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VY nucepramiiiHii poOOTI MOCTaBlieHa ¥ BUpIlIEeHAa akTyajdbHA 3ajada
BJIOCKOHAJICHHSI CHUCTEMH KEpyBaHHS CHJIOBUMH AaKTUBHUMHU (iIbTpamMu AJis
MIJBUIIEHHS SKOCTI (IIBTPYBaHHS BUIIUX TApMOHIK 1 3MEHILIEHHS KOJIUBAaHb
HAIpyTd B pO3MOAUIFHUX E€JIEKTPUUHUX Mepexax 3a HasIBHOCTI IIBUIAKO3MIHHUX Ta
HEJIIHIMHUX HAaBaHTAKEHb.

HaykoBa HOBH3HA OTPUMaHHUX Pe3yJbTATIB 1 MOJOXKEHD, 1110 BUHOCATHCA
Ha 3aXHCT, MOJIATAE Y BJOCKOHAJICHHI CHCTEMHU KepyBaHHS CHJIIOBUMHU aKTHUBHUMHU
¢GiuIpTpaMu 3a HASBHOCTI IMIBUAKO3MIHHHUX HENIHIMHUX HaBaHTaXEHb LUISIXOM
dbopMyBaHHS CHUTHAJIIB KEpyBaHHS CTPYMOM CHJIOBOTO aKTHUBHOTO (inbrpa 1
HANPyTOI0 HAKONMUYYBAIBHOTO KOHAEHCATOPA.

B po60Ti oTprMaHo Taki HayKOB1 pe3yJIbTaTH:

1. Briepiiie BCTaHOBJIEHO 3aKOHOMIPHOCTI KEPYBaHHSI MMapajielbHUM CHIOBUM
aKTUBHUM (UIBTPOM Ta YHI(IKOBAHUM PETYJISTOPOM SIKOCTI €JIEKTpOEHEeprii 3a
KOJIMBaHb HAIMpPYTH 3 ypaxyBaHHSIM OOMEXEHb iX MOTY>KHOCTI Ta BHUMOT IIOJO
KOJIMBaHb HAIPYTH, 1110 3a0e3mneuye BUOip mapaMeTpiB iX CUCTEMU KepyBaHHS.

2. YIOCKOHAQJIEHO CUCTEMY KEpyBaHHS MapajieIbHUM CHJIOBUM aKTUBHUM
G1IbTpOM 13 3aCTOCYBAHHSIM AJalTUBHOTO HAJAIITYBaHHS I1HTEpBaly dacy

IHTErpYBaHHS AaKTHUBHOI Ta PEAKTUBHOI CKJIAJOBUX CTPYMY KEpyBaHHS Ta 4acy



3aTPUMKM CHUTHAJIIB KEPYBaHHS, IO 3a0e3leuyye BHUCOKY IIBUIKOAIID pPOOOTH
napajieIbHOTO CUJIIOBOTO aKTUBHOTO (UIBTpA.

3. [ictaia moAanbpIIOro pPO3BUTKY CHCTEMa KEpyBaHHS YHI(pIKOBaHUM
PEeryJISITOpOM SIKOCTI €JIEKTpPOEHeprii 13 3acTtocyBaHHs LHdpoBoro QimpTpa 3i
CKIHUEHOIO IMITYJIbCHOIO XapaKTepUCTUKOIO B CHCTEM1 KEpyBaHHS HaIpyroro
HaKOMMMYYBaJIBHOTO KOHJIEHCATOpA, IO 3a0e3leuye IMiIBUINEHHS CTaO0UTBHOCTI
HaIpyTy Ha KOHJEHCATOP1 3a 30BHIIIHIX 30ypEHb.

I[IpakTyHe 3HAYeHHS1 OTPUMMAHMX Ppe3yJbTaTiB pPOOOTH TOJSATAE:
YJIOCKOHAJIGHHI Ta BIIPOBA/KCHHI CHUCTEMH KEpyBaHHS CHJIOBUMH aKTUBHUMU
binpTpamMu JUIsl 3MEHIIIEHHSI HECHHYCOITHOCTI 32 HAsBHOCTI KOJIMBaHb HANPYTH B
PO3NOAINLHUX eTeKTPUYHUX MepekaX. Ii 3acTOCYBaHHS CIIPHATHME MOKPAIIEHHIO
SKOCTI €JICKTPOEHEprii, 30KpeMa 3MEHIICHHIO KOJIMBaHb Ta HECHHYCOiJHOCTI
HAIPYTU B PO3MOJIIILHUX €IIEKTPUUHUX MEPEkKaX.

B mepmomMy po3aini po3rIsiHyTO METOAMKY PO3PAXyHKY KOPOTKOCTPOKOBOI
Ta JIOBFOCTPOKOBOI IHTEHCHBHOCTI (iikepa. [IpoananizoBaHO BIUIUB KOJMBaHb
HaMpyTy Ha poOOTY PO3MOJIUILHUX MEpeX 1 3ax0/AiB 3 iX 3MeHIIeHHs. Ha ocHOBI
aHaji3y JITEpaTypHUX JKEpe MpoaHaTi30BaHO CydacHi 3aco0M Ta MPUCTPOT JJIs
MJBUIIEHHS SKOCTI €IEKTPUYHOI €HEPTii B PO3MOIILHUX EJIEKTPUIHUX MEPEkKaXx.
[IpencraBieni MOpUHIMIKA POOOTH CHUCTEM KEpyBaHHS MapalelbHUMHU Ta
MOCIIOBHUMU CHJIOBUMHU akTUBHUMH ¢insTpamu (CA®D). Buxonano anami3
3aCTOCYBaHHSA NapayieabHOTo 1 nociaigoBHOro CA® B po3MOAUIBHUX €IEKTPUUYHUX
Mepexxax. HaBeneHO XapakTepUCTHKY YHI(PIKOBAHOTO pEryJisitopa sIKOCTI
enextpoeneprii (YPSE).

VY npyroMy po3fiiai JOCHIIKEHO mpoliecu KepyBaHHs mapaieabHuM CAD 1
yHi(iKOBaHUM perynsaTopoM sikocTi enektpoeneprii (YPAE) 3a ymoB mBugkmx
3MmiH Hampyru. OCHOBHA yBara MPHAUIEHA MOKPAIIEHHIO CTabUIBHOCTI HAIMpPYTH.
Po3risiHyTo pexxuMu MacuBHOT Ta aKTUBHOI KOMIIEHCAI(li peaKTUBHOT MOTYKHOCTI,

HABEJACHO MaTeMaTH4YHI MOJENi, 10 ONHCYIOTh 3aJIEKHICTh HANPYTd Yy BY3Il
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HaBaHTaXeHHA BiA mapamerpiB CAD 1 mxepena kuBieHHSA. PexxuM akTHUBHOI
KOMIIEHcallli 3a0e3neuye CIpsiMOBaHE PETYIIOBAHHS PEAKTUBHOI MOTY>KHOCTI, IO
JI03BOJISIE TOCSITTU OLIBINOT CTaOUIBHOCTI HAMpYTH y BY3Ji Mepexi. Buznaueno
ONTUMAJIbHY 3aJICKHICTh PEAKTUBHOI MOTYKHOCTI KOMIIEHCATOpa, IO J03BOJISIE
3a0€3MeunTi CTaOUIbHICT, HANpyTW 3a MBHJAKWAX 3MIH IlapaMeTpiB JKepena
KUBJCHHs. Pe3ynbTaTi AOCTIKEHb MIATBEPKYIOTh, 110 BIpoBakeHHI CAD y
PO3MOIIIBLYl MEPEX1 IMOKpAIly€e€ CTaOUIBHICTh HANPYTH SKUBJICHHS CIIOKHBAYiB.
Bubip KOMOpOMICHUX pEXHUMIB POOOTH KOMIIEHCATOpa J03BOJIsI€ 3a0€3MEUUTH
JIOCTaTHIO CTaO1IBHICTh HANPYTM HA HABAHTAXKEHHI 3a OOMEXKEHO! MOTY>KHOCTI
CA®. 3ampononoBani mojneni kepyBaHHs CA® MokHA MOKIACTH B OCHOBY
cUCTEMU KepyBaHHs 32 30ypeHHsIM CAD 117151 3MEHILIEHHS KOJIMBAHb HAPYTH.
[IpoBeneno aHaii3 mapajgeiabHO-NIOCTIAOBHOI Ta IOCHIIOBHO-NApasIeIbHOI
cxeM YPSIE mono crabumizaiii Hanmpyru Ha HaBaHTaXEHHI 3a MIHIMAJIbHOTO
CTHIOKMBAHHS aKTUBHOI Ta PEAaKTUBHOI MOTYXHOCTI. OCOONMBY yBary MHpHUIICHO
aJIaNTHBHOMY PETYJIIOBaHHIO, TOCIIIKEHOMY B paMKax MaTeMaTUYHOT MOJIEII, sKa
3abe3reuye CcTalLIi3aIil0 HANpyrd Ha HaBaHTaAKEHHI. Bu3HaueHO 3alie’KHOCTI
napametpiB YPAE, nio 3a0e3neuytors cTabUIbHICTh HANIPYTH 32 3MIHHUX PEXKUMIB
pobotu Mepexi. MareMaTHdyHEe MOJENIOBaHHS IOKa3ano, 10 MapajeilbHUN
koMmrieHcatop YPSE edexTuBHO 3HMKYE CHOKMBAHHS PEAKTUBHOI MOTY>KHOCTI 3
Mepexi, ToAl sK mochimoBHui KommeHcatrop YPSE crabinmizye wampyry Ha
HaBaHTaXEHHI. OTpuUMaHi pe3yJlbTaTh JAEMOHCTPYIOTh 3MIHY HAmnpyrd Ha
HAaBaHTA)XCHHI 3aJIOKHO BiJ] KOJMBaHb HANPYTH JDKEpesia XKUBJICHHS, a TaKOX
BIUTUB aKTHBHOTO perymtoBaHHs mnapameTpiB YPSE wa cTabinbHICTH Hampyru
Mepexi. 3anmporoHOBaHI METOJM PEryJIIOBaHHs J03BOJISIOTH aJanTyBaTh poOOTy
YPAE 1o yMOB 3MIHHOTO PEXHMY €JIEKTPUYHOI MEpexi. AHali3 MaTeMaTUYHOI
MOJIeNII MIATBEPAWB, IO 3aCTOCYBAaHHS pO3MVIIHYTUX TMIAXOIIB 3abe3nedye
CTaOUIbHICTh Hanpyru. OTpuMaHi pe3yJbTaTH MOXKYTh OYTH OCHOBOIO ISt

NOJIAJbIINX TOCHIKEHb Y Taly31 KEpyBaHHS SKICTIO €IEKTPOSHEPTii.



VY TpeTboMy pO3/iii IPEACTaBICHO CUCTEMY KepyBaHHs napaneiabHum CAD
Ha OCHOBI (Q-Teopii, sika BKJIOYAE OJIOK aBTOMATHYHOI cTaOuIi3amii HAIpyrd Ha
KoHaeHcaTopi. Cucrema 3a0esmedye MBHAKY CTaOLTI3amil0 HAMpyTrd, 10
OOrpyHTOBAaHO 3a JOMIOMOIOI0 METOJly KOpeHeBoro rogorpada. biok
aBTOMATHYHOI cTabuIi3allli Hampyrd MICTHTh CHUCTEMY aJallTUBHOTO KEpyBaHHS
3aTPUMKOI0 Ta (IIBTP HIKHIX YacTOT, IO HAJAIITOBYETHCS BIAMOBIAHO IO
oOpaHOro IHTEpPBAly KOB3HOTO IHTETpyBaHHS. AJanNTHUBHE HaJlAITyBaHHS
IHTEpBaly 1HTErpyBaHHSA aKTHUBHOI Ta PEAKTUBHOI CKIaA0BHX cTpymy T/2 abo T/6
pa3oM 13 BIJIMOBIIHUMHU 3aTPUMKaMHU CUTHaJIB KepyBaHHs T/6 abo T/12 no3Bosnse
ONTUMI3yBaTH KOMIIeHcalliiHi nporiecu. CucreMa 3 iHTEpBaJIOM ycepenHeHHs T/6
XapaKTepU3yeThCsl SIK cuctema kepyBaHHs Bucokoi mBuakoxaii (CKBII), toai sk
TpaJMIliiiHE I1HTErpyBaHHSA 3 1HTEpBAJIOM T/2 XapakTepu3yeTbcs SK CHCTEMa
kepyBaHHs cepennpoi 1mBuakoaii (CKCII). i miaBUINEHHS KOMIICHCAIIHHOT
3IaTHOCTI TIPU HECUMETPUIHNX HABAHTAKECHHSX BUKOPUCTOBYETHCS IHTETPYBAHHS
3 iHTepBangom T/2. 3MeHmeHHs iHTepBany 10 T/6 mpuckoproe poOOTy CUCTEMH, e
MOTIPIIIy€e€ CUMETPYBAHHSI HaBAaHTAXXEHHSI Ta SIKICTh KOMIIEHCAIlll BUIIUX TapMOHIK
3a HecuMeTpli Hanpyru Mepexi. OTpuMaHi pe3ysbTaTd MiATBEPAKYIOTh
e(eKTUBHICTh 3alPONOHOBAHUX METOJMIB KEpyBaHHSA, M0 3a0e3MeuyroTh
CTaOUIBHICTh HANpPYrd Ta BIAMOBIAHICTH CTaHAApTaM IIOJAO BMICTY BHIIUX
TapMOHIK.

Po3pobieno nudpoBuil peryyisitop Hampyrd Ha KOHAEHCATOpax JJIsl CXEMU
kepyBaHHA napanenbHuM CA®, mo BkiIo4ae OJOK 3aTpUMKH, HUGPOBUN (PUILTP
HIUKHIX yacToT nepmoro nopsaaky (FIR a6o 1R, 3anexxHo Bix BapiaHTy cxeMu) Ta
OJIOK JiHeapu3allii, sSIKMM BpaxoOBy€ 3HAK BUXIJHOIO CUTHAIY IS cTadlmizari
Hanpyru. Peamizaifisi cxeMu BHUKOHYETHCS MOBHICTIO B U(PPOBOMY BHUIJISIAIL, IIIO
JI03BOJISIE 3aMIHUTH aHanoroBuid Pl-perynsatop 1 3a0e3meunT aganTaililo CUCTeMU
710 3MIHHUX pexuMiB HaBaHTaxxkeHHs. [Ipu Bukopucrtanui |IR-dinbTpiB BBogUTHCA

JOJATKOBUHM KOe(ILIEHT JUIsl PEryJIOBaHHA TPYIMOBOI 3aTPUMKH, IO BH3HAYA€E



TPUBAIICTh 3aTPUMKHU CUTHATYy Ha MEBHIN 4acToTi, Tol Sk FIR-inbTpH, 3a3BHuai,
HE CTBOPIOIOTH (pa30BUX CIOTBOPEHb. Llel perynsTop cupsMOBaHUM Ha 3HUKEHHS
yacy 3apsay Ta po3psaay HAKOMHYYyBATbHUX KOHICHCATOPIB 1 3a0e3MeueHHS
JIOAATKOBOI (DUIbTpallil BUIMX TapMOHIK 3aBJSKH HENIHIHHIA 00poOIll CUTHATY
osioky miHeapuzarilii Ta 3aTpumill B 300 TakTiB MUGPOBOTO CUTHATY, IO J03BOJISIE
3MEHIIUTH aMILUTITyId 5-1, 7-1 TapMOHIK TOIIO.

VY 4derBepTOMY PO3/LII IPOBEICHO MOPIBHAIBHUN aHATI3 CUCTEM KEPyBaHHS
CA®, mo BukopuctoBytoTh FIR-b1nbTp, perynarop 3arpumku ta Pl-perynstop 3a

HAsBHOCTI KOJHMBaHb HAaNpyrd B EJEKTPUYHHX Mepekax. KinbKICHO OLIHEHO

MOKa3HUKHM KOJMBaHb HANPYTH, 30KpeMa MOKa3HUK MIBUAKKX 3MiH Harmpyru (OUt)

Ta 1HTeHCUBHOCTI (rikepa (Pt). IlepeBipeHO €(EKTHUBHICTb CXE€MU KepyBaHHS

Hampyrorwo KouaeHcatopa 3 FIR-¢uibTpoM Ta perynasiTopoM 3aTpuMKH JJs
3MEHIICHHS TAPMOHIYHHUX crIOTBOpeHb cTpymy (THD)) y mopiBHSIHHI 3 KJIaCHYHOIO
cxeMmoro Ha ocHOBI Pl-perynsaropa.

[IpoanainizoBaHo poOOTy yHI(IKOBAHOTO PETYJSATOpPA SIKOCTI €IEKTPOEHEPTii
(YPSE) 3a yMOB KoOJMBaHb HampyTd, NPUIIIUBIIA OCHOBHY YyBary OIIIHII
CIOXKMBAaHHS Ta TEHEPYBAHHS AKTUBHOI 1 PEAKTHBHOI MOTY>XHOCTI, a TaKOX
CTaOUIBHOCTI pIBHSA Hampyrd. JlocmimkeHo (YHKIIOHYBaHHS IOCHTIJOBHO-
napayiensHoi cxemu YPSE 3a crabinbHoi Hampyru Ta mnpu ii 3MiHi Ha 10%.
Pe3ynbTaTu aHamizy JE€MOHCTPYIOTh BIUIMB PEKUMIB POOOTH KOMIIEHCATOPIB Ha
CTaOUIbHICTh Hampyru Ta OajaHC TOTY)XKHOCTI B EJICKTPUYHIA Mepexi.
MopnemtoBanHs nociigoBHO-mapanenbHoro YPAE mokazano Bucoky eheKTUBHICTD
y 3HUKEHHI TAPMOHIYHUX CIIOTBOPEHb, KOMIIEHCAIlli MIBUAKUX 3MIH Halpyrd Ta
3MEHIIICHHI IHTEHCUBHOCTI (yIiKepa HanmpyTH.

