTpu 1 MHapaMeTpH CXEeMHU

3aMIIIEeHHS] BAKOPUCTOBYBAHUX B JOCIIKEHHSX JBUTYHIB.

Ta6nuns b.1 — Hominaneni napamerpu A 4A180M2VY3

[TapameTp 3HavYeHHs
[ToTyxHicTb, P, 30 kBt
HominansHa KyTOBa MBUAKICTH, Wy | 308 pan/c
Howminanpauii MomMeHT, My 97 Hm
JliniitHa Hamnpyra, Uy, 380 B
HominanbHu#t cTpym 558 A
AKTHUBHMI omip cTaTopa R,=0.116 Om
AKTHUBHUI omip poTopa R, =0.068 Om
[HyKTUBHICTh HAMarHi4yBaHH: L =0.048 I'n
InaykTuBHOCTI cTatopa Ta poropa | L, =L, =0.049 I'n
MowmeHnT iHeprii J=1.61 kr'm*
Yuco map mosrocis p, =1

Ta6nuns b.2 — Hominaneni napamerpu Al 4A080B2

[TapameTp 3HayYeHHs
HominanpHa notyxHicts P, 0.75 kBt
HowminanpHa kyToBa mBUAKICTE @ | 300 pan/c
HowminansHuii MoMeHT T, 2.5 Hm
HowminanbHuii cTpym ctaropa 2.1 A
AKXTHBHHMI oImip cTaTtopa R, =11 Om
AKTUBHUH onip poTopa R,=5.6 Om
[HayKTUBHOCTI cTaTOpa 1 poTopa L, =L,=095TH
[HIYKTHBHICTh HAMArHI9yBaHHS L,=091Tn
CyMapHHI1 MOMEHT 1HEpIIii J=0.003 krm”
KinpkicTh map nomwocis p, p, =1
KoedilieHT B’sI3K0ro0 TepTs V v =0.0015 Hm/(pan/c)
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Tabnunsg b.3 — Hominansni mapamerpu CAIIM NORD 100T2/4

[TapameTp 3HaYeHHS
[ToTyxHicTb, P, 3 kBt
HowminanpHa KyTOBa BUAKICTH, Oy | 220 pazn/c
HowminaneHuii MoMeHT, My 13.6 Hm
Yacrora, 70 T'o
JliniitHa Hampyra, Uy, 385 B
Howminanesauii ctpym (RMS) 54A
AKTHBHHI omip cTaTopa R;=1.70m
[ToTik MOCTIHHUX MarHITIB vn=0.615 B6
[HyKTUBHICTB cTaTOpA IO 0Ci q L,=56 MI'H
[HyKTUBHICTB cTaTOpA IO 0Ci q Li=31wmlH
MoMeHT 1HepIii J=0.0155 xkrm’
KoedinieHr B’sI3K0r0 TepTs v = 0.033 Hw/(pan/c)
Yucno nmap moirociB Pn=2

Tabmng b.4 — Hominaneai gani AJI NORD 100LP/4

[TapameTp 3HauYeHHS [TapameTp 3HauYeHHS

Howminanena notyxHnicts P, | 2.2 kBr | Hominansauit Moment M | 14.3 Hm

HominanbHuit ctpym 1 43 A Yucio nap nomocis p, Pn=2

HominanbHa mBuakicts ®, | 157 pag/c | Momenr inepiii J, kr-m®> | J = 0.0081

B Ttabmumi b.5 nagano wHominanmbHi mapamerpu DC-DC mnepetBoproBaua, sKi

BUKOpHCTOBYBanucs it TectyBanHs sik DC-DC nepetBoproBauis, Tak 1y cknaai I'JIK.

Tabnunsg b.5 — Hominaneni napamerpu DC-DC nepeTBoproBayiB

[Tapametp 3HauYeHHS [Tapametp 3HauYeHHS

Buxigna emuicts C 500 Mmx® |Omip BxigHOTO KOJIa R 0.5 Om

IaaykTuBHicTh BXigHoro koia L|11 M['a  |Yactora nepemukans kmrodiB| 10 kI

B tabmuusax b.6 — b.13 naBeneno HominanbHi napametpu enemeHntiB AKD 1 Omoky

CK Ta ix 301pokK.
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Tabnung b.6 — [TacnoptHi nani cBuHIeBo-kucaoTHOi AKB tumy WP7-12

[Tapametp 3Ha4YEeHHS [Tapametp 3Ha4YeHHS
Howminanpua emuicts C 7 Aron HowminanpHa notyxHicTh P 28 Bt
HominanpHa Hanpyra V 12 B MakcumMaiibHa IOTYXKHICTh Py, 168 Bt
Makcumanbauil cTpym 3apsay | 2.1 A KinbkicTh 1iukitiB 3apsay-po3psay | 200-1100

Tabnuug b.7 — IlacnioptHi naHi enementy diTiil-ionHux AKb tumy Swing 5300
[Tapametp 3HaueHHS
Howminansha emuicts C 5.3 Aron
HominanpHa Hanpyra V 3.65B
HominanbHa enepris npu po3psiai 3 0.2 C | 19.3 Brroa
MakcumanbHult cTpym 3apsay/pospsay | 10.6 A/ 13 A
KinpKkicTh HUKIIIB 3apsy-po3psrLy 1000-3000