Y m’sTomMy po3iii pO3TSHYTO MPAKTUYHI aCMEKTH peaiizailii CUCTeMH
KepyBaHHA OJHO(MA3HUMH CUJIOBUMHU AaKTUBHUMHU (PUIBTPAMH, SIKI 3a0€3MeUyIOTh
KOPEKI[II0 TAPMOHIK CTPyMy Ta KOMIICHCAIliI0 KOJIMBaHb Hanpyru. OcoOauBy yBary

30CEpe/KEHO Ha PEKOMEHJIAIAX 00 3aXOiB, CIPSIMOBAHUX Ha 3a0e3MeyYeHHS



BHCOKOI MIBUAKONII CHUCTEMHM Yy BIJANOBIAb HA 3MIHM MapameTpiB €JIEKTPUUHOI
Mepexi. AHam3 TOoKa3ye, 10 BIPOBAKEHHS TaKUX IPUCTPOIB CHpPHUSE
MOKPAIIEHHIO SKOCTI E€JEKTPUYHOI €Heprii B yMOBaX HECTaOUIbHOCTI HampyTu.
[TokxazaHo, 1110 BIPOBAIYKEHHS TAKUX IPUCTPOIB Y PO3NOAUIBYI MEPEXKI 3a0e3neuye
BI/IMOBIHICTh CYYaCHUM BUMOT'aM 1010 SIKOCT1 €JIEKTPOCHEPT1i.

KirouoBi cioBa: SIKICTh €NEKTPUYHOI €Heprii, HeiHiiHe HaBaHTa)KCHHH,
KOMIICHCAlllsl BUIUX TapMOHIK, KOJMBAaHHS HaIpyTHW, 1HTEHCHUBHICTH (QuIikepa,
CWJIOBHM aKTUBHUU QUIBTP, YHI(IKOBAHUHN PETYISATOP AKOCTI enekTpoeHeprii, FIR-

GbUIBTp, MIBUKOISI, 3aTPUMKA, MAaTEMAaTUYHA MOJIEJIb, MOJICTTFOBAHHS.



ABSTRACT

Lebed D. Yu. Control system for power active filters in the presence of
voltage fluctuations in distribution electrical networks. — Qualification scientific
work in the form of a manuscript.

The dissertation is submitted for the degree of Doctor of Philosophy in
specialty 141 — Electric Power Engineering, Electrical Engineering and
Electromechanics. — Vinnytsia National Technical University, Vinnytsia, 2025.

The dissertation work sets and solves the urgent task of improving the
control system for power active filters to improve the quality of filtering higher
harmonics and reduce voltage fluctuations in distribution electrical networks in the
presence of rapidly changing and nonlinear loads.

The scientific novelty of the obtained results and the provisions submitted
for defense consists in improving the control system for power active filters in the
presence of rapidly changing nonlinear loads by forming control signals for the
current of the power active filter and the voltage of the storage capacitor.

The work yielded the following scientific results:

1. For the first time, the control laws of a parallel power active filter and a
unified power quality regulator during voltage fluctuations have been established,
taking into account their power limitations and requirements for voltage
fluctuations, which ensures the selection of parameters for their control system.

2. The control system of the parallel power active filter has been improved
using adaptive adjustment of the integration time interval of the active and reactive
components of the control current and the delay time of the control signals, which
ensures high performance of the parallel power active filter.

3. The control system of the unified power quality regulator has been further

developed using a digital filter with a finite impulse response in the storage
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capacitor voltage control system, which ensures increased stability of the capacitor
voltage under external disturbances.

The practical significance of the obtained results is: improvement and
implementation of a control system for power active filters to reduce non-
sinusoidality in the presence of voltage fluctuations in distribution electrical
networks. Its application will contribute to improving the quality of electricity, in
particular, reducing voltage fluctuations and non-sinusoidality in distribution
electrical networks.

The first section considers the methodology for calculating short-term and
long-term flicker intensity. The impact of voltage fluctuations on the operation of
distribution networks and measures to reduce them are analyzed. Based on the
analysis of literary sources, modern means and devices for improving the quality of
electric energy in distribution electrical networks are analyzed. The principles of
operation of control systems for parallel and series power active filters (PAF) are
presented. The application of parallel and series PAF in distribution electrical
networks is analyzed. The characteristics of the unified power quality conditioner
(UPQC) are given.

The second section investigates the control processes of a parallel PAF and a
unified power quality conditioner (UPQC) under conditions of rapid voltage
changes. The main attention is paid to improving voltage stability. The modes of
passive and active reactive power compensation are considered, mathematical
models are presented that describe the dependence of the voltage in the load node
on the parameters of the SAF and the power source. The active compensation
mode provides directional control of reactive power, which allows to achieve
greater voltage stability in the network node. The optimal dependence of the
compensator's reactive power has been determined, which allows to ensure voltage
stability during rapid changes in the power source parameters. The results of the

research confirm that the introduction of the PAF in distribution networks
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improves the stability of the supply voltage of consumers. The choice of
compromise compensator operating modes allows to ensure sufficient voltage
stability at the load with limited PAF power. Proposed PAF control models can be
used as the basis for a disturbance control system for reducing voltage fluctuations.

The analysis of parallel-serial and series-parallel UPQC schemes for
stabilizing the load voltage with minimal consumption of active and reactive power
Is carried out. Special attention is paid to adaptive regulation, studied within the
framework of a mathematical model that provides stabilization of the load voltage.
The dependences of UPQC parameters that ensure voltage stability under variable
network operating modes are determined. Mathematical modeling has shown that
the parallel UPQC compensator effectively reduces the consumption of reactive
power from the network, while the serial UPQC compensator stabilizes the load
voltage. The results obtained demonstrate the change in the load voltage depending
on the fluctuations in the power source voltage, as well as the influence of active
regulation of UPQC parameters on the stability of the network voltage. The
proposed regulation methods allow adapting the UPQC operation to the conditions
of the variable mode of the electrical network. Analysis of the mathematical model
confirmed that the application of the considered approaches ensures voltage
stability. The results obtained can be the basis for further research in the field of
power quality management.

The third section presents a control system for a parallel PAF based on the
dqg theory, which includes an automatic voltage stabilization unit on the capacitor.
The system provides fast voltage stabilization, which justified using the root
hodograph method. The automatic voltage stabilization unit contains an adaptive
delay control system and a low-pass filter that is adjusted according to the selected
sliding integration interval. Adaptive adjustment of the integration interval of the
active and reactive current components T/2 or T/6 together with the corresponding

delays of the control signals T/6 or T/12 allows you to optimize the compensation
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processes. A system with an averaging interval T/6 is characterized as a high-speed
control system (HSCS), while traditional integration with an interval T/2 is
characterized as a medium-speed control system (MSCS). To increase the
compensation capability for asymmetrical loads, integration with an interval T/2 is
used. Reducing the interval to T/6 speeds up the system, but worsens the load
balancing and the quality of compensation of higher harmonics for network voltage
asymmetries. The results obtained confirm the effectiveness of the proposed
control methods that ensure voltage stability and compliance with standards for the
content of higher harmonics.

A digital capacitor voltage regulator has been developed for a parallel PAF
control circuit, which includes a delay unit, a first-order digital low-pass filter (FIR
or IIR, depending on the circuit variant) and a linearization unit that takes into
account the sign of the output signal to stabilize the voltage. The circuit is
implemented completely digitally, which allows replacing the analog PI regulator
and ensuring the system's adaptation to variable load modes. When using IIR
filters, an additional coefficient is introduced to adjust the group delay, which
determines the duration of the signal delay at a certain frequency, while FIR filters
usually do not create phase distortion. This regulator is aimed at reducing the
charge and discharge time of storage capacitors and providing additional filtering
of higher harmonics due to nonlinear signal processing of the linearization unit and
a delay of 300 clock cycles of the digital signal, which allows reducing the
amplitudes of the 5th, 7th harmonics, etc.

In the fourth section, a comparative analysis of PAF control systems using
an FIR filter, a delay regulator and a PI regulator in the presence of voltage

fluctuations in electrical networks is carried out. The voltage fluctuation indicators,
in particular the indicator of rapid voltage changes (8Ut) and flicker intensity (Py),

are quantitatively evaluated. The effectiveness of the capacitor voltage control
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scheme with an FIR filter and a delay regulator for reducing current harmonic
distortion (THD,) in comparison with the classical scheme based on a Pl regulator.

The operation of the unified power quality conditioner (UPQC) under
voltage fluctuations is analyzed, paying special attention to the assessment of
consumption and generation of active and reactive power, as well as the stability of
the voltage level. The operation of the series-parallel UPQC circuit at stable
voltage and when it changes by 10% is studied. The results of the analysis
demonstrate the influence of compensator operating modes on voltage stability and
power balance in the electrical network. Modeling of the series-parallel UPQC has
shown high efficiency in reducing harmonic distortions, compensating for rapid
voltage changes, and reducing the intensity of voltage flicker.

The fifth section considers practical aspects of implementing a control
system for single-phase power active filters, which provide correction of current
harmonics and compensation of voltage fluctuations. Particular attention is paid to
recommendations for measures aimed at ensuring high system response speed in
response to changes in the parameters of the electrical network. The analysis shows
that the introduction of such devices contributes to improving the quality of
electrical energy in conditions of voltage instability. It is shown that the
introduction of such devices in distribution networks ensures compliance with
modern requirements for the quality of electricity.

Keywords: power quality, nonlinear load, harmonic compensation, voltage
fluctuations, flicker intensity, power active filter, unified power quality

conditioner, FIR filter, speed, delay, mathematical model, simulation.
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CHUCOK NMYBJIKALI 3A TEMOIO JUCEPTALII TA BITOMOCTI
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BCTYII

AKTyaJbHicTh TeMu. HasBHICTh B ENEKTPHUUHUX MeEpexkax HaIpyroro
0,4 kB koiMBaHb Ta HECHHYCOITHOCTI HAMNpPyrd IMOTIPIIYIOTh CTaOUIBHICT 1
edeKTUBHICTh pOOOTH Oaratbox enekTponpuiiMadiB. OCOOIMBO 11€ BAXKIUBO IS
Takux cdep, SIK MeAuluHa, (QapMmaneBTUKa, TeleKoMyHikalli, ¢(iHaHncu Ta
iH(opMaIIiitHl TEXHOJIOT1T, B IKMX € ICTOTHA YaCTKa HEKOHBEHIIIMHUX eJIeKTPUUYHUX
HABAHTAXKEHb 1 K1 KPUTUYHI JI0 3HUKEHHS SKOCTI1 eNleKTpoeHeprii [1].

JloCIKEHHIO 3MEHIIEHHS KOJMBaHb HAampyru 3 BUKOpHUCTaHHSIM CA®
NPUCBSIYCHO HU3KY HaykoBHX mpailb [2]-[8]. He 3Baxkaroun Ha 1i JOCITIIKCHHS B
ob0nacti BukopuctaHHd CA® Tta pe3ynbTaTiB iX BIPOBAIKECHHS, B JAHUU Yac
BIJICYTHI YITKI peKoMeHalii mojo mnolynoBu cucrem kepyBaHHsi CAD 3a
HAsSIBHOCTI KOJIMBaHb Ta HECHHYCOITHOCTI HAMPYTH B PO3MOAUIBHUX €ICKTPUYHHX
MepexKax.

[Tutanus BnpoBampkeHHss CA®D B po3NOAUIbHI €IEKTPUYHI MEPEXKI € TIOCUTh
aKTyaJlbHUM, OCKUTbKH BIUTUBAE Ha HU3KY KIIFOUOBUX aCIEKTiB, 30KpeMa:

1) crabimpHICTH HANPYTU: EJICKTPUYHI MEpeXi TOBHHHI 3a0e3nedyBaTH
CTaOUIbHUI PIBEHb HANPYTH B MEXaxX MPUIMYCTUMHUX BEJIUYHMH, OCKITBKH 3MiHH
HAIPyTH MOXKYTh TPU3BOJUTH 10 HECTIPABHOCTEH Ta MOIIKOKEHHS 00JIaTHAHHS;

2) BHCOKA YHCTOTA CTPYMY: HAasBHICTh BUCOKOSIKICHOTO CTPyMy 0€3 MEepeIKo,q
a00 1IyMiB Ay>K€ BXKJIUBA IS ICIKUX BUAIB 00JIaTHAHHS, TaKUX K MEAUYHE a00
HayKoBe OOJaHaHHS, a TAaKOXX KOMII'IOTEPHI CHUCTEMH, SKI MOXYTh OyTH
YYTIMBUMH JI0 3aBaJl B EJICKTPUIHUX MEpexKax;

3) BIACYTHICTb KOPOTKOYACHUX TIEPEPUBaHb B CIEKTPOINOCTAYaHHI: CTaje
CJICKTPOIIOCTAYaHHSI € BOKIIMBUM JJisi Oe3mepebiitHoi poOoTH, 0co0IMBO y cdepax,
Jie BIIMOBA B TTOCTa4YaHHI €JIEKTPOEHEPTIi MOXKE MaTH CEPUO3HI HACIIIKH.

Oco0aMBO 1€ BaXJIMBO B CYYaCHHX YMOBAaxX, KOJHU 3pPOCTa€ TOIMYJISIPHICTh

PO3yMHHUX MPHUCTPOIB y MOOYTi, a BUMOTH JO SKOCTI €JIEKTPOCHEPrii CTAIOTh IIIe
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OUTbII CYTTEBUMHU. 3 PO3BUTKOM CyYaCHHUX TEXHOJIOTIH Ta BIPOBAIKEHHAM
KOHIIEMIT «po3ymHa Mepeka» (Smart Grid), ska 0a3yeTbcs Ha BHKOPHCTAHHI
uGpPOBUX TEXHOJOTIN UIsi KepyBaHHS Ta MOHITOPUHTY EJIEKTPUUHUX MEPEK,
MUTaHHS 3a0€3MeUeHHs SIKOCTI €JIEKTPOCHEPTIi cTa€ 111e O1IbII aKTyaJIbHHUM.

3a0e3neueHHs] SIKOCTI €NEKTPOEHEPrii TaKOXK € BAXKIWBUM JJIsi PO3BUTKY
BITHOBJIIOBAaHUX JDKEpEN €Heprii, Takux SK COHSYHA Ta BiTpoBa eHepris. Lli
JOKepena eHeprii 4yTJWBI 0 KOJWBaHb HAINpPyTH, TOMY HEOOXiTHO 3a0e3IeunTd
CTaOUIbHY Ta SIKICHY €JEKTPOECHEPTIIo ISl iX BUKOPUCTAHHS.

TakuM 4YuHOM, TUTaHHS 3a0€3MEUEHHS SKOCTI EJIEKTpOeHeprii s
CJIEKTPUYHUX MEPEXK € HAA3BUUAWHO aKTyaIbHUMHU.

38’30k po0OTH 3 HAYKOBHMH I@IporpaMamMi, IUIAHAMH, TeMaMHU.
OcCHOBHHI 3MICT pOOOTH CKIAJAal0Th PE3YJbTaTH AOCIIKEHb SKI MPOBOJIUIKCH
BIJIMOBITHO JO HAyKOBOro HampsaMmkKy Kadenpu «EnexTporexHiuyHl cucTeMu
CIEKTPOCTIOKMBAHHS ~ Ta  CHEPreTUYHMA  MEHEKMEHT»  BIHHHIBKOTO
HallloHaIbHOTO TexHiyHoro yHiBepcutery (BHTY). ucepramiitna pobota
BUKOHYBaJlacd BiANOBIAHO A0 «[Iporpamm HayKOBUX IOCHIIKE€Hb 1 PO3POOOK
MiHicTepcTBa OCBITH 1 HAYKH YKpaiHU 3a MPIOPUTETHUMH HANPSIMKAMU PO3BUTKY
HAyKd Ta TEXHIKM» y paMKaxX HayKoBo-mocaiaHoi podotu Ne 22 K «Po3pobka
METO/IIB Ta MPUCTPOIB TUHAMIYHOI KOMIIEHCALll pEaKTUBHOI MOTY>KHOCT». ABTOP
OpaB y4acTh Y BUKOHAHH1 HAYKOBO-JIOCJIITHUX POOIT SIK BUKOHABEIIb.

Merta i 3aBIaHHSA J0CJTiIKECHHS.

Meroto poOOTH € MIABUIIECHHS $KOCTI EJIEKTPOEHEPrii B PO3MOAUTBHUX
CICKTPUYHUX MEpeXax 3a HasABHOCTI IMIBUAKO3MIHHMX Ta  HEJIIHIHHUX
HaBaHTa)XCHb.

JIns HOCSITHEHHS ITOCTaBIICHOI METH HEOOX1THO BHPIIIMTH TaKi 3aadi:

1. Buxonatu aHami3z 0COOJMBOCTEM 3aCTOCYBaHHS CHJIOBUX AaKTHUBHUX
GIbTPIB 32 HASBHOCTI KOJIMBaHb HAINPYyTd B PO3NOJUIBHUX EJIEKTPUYHHX

MepeKax;
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2. IlpoanamizyBaTH TpOLECH Ta BCTAHOBUTH 3aKOHOMIPHOCTI KepyBaHHS
napajgejlbHUM CHJIOBUM AaKTHMBHUM (iIbTPOM Ta YHI(BIKOBAaHUM PETYJISITOPOM
SKOCT1 €JICKTPOEHEPTIi JIs MapaiebHO-TIOCIITOBHOT Ta TOCIITOBHO-TTAPAIETbHOT
CXEM 3a MIBUAKUX 3MIH HaIllPYyTH;

3.  VYIOCKOHaIUTH CHUCTEMY KEpyBaHHS HAIpyrow KOHJIEHCATOpa
NapajeNbHOrO CHUJIOBOTO AaKTHBHOTO (UIbTpa B aHAJIOTOBOMY Ta MH(PPOBOMY
BUKOHAHHSIX 1 MPOaHajIi3yBaTH iX e()eKTUBHICTD 3a HASBHOCTI KOJIMBaHb HAIIPYTH;

4. IlpoBectn  MOJENIOBaHHS  YHI(DIKOBAHOTO  PETyJATOpa  AKOCTI
€JIEKTPOEHEPT1i 32 HASBHOCTI BUILUX TAPMOHIK Ta KOJMBaHb HAIIPYTH;

5. PosrnsHyTM mpakTUYHI ACMEKTH pealizalii CUCTEMH KepyBaHHS
0J1HO()a3HUM CHJIOBUM aKTUBHUM (DUITPOM 32 HASBHOCTI IIBUAKUX 3MIH HAMPYTH.

006’°ckm 0ocnioxncenna. Ilporiec MABUIIIEHHS SKOCTI €JIEKTPUYHOI €HEPTii B
PO3NOJUIBHUX EIEKTPUYHUX MEPEkKaXx.

Ilpeomem oOocnidicenna. Y TOCKOHAIICHHS CHUCTEM KEPYBAHHS CHIIOBUMH
aKTUBHUMH (D1IBTPaMH 32 HASBHOCTI KOJMBAaHb HAIMIPYTH.

Memoou oocnioxcennsa. 11in yac poOOTH HaJ JHUCEPTAIED BUKOPUCTAHI
METO/M JOCIIJIKEHD, sIKI 0a3yIOThCS: Ha TEOPIl €NIEKTPOTEXHIKA — MPU OTPUMAHHI
aHATITHYHUX BUPA3iB MPOIECIB B CUCTEMAaX KEPYBAaHHS aKTUBHUMHU (PiIbTpaMH; Ha
METOJIaX MaTeMAaTHUYHOTO MOJENIOBAaHHS — TMpPH PO3poOIll CHCTEM KepyBaHHS
CHUJIOBUMH aKTUBHUMHU (PLIIHTPAMHU.

V¥ nucepraniiiHiit poOOTI MOCTaBIeHa 1 BUpIllIeHa aKTyallbHA 3a/laua aHali3y
CHCTEMH KEePYBAaHHSI CUJIOBUMH aKTUBHUMHU (QiIbTpaMU IIOA0 MOKPAIICHHS SKOCTI
GbITBTpYBaHHS BHUIUX TAPMOHIK 1 3MEHIIICHHS KOJIMBaHb HANIPYTH B PO3MOAUTEHUX
CICKTPUYHUX Mepekax 3a HasABHOCTI IIBUAKO3MIHHHUX Ta  HEIIHIWHUX
HABAHTAXKEHb.

HaykoBa HOBH3HA OTPUMAaHHUX Pe3yJbTATIB 1 MOJOKEHb, IO BUHOCATHCS
Ha 3aXHCT, MOJIATAE Y BJOCKOHAJICHHI CHCTEMHU KepyBaHHS CHJIIOBUMH aKTUBHUMHU

¢biapTpaMu 3a HasBHOCTI HIBUAKO3MIHHUX Ta HENIHIMHUX HABAHTAXEHb MUISIXOM
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dbopMyBaHHSI CHUTHAJIB KEPyBaHHS KOMIUIEKCHUM CTPYMOM MapajelbHOTO
CWJIOBOT'O aKTUBHOTO (1JIbTPa 1 HAMPYTOI0 HAKOMMYYBAJILHOTO KOHAEHCATOPA.

B poGoti oTprMaHO Taki HayKOBI Pe3yJIbTaTH:

1. Briepiiie BCTaHOBIIEHO 3aKOHOMIPHOCTI KEPYBaHHSI MMapajieIbHUM CHIOBUM
aKTUBHUM (LIBTPOM Ta YHI(IKOBAHMM PETYJIATOPOM SIKOCTI €JIeKTPOCHeprii 3a
KOJIMBaHb HAIMpPYTH 3 YpaxyBaHHSIM OOMEXEHb iX MOTY)KHOCTI Ta BHUMOT IIOJO
KOJIMBaHb HAIIPYTH, 1110 3a0e31neuye BUOip mapaMeTpiB iX CUCTEM KepyBaHHS.

2. YIOCKOHAJIEHO CUCTEMY KEpyBaHHS MapajeIbHUM CHUJIOBUM aKTUBHUM
GUIbTpOM 13 3aCTOCYBaHHSM aJalTUBHOTO HaJAIITyBaHHA 1HTEpBAIy Yacy
IHTETPYBaHHSI aKTUBHOI Ta PEAKTUBHOI CKJIAJOBHX CTPYMY KEpyBaHHS Ta dYacy
3aTPUMKHM CUTHAIIB KEpyBaHHS, L0 3a0e3ledye BHUCOKY IIBUAKOAIID poOOTH
napajieIbHOTO CUJIIOBOT0 aKTUBHOTO (UIBTpA.

3. Jlicrama moAaybIIOTO PO3BUTKY CHCTEMa KepyBaHHS YHI(piKOBaHUM
PEryJISTOPOM SIKOCTI €JIEKTPOEHEprii 13 3acTocyBaHHS LU(poBoro ¢uibTpa 31
CKIHUEHOIO IMITYJIbCHOIO XapaKTePUCTUKOI B CHCTEMI1 KEpyBaHHS HaIPYyTroro
HAaKOMMYYBaJIBHOTO KOHJIEHCATOpa, 10 3a0e3nedye MiJBUIICHHS CTa0lIbHOCTI
HaIpyTy Ha KOHAEHCATOP1 3a 30BHIIIHIX 30ypEHb.

IlpakTuyHe 3HAYEHHS] OTPUMAHHUX Ppe3yJabTATiB POOOTH TMOJSTAE:
YJIOCKOHAJIGHHI Ta BIIPOBA/KEHHI CHUCTEMHM KEpyBaHHS CHJIOBUMH aKTHUBHUMU
binpTpamMu JUIsl 3MEHIIICHHSI HECHHYCOITHOCTI 32 HAsBHOCTI KOJIMBaHb HAMPYTH B
PO3NOAINLHUX eTeKTPUUHUX MepeskaX. Ii 3acTOCYBaHHS CIIPHATHME MOKPALIEHHIO
SKOCTI EJIGKTPOCHEPTii, 30KpeMa 3MEHIICHHIO KOJWBaHb Ta HECHHYCOiTHOCTI
HAIPYTH B PO3MOIIIILHUX CICKTPUUHUX MEPEKaX.

OpepxaHi HayKOBI pe3ysNbTaTH a caMe: CHCTeMY KEpyBaHHS MapaielbHUM
CWJIOBUM aKTHBHUM (iIBTPOM 13 3aCTOCYBaHHSM aJalTUBHOTO HaJAIITyBaHHS
IHTEpBaJly 4acy IHTErpyBaHHs AaKTHBHOI CKJIAJOBOI CTpyMy, IMOCTIHHOi dYacy
G1IpTpa HUKHIX YacTOT Ta 4yacy 3aTPUMKH CHTHally KepyBaHHs, 10 3a0e3rnedye

BHUCOKY IIBHJKOII0 pPOOOTH MAapaneabHOr0 CHIIOBOTO AaKTUBHOTO (ijabTpa
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BiipoBakeHo B TOB «IIpomaBToMaTuka BiHHUIIS, 10 MIATBEPIKEHO aKTOM PO
BripoBakeHHS B 28.01.2025 p. Pe3ynbpTaTu poOOTH TaK0X BUKOPUCTOBYIOTHCS Y
BHTY wHna «xadeapi «EJexkTpoTeXHIYHI CHUCTEMH EJIEKTPOCIOXUBAHHSI Ta
CHEePreTUYHUN MEHEIHKMEHT» JIJI MiArOTOBKHU (haxiBIiB 3a creliaibHICTIO 141 —
«EnexkTpoeHepreTuka, €JIEKTPOTEXHIKA Ta  EJNEeKTpOMEXaHika», akT IIpo
BripoBaxeHHs Big 28.01.2025 p.

OcoOuctuii BHecoK 3100yBava. Yci HayKOBI MOJIOKEHHSI Ta PE3yJIbTaTH
JUcepTaliiiHOi poOOTH, IO BUHOCATBCA HA 3aXUCT, OTpPUMaHl 37100yBaueM
camocTiitHo. OcoOucTuii BHECOK 37100yBaya B poOoTax, OmyOJIKOBaHUX B
cmiBaBTOpCcTBI  Takuid: [98] — BCTaHOBJIIEHO 3aKOHOMIPHOCTI KepyBaHHS
napajielbHUM CWJIOBUM AaKTUBHUM (UIBTPOM 3a MIBUAKUAX 3MIH HaNpyrd 3
ypaxyBaHHSIM OOMEXEHb IX MOTY>KHOCTI Ta BUMOT LIOJ0 KOJIMBaHb HAINPYTH, IIO0
3abe3mneuye BUOip mapamMeTpiB iX cucteM kepyBanHs; [99] — 3anpornoHOBaHO YMOBY
KEepyBaHHA YH1(DIKOBAaHUM PETYJSTOPOM SIKOCTI €JIEKTPOEHEPrii 3 BUKOPUCTAHHSIM
KOMILUIEKCHUX CTPYMIB BY3J1iB HaBaHTaKeHb 3a 30ypenHsaM; [100] — ymockonaneHo
CUCTEMY KEpyBaHHA [MapajelibHUM CHJIOBUM  aKTUBHUM  (UIBTPOM 13
3aCTOCYBaHHSAM aJalTUBHOTO HAJIAIUTYBaHHSA I1HTEpPBAIy Yacy I1HTErpyBaHHs
aKTUBHOI CKJIQJIOBOI CTPYMY Ta IMOCTIHHOT Yacy OJIOKYy 3aTpUMKH, IO 3abe3nedye
BHCOKY IIBUIKOJIII0 POOOTH MapaiebHOrO CHIOBOr0 akTuBHOro (imbtpa; [101] —
YIOCKOHAJIEHO CUCTEMY MPSMOI0 KepyBaHHS CTPYMOM aKTHBHOIO (iibTpa, L0
N03BOJISIE €(DEKTUBHIIIE KEPYyBaTH CHJIOBUMH aKTUBHUMHU (PUIBTPAMH 3a PaXyHOK
PO3IIJICHHS KOHTYpIiB KOMIIGHCAlli TapMOHIYHHMX cHoTBopeHb, [102] -
3aIPONOHOBAHO CXEMY KEPYBAHHSI HAIIPYTOK KOHJEHCATOpPA JJI1 3MEHILEHHS Yacy
3apsiny/po3psAly KOHIAEHCATOPIB CUJIOBOTO aKTUBHOIO (DibTpa IMiJi 4ac KOJIMBAHb
Hanpyry; [103] — gocmimkeHHO MOXIHBICTH BukopuctanHs FIR ¢inbrpiB mis
CXEMH KepyBaHHS HAIPyrol KOHIECHCATOPa CHIIOBOIO aKTUBHOTO (iyibTpa; [116] —
3alpONOHOBAHO METOJl aHamizy poOOTH YHI(IKOBAHOTO pEryisTopa SKOCTI

eNIEKTPOeHeprii 3a MIBHIKO3MIHHMX HaBaHTaxeHb; [117] — mnpoanamizoBaHO
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3MEHIIEHHS pIBHS IHTEHCHUBHOCTI (IiKkepa 3a JOMOMOIOI YHI(piKOBaHOTO
perynsropa sAKOCTi enaekrpoeHeprii; [118] — mpoBeaeHO MOPIBHSIBHMI aHAII3
CUCTEMHU KEPYBaHHsS HAIPYror KOHJEHcAaTopa Uil yHI(IKOBAaHOTO pETyisaTopa
SAKOCTI  €JIeKTpOSHEeprii MpuM KOMIIEHCAIlll IIBUAKUX 3MIH Hampyra Ta
KOPOTKOCTPOKOBOI 1HTEHCHUBHOCTI (hiiikepa. Pe3ynbTaT TEOpETUUHUX ITOCIIKEHb
Oymu oTpuMaHi y BiHHUIIBKOMY HaIllOHATFHOMY TEXHIYHOMY YHIBEPCHUTETI
(BHTY).

Amnpobanis marepiajiB nucepraumii. Buknaaeni B gucepTaiii pe3yibTatu
JOCIIIKEHDb Oyu anpoOoBaHi Ha 6 HAYKOBUX KOH(EPEHIISX.

Ilyoaikauii. Pesynbratu aucepraiii ony0aikoBaHo B 12 HayKOBUX Mpalisx,
cepell AKuX, 5 — B CTaTTAX HAYKOBUX (PaxOBUX BUJAHb YKpaiHH, | —y BUIaHHI, 110
iHnekcyeteess y SCOPUS, 4 — y marepianax MiXHApOJHUX KOH(EpeHiii, 2 — y
Matepianax KoH(epeHIiid Ta ceMiHapiB.

Crtpykrypa ta o6car aucepranii. Jlucepraiiiina poOoTa ckiIagaeTbes 13
BCTYIy, I’SITH PO3JUIIB, CIHCKY BUKOPUCTAHUX JDKEpes, JOJATKiB. 3arajbHui
oOcsir aucepTallii CTaHOBUTH 158 CTOPIHOK, 3 SIKUX OCHOBHUM 3MICT BUKJIaJCHUMN
Ha 112 cTopiHKax JIpyKOBAaHOTO TEKCTY, MICTUTh 73 pUCYHKIB, 7 Tabnuib. Criucok
BUKOPHUCTAHUX JDKEpeN CcKiaagaeTbes 3 124 HaliMeHyBaHb. JloJaTKH MICTATH
JIOKYMEHTH BIPOBAKEHHSI PE3yJbTaTIB pOOOTH, MPOrpaMy pO3paxyHKIB, CIIHCOK

nmyOJTiKaIliii Ta BIIOMOCTI TIpo arpo0aliiro pe3yIbTaTiB JucepTarlii.
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PO3JILT 1
AHAJII3 TOHITBHOCTI 3ACTOCYBAHHSI CHJTIOBUX AKTUBHUX
®LTBTPIB B PO3NOALILHAX EJJEKTPHYHUX MEPEJKAX 3A
HASIBHOCTI KOJINBAHB HATIPYTH

1.1 XapakTepucTuKa KOJIUBAHb HAIPYTH
3rigao 3 JICTY EN 50160-23 [9] konuBaHHS Hanpyru XapaKTEePHU3YIOTHCS

HIBUAKAMH 3MiHamMu Hampyru OU:; , iX 4acTOTOIO 3a OJIHY XBWJIMHY I, a TaKOX

KOPOTKOCTPOKOBOIO Pst 1 J0BrocTpokoBoto Py iHTeHCHBHICTIO dutikepa (puc. 1.1).

Hanpyaa mepedici, 6.0
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Pucynok 1.1 — I'padiku mBUAKKX 3MiH HaNpyTu (a) Ta IHTEHCUBHICTH drikepa (0)
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IBunki 3miam Hampyru (rapid voltage change) — oawHMYHE TIBUAKE
3MIHGHHS  CEpEIHbOKBAAPATUYHOTO 3HAUEHHS HANpyrH MDK JBOMa i
TIOCJTIIOBHUMH PiBHSAMH, SIKI MAIOTh JOCTATHIO aJie He BU3HAYCHY TpHUBaITICTh [9].

B IEC 61000-3-3 [10] momaHo aHaMTHYHHUH METOJ BH3HAYCHHS
KOPOTKOCTPOKOBOI 1HTEHCUBHOCTI (urikepa. BiH ocHOBaHMM Ha OOYHCIEHI Tak

3BaHOTO 4acy (uikepa tf, KU € BEIWYMHOIO 3 YACOBUM BHUMIPOM, IIIO OIMHUCYE

BIUTMB (Jiikepa, sIKMiA BUKIMKAHUN OJHUM KOJIMBaHHSAM Hamnpyru. Yac duikepa

OOUYHCITIOETHCS 32 BUPA3OM:
3,2
ty=2,3(d-Fg)™, (1.1)

ne d — BIiZHOCHI IIBHJAKI 3MIHH Hampyrd, SKi BHPaXEHI y MPOIEHTHOMY
CHIBBIIHOLIEHH] BITHOCHO HOMIHAJILHOT HANPYTH;
Fe — KkoedillieHT eKBIBaJIEHTHOCTI, SIKUM 3aJ€KUTh BiJ (POpPMU KOJWBAHD
HapyTH.
KoedimienT 2,3 BHOCHUTBCS MJi JOCATHEHHS BIAMOBIAHOCTI HOPMOBAaHOMY
3HAYCHHIO QIiKepa.
KopoTkocTpokoBa i1HTEHCUBHICTH (Quiikepa Psi BpaxoBye MBUIKI 3MIHU

HaAnpyry npotaroM 1, =10 XBUIUH 1 MOXke OyTH BU3HA4Y€HAa 3a (pOpMyJIaMu

1/3,2

3,2
23-(d-Fe) " 1| 460 Py =036l-d-F-r32.  (12)

P., =

Jie ' — 4acToTa MIBUJIKUX 3MiH HAIIPYTH 32 XBUJIUHY.
VY pasi pi3HUX 3MiH HaNlPpyTd OCHOBOIO OIIHKHU Pst € TogaBaHHs BCiX 3HAYEHb

yacy (Jrikepa BCeperHI 4aCOBOI0 IHTEPBAITY Tp:
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2 1/3,2

1/3,2 3
' 2,3- d-F
PSt — th, _ Z( 1 Ei ) . (13)

To T

Yac T, HeoOXiAHO BUpa3uUTH B CEKyHAAX, a IJIs EKCIEPUMEHTaJIbHOTO
BU3HauUeHHS Ps; 1€ mepion cocTepeskeHHsl Ma€e CTaHOBUTH 10 XBUIIHH.

3rigno 3 ACTY EN 50160-23 noBroctpokoBa 1HTEHCUBHICTH Quiikepa Pyt
BUPAXKAETHCS Uepe3 KOPOTKOCTPOKOBY IHTEHCHUBHICTH (iikepa Ps; Ha iHTepBai

yacy, 1110 JOPIBHIOE 2 TOJIUHH, 32 (HOPMYJIOIO:

(1.4)

Bignosigno mo JICTY EN 50160-23, nns yHUKHEHHS TUCKOMGBOPTY JIHOICH
JIOBrOCTPOKOBA IHTEHCUBHICTD (pimikepa Py <1.