Ta6mums b.8 — Hominaneri nauxi miti-ionaux AKD 3 enementiB Swing 5300

XapakTepucTuka 3HaueHHs XapakTepucTuka 3HaueHHs
MakcumainbHa Hampyra 54 B KinbpKicTh OCTITOBHUX €€MEHTIB Nj 13
HowminanbHa Hanpyra 48 B | KinbkicTe napanensHux BiTok N, 2
MiniManbpHa Harpyra 38.5B | €muicts AKb 10.4 Aron

Tabmums b.9 — IMacnoptai nani enementy CK tumy ESHSR-0050C0-002R7

[Tapametp 3HaYeHHS
Howminansaa emuicTs C 50D
HowminansHa Hanpyra V U,=2.7B
MakcumaiibHa Hanpyra 2.85B
MakcumanbHUI €KBIBAJICHTHHUI MOCIIJOBHUH OITip 16 MOM
Maxkcumanbauil ctpyMm BUTOKY (leakage) Lieak = 73 MKA
MakcuMalibHU# CTPYM (ITOCTIMHUI) 10 A
MakcuMalibHUH TIIKOBUN CTPYyM 375 A
MaxkcuMmanbHa eHepris, Ky MOKHa 30epiratu 50 mBtroa
KinbKicTh HUKIIIB 3apsaay-po3psary 500000
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Tabnunsg b.10 — Hominanehi gani 61oxy CK 3 enementiB ESHSR-0050C0-002R7

XapakTtepucTuka | 3Ha4Y€HHSA XapaxkTepucTruka 3Ha4YeHHS
Howminanbna nanpyra| 108 B | KimbkicTh MOCIIJOBHUX €JI€MEHTIB 40
HominanbHa emHicTh | 1.25 @ | MakcumanbHui nociigoBHu omip (po3p.) | 0.64 Om

Tabmung b.11 — [Hapamerpu 36ipku I'JIK Nel(cBunueBo-kucnotai AKB+CK, 11.5.6)

3Ha4YCHHS
Hapaverp AKB | Briok CK
HowminanbHa €MHICTB 7 Arog | 1.25®
HowminanbHa Hanpyra 24 B 108 B
KinpKicTh HOCHIJOBHUX €JIEMEHTIB 2 40

Ta6mums b.12 — Hominanehi gani 36ipku AKB 1 6moxy CK — T'JIK Ne2 (1. 5.7, 5.8)

3HaueHHS
Joepeno Hapametp I'JIK Tineku AKb
HominanbHa €eMHICTD 54 Aron 54 Arop

AKP HowminanbHa Hanpyra 48 B 100 B

JITIA- — . .

(o KinpKkicTh DOCIIIIOBHUX €J1€MEHTIB 13 26
KinbkicTs mapaneinbHUX BITOK 2 1
HowminansHa €MHICTH 1.25d -

brnox CK | HominansHa Hampyra 100 B -
KibKiCcTh MOCIIIOBHUX €JIEMEHTIB 40 -

Ta6mums b.13 — Hominanehi gani 30ipku AKD 1 610ky CK — T'/JIDK Ne3 (1. 5.9)

I 3Ha4YCHHS

epe e

Jlxepeio Apavetp TIOK | Tinoxkn AKB
HominanpHa Hampyra 160 B 320B

AKb — . .

o KipKicTh MOCITIJOBHUX €JIEMEHTIB 39 78

JITIA- — .

- KinbkiCTh napanenbHux BITOK 4 2
ExBiBaneHTHH# mociigoBuuii omip Ry, | 0.3 Om 1.2 Om
HowminansHa €MHICTH 04D -

binok CK | HominanbHa Hanpyra 300 B -
ExBiBaneHTHHI NOCTiZOBHHUIT omip R, 1.9 Om -
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JTOJATOK I
AKTH BITPOBA)KEHHSI I BAKOPUCTAHHSA PE3YJIBTATIB TUCEPTAIIII

. Muxona KYIVT
© » uepsHs 2023 p.

BIIPOBAKEHHS pe3yJibTayiB AucepTauiitHol poboTH
acucTeHTa Kadeapu aBTOMATHAAI] eJTeKTPOMEXaHIYHUX CHCTEM Ta
enexktpornpuBoxy KIII im. Iropst Cikopcekoro

Hikonenka €srena OnekciiioBuua

JlaHuM aKTOM TMiATBEP/DKYEThCS, IO aNrOPUTMU KEpyBaHHS pPEBEPCHBHUMH
nigsumyBanbauMu DC-DC neperBoproBauamu, siKi po3poOieHi acUCTeHTOM Kadenpu
aBTOMATHU3allil eNeKTPOMEXaHIYHUX CUCTeM Ta eJeKkTponpuBoay HaiioHamsHOIO
TeXHIYHOro yHiBepcutery YKpainu «KuiBcbkuil momiTexHiyHW# iHCTUTYT imeHi Irops
Cixopcekoro» Hikonenkom €sremom OnekcifioBudeM B paMKaX BHKOHAHHS HOro
nucepTanii Ha 3100y TTs CTyIeHs 10KTopa ¢inocodii, BAKOPUCTAHO IS i IBUIIEHHS PiBHS
HaMpyT'y IPU CTBOPEHHI TATOBUX €JIEKTPOIIPUBOIIB TPOJIEHOyCiB.