[IIBuaKi 3MIHM Halpyrd MOKHA BH3HA4aTH 3a JOMOMOIOK TaKUX
napameTpiB, SIK 3MIHM aKTHUBHOI, PEAaKTHBHOI TMOTYXHOCTI Ta TMOTYKHOCTI

KOPOTKOT'O 3aMUKaHHS Mepexi. JJi1 po3paxyHKy BUKOPUCTOBYIOTh (popmyiy:

5P -R+5Q- X|

5 .7

(1.5)
ne R, X, Z — akTuBHUIA, peaKTUBHHI Ta MOBHUI onopu Mepexi, Om;
oP, 6Q - 3MiHa aKTUBHOI Ta peaKTUBHOI MOTY>XHOCTi, MBT, MBADp;

S, — motyxmicTs K3 B TOUI Mepeski, 1€ BU3HAYAIOT 8Ut , MB-A.

3acrocyBanHs (1.5) 103BoJIsIE BU3HAYATH PiBEHb KOJMBAHB JJISl Pi3HUX THITIB

eleKTpoMepek. 31 30UIBIICHHSIM TOTY>KHOCTI KOPOTKOTO 3aMUKaHHS pPiBEHb
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KOJIMBaHb 3HIDKYETHCS, LIO0 MOKpAIlye SAKICTh EJNEeKTPOCHEprii Ta 3MEHIIye
KUTBKICTh aBapIMHUX CUTYAaIIii.

KonuBanus Hampyru, ki MOXYTb OyTH CIPUYMHEHI PI3KUMHU 3MiHAMU
CIIOKMBAHOI  TMOTYXKHOCTI  BiJf TaKuX  E€JIEKTPONPUCTPOIB, SK  MOTYXHI
enekrpoasurynn [11], [12], a Takox mMOOYTOBI MPHIATU 3 BHCOKOI YaCTOTOIO
nepeMuKkaHHs. BHUCOKOYACTOTHI KOJIMBAaHHSA HAMpPyrd MOXYTh CYTTE€BO BIUIMBATU
Ha YyTJIUBE OOJIaHAHHSA, TaKe SIK KOMII IOTepU, OCBITIIOBAJIbHI MpUIaAH, Ta
Meau4yHe oOmanHaHHd. HaBiTh KOPOTKOCTPOKOBI CTPUOKH HANpyTH MOXKYThb
cripuanHUTH 301l poboTH a00 BUXi i3 aay Takux cuctem [13].

KpiM Toro, 3HauyH1 KOJMBaHHS HAIpPyrd MPU3BOJATH IMOTIPIIEHHS POOOTH
OCBITJIIOBAJIbHUX  MPUCTPOIB,  BIUIMBAIOTH  HA  CTAOUIBHICTH  POOOTH
€JICKTPOJIBUTYHIB 1 MOXYTh BHUKJIMKAaTH aBapii oOJiaJHaHHS 4Yepe3 yacTe
BUMKHEHHS MarHITHUX IycKadiB a00 BUXIJ 3 JIaJy KOHJCHCATOPHUX Oartapeii [14].

[cHy€ KijbKa METOIB 3MEHIIICHHS KOJIMBaHb HanpyrH [15]:

1. 301UIbIIEHHS TOTY>KHOCTI KOPOTKOTO 3aMUKaHHS MeEpexi s
cTabuI13a1li HAIPYTH EJIEKTPOMEPEXKI.

2. BukopucranHs  crtabumi3aTopiB  Hampyrd —  HOPUCTPOIB,  SIKI
ABTOMATUYHO MIATPUMYIOTH HAmNpyry B 3aJlaHUX MEXax, KOMIIGHCYIOUd i
KOJIMBAHHS.

3. BcTraHoBieHHS KOMIIEHCAIIMHUX MPUCTPOIB — TaKUX SK CHJIOBI
aktuBHI (uibTpu (CAD), cTaTUUHI TUPHUCTOPHI Ta CUHXPOHHI KOMIIEHCATOPH,
yHi(ikoBaH1 peryisatopu sikocti enektpoeneprii (YPAE), ski 3aBasiku 1uHaMivHIMA

KOMIIEHCAIlll peaKTHBHOI MOTY>KHOCTI I0MIOMararoTh 3HU3UTH KOJIMBAHHS HAIMIPYTH.

1.2 CunoBi akTuBHi QinbTpH

OmnuMm 13 3aco0iB 3MEHIIEHHS KOJIMBAHb HANpPYTd B PO3MOIUIBHUX

SJIEKTPUYHUX Mepexkax € cuiioBi akTuBHI QuibTpu (CAD), siki, KpiM TOTO, 3AaTHI
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KOMIICHCYBAaTH PEAKTUBHY IMOTY>KHICTh, CHMETPYBAaTH HABAHTAKCHHS Ta HAMPYTH,
3MEHIIYBaTH T'apMOHIYHI CIIOTBOPEHHs CTpyMmy Ta Hampyru [16]-[18]. [dus Toro,
o0 OyJ1o Jiermie po3iOpaTUCs B €EKTPOMArHITHUX MpoIiecax, Mo BiAOyBarOThCS
npu KOMIICHCAIii IIBUAKUX 3MiH HampyTd 3 pEaKTHUBHUM HaBaHTAKEHHSM,
po3risiHeMo JBa Bapiantu peamzanii CAO.

Ha puc. 1.2, a 1 6 HaBeileHO CXeMU MPHUETHAHHS, BIIMOBIIHO, MapaieIbHOTO
ta nochigoBHoro CA®, BUKOHaHMX Ha 0a3i TpU(aA3HOrO MOCTOBOIO 1HBEPTOpA

HAIIPYTH, 10 MEPEX1 3 HABAHTAKEHHSIM.
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Pucynok 1.2 — Cxemu mapanensHoro (a) ta nociigoBHoro (6) CA® na 6asi

TpudazHOro MOCTOBOI'O IHBEPTOPA HATIPYTH
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OCHOBHOIO TEpeBarol0 IUX TMPUCTPOIB € AaBTOMATUYHE PETYIIOBAHHS
MEPETOKIB PEAKTUBHOI TOTYXXHOCTI Ta HANpPyrd B EIEKTPUYHUX Mepexax.
[Mapanensni Ta mocnigoBHi CA® 1 YPSAE no3BosAioTs He nuiie cradini3yBaTu
napamMeTpu SIKOCTI €JEKTpOEHeprii, aje W 3HU3UTH BTPATH EJIEKTPOCHEPrii B
enekTpuuHuX Mepexax [24]. JIBopiBHeBuii NPC-iHBepTOp Mae 3MEHIICHI BTpaTH
Ha TPOBITHICTh, OCKUIBKH KOKE€H CHJIOBHH KIIOU TMEPEMHKAE JIUIIE TOJOBUHY
HaIpyTy IIMHU TOCTIHHOrO CTpymy. 3aBASKA IbOMY 3MEHIIYIOTHCS BTPATH Ha
NEPEeMUKAHHS Ta JO3BOJSIETHCS BUKOPUCTAHHS TPAH3UCTOPIB 3 HIDKYUM KIIACOM
HaIpyTH.

[Tapanensuuit CA® 3acTOCOBYIOTH MJii 3MEHIIEHHS BHUIIUX TapMOHIK
CTPYMiB, a y pa3l HEOOXIHOCTI — Ie ¥ JJIsi CUMETPyBaHHS HABAaHTAXKECHb Ta

[TocninoBuuit CA® 3acTOCOBYIOTH JUIsl 3MEHIICHHS BHUIIUX TapMOHIK
Hampyrv, a y pas3l HEOoOXIHOCTI — Ie W ISl CUMETPYBaHHS Ta 3MEHIICHHS
KOJIMBaHb HANpPYTH [22, 23], 3HUKEHHS [epeHanpyry Ta MpoBaiiB Hampyru. Koro
OCHOBHAa (yHKIIA 3a0e3neueHHs CTaOUIbHOI CHUHYCOiHOI Hampyru Ha
HaBaHTAXKEHHI.

BunukHeHHsT Tipo0sieM CHOTBOpPEHb, MPOBAJIB, MEpPEHANPYr Ta KOJMBAaHb
Halpyru YCyBalOThCAd 3a Jonomoror mnociigoBHoro CA®. 3a pomomMororo
nociiioBHOro CA® Ta cucTeM €EMHICHOTO KOPOTKOYACHOTO HAKOTIMYEHHS €Hepril
MOHa KOMIIEHCYBaTU KOJIMBaHHSA /10 35% BiJ1 HOMIHAJILHOT HAMPYTH, aJIe JIMIIE Ha
kopotkuii gac (10 0,1 ¢) [25]. OaHak OLIBLIICTH TPOBAJIIB HANIPYTH 3HAYHO MEHIII
3a 35%. Takox, mocmigoBHuit CA® wmoxe komrieHcyBatd a0 90% Bumumx
rapMoHik Hanpyru [26], [27].

Henoniku posrasHyTrx Tpuda3sHUX MOCTOBHUX IHBEPTOPIB BKIIIOYAIOTh
JeKiIbka acmekTiB. BuxigHa Hampyra mae numie aBa piBHI (TIO3UTHUBHUN 1
HEraTUBHUM), 10 MPU3BOJUTH 1O IIUPIIOrO CHEKTpa TapMOHIK MOPIBHSHO 3

OaraTopiBHEeBUMHU 1HBepTOopamu. lle yckimagHioe (iIbTpallil0 BUIIUX TapMOHIK.
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[IBuaki 3MIHM Hampyrd Ha BUXOJl CIPUUYMHSIOTH IiJIBUILEHE €JIEKTPOMAarHiTHE
BUMNPOMIHIOBAaHHS Ta MOXYTh CTBOPIOBATH MPOOJIEMH 3 130JISIIE€I0 JBUTYHIB.
JIBopiBHEBAa CTpPyKTypa HE Mae BOYIOBAHOTO MeEXaHi3My Uil OalaHCyBaHHS
HAIPyTH Ha KOHJEHCATOpax IWHU MOCTIHHOTO CTPyMY, 110 MOKE MPHU3BOAUTH JI0
HEPIBHOMIPHOTO PO3MOAUTY HAIIPYTH MikK KOHJICHCATOPAMH.

Ha puc. 1.3, a 1 6 HaBeZiIeHO CXeMH TIPUETHAHHS, BIAIOBIIHO, MapaleIbHOTO
Ta nociigoBHoro tpudaznux CAD, BukoHaHux Ha 6a3l ogHO(a3HHUX MOCTOBUX

1HBEPTOPIB, IO MEPEXKI 3 HABAHTAXKECHHSIM.
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OJIHOMOCTOBHX 1HBEPTOPIB HANPYTH
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Tpu onHodazHi 1HBEpTOPH 3a0€3MEUyI0Th THYUYKICTh B YIPAaBIiHHI 3aBISKH
MO’KJIMBOCTI HE3AJIEKHOTO PETYJIIOBAHHA KOXKHOI (pas3u, 110 J03BOJIsiE€ €(hEKTUBHO
OanmaHCyBaTH HaBaHTAXXCHHS Ta 3MEHIITyBaTH MiXK(a3Hi myibcaiii ctpymy. Okpemi
1HBEPTOPU MOXKYTbh IPALlOBATH HE3AJEKHO, L0 IMIJIBUILY€E HAJINHICTh CHCTEMHU,
OCKUIBKM Yy pa3l BUXOAY 3 Jaay OJHOTO 3 HHUX peElTa IPOJOBKYIOTh
¢yukionyBanHs. lle Takoxx molermrye peMOHT Ta OOCITYrOBYBaHHS, OCKUIbKH
MOJlyJIbHa CTPYKTYpa J103BOJISIE 3aMIHIOBATH a00 BJIOCKOHAJIIOBATH OKpeMi OJIOKU
0e3 HeoOX1THOCTI MOBHOI 3YNMUHKH CUCTEMHU. [ HydKICTh Yy (POpMyBaHHI BHUXIJHOI
HaIIPYTHU JI03BOJIIE€ 3aCTOCOBYBATH TaKl IHBEPTOPHU Y PO3MOIIIIEHUX EHEPreTUYHHUX
CUCTEMax 1 MIKPOMEpEXax, J€ Ba}JIMBO 3a0€3MEUNTH HE3AJIEKHE KUBJICHHS IS
PI3HHX HABAHTAKEHb.

Henomniku Tphox omHoda3zHuX iHBEpPTOpiB. BUKOpUCTaHHS TPHOX OKpPEMHUX
1HBEpPTOPIB BUMArae OUIbIIOI KUTBKOCTI CUJIOBUX KIIIOUIB, JIO/IB 1 KOH/IEHCATOPIB.
[le 30unblLIye 3aranbHi BTpaTH Ha NEPEMHUKAaHHS, BapTICTh 1 rabapuTh CHUCTEMH.
[ToTpiOHa ckiagHa cxemMa KepyBaHHS IJsi 3a0€3MeuUeHHs CUHXPOHI3aIii TPhOX
oHO(a3HUX CHUCTEM, OCOOJIMBO TMPU HEPIBHOMIPDHUX HABaHTaXEHHAX. Jlis
KOXXHOTO 1HBEpTOpa MOTPIOHO 3a0e3reyuTd OalaHCyBaHHS HANpyrd Ha
KoHAeHcaTopax. Lle ycknaaHioe cucteMy KepyBaHHS JJisi 3a0€3MeUeHHs] TOYHOCTI
CUHXpOHi3amii (a30BUX BHUXOJIB. HeEBINMOBIAHICTE y CHHXpPOHI3AIIlT MOXe

MPU3BECTH JI0 MOTIPIICHHS SIKOCTI BUX1AHOI HAMIPYTH.

1.3 XapakrepucTuKa yHi(ikOBaHOTO peryJsitopa SIKOCTI

eJICKTPOeHeprii

VY Mepexax, 10 SKUX NPHUEIHAHI MIBUAKO3MIHHI HABAaHTAXKCHHS, BUHHKAE
HU3Ka MPoOJieM, SIKi MOKYTh HETaTUBHO BIUIMBATH K HA CMIOKUBAYIB, TaK 1 Ha BCIO
Mepexy B 1iiomy [28], [29]. IIIBuaKO3MiHHI HaBaHTa)KEHHS BUKJIUKAIOTh PArTOBI
3MIHM CIIO)KMBAHHS TOTY)XHOCTI, IO MOXE MPU3BOIUTH 10 TIPOCATOK abdo

MIJBUIICHHS HaANpyru y wepexi. YacTo 11 HaBaHTaKEHHS TEHEPYIOTh BHIIII
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TapMOHIKH, SIKI 3a0pyAHIOIOTH (JOPMY CHHYCOINM HAmpyru Ta cTpymy. ['apMoHiku
MOKYTh BHUKJIMKATH PE30HAHC y JIHIAX eJeKTporepenadl ado KOHJAEHCATOPHHUX
Oatapesix, 0 NPU3BOJIUTH A0 HEOE3MeyHOro 30UIBLICHHS CTPYMIB 1 Hampyr.
[IBuKI 3MIHM HaBaHTa)KEHHS TaKOX BIUIMBAIOTh HA PEAKTUBHY CKJIa/JI0BY CTPyMY,
0 TMPHU3BOJUTH JIO 3HWXKEHHS Koe(dilieHTa TMOTY)XHOCTI. Y cHcTeMax 3
OOMEKEHOI0 TEHEpaIli€l0 pi3Ki 3MIHM HABAaHTAXEHHS MOXYTh BHUKIHKATH
BIJIXWJICHHS YaCTOTH B1J] HOMIHAJIbHOT'O 3HAYEHHS.

JUist BUplIEHHS HUX NOpoOJeM B OCTaHHI POKM BC€ OLIbII HIMPOKE
3aCTOCYBaHHS 3HAXOJATh YHIBEpPCAIbHI NMPUJIAJH 3 AKTUBHUM YIPABIIHHAM SIKOCTI
elekTporioctauanHa.  Jlis  3MEHIIEHHS ~ KOJMBaHb  HAalpyrd  MOJXKHA
BukopuctoByBatu YPAE, skuil € oaHuM 13 cHeuiagbHUX MPUCTPOIB, IO
BUKOPHUCTOBYIOTBCSL B CHCTEMAax pO3IMOAUTY €JIEKTPOEHEprii A MiABUILIECHHS
SIKOCTI €JICKTPOCHEePrii KIieHTiB cucteMu po3smnosiny [30]-[37].

VYHidikoBanuii perynarop skocti eiaekrpoeHeprii (YPSE) [38] nmoemnye B
cobi moxymBOCcTI Ak mapanenabHoro CA®, Ttak 1 mocmigoBHoro CA,
3a0e3Meuyourd OJHOYACHY KOMIIEHCAIll0 KOJIMBaHb HANpPyrd, TapMOHIYHHX
CIIOTBOPEHb, @ TaKOX pPEaKTHBHOI TOTY)XHOCTI, IO JO3BOJIIE€ KOMIUIEKCHO
MIITPUMYBATH SIKICTh €JIEKTPOCHEPTIl B MEPExi.

VYPAE cknanaerscs 3 mapanenbHoro 1 nocaigoBHoro CA®. IcHye nBi
moaudikamii YPSE: napanensHo-nociaigoBanit CA®D ta nociaigoBHO-TIapaienbHUN
CA®. YPAE Moxe KOMIIEHCYBAaTH SIK HANpyrH, TaKk 1 CTPyMH, 1100 Hampyra
HABAHTAKEHHA Maja HOMIHAJIbHE 3HAUYEHHS, a CTPYM JKepesa KUBJIEHHS 301raBcs
o ¢asi 3 HOro Harpyroro.

VYPAE cknamaetbcs 3 JBOX  IHBEPTOPIB  HANpyrw 31 CIUIBHUM
HAKOMUYyBayeM ejeKTpoeHeprii (puc. 1.4).

MoskHa BiJI3HAYUTH, 1110 00UIBA THBEPTOPH HAIIPYTH JKUBIISATHCS BiJ] CIIUIBHUAX
KOHJEHCATOpPIB MOCTiHHOrO crpymy. KoxkeH 3 1HBEPTOpIB NPHUETHYETHCS

napajeabHO Ta TMOCHIOBHO 10 CHCTEMH 3MIHHOTO CTPyMy depe3 JIHINHMIA
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tpanchopmatop. IlapanenbHuil iHBEpTOp pa3oM 31 CBOIM KOJOM KepyBaHHS

YTBOPIOE CXeMy MapaeibHo-mociinopaoro CA® [39]-[46].

TTapanemsuuit TlocmimoBHUR
CAD CA®D

Y Y g

0

5
e

¢ L DRS"
| CSe
a)
U 15 5%
—
S S /_\ DL
~— O |
TlocmigopHmit [Mapanemsunit T, T I
CA® CAD .
C].
LS? j — t I‘S;'r
i
[:|R5<’ c, | |:]RSF?

0)
Pucynok 1.4 — CtpykrypHi cxemu YPSIE 3 nmapanenbHo-1ocaijoBHUM (a) Ta 3

MOCJTi I0BHO-TIapanieTbHuM (0) 3’eqnanusiM CAD

[TocnigoBanit CA® BBOAUTH KOMIIOHEHT HANPYTH TMOCIIOBHO 3 HAMPYTOIO
JKUBJICHHS, TaKUM YWMHOM KOMIICHCYIOUM TMaJliHHS a00 30UIbLIEHHS HAampyrd Ha
CTOPOHI HaBaHTaXCHHS. Peakilis KepyBaHHsS CTaHOBHUTH Onm3bko 3 mc [47], mio

3a0e3neuye HaAlHE KUBJICHHS HAMPYTOI0 B YMOBAX MEPEXITHUX PEXKUMIB MEPEKI.
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BBenenns Hanpyru A0BUTEHOI (a3 BITHOCHO CTPYMY HAaBaHTXKEHHS mependadac
MOKJTUBICTh MPOTIKAHHS AKTUBHOI MOTYXHOCTI 4e€pe3 KOJIO TMOCTIHHOrO CTpyMy.
[48]-[53].

YPAE-A  (yHidikoBaHUI  peryisiTop  SIKOCTI  €JEKTpPOEHeprii 3
BUKOPUCTAaHHSAM aKTHUBHOI MOTY>KHOCT1) € OJIHI€I0 3 HaltnomupeHimux cxem YPSE
3aBIIKM 3/aTHOCTI KOMIIEHCYBaTH OCHOBHI MpOOJEMH SIKOCTI €JIeKTPOEHEprii,
30KpeMa TMpOBajy HAIpyrd, MEepEeHANnpyrd, KOJWUBaHHA HaNpyrd, TapMOHIYHI
CIIOTBOPEHHSI Ta HU3BKUM KOe(DIIEHT MOTY>KHOCTI. OCHOBHa 11es III€l CXeMHU
NOJIATa€ 'y BUKOPUCTAHHI AKTUBHOI MOTYXHOCTI [JIsl KOPEKI[li Hampyru Ta
miATpuMaHHs cTabibHOT poboTH cuctemu [54]-[61]. IMocninoBuuit CAD momae
Harpyry B ¢asi abo npotudasi 10 BXiAHOT HAMPYTH, 3a0€3Meuyoun cTablIbHICTh
Ha crTopoHl HaBaHTaxeHHs. [lapanensHuii CA® BHUKOHY€ KOMIIEHCALIIO
PEaKTUBHOI TOTY>KHOCTI, @ TaKOX YCyBa€ BHILIlI TapMOHIKH CTpyMy, IO
TEHEPYIOThCS HETIHIMHUMU HaBaHTAKEHHSIMHU.

B imeanbHux poGouumx ymoBax YPSE ne mae BTpar, i TOMy akTHBHA
MOTYKHICTb, 110 CIIOKUBAEThCS HABAHTAXKEHHSM, JOPIBHIOE AaKTUBHIN MOTY>KHOCTI
Jokepena xuBiieHHs. Cucrtema YPSAE-A mpanroe 3a NpUHUMIIOM €HEPTETHYHOTO
Oanancy, ne nmotyxHicte nociigoBHoro CA® (Pse) Ta mapanensnoro CA® (Psp)

KOMITEHCYIOTh OfIHA OJIHY. /{7151 TaKOTO pekUMy CIIpaBeJIMBE PIBHSIHHS:

Pse + Psy =0, (1.6)

ne Pse — BinmoBigae 3a reHepaniio Harnpyru Juisi KOMIEHcalli TpoBalliB HApPyTH 1
NepeHaIpyry,
Psn — 3a0e3medyye modady akTUBHOI TMOTYXHOCTI BiJ JpKepena [0
HABAHTAKCHHS Ta MIATPUMY€E EHEPTeTUYHUN OalaHC.
JIist mocaiioBHO-TIapaJIeNIbHOT CXEMM BHpa3W Il aKTUBHOI MOTY>KHOCTI

MAarTh TaKUH BUTJISIA.
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Pse Z\/E-USe -1 -cos(e,);

(1.7)
Py, =2 -Us - Ig, -cos(@gp),

ne @ — da3osuii 3cyB Mixk Use Ta I ;
Ogn — dazoBuit 3cyB Mixk Us Ta lsh.

JIJisi mapanesibHO-TIOCIIIIOBHOT CXEMHM BHMpa3W [JIsi aKTUBHOI IOTYXHOCTI

TaKl:
Pyy =~/2-U - I, -cos(gy,).
BpaxoByroun ymoBy eHepreruuroro oanancy (1.6), maemo:
V2 -Ug, -1 -cos(e ) =2 -Ug - I g, -cos(pgp); (1.9)

\/E‘USe g ‘COS((Ps):\/E‘UL g -cos(@gp)-

[li cmiBBiAHONIEHHS BHU3HAYaIOTh, SK MapaJeIbHUN  KOMIIEHCATOP
3a0e3nedye eHEpPreTUYHy MiATPUMKY TOCIIITOBHOTO KOMIIEHCATOPA.

3a BIACYTHOCTI TAPMOHIYHUX CIIOTBOPEHBb HAIPYTH, MOTY>KHICTh, CIIOKUBAHA
3 €JEKTPOMEPEKI, BU3HAUAETHCS CYMOIO MOTYXHOCTI HAaBaHTa)XEHHsI Ta BTpPaT B
VYPSAE. 3a ymoBu, mo BuxigHa Hamnpyra U, CHHXpOHI30BaHa 3 OCHOBHOIO
rapMOHIKOIO BXIJHOI Hampyru, 1o 3abe3neuye pobdory mnocaiioBHoro CA®
NEPEBAKHO 3 PEaKTUBHOIO TNOTYXHICTI0. lle 3yMOBIE€HO THUM, IO OCHOBHA
CKJIaJloBa Hampyrud TpaHcopmaropa 3B’S3KYy 3aBXKIUW 3HAXOIUThCS y a3l 31
CTPYMOM, CHOKMBAHUM BiJ] €IEKTPOMEPEXI.

OcHoBHoto mnepeBaroto cxemu YPSAE-A € 11 3pmatHicTh cTabumizyBaTu
HaIpyry Ta KOMIIEHCYBaTH PEAKTUBHY MOTYXKHICTh 1 TAPMOHIYHI CHOTBOPEHHS

enekrpoeneprii. IlocainoBuuit CA® 3abe3neyye MIBUIKE pearyBaHHS Ha 3MIHU
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Hanpyru, toal sk mapanensHuit CA® miaTpumye cUHYCOigHY (GOpMy CTpyMmy
JKepena, 10 MoKpallye 3araaibHui Koe(ili€eHT MOTYKHOCTI CHCTEMH.

OcHoBue 3aBmaHHs mochigoBHoro CA® — crabumizyBaTé Hampyry Ha
HaBaHnTaxeHHi (Up) mo 3amanoro piBHSA (Ur) He3alIekKHO BiJ HecTaOLIbHOCTEH

BxinHoi HanpyTH (Us). s nocsiraennst boro CA® renepye Hanpyry (Use):

LlSe = ref _QL , (1.10)

Kpim Toro, YPSE 3a0e3neuye Maiike OOMHUYHUN KOE(DILIEHT MOTYXKHOCTI
JoKepena ctpymy [62]-[65].
3a ymosu Ug <U| , to Ps, 6yne nomatuoro, e o3Hauae, mo CA®D renepye

aKTUBHY TOTYXHICTh (puc. 1.5). lleit cTaH MOXJIMBHEA ITiJ] Yac IIBHIKOTO
3HM)KEHHSI HanpyTru B Mepexi. HeoOxigHa aKTMBHA MOTYXHICTh CIOKHBAETHCS 3
MEpeXi 3a paxyHOK 30UIblIeHHS cTpyMy. Lle mo3Bomsie miaTpumyBaTH OasiaHC
MOTY>KHOCTI Ta 30epiratv Harpyry Koja MOCTIHHOTO CTpyMy Ha OakaHOMY PiBHI.
AKTHBHA TOTYXHICTh HAJIXOJUTH BIJl JKepena yepe3 mapanenbHuii CAD® 1 kojo
MOCTIHHOTO cTpyMy 0 TocaigoBHOoro CA® 1 10 HaBaHTaXeHHS. TakuM YMHOM,
HABAHTAKEHHA OTPUMYyBaTMMe Oa)kaHy MOTY>KHICTh HAaBITh MiJ Yac ILIBUJKOIO

3HIDKCHHSI HATIPYTH.

SIxo Ug >U|_, TO Pse OyJle HeraTUBHUM, 11¢ O3HA4Ya€, M0 IOCHIIOBHUHN
CA® crnoxuBae J0JAaTKOBY aKTUBHY TMOTYXHICTh Biax jpkepena (puc. 1.6).
Ockinekn Ug 36impmmyeTses, Hanmpyra Kojia MOCTIHHOTO CTPYMy MOYE 3POCTH.

[Ilo6 migTpuMyBaTH HAMNPYry KoJia MOCTIMHOTO CTPYMYy Ha MOCTIMHOMY piBHI,
KoHTposiep mnapanenbHoro CA® 3MeHIIye cTpyM, CIOXKHBAaHMHA BiJ JKepena
xuBlieHHs. B pesynbrati, nocninoBHuili CA® mpailtoe B pexuMi CIOKHUBAHHS

AKTHBHOT'O TIOTYXHOCTI [66].
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HasanTaxxennsa

DC nanka VYPSE

Pucynox 1.5 — IlepeTik akTUBHOI MTOTY>KHOCTI M1 YaC 3HMKEHHS HAPYTH

N
P, — P

Mepexa HaBaHraxeHnHs

DC nauka VPAIE

Pucynox 1.6 — IlepeTik akTHBHOI MOTY>KHOCTI TIiJ] 4ac 30UTbIIIEHHS HAIIPYTH

Takum unHOM, YPSE-A MoXHa 3aCTOCOBYBAaTH JJisi MOKPAIEHHS SIKOCTI
CJIEKTPOCHEPT1i, OCOOJMBO y BHUIAJKAX, KOJIMW TNPIOPUTETOM € CTAOUIBHICTH
HAIPYTH Ta 3HWKCHHS TAPMOHIYHUX CIIOTBOPCHD.

VYPAE-A y crabimi3zanii Hanpyru, 3JaTHOCTHHM IIBHUIKO pearyBaTh Ha
JTUHAMIYHI 3MIHU BX1JJHOT HApyTH Ta 30epiratu cTabiIbHICTh HA BUXO/II, HABITh 32

3HAYHUX KOJIMBaHb a0o0 KopoTkodyacHuX mpoBamiB. Ile pobute VYPSIE-A
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HAJ3BUYAHO OakaHWM [UJIsl 3aCTOCYBaHb y MIKpOMeEpexXax 1 pO3MOIITIbHUX
CUCTEMaX 3 BUCOKUMH BUMOTAaMU JI0 CTa0LILHOCTI HAPyTH.

Opnnak YPSE-A mae neBHI HEOMIKH Y 3MEHIIICHH] KOJTMBAaHb HAPYTHU:

1. 3anexHicTh BiJ aKTUBHOI moOTy)KHOCTI: mnochigoBHuii CA®D mpairroe
BUKJIFOYHO 32 PaxXyHOK aKTUBHOI MOTY>KHICTI, 110 0OMEXy€e HOro 37aTHICTh
KOMIICHCYBAaTH PEAaKTHBHY MOTY)XHICTb 0€3 I0JaTKOBOTO AaKTHUBHOTO
HaBaHTa)XeHHs Ha napayeabHuii CAD.

2. OOMexeHe BHUKOpPHCTAaHHA pecypciB mociigmoBHoro CA®D: mociioBHHMA
CA® ne moxe OpaTu y4yacTh y KOMIIEHCAI[li pEaKTUBHOI MOTY>KHOCTI, IO
OPU3BOJIUTH JI0 3HI)KEHHS 3arajJlbHOI MPOAYKTUBHOCTI BHKOPUCTAHHS
CUCTEMU.

3. Bucoka morpeba B eHeprii: reHepyBaHHS AaKTHUBHOI MOTY)XHOCTI MOXKeE
BUKJIMKATU JI0OJIATKOBI €HEPreTUYH1 BTPATH, OCOOJIMBO B YMOBAax TPHUBAJIUX
poBaiiB 800 HECUMETPIT HAIIPYTH.

4. UyTnuBicTh A0 MEpPEeXigHUX MPOIECIB: y CUTyaIlisAX PI3KUX 3MIH HANpPyTH
(HampuKJIaJ, panTOBOTO BMUKAHHS BEJIMKUX HABAHTAXKEHB) PEaKIlisi CACTEMHU
MOXe OyTH HE MUTTEBOIO, 1110 BIUIMHE HA SIKICTh CTa01T13alli1.

Taxum ynHoMm, YPAE-A € noTyXHUM pIlIEHHSM JJI1 3MEHIIICHHS] KOJIMBAaHb
HaIpyTH, aje Woro epeKTUBHICTh Yy KOMIEHCAlli KOJMBaHb HAMPYTU MOXE OyTH
oOMexeHa crenu(PiuHUMH TEXHIYHUMHU  XapaKTEepUCTHUKAMU Ta YMOBaMH
excrutyaramii. Jlig  MOiABUIIEHHS MPOJYKTUBHOCTI  MOJMKJIMBO  PO3IJIAHYTH
anbTepHAaTUBHI a00 KOMOIHOBaHI KOHIIEMI[i, $Ki BPaxOBYIOTb HEIOJIKU

tpaguitiiiHoro YPAE-A.

1.4 Cucremn KepyBaHHSI CHJIOBUMH AKTUBHUMU QilibTpamn

VYnockonanenns cucremu kepyBaHHI CA® 1 YPSAE moxe 3abesneuntu

PO3BUTOK METOJIIB KepyBaHHs HUMHU [67]-[74].
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CtpyKTypa cUCTEMH KEpPYBaHHS BHU3HAYa€ThCAd MeTOnOM KepyBaHHi CAD.
Cucrema kepyBanHs nociuigoBHuM CA® (puc. 1.7) rpyHTyeTbcsi Ha (popMyBaHHI
3aJ]aHOl HAIIPYTH HAa HaBaHTa)kKeHHI [75].

Koopaunatu ot, HeoOxiaH1 a1t popMyBaHHSI Hanpyru HeoOXimHoi das3u 3
0sioky ¢azoBoro aprtomiiamrToByBadya yactotu (DAITY). GAIIY — me cucrema

KEepyBaHHs, fKa TE€HEpye BUXINHUN CcuTHaji, (a3a SKOro mo’si3aHa 3 (azoro

BXigHOrO curnany [76]-[79].

uS,abc ot -
—» ODAIIY > sin

o> sin(-2n/3) }

—>| sin(2n/3) i— UL ane

*
) Use,a Curaanu
. TTomunka —

-t
%

+ Y

3amane

*

3HAYEHHA U\ Use
HaIpyry

HaBaHTAKEHHS

_,\ _,\ LIIM
_\/ PID _\/ KonTtponep

+yY

Kommaparop

Cvz uSe,c
+

Pucynox 1.7 — Cxema kepyBaHHs nocitioBHUM CAD

Posrnsinemo neski kimtouoBi Gopmynu kepyBanHs nociaigoBHuM CAD s

PETYIIOBAHHA HAIIPYT'U HA HaBaHTaKCHHI.

@opMyBaHHA HOMIHAJIbHOI HAaNpyrd Ha HABAHTA)KEHHI MOXXHA OINHCATH

dopmynamu [80]

l'I;e,a =U L, ref 'Sin((D 't);

Usep =YL ref .sin(m.t—z'T”j; (1.12)

x : 2-
Use c =U | ref ~Sln(co-t +Tnj

ne U| o — 3a1aHe aMIUTITYJJHE 3HAU€HHS HANpPYTH HA HaBaHTA)KECHHI.
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BusnauenHs nommiku HeOalaHCy MDK Hampyrol Ha HaBaHTAXEHHI Ta

Oa)kaHOIO HANPYrolo Ha HaBaHTaKeHHI (auB. puc. 1.8)

*

8uSe,a =Ugea UL a5
*

OUse p =Usep — UL b (1.12)

*
8uSe,c =Uge ¢ —UL ¢>

* ..
IS Use abc Oakana Hallpyra Ha HaBaHTa>XCHHI,
u|_ abc ™ (baKTI/IIIHa Hallpyra Ha HaBaHTA)KCHHI.

[TincymkoBa ¢dopMyna ajis KOMIEHCYIOYOi Hanpyru B nociiioBHoMy CAD

I KCPYBAHHA HAIIPYI'OI0 HABAHTAKCHH A 6}’,[16:

t

ddUge ap
Ucomp = Kp - 8Use apc + K .[SuSe,abc -dt+ Kp ’%’ (113)
0

ne Kp, K, Kp — koeditientu PID-perynstopa mist kepyBanss nociaigoBHuM CAD;

OUge ahe — CHTHAJ MOMHJIKH OUgg 5, OUgepy, OUge .

Cucrema kepyBanHs mapanenbHUM CA® MIiCTUTh BUMIPIOBANbHI OJIOKH
CTpyMy HaBaHTaXeHHS (I apc), Hapyru jokepena (Usanc) 1 CTPyMy KOMIIEHCATOpa
(ishanc), cucTena kepyBaHHsS B 0(Q koopawHaThX, cuHXpoHizaTtop ¢a3 (DPAIIY),
KOMITapaTop MJisi TeHeparii moMuiaku kommeHcarli ctpymy Tta LM konTpomep
(puc. 1.8) [81]-[83].