Po3po6iieHi aBTOpOM aIrOpuTMH KepyBaHHS HAIPYTOO JIaHKH MOCTIHHOTO CTpyMy
migsumyBaibHux DC-DC  meperBoproBauiB  3a0e3medyroTh BHCOKY IIBHAKOZIIO,
PO3LIMPEHHST po0OYOro iama3oHy CTPyMy HaBaHTaXXEHHS 3 HOro KOMIIEHCAL€lo, IO
JI03BOJIAJIO CTBOPUTH BUIIPOOYBAJIbHI CTEHIH VISl TATOBUX €NIEKTPOIPHUBOJIB TPONIeHOyciB

B yMOBaxX 0OMe)X€HOCTi Ta Bapiallii aMIUTITyTd HarpyTr'd Mepexi )KUBJICHHS.

HauanpHuK BUpOOHHLITBA
Oypmak Onekcanzp %




: 3ATBEPJDKVIO
JlekaH ¢GaKyIbTeTy eleKTPOeHeProTEXHIKU
Ta aBTOMaTHKU HallioHaJIEHOTO TEXHIYHOTO
yHiBepcUTeTy YKpaiHu
«KHiBCBKHH NONITEXHIYHUHM IHCTUTYT iMEHi

BIIPOBA/KEHHS y HaBYaIbHUI IIPOIIEC pe3ysIbTaTiB JUCepTaLiifHOl po6oTH
acHCTeHTa KadeIpy aBTOMaTH3aLlil eJIeKTPOMEXaHIYHUX CHCTEM Ta
enexkTponpuBony Hikonenka €Brena OinekcifioBuda 3a TEMOIO
«KepyBaHHs €JIEKTPOMEXaHIYHIMH CUCTEMaMH €IeKTPHYHUX TPAHCIIOPTHUX 3aC00iB 3
riGpUIHUM aKyMyJISITOPHO-CYTIEPKOH/IEHCATOPHHUM JKEPEIIOM YKHUBJICHHS

Komicist y cknanmi 3aBimyBaua xadenpu AEMC-EII, a.r1.H. mou. Kos6acu C.M.,
3acTynHuKa 3aBifyBada kapeapu AEMC-EII 3 Metoxu4HOi po6GoTH, K.T.H. [0L. Byp’sHa
C.0., x.1.1. non. Kpacnomanku H.JI., ckiana 1eif akT mpo BHKOPHUCTAaHHS PE3yJBTaTiB
nucepTaniinoi po6otu Hikornenka €.0. y HaB4ansHOMY mporieci kadeaps aBToMaTH3anii
eJIEKTPOMEXaHI9HHUX cHcTeM Ta enektpornpuBoxy KIII im. Irops Cikopcbkoro.

Po3po6neni aBTOpOM aNrOpUTMH KepyBaHHS MOBHICTIO KEPOBAHMM TiOpHMIHKMM
JDKEPEeJIOM JKUBIICHHs €JIEKTPUYHMX TPaHCIOPTHUX 3acOo0iB 3 pPO3MiNEHHSIM KOHTYpiB
PeryJIOBaHHs aKyMyJISTOPHUX OaTapedl Ta CyNepKOHIEHCATOPiB, MOJENIOIYi IIPOrpaMu
Ta mporpaMHe 3abes3NedyeHHs I MOCHIUKEHHS CHCTEM KepyBaHHS TiOpHIHMMHU
JOKEpellaMd  JKHMBIICHHS  PO3IOBCIODKEHHX TONONOTIH JUIL  eeKTPOTPaHCIOPTY,
excrepuMeHTansHa ycraHoBka 3 DC-DC mepeTBoproBauaMH BHKOPHCTOBYIOTHCS IIPH
IPOBEJEHH] JIEKIiHHMX Ta J1a0OpAaTOPHHX 3aHATh 3 JUCUUIUTH «EnekTpoMexaHiuHi
CHUCTEMH €JIEKTPUYHHUX TPAHCIOPTHHX 3ac006iB» i «KepyBaHHS NepeTBOPEHHSIM €Heprii B
BiTHOBJIIOBAaHUX JDKEpelaXx Ta EeNeKTPOMOGLIIX (MaricTepcbkuit piBeHB), a TaKoX y
JAMIUIOMHOMY TNpPOEKTyBaHHi 3a cmemiampHicTIo 141 —  «EnektpoeHepreTrka,
€JIEKTPOTEXHiKa Ta eJIEKTPOMEXaHiKa».

I"'onosa xomicii -:H. 1o1. Cepriit KOBBACA
K.T.H. ou. Cepriit BYP’SIH

K.T.H. gon. Hatamis KPACHOIIIATIKA

YieHu KoMicii
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