CunoBa vactuna napanensHoro CA® cknagaeThcst 3 iHBEpTOpa HANPYTH Ta
BUXIJTHOTO 3rJaJKyBajbHOrO (Ginbrpa (puc. 1.8). Anroput™M KepyBaHHS
TpU(a3HOIO CUCTEMOIO HAIPYTH Ta CTPYMY MEPEKI BUKOHYETHCS 3a JAOMOMOTOIO

NIEPETBOPCHD 3 CUCTEMHU KOOPJAMHAT @, D, ¢ y cucTteMy KOOpauHaT o, 3, a MOTiM 3
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a, B y CHHXpOHHY cucTeMy KoopauHat d, g, sska 00epTaeThCs 3 KyTOBOKO YaCTOTOIO

o [84].

'L abe
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Pucynok 1.8 — Cxema kepyBanus napaneiabHum CAD

KOOPJUHAT 0, 3:

=]
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3
1
2
3
0

Cursamm
KIIOY1B

HepHII/IM €TaIlOM € IIEPCTBOPECHHA 3 CUCTECMHU KOOpAHHAT 4, b, C Yy CUCTCMY

(1.14)

ne Ug, Up, Ig, g — OPTOTOHAJIBHI CKJIAJIOBI HATIPYTH Ta CTPYMY B CUCTEMi KOOPIMHAT

a, B.

Hst mepex 0,4 kB HeoOxigHe BBEICHHS HYJBOBOI CKJIAJ0BOI CTPyMy Ta

HanpyTH, s mepex 6, 10, 20 1 35 kB, ski npaifforoTe B peXuMi 130Jb0BaHOI

HEWUTpati, CKJIaJI0Bl HYJIbOBOI MTOCIIIIOBHOCTI HE BUKOPUCTOBYIOTHCSI.

[TeperBopenHst B d,  cUCTeMy KOOPJUHAT BiJOYyBAEThCS 3a hopMyIaMu
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. T oL T
Iy :|acos(m-t—§j+IBsm(co-t—E);
(1.15)

. . t 7T . t T -
|q—|aS|n - _E _IBCOS O% —E .

[Mpunamun po6otn CAD rpyHTyeThCS Ha BU3SHAUEHHI MyJIbCalllif aKTUBHOI Ta

PEAKTHBHOI CKJIaJIOBUX CTPYMy HaBaHTaxeHHs Iy Ta i, 10 3yMOBIIEHI HAsBHICTIO

BUIIMX TapMOHIK Ha HECHMETpIi CTPyMIB Ta TIE€HEpPYBaHHI KOMIIEHCYBAJIbHHX
CTPYMIB, 1110 BBOJSATHCS Y MEPEXKY JIsl KOMIEHcallli He0a)KaHUX CKIIaI0BUX.

Perymorounn Iy Ta 1y, MOXHa KepyBaTH, BiAMOBIAHO, AKTHBHOK Ta

q 9
PEaKTUBHOIO TOTY>KHOCTSIMH. 3a BIACYTHOCTI T€HEpyBaHHs a0o0 CIOKMBaHHS
aKTUBHOI MOTY>KHOCTI pE3yJIbTYIOUMH CTPyM IOBUHEH MICTUTH KBaJApaTypHY

cknanoBy (tobro i=iy, a I =0), mo no3Bomse KOMIEHCYBaTH pPEaKTHBHY

MOTYXHICTb.
Cucrema kepyBanHs Hampyroro koujaeHcaTopiB CA® i1 YPAE Bimirpae
BAXKJIMBY POJIb Yy 3HI)KEHHI KOJMBaHb HANpyrd B €JIEKTPUYHIN Mepexi. Bona

PETYJIIOE MOCTIHHY HAMPYTY KOHACHCATOPIB, 110 BUKOPUCTOBYIOTHCS ISl MOadl B
MepeKy KoMIIeHcaliliHoro crpymy. i migTpumanHs crtabinbHoi Hanpyru Uy,

BUKOPHUCTOBYETHCS PETYJIATOP, SKUM KOPUTYE TMOTYXKHICTh, IO TEPEHAAETHCSA O
HAaKOMMYYBaJIbHUX KOHACHCATOPIB. BiIXUIEHHS HANPyTH BijJ 3aJlaHOTO 3HAYEHHS

U jeref BU3HAUYAE MTOMUJIKY CTEKECHHS:
oy =Ugerer —Ue- (1.16)

Y OingpmiocTi BUMAAKIB IS KEpPyBaHHS HAMPYrol KOHJEHCATOpa

BUKOpPUCTOBYI0Th Pl — perynstopu. B ocHOBHOMY 1€ MOSCHIOETHCS iX MPOCTOIO
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CTPYKTYpOIO, YHIBEPCAIbHICTIO, IBUAKOIIEIO Ta HaAiiHICTIO. CiijJ 3a3HAYUTH, 10
Pl — perynsTop cTabinizye Hanmpyry KoHAeHcaTopa 3a AeKijabka mepioais [85]-[88],
IO € HEJAOCTAaTHBhO IIBHJIKHM, II00 OOMEXHTH MOYATKOBI 3MIHM HAIpyrd y pasi
Hakuay abo CKUIy HaBaHTakeHHs. Ha MpoayKTHUBHICTH Ta CTaOUIBHICTh CHCTEMU
KepyBaHHA MOe Oe3nocepeHhO BIUIMBATH 3aTpPUMKa 4Yacy, pO3TallloBaHa Ha
BX0J11 a00 (Ta) Ha BUXO/II PETYJISTOpPA.

VY pexumi KoMIeHcallii 3BOPOTHOT MOCIIIOBHOCTI MEPEKEBOi HAMpPyru Ha
IIMHI TOCTIMHOIO CTPYMY BHHHUKAIOTh MYJIbCALll 3 YacTOTOK 21, M0 MOXKE
BIUIMBATU HA SKICTb KEpPyBaHHS Ta CHPUYMHATH JOJATKOBI TapMOHIYHI
CIIOTBOPEHHA. Y HU3BKOBOJBTHUX MEpEeXax aMIUITy/la LUX MyJbcalliii MOXe
JOCATAaTH 3HAYHUX 3HAYCHb, YCKIAIHIOIOYHM HANAINTYBaHHS pEryiaropa Ta
CIIPUYMHSAIOYM TMCOATaHC HAMPYTH MIXK KOHJIEHCATOPaMH.

HasBHiICTE J01aTKOBUX ITyJdbCallli KoJIa TIOCTIHHOI HANpyrd BHMAarae
3aCTOCYBaHHS J0JAaTKOBUX (PUIBTPYIOUMX CXEM (HAMPHUKIIAJ, CMyroBOro (puibrpa 3
[EHTPYBaHHSIM Ha 2®1), 0 YCKJIAJHIOE KOHCTPYKIIID CHCTEMH Ta TIABHUIIYE
BUMOTH JI0 TTapaMeTpiB kepyBaHHs [89].

B [90]-[92] mocnimkeHO BIUIMB AWHAMIYHUX BJIACTHUBOCTEH ITiJICHCTEMH
KepyBaHHS  HANpyrol  HaKOMUYyBaJbHOTO  KOHAEHcatopa  TpudazHoro
napaienbHoro CA® Ha MIBUIKOMIIID CUCTEMH Ta KOEQIIIEHT TapMOHIYHUX
cnotBopeHb (THD). OcHoBHa MeTa noJisirana y BU3Ha4€HHI TUITY (QUIbTpa, SIKUi Ou
MIHIMI3yBaB BIUIUB TapMOHIYHUX CIOTBOPEHb, BHUKJIUKAHUX HEIIHIHHUMU
HAaBaHTAXXEHHSMHU, Ha SKICTh €JICKTPOCHEPTii y Mepexki, 30epiralouv mpu IbOMY
BHCOKY IIBUJKO/II0 CHCTEMHU.

Jlns  crabimizamiii Hampyrd Ha HaKONMUYyBadbHOMY KoOHJeHcaTopi Uge,
BPaxOBYIOUM TapMOHIYHI CKJaJOBI 3 YacToTo0 6@, 3amporoHOBAHO
BUKOpHCTOBYBaTH Pl-perynsarop i3 koedinientamu: Ky=Cqc o, Ki=Cgyc /8, stxuii
JUIS  3aJaHuX TapaMeTpiB CHUCTeMH 3a0e3nedye poOOTy B TPaHUIHOMY

ariepioIMIHOMY pexumi 0e3 mepeperystoBanas [93].
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JUist  MOCHIDKEHHST TUHAMIYHUX  XapaKTEPUCTHK OyJo  MPOBEICHO
MOJICTIOBaHHSI 13 BUKOPHUCTAHHSAM pI3HMX TumiB (UIBTpiB: bartepBopra,

Yeoumena, Kayepa, becens Ta inmmx. Pesynbratu nmokazamm, mo ¢iastp Kayepa
4-ro TOpSAAKY 3 TepelaTouHOK (yHKIiero W (s)=1/(T;s+1)*  3abesmeuye
ONTUMAJILHUM KOMIIPOMIC M1 IIBHIKOJIIEI0 Ta PIBHEM TapMOHIYHUX CIOTBOPECHB

(THD). 3okpema, 3acTocyBaHHS [BbOTO (uIbTpa M03BOJMIO 3HU3UTH THD 10

3,72% [94], Tomi sk BUKOpPUCTAaHHS (ITBTPIB HU3BKOTO TMOPSIKY, TaKHX SK
1/(T;s+1), meratmBHo BmmMBamo Ha mBHAKOAil0 cuctemu [95]. Bymo Takox

MOKa3aHo, 10 30UIbIIEHHS MOPSAKY (QiIbTpa MOHAJ YETBEPTUH JIUIIE YCKIIATHIOE
TEXHIUHY peai3allito, He Jalouu CYyTTEBOTO MPUPOCTY.

Takum unHOM, pe3yabTatd gociipkeHHs [96], [97] miaTBepIKyrOTH
BXJIMBICTh BUOOPY JAMHAMIYHHUX MapaMeTpiB ¢iabTpa y kaHami kepyBanHa CAD
JUIS. JOCSITHEHHSI KOMIIPOMICY MIDXK SKICTIO €JIEKTPOCHEPTii Ta IMIBUAKOIIEIO
CUCTEMH, a 3alpOINOHOBaHI MIAXOAM MOXYTh OyTH BUKOPHUCTAaHI y MPaKTUYHUX

po3podkax CAD.

1.5 BucHoBku 10 po3aijy 1 Ta ocHOBHI 3a1a4i 10CiTsKeHHS

AHani3 CydyacHHX TEXHIYHUX 3aCcO01B MOJIIMIIEHHS SIKOCTI €JIEKTPOEHEprii
MOKa3aB, 10 CUJIOBHM aKTUBHUHN (DUIBTp - 1€ IEPCIEKTHUBHI OararodyHKIIIOHAIbHI
IPUCTPOI  KOPEKLIi, [0 JJ03BOJSIIOTh TOKpPAIlyBaTh SAKICTh €JIEKTPOCHEpPrii
Tpua3HOi CUCTEMU KUBJICHHS 3a JIEKUIbKOMA MOKa3HUKaMHU, OCHOBHUMH 3 SIKUX €
KOe(DIIIEHT TOTYXKHOCTI, PIBEHb HAMPYrd MeEpexi, KOEQIIIEHT 3araJibHHUX
TapMOHIYHUX CIIOTBOPEHB CTPYMY Ta HAMPYTH.

AHami3 anropuTMiB KepyBaHHS CUJIOBUX aKTUBHHX (DUIBTPIB MOKa3aB, IO
KOMIICHCAlllsl He0aXaHWX CKJIQJOBUX MHUTTEBOI TMOTYXXHOCTI 3H1HCHIOETHCS
HUIIXOM IeHepallii CTpyMy KOMIICHCAIll1, SKUH yCcyBae HeOa)xaHl CKJIaJ0Bl CTPYyMy
HABAHTAKCHHA. 3BIJICH BUILUIMBAE 3amava yHI(iKaiii ¥ CHOpOIIEHHS alrOpUTMIB

KEpyBaHHS CUJIOBHUMH aKTUBHUMHU (QLIBTpaMH Ta MOOYAOBH €IMHOI KOMILIEKCHOI
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CHUCTEeMU KepyBaHHS, B SIKI B 3aJIeKHOCTI B KOHKPETHHUX YMOB 3aCTOCYBaHHS
OOMPAETHCS ANTOPUTM KEPYBAHHS, 32 IEBHUM TTOKa3HUKOM SIKOCTI.

3amaui, K1 BAMAraroTh MepIioueproBOro BUPIMICHHS:

1. mpoanamizyBaTH MPOIECH Ta BCTAHOBUTH 3aKOHOMIPHOCTI KEpyBaHHS
napajgeibHUM CHJIOBUM AaKTHUBHUM (iIbTPpOM Ta YHI(BIKOBAaHUM PETYJISITOPOM
SKOCT1 €JICKTPOEHEPTIi JIs MapaielbHO-TIOCIITOBHOT Ta TOCIiTOBHO-TTAPAIETbHOT
CXEM 3a HeCTaO1IbHOCT1 HAIIPYTH;

2. YAOCKOHAIWTH CHCTEMYy KEpPyBaHHS HAmpyrol KOHJEHcaTopa
NapajieIbHOTO CHJIOBOTO AKTUBHOIO (UITpa B AHAJIOIOBOMY Ta LU(MPOBOMY
BUKOHAHHSX 1 MPOAHAIII3yBaTH iX €(PEKTUBHICTh 32 HASIBHOCTI KOJMBaHb HAIIPYTH;

3. TpoBEeCTH  MOJCIIOBaHHS  YHI(IKOBAaHOTO  pEryjsiTopa  SIKOCTI
CJICKTPOEHEPT1i 32 HAIBHOCTI BUILIUX TAPMOHIK Ta KOJUBaHb HAIIPYTH;

4. po3poOUTH peKoMeHAAIlli MO0 MPAaKTHYHOI peanizaili omaHo(a3HUX

CWJIOBHX aKTHUBHUX (PUIBTPIB.
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PO3JILI 2
BCTAHOBJIEHHS 3AKOHOMIPHOCTE KEPYBAHHSI CHJIOBUMU
AKTUBHUMHU ®LILTPAMH 3A HIBUJIKWAX 3MIH HAIIPYT U

2.1 AHaji3 pe:xXuMy NACHMBHOI KOMIIEHCAIlIl PeaKTHMBHOI TMOTYKHOCTI

nmapaJjeJIibHUM CWI0OBUM aKTHBHUM (l)iJILTpOM

OcHoBHe npu3HayeHHs napaneabHoro CA® nossrae y KOMIeHcallli BUINX
FapMOHIK CTPyMIB HaBaHTa)Xxe€HHs. BoJHowyac BIH 3/1aT€H KOMIIEHCYBaTU
PEaKTUBHY MOTY>KHICTb, 110 CHpPUSIE 3MEHIICHHIO KOJIMBaHb HANPYTU, TPOTE IS
IILOT0 HEOOXiHa CYTTEBO OlbIa MOTYKHIicTh camoro CA®D [98, 99].

st ananmizy po6otu mapanenbHoro CA® B pexxumi ctaliiizaiii Hanpyru

MO>KHA BUKOPHUCTATH CXEMY 3aMIIIEHHS By3Jia MEpexi, 110 300pakeHa Ha puc. 2.1.

Pucynok 2.1 — Cxema 3aMillieHHs By3Jia Mepexi 3 napasieabHuM CAD

[IpuiinsiTo Takl BIAHOCHI 3HAYECHHS TIapaMETpPiB By3Ja Mepexi 3
napainensauM CA®D: X=0,1158; X;=0,2646; X»=0,0015; R3=1,8375; X3=2,7563
(moTyXHicTh HaBaHTaxeHHs S3=0,6+j0,4).

KomriekcHi mpoBiTHOCTI BITOK
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oLy Ly 1y 11
iXo iX1 1X, Ry 1X3

Kommekcui mHanpyru Ui Ta Uz po3paxoByroThes 3a hOpPMYJIOFO:

Up | [ Yo+Ya+Y5 Y, - Yo-Eo+Yi-Ey 59
Us| [ Yo  Y,+Y, 0 - @9

Kommnexkcna EPC E; mnapanensHoro CA® migOupaerbcss B IpoIlect
peryjioBaHHS TaKUM YHHOM, 100 pEaKkTHBHA TOTYXHICTh 3abe3nedyBaia
paliOHAIBHUM PEXKUM B €JIEKTPUYHIA MEpEexi, 10 XapaKTepU3y€eThCA CTAOIIbHUM
3HAQYCHHSIM HANpyrd HAa HAaBaHTAXXCHHI, a aKTHUBHA MOTYKHICTh — JIOpPIBHIOBAJIA
HYJIIO.

PosrasiHeMo pexxum TpUpOAHBOi (ITACMBHOI) KOMIEHcallli peakTHUBHOL
MOTY>KHOCTI1, KOJIU PEryJIOBaHHS PEAKTHUBHOI MOTY>KHOCTI BIZICYTHE, HATIPUKIA, Y
pasi, skiio E;=1,03-j0,062.

st Eg=1,05 cTpymu, BianmoBigHO, MKEpea KuBJIeHHS, mapaieasHoro CA®
Ta HABAHTAKEHHA OyIyTh:

Iy=Y, -(go—gl)zo,ss— j0,333;
1;=Y;(E;-U;)=-0,0024 - j0,067;
1;=Y;-U;=0,528-j0,401,

s Ep=1,0 ctpymMu, BiAMOBIHO, JXKepesa KuBJieHHs, napaineiabHnoro CAD
Ta HAaBAaHTA)KEHHS:

lo=Yo-(Eo—-Y,;)=0,517-j0,196;
1, =Y;-(E;~U;)=-0,0077 - j0,191;

1,=Y;-U;=0,51-j0,387.
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CA® 3a cranoro 3nayenns E1=1,03-j0,062 no (a) i micns (0) 3HMKEHHS HAIIPYTH

»kusiiennd Bijg 1,05-U, no 1,00-U,.

: o
01 06 *1
a)

+jA
02 +
01+
: 5 : : . : : R
01 : 02 03 04 05 06 *t1
01 4+ .
| ko
02 1
03 + -
,;;IS !
_0'4 4
05 +

Pucynok 2.2 — BektopHi aiarpamu ctpyMiB lg |1, I3 By31a mepexi 3 mapaneinbHUM

CA® 3a E;=1,03-j0,062 no (a) i micis (0) 3HMKESHHS HAIIPYTH

Jns Eo=1,05 motyxHOCTI mqxepena >xuBjeHHs, mapainenbHoro CAD Tta

HaBaHTAXEHHS, BIATIOBITHO, TOPIBHIOIOTH:
So=Eg-lo =0,556+ j0,35;

S,=E,-1, =0,0017 + jO,07;



50

S;=U,-1; =0,558+ j0,372.
Hst Eo=1,0 moTyxHOCTI mKepema XuBjeHHs, mapaneiabHoro CAD Ta

HaBaHTAXEHHS, BIATIOBITHO, TIOPIBHIOIOTH:
So=Eg-1y =0,517+ j0,196;
S,=E;-1, =0,0039+ j0,197;
S;=U;-1, =0,521+ j0,347.

PeakTuBHA MOTYXHICTh HABAHTAXKEHHSI 1 BTPATU PEAKTHUBHOI MOTY>KHOCTI B
JHIAX €JIEKTpOoIepeadl KOMIIEHCYIOThCS JIPKEPEJIOM JKUBIICHHS 1 MapalielbHUM
CA®. 3HmKeHHS pPEeaKTHUBHOI MOTYKHOCTI JKEpesia KUBJIEHHS, 110 3yMOBJICHE
3HIDKCHHSIM HOro Hanpyru, KOMIeHCcyeTbes napainenbhuM CAO.

Jis Eo=1,05 3nauenns manpyr U;=1,011-j0,061; Us=1,011-j0,062.

s Eo=1,0 3nauenns nanpyr U;=1=0,977-j0,06; U3=0,977-j0,061.

3MIHM Hanpyrd Ha HAaBaHTAXEHHI B PEXHUMI MPUPOJIHBOI KOMIIEHCAII]
pPEaKTUBHOI MOTY>KHOCTI ckiagaroTh 0,034 3a 3MiH Hanmpyru JKepesa >KUBJICHHS

0,05 (puc. 2.3), 110 HE 3aBXK]IU 3aI0BOJIBHSIE CIIOKHUBAYIB.

B. O. ‘U;,
1,02

1,01 -

1 I

0,99
0,98 //

0,97 E
0

0,96 >
1 1,01 1,02 1,03 1,04 1,05 B. O.

Pucynok 2.3 — 3anexHiCTh HANPYTy HA HABAHTAXKEHHI B1J] HAIIPYTH JKEpea

JKUBJICHHS 3a HassBHOCTI mapanensHoro CA® 3 E;=1,03-j0,062
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2.2 AHani3 pe;kMMiB aKTHBHOI KOMIeHCAUlil pPeaKkTHBHOI MOTY:KHOCTI

napaJjejJbHUM CHJIOBUM aKTHBHUM (LIbTPOM

PosrnsHemMo pexuM akTHUBHOI KOMIIEHCAlll pPEeakTHUBHOI MOTY>KHOCTI 3
AKTUBHUM PETYJIIOBAHHAM £71.
PeaktuBHa nmoTyxHicTh napanenbHoro CA® Mae HeNMiHIAHY 3aJ€XHICTD Bif

Ey:

o=YrA(E 4| & Uk (2.3)
Xl Ul Xl Xl

Hanpyra y By3JIi MCpG)Ki BHU3HAYA€THCA 3a MCTOJOM BY3JIOBUX HAIIPYT:

_Yo-Epg+Y,-Ep

= 2.4
T Yo +Y Yo ¢4

me Yo3=Y, Ya/(Y,+Ys).

Jlns cTabinizaliii HalpyTH y By3J11 MEpeki HEOOX1THUM € BUKOHAHHSI YMOBHU:
Yo-EgtYy-Ey=Yy-E+ Y- £, (2.9)

ne E'o.E";EY, E" - 3nauenns Ep ta E; 3a JABOX pI3HUX PEKHUMIB HAIPyrd

CJIEKTPUYHOT MEPEXI.

3BIJICH OTPUMAEMO:

Eul_E'1=$—O(E'0—E"o)- (2.6)
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YMoBa BiICYyTHOCTI T€HEPYBaHHS PEAKTHUBHOI MOTY>KHOCTI MapalelbHUM

CA®D dopmyerbes y TAaKOMY BUTIISIL

Yo E
E|1=U|l= 0 =0

Y —Xo Y, (2.7)

3 ocTaHHIX JIBOX BHpa3iB BUILIMBAE, IO MIATPUMAHHS CTaOUIbHOI HaNpyTu
Ha HABaHTAXCHHI JOCATAETHCS 3 BHKOPHUCTAHHSIM TaKOi 3aJIC)KHOCTI KepyBaHHS

napanenbsHuM CA@:
E"=U" l+ (E E"))- (2.8)

3BIZICM BUIUIMBAE 3aJICKHICTh, sika 3a0e3medye cTaOuTi3aIiio Hampyru Ha

HaBaHTa)KCHHI 3a MBUAKUX 3MiH Hanpyru xuBieHHs Eqg=1,0-k, ne k=1,0...1,05:

El_U1+ 005 E")- (2.9)

[linTpumaHHs CTAOUIBHOI HANpyrd HAa HABAaHTAXXEHH1 JOCATAETHCA 3

BUKopucTanHaM 3anexHocTi EPC mapanensHoro CA® Bij 3MEHILIEHHS HAIIPYTH Yy
By3ni U1, sixa e ¢pynkuieto EPC mxepena sxusnenns AU; = f(AEy) (dpopmyna (2.9)).

[Ipu mpoMy HEOOXITHO TaKOX 3a0€3MEUNTH HYJIbOBE 3HAYEHHS aKTHBHOI

MOTY>XHOCTI ~ KOMIIEHCATOpa, HalpUKIad, BBIBIIM JIOJATKOBUM  MHOXKHUK

[1+ jImU '1)] B IpyTHii 1oaaHoK (2.9):

E,=U ﬁ—ﬂ+”ﬂ“ﬂ@% Eo). (2.10)
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ne U’y Bu3Havaetbes 3 (2.7): U’p =1,004-j0,061.
Jlns HaBeneHOro TIPUKIIAAYy Yy pas3i 3actocyBaHHs (2.10) Hampyra Ha
HaBaHTaXeHHI ckiamgae 1,003 B ychoMy miama3oHi 3MiHM Hampyrw JpKepesa

xwuBjeHns Big 1,0 no 1,05 (puc. 2.4).

B. O.A U3

1,05

1,04

1.03

1,02

1,01

r

o

0,99

1 1,01 1,02 1,03 1,04 1,05 B. 0.

>

PucyHnok 2.4 — 3anexHiCTh HAPYTH Ha HABAHTAKEHHI B1Jl HAIPYTH JUKEpena

KUBJICHHS y BY3J11 HABAaHTA)XCHHS 3 aKTUBHUM PETYJIIOBaHHAM £

[ToTyxHiCTh KOMIEHCaTOpa TP IILOMY 3MIiHIOE€TbCS Biag Hyns ao 0,482.
Opnnak moTy»kHicTh napanenbHoro CA® oomexeHa.

VY pa3i HemocTaTHbOi NOTYX)HOCTI mnapaneabHoro CA® BuOupaerbcs
KOMITPOMIC M1 HETMOBHOI KOMIIEHCAIIEI0 KOJMBaHb HANPYTH 1 MOTYXHICTIO

napanenbHoro CA®:
1 X]_ : 1
E,=U"+ kl-x—[1+ jimU )] (105-Ey), (2.11)
0

ne ki - 3HavenHs koeoimienta napanenbHoro CA®, ske 3amgaeThcs B MpoIeCi

pEryJIIOBaHHS.
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Sxmo, k;=0,4, To Hampyra KOMIICHCATOpa 3MIHIOETHCS K (PyHKIis Ep 3a
3QIEKHICTIO E, = Q'l-(Z,OS—EO), i nopisaroe E;=1,004-j0,061 mpu Eo=1,05 Ta
E1=1,05-j0,058 npu Ex=1,0, TO 3HaYeHHS HAIIPYT, BiAMOBIAHO OYIYyTh:

U;=1,004-j0,061; U5=1,003-j0,061 mpu Eo=1,05
ta  U;1=0,984-j0,059; U3=0,983-j0,06 mpu Eo=1,0.

[IBuaKi 3MIHK HAMpPyTy Ha HaBaHTaXXEHH1 CKiIaaaroTh 2% 3a 3MiHU HaNpyru
moxepena xuBlieHHs 5% (puc. 2.5). Take 3HaYeHHS MBUAKWAX 3MiH HAIIPYTH MOKHA

BBa’XaTHu HpHﬁHHTHHM B OKpCMHUX BHIIAJIKAX.

B. 0., Us;

1,02

1,01

1 —

0.99

0‘98 /

0.97 .

LO

0.96 >

1 1,01 1,02 1,03 1,04 1.05 B. O.

Pucynox 2.5 — 3anexxHicTh HAMpyTH Ha HABAHTAXKEHHI B1JI HAMPYTH JHKEpera

’KMBJICHHA 33 HasiBHOCTI mnapayensHoro CA® 3 E, =U Y- (2, 05— Eo)

3anexHICTh HANpyTru KOMIIEHCATOpa BiJ HANpYrd y BY3J1 HaBaHTa)KEHHS
(2.11) MoHa TIOKJIACTU B OCHOBY CUCTEeMHU KepyBaHHs 3a 30ypeHHsM CAD s
3MEHIIEHHS MBUIKUX 3MiH HAPYTH.

Y nepmomy Bunaaky (Eo=1,05) mnoryxHOCTI mKepena KUBJICHHS,

KOMIIEHCATOpa Ta HAaBAaHTAXKECHHS, BIJIMOBIIHO, JJOPIBHIOIOTD:
So=Eq-l, =0,551+ j0,417;
S,=E,-1; =-0,001+ j0,000;

S;=U; 1, =0,550+ j0,367.
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Y  napyromy Bumagky (Eo=1,0) moryxHOCTI mKepena SKUBJICHHS,

KOMIIEHCATOpa Ta HaBaHTaKEHHS, BiJTIOBIIHO, TOPIBHIOIOTH:
Sy=Ey-l, =0,526+ j0,129;
S,=E;-1, =0,004+ j0,276;
S;=U; -1, =0,529+ j0,353.

Jlnsg  OuIpIIOr0 3MEHIICHHS TOTY>KHOCTI KOMIIEHCaTopa HOro MO’KHa
NEPEBOJUTH B PEKUM CIIOKMBAHHS PEAKTHBHOI IMOTYXKHOCTI Yy pasi OinmbIioi
Hampyru Jpkepena kuBieHHs. Skmo k;=0,875, To Hampyra kommeHcaTopa
3MIHIOEThCS K QyHKIIA Ep 3a 3a5exHicTioO E; =U - (3, 05— 2E0) 1 IOPIBHIOE:

E1=0,954-j0,058 npu E(=1,05 Ta E;=1,054-j0,064 nipu Eo=1,0.
3HaueHHSI HAMPYT, BIIMOBIIHO OYyTh:

U;=0,989-j0,059; U3=0,988-j0,06 mpu Eo=1,05
ta  U;=0,983-j0,061; U3=0,982-j0,062 npu E;=1,0.

[IIBuaki 3MiHM Hampyrd Ha HaBaHTaXeHH1 ckiagaroTh 0,006 3a 3MiHK

Hanpyru okepena skuBieHHS 0,05 (puc. 2.6). Take 3HaYeHHsS MIBUIKUX 3MIH

HaIMpyTU € NPUNHATHUM.

Y mepmomy Bunaaky (Eo=1,05) mnoryxHOCTI mKepena IKUBICHHS,

KOMIICHCATOPa Ta HAaBaHTAXKCHHS, BIJIMOBITHO, JOPIBHIOIOTH:
So=Egy-1, =0,536+ j0,551;
S,=E;-1, =-0,002— j0,128;

S;=U,;-15 =0,534+ j0,356.
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B. 0., U 3

1,02
1,01
1
0,99
0,98
0,97

E

0,96 >

1 1,01 1,02 1.03 1,04 1,05 B. O

Pucynok 2.6 — 3anexHicTh HapyTy Ha HABAHTAXEHHI1 B HAIIPYTH JKEpera

’KMBJICHHA 3a HasBHOCTI napayensHoro CA® 3 E, =U - (3, 05— 2E0)

VY npyromy Bumanky (Eq=1,0) 3Ha4eHHS CTPpyMiB 1 HOTYKHOCTEH TaKi XK 5K B
MOTEPETHHOMY BHUTIAJIKY .

Y upomy pexumi mapanenbHuit CA® crnoxuBae 3 Mepexi J0JaTKOBY
peakTuBHY NOTYXHICTh -0,128 npu Eo=1,05. PeakTrBHA MOTYXHICTh T€HEPYBaHHS

crtanoButh 0,276 npu Eo=1,0.

2.3 BcTaHoOB/IeHHS 3aKOHOMipHOCTell KepyBaHHA YHi(ikoBaHuUM

PeryJasitropoM siKOCTI eJIeKTPOeHepril

YPAE nmopingiorh Ha  mapalieIbHO-TIOCTIAOBHUK Ta  IIOCIHIJIOBHO-
napajiebHul, B AKUX mapanenbHuii kommneHcatop (Ei, Xi) BMukaerbcs abo 3i
CTOpOHM JiKepena abo 31 CTOPOHM HaBaHTaXKEHHs, a mnocaimoBHui (Ez, Xp),
HaBIaKH — 31 CTOPOHU HaBaHTa)KEHHs a00 31 CTOPOHU JiKEepena.

Ha puc. 2.7 300paxeHo cxemy 3amillleHHs By3Jia MEpexli 3 mapayiesibHO-

nociinoBauM YPSIE.
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Pucynok 2.7 — Cxema 3aMillleHHs By3Jia MEpEXKi 3 apayiesIbHO-TIOCI1JOBHUM

YPIE

[IpuitHaTo Ti X cami 3HAYEHHSA MapaMeTpiB By3na Mepexi: Xo=0,1158;
X1=0,2646; X,=0,0015; R3=1,8375; X3=2,7563 (55=0,6+j0,4).

Hampyru U; Ta Us po3paxoBytoTbes 3a GopMyJIor:

U, Yot+Yi+Y, Y, - Yo Eg+Y-Ei+Y, By
= ‘ (2.12)

Us Y Yo+Ys -Y,-Ey

PosrnsiHeMo  pexuM  akTHBHOI  cTa0uLIi3alii  HAampyrd  MapajielibHUM
KOMIIEHCAaTOpPOM, 3a SIKOrO IOCHIJOBHUM KOMIIEHCATOp TpPALIOE B PEKUMI
MACMBHOTO BOJIbTOJ0/IaBaHHs, TOOTO Yy pa3l 3MEHIUEHHS Hampyrd Kepesna
KUBJICHHSI PEaKTHUBHA TOTY)KHICTh LIJICHANPABICHO PETYIIOEThCA MapajeabHUM
xommencatopom YPSIE [2], [19], [21].

Hamnpyry y By3ni npuennanns YPSAE moxHa BU3HAUMTH 3a HAOJIMXKEHOIO
dopmymnoro (2.4), a mis crabumizarii Hampyru y By3m mnpuenHaHHs YPSE
HEOOXITHUM € BUKOHAHHS YMOBH 3a JIBOX PI3HHX PEKUMIB (2.6). 3aexKHICTh, sKa
3abe3reuye cTaOUII3aIlii0 HAPYTyd Ha HAaBaHTaXEHHI1 3 BUKOPUCTAHHSIM aKTUBHOTO

peXKUMY KepyBaHHS MapajaeIbHUM KOMIIEHCATOPOM, Mae BUTIIsT (2.8).
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YMoBa BICYTHOCTI T€HEPYBAaHHS PEAKTUBHOI MOTYKHOCTI MapayieIbHOTO

komrneHcaTopa 3a Eo=1,05 popmMmyeTbcst y TakoMy BUTIISII:

E1=Q'1z1,05—1’05—_E2' (2.13)

[Tpu 11boMy HEOOXI1THO TaKOX 3a0€3MEYUTH MiHIMAJIbHE 3HAYEHHSI aKTUBHOI
MOTY)KHOCTI KOMIIeHcaTopiB. [l mapanmenpHOTO KOMIIEHCATOpa Iif yMOBa
aHajoriuHa ymoBam (2.9), (2.10). VYmoBa BIJICYTHOCTI CIIOKMBaHHS Ta
reHEepYBaHHS aKTUBHOI MOTY>KHOCTI IOCJIIOBHOTO KOMIIEHcaTopa (popMyeTbes y
TaKOMY BUTJISI/II:

E,=E5|1+ 23|, (2.14)
R3

ne E' - smauenns EPC mociizoBHOrO KOMIIEHCATOpa, SIKE 3a0a€ThCs B MPOLECI

pEryJIFOBaHHS.

JIisi HamamtyBaHHS aBTOMATHMYHOTO pexkumy pobotu YPAE B pexumi
MOBHOI KOMIIEHCAllli PEakTHBHOI MOTY>KHOCTI Ta cTa0umi3auii Hampyru
napajelbHUM KOMIIEHCATOPOM (ITOCIIIJOBHUM KOMIIEHCATOP MPALIO€ B TACUBHOMY

pPEeXKUMI BOJIbTOJIOJaBaHHS) MOKHA BUKOPUCTATH TaKi 3aJI€KHOCTI:

E;=U 'tk 211+ ImU D) 0,05 Eo);
0

% (2.15)

E;=-E%|1+)
Rs
ne ki - 3HadeHHs koe(illieHTa MapajeabHOrO KOMIIEHCATOPa, SIKE 3aJa€ThCs B

Mpoliect peryatoBaHHs.
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3amaBmm 3HaueHHs K1=0,8; E',=0,04 nicranemo Ttaki 3Hauenns EPC i

HaIpyT:
E1=1,006-j0,066; E»=-0,04-j0,06;
U;=1,006-j0,066; Us=1,045-j0,006 mpu Eo=1,05
ta  E1=1,097-j0,068; E,=-0,04-j0,06;
U;=0,999-j0,066; U5=1,038-j0,007 mpu Eo=1,0.
Jlst Ep=1,05 3Ha4eHHs MOTY>KHOCTEH:
$0=0,596+j0,402; $:=0,000+j0,000;
$,=0,000+j0,049; S5=0,594+)0,396.
Jlst Ep=1,0 3HaYeHHS OTYKHOCTEH:
$0=0,571+j0,009; $,=0,016+j0,408;
$,=0,000+j0,049; S;=0,587+j0,391.
[ToTyXHICTh TIOCIIIJIOBHOTO KOMIIEHCAaTOpa HeE 3MiHIO€Thcs. IlocigoBHui
KOMIIEHCaTOp 3a0e3neuye MiBUINICHHS HalIPYTy Ha HaBaHTaxeHHi [22], [23], [25].
Henosmiku Takoro pexxuMy KEpyBaHHS: Ty>K€ BEJIMKHUH J1ialla30H PEeaKTUBHOI
MOTY>KHOCTI, Ky TOBHHEH TE€HEpyBaTH MapajeibHUil KommeHcatop: Big 0 1o
0,408, HecTaOUIBHICT, HANMPyrd Ha HaBaHTaxeHH1 ckiamae 0,007 (puc. 2.8), 1o

3yMOBJICHO OOMEKEHHSIM MOTYKHOCTI napajensHoro kommencatopa (k;=0,8).

B. O.
A Us
1,05
1,04
1,03
1,02
1,01
1
EO
0,99
1 1,01 1,02 1,03 1,04 1,05 B. 0.

Pucynok 2.8 — 3anexxHiCTh HANpyTry HA HABAaHTAXXEHHI B HAPYTH JKEpeia

KUBJIEHHS Y By3J1i HaBaHTaxxeHHs 3 koedinienramu k;=0,8; E', =0,04 VPSE
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PosrnsHemMo pexuM aKTHMBHOTO PETyJtoBaHHS 000X komreHcaTopiB YPSE

34 TAKUMHU 3aJICKHOCTAMM

£y =Uy B2 (1 §ImU ) (005 - Ey);
° (2.16)

E;=—(E'2+k,- (1,05~ Eo))'[1+ Jﬁ—j]

IS k2 - 3HA4YCHHA KOC(i)iHiGHTa HOCHiI[OBHOFO KOMIICHCATOpa, SKE 3aJa€TbCA B

IPOLIEC] PEryIIOBaHHS.
BagaBmu 3HaueHHs ki=-0,3; E',=0,02; k,=0,85 nicranemo Taki 3HaueHHS:

EPC i nanpyr:

E1=1,005-j0,063; E;=-0,02-j0,03;

U;=1,005-j0,063; U3=1,024-j0,034 mpu E(=1,05
ta E;=0,971-j0,062; E,=-0,063-j0,094;

U;=0,962-j0,065; Us=1,024+j0,028 npu E;=1,0.

st Ep=1,05 3Ha4eHHs MOTYKHOCTEH:

$0=0,572+j0,410; $,=0,000+j0,000;
S$,=-0,001+j0,024,; S;=0,572+j0,381.
st Eg=1,0 3HaueHHS OTYKHOCTE:
S$0=0,558+j0,325; $;=0,011+j0,030;
$,=0,002+j0,075; S3=0,571+j0,381.

Henomik Takoro pexxumy: peakTUBHA MOTYXHICTh, SIKy IOBUHEH T€HEPYBaTU
MOCTIAOBHUN KoMmIeHcaTtop, aocuTh Benuka: 0,075. Kpim Toro, mapanenbHuit
KOMIIEHCATOp Uil crallmi3anii Hampyr TIOBUHEH TEHEpPYBAaTH AaKTHBHY 1
peaKTUBHY MOTYXHICTb, BiamoBiaHo: 0,011 Tta 0,030.

Po3risiHeMo pexuM akTUBHOTO peryitoBaHHs 000X kommeHcatopiB YPAE

3d TAKUMHU 3aJICKHOCTAMM.
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By =U '+ 3 (L4 1 ImU*)- 005~ Ep);
0

E,=—E%| 14 23 |—(1+ jImU ")) K, - (1LO5— E,).
2 2 R 1 2 0
3

(2.17)

3agaBmu 3HaueHHs K;=-0,3; E',=0,02; k,=0,9 nicranemo Taxi 3HaueHHA
EPC 1 nampyr:

E1=1,005-j0,063; E»=-0,02-j0,03;

U;=1,005-j0,063; U3=1,024-j0,034 mpu E(=1,05
ta E;=0,968-j0,063; E>=-0,065-j0,027;

U;=0,959-j0,063; U3=1,023-j0,037 mpu Eo=1,0.

Jlns Eo=1,05 3HaueHHS MOTYXKHOCTEH:

$0=0,572+j0,410; $,=0,000+j0,000;
S,=-0,000+j0,024,; S;=0,572+j0,381.
Jlns Eo=1,0 3HaueHHs MOTY>KHOCTEH:
S0=0,545+j0,355; S$;=0,001+;0,035;
$,=0,025+j0,04; S;=0,571+j0,381.

PeakTuBHa TOTYXHICTh, $Ky TIOBUHEH TEHEPYBaTH  IOCIIIOBHHIMA
KOMIIEHCATOp Il miABUIIeHHS Hanpyrd craHoBuTh: 0,040. Kpim Toro,
napajielbHUA KOMIIEHCATOP JjIsl CTabumi3alii Hampyrud TeX MOBHHEH T'e€HEepyBaTh
peaktuBHy noTyxHICTh 0,035. PerymoBaHHS CymnpOBOMKYEThCS TE€HEPYBaHHSIM
aKTUBHOI MTOTY>kHOCTI 0,025 MOCIiTOBHUM KOMITIEHCATOPOM.

Hampyra Ha HaBaHTa)X€HHI MPAKTHYHO HE 3MIHIOEThCA 1 ckiamae 1,024 3a

3MiHM Hanpyru Jpxepena xusiaeHHs 1,0 go 1,05 (puc. 2.9).
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B. O. T
AUs
1,05
1,04
1,03
1,02
1,01
1
E
0
0,99
B. O.

1 1,01 1,02 1,03 1,04 1,05

Pucynok 2.9 — 3anexxHicTh HaApyTy Ha HABAHTAXKEHHI B1JI HANPYTH JHKepena

’KUBJICHHS y BY3JIi HaBaHTaXeHHS 3 Koedimientamu K;=-0,3; k,=0,9 YPSE

3aneXHOCTI Hampyr KOMIIEHCATOPIB BiJ Halpyrd Yy BY3Jl HABaHTAKEHHS
(2.17) MOXHa TMOKJIACTH B OCHOBY CHUCTEMHU KepyBaHHs 3a 30ypeHHsm YPSE 3
napajenbHO-TOCTII0BHOK CXEMOIO /JIsl 3MEHUICHHSI IIBUKUX 3MIH HAMPYTH.

SKIo BUKIIOYUTH TEPIIMA JOJAHOK y Jpyromy Bupasi (2.17), To

3anexHocTi EPC OynyTh Takumu:

E, =U'— o,3-)>:—(1)(1+ imUY))-(1,05- £); (2.18)

E,=-0,9-(1+ jImU"))-(105- E;).

Jlist Ep=1,05 3Ha4eHHs MOTY>KHOCTEH:
S0=0,55+)0,417; $:=0,000+j0,000;
$,=0,000+j0,000; S3=0,55+j0,367.
st Ep=1,0 3HaueHHS OTYKHOCTEA:
$0=0,529+j0,356; $;=-0,002+j0,041;
$,=0,024+j0,018; S3=0,55+j0,367.
PeakTuBHa MOTYXKHICTh, IO TEHEPYETHCS MOCTIJOBHUM KOMITEHCATOPAMHU

VYPAE, 3Menmmnach OutbIn HIXK BABIYl. OJIHAaK MpU 1OMY PIBEHb HAIPYyTH



63

sam3uBcs 3 1,024 mo 1,003. 3a peakTuBHOI MOTY>KHOCTI HaBaHTaxxeHHs (0,482,
peakTHBHA MOTYXKHICTh, SKy TOBHUHEH T'€HEpYyBaTH MOCIIJOBHUN KOMIIEHCATOD,
ctaHoBUTh: 0,024, mapanenbHUl KOMIIEHCATOpP TEX IIOBUHEH TIE€HEpPYBaTH
peaktuBHY NOTYKHICTh 0,041. KpiM TOrO, peryitoBaHHs CyIPOBOIKYETHCS TaKOX
reHepyBaHHsIM akTuBHOiI notyxHocTi 0,018 mociigoBHUM KommeHcaTopoMm. Jliis
3MCHIIICHHS] aKTHBHOI TOTY>KHOCTI TMOTPIOHO BHUKOHYBAaTH pETYJIOBAaHHSI 3a
BIIXUAJICHHSM.

Ha puc. 2.10 300paxeHo cxemy 3aMillleHHs] By3Jia €JIEKTPUYHOT MEpPexi 3

nociigoBHo-napayiensuum YPAE.

X E X
o b ? Ui >l Us
_ Y Y T —
b
Eo X R3 X3
1
OF

Pucynox 2.10 — Cxema 3amilieHHs By3Jia MEPEXKi 3 TOCIJOBHO-TTapaIeIbHIM

YPSE

[IpuiiHATO T1 X caMl 3HAYEHHS MapaMeTpiB By3Jia MEpexi 31 MOCIIJOBHO-
napanenbauM YPSE: X0=0,1158; X;=0,2646; X,=0,0015; R3=1,8375; X3=2,7563.

Hampyru U; ta Us po3paxoByroTs 3a (hopmyioro:

-1
U, _ Yo+Y,+Y, Y, | Yo (Eo—Ez)+Y1E (2.19)
U, —Y, Yo +Y3 0 | |



64

PosrnsHemMo pexuM aKTHMBHOTO PETyJtoBaHHS 000X komreHcaTopiB YPSE

34 TAKUMHU 3aJICKHOCTAMM

X :
E,=U"+ kl-x—(l)(1+ jimU1))-(1,05- £); (2.20)

E,=—(1+ jImUY))-k,-(1,05- Ep).

3agasinu 3Hauenns K;=0,1; k,=0,9 gicranemo Taki 3uauenns EPC 1 Hanpyr:

E1=1,003-j0,061; E»=0;

U;=1,003-j0,061; U5=1,003-j0,062 mpu Eo=1,05
ta E;=1,013-j0,065; E»=-0,045-j0,002;

U;=1,003-j0,064; U5=1,002-j0,065 mpu Eo=1,0.

Jlns Eo=1,05 3HaueHHS MOTYXKHOCTEH:

S0=0,549+j0,418; $,=0,000+j0,000;
$,=0,000+j0,000; S3=0,549+j0,366.

Jlns Eo=1,0 3HaueHHs MOTY>KHOCTEH:

S$0=0,523+j0,361; $:=0,001+j0,038;
$,=0,025+j0,015; $3=0,549+)0,366.

PeakTnBHa TOTYXHICTh, SKy TIOBUHEH TCHEpPYBaTH  IIOCIiIOBHHMA
KoMmrieHcarop, cranoButTh: (0,015. Kpim Toro, mapanenbHHil KoMmeHcaTOp s
cTabumizalli Hampyrd TeX MOBHHEH TeHepyBaTH peakTHBHY moTyxHicTh (,038.
PeryintoBaHHsI CYNpPOBOIKYETHCS TE€HEPYBaHHSAM akTUBHOI mnoTyxHocTi 0,025
MTOCTIJOBHUM KOMIIEHCATOPOM.

Hanpyra na wnaBanTaxeHHi ckiagae 1,003 3a 3MiHM Hampyru pKepena

»kupyierHs 1,0 mo 1,05 (puc. 2.11).
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Pucynok 2.11 — 3anexxHicTh HaNpyTd Ha HABAHTAKEHHI BiJl HANPYTH JHKepena

JKUBJICHHS y BY3JIi HaBaHTaXeHHs 3 Koedimientamu K;=0,1; k,=0,9 VPSE

3aJIe’)KHOCTI HAanmpyr KOMIIEHCATOPIB B1J HANpPyrd Yy BY3Jll HABAHTAKECHHS
(2.20) MOXHa TOKJIACTA B OCHOBY CHUCTEMHU KepyBaHHsS 3a 30ypeHHsiM YPSE 3
TIOCJTITOBHOIO-TIAPAJICTLHOIO CXEMOTO JIUTSI 3MEHIIICHHSI IIBUIKUX 3MiH HAIIPYTH.

Ocob6nuBicTiO mocnigoBHO-TiapaienbHoro YPAE € Bucoka 4yTiuBICTH
IeHEpPOBaHOI peakTHBHOI MOTYKHOCTI Big Ki. YV pasi 30iabmenas ki go 0,2
peaKkTUBHA MOTYXKHICTh MapajieIbHOTO KOMIIEHcaTopa 30UIbLIYEThCS BIIBIYl, a Y
pasi 30iabmieHHss A0 0,3 — BTpu4i. 3i 30iabIIeHHSM K; MOTPIOHO OJHOYACHO
3MeHIIyBaTH K. 3a HaBeleHUX 3HaueHb Ki 3HaueHHS Ky MOBHMHHI 3MEHIIIYBaTHCS 3
0,9 no, BiamosigHo, 0,8 Ta 0,7. Jns miaTpumaHHs OanaHCy MOTYXHOCTI B
IOCIII JOBHO-TIAPAJICIbHOMY PETYJIATOPI HEOOXiAHO, 100 cyma KoedimieHTiB K; Ta

k, HEe mepeBuyBana 1.

2.4 BUCHOBKM 10 po31iiy 2

[IpoananizoBaHO MOXXJIMBICTh KOMIIEHCAIlll KOJMBAaHb HANpyru 3a
nonomoroto napanenbHoro CA® 3a mBHAKUX 3MIH Halpyrd B €JIEKTPOMEPEKI.
[loka3aHo, MmO Yy peXHUMI [ACUBHOI KOMIIEHCAIli PEAKTUBHOI MOTY>KHOCTI

cTabumzalliss Hampyrm € OOMEXKEHOI, IO MOXE HE 3aJ0BOJIbHSITH BHUMOTH
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CHOXuBaviB. PeXuM aKTUBHOI KOMIIEHCAllli 3 HaMpaBJICHUM PEryJIIOBaHHSAM
PEaKTUBHOI TOTYXHOCTI 3HAYHO TIJBUILYE SKICTh €JIEKTPOCHEPrii 3aBIsSKU
onrtuMizaiii podoTu KomrieHcaTopa. Hampyra Ha HaBaHTaXeHHI B TaHOMY PEXUMI1
ckianae 1,003 B ychoMy niama3oHi 3MiHM HaIllpyTW 3a 3MIHH HalpyTH JpKepelia
»kuBnenns Bijg 1,05 B.o. 7o 1,00 B.o.

3anponoHOBaHi 3aJIEKHOCTI PETyIIOBAaHHS HAPYTHU MOXKYTh OyTH MOKJIa/IeHI
B OCHOBY MOOYJIOBU CHUCTEMHU KepyBaHHs mapaneibHuM CA®D 3a MBUAKUX 3MiH
BX1JTHOT'O MapaMeTpy 3a JOCTATHBOI Ta OOMEXEHOI MOTYKHOCTI KOMIIEHCATOPa.

[lin yac wMonenOBaHHS MPOLECIB CcTaOLII3aIll HANpPYrd napaiesibHo-
nociiioBuuM  YPSE  mnpoananizoBaHo  peXHM — KOMIIEHCAIll  PEaKkTUBHOI
MOTYKHOCT1 NapaJIeTbHUM KOMIIEHCATOPOM, 32 SKOTO MOCIIJJOBHUN KOMIIEHCATOP
MpaIftoe B PEKUMI MTACUBHOTO BOJIBTOI0/IABAHHSI.

Po3rissHyTO ABa peXUMH PEryiIroBaHHS OJHOYACHO 000X KOMIIEHCATOPIB
napayensHo-nocaigopHoro YPSE. Hanpyra Ha HaBaHTak€HHI B 000X pEKHUMAX
cknagae 1,024 3a 3minu HanpyTH JHKepena xuBiaeHHs Bix 1,05 B.o. 7o 1,00 B.o.

VY pa3i BUMKHEHHSI PEXHUMY BOJIbTOAOJIABAHHS HANpyra Ha HAaBaHTAXEHHI
ckianae 1,003 B.o. 3a 3MIHM Hampyru jxepena >xuBiieHHs 1,05 B.o. g0 1,00 B.o.
[TapameTpu mapanenbHo-miocaiioBHoro YPSE: aktuBHa 1 peakTuBHA MOTYKHOCTI,
K1 TIOBUHEH TE€HEPYBAaTH TMOCIIIOBHUI KOMIIEHCATOp, CTAHOBISATH, BIAMOBIIHO:
0,024 B.0. 1 0,018 B.0., mapajenbHUl KOMIICHCATOP TOBHHEH TE€HEPYBaTH
peakTuBHY notyxHicTh 0,041 B.o. [lapamerpu mocnigoBHo-napaienbHoro YPAE:
aKTUBHA 1 pEaKTHUBHA TOTYXHOCTI, SIKI TMOBHHEH T'€HEPYBAaTH IOCIIAOBHHM
KOMIICHCATOP, CTaHOBIATH, BiamoBigHo: 0,025 B.0. 1 0,015 B.0., mapaneapHMiA
KOMITIEHCATOP MOBUHEH F€HEPYBATH PEaKTUBHY MOTYkHIcTh 0,038 B.O.

3aneXHOCTI Hampyr KOMIIEHCATOPIB BiJ HAMpyrd y BY3J1 HABaHTAKEHHS
(2.11), (2.17), (2.20) MoxHa TOKJIACTH B OCHOBY CHUCTEMH KEpPyBaHHS 3a

30ypenHsiM CA® ta YPSIE s 3MeHIlIeHHs IBUIKUX 3MiH HAPYTH.
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PO3JILT 3
PO3POBKA CUCTEMU KEPYBAHHS CIJIOBUM AKTUBHUM
®LJILTPOM 3A HAABHOCTI KOJIUBAHD HATIPYT U

3.1 dyHkHmioHAJIbHA €XeMa CHCTeMH KePYBAHHS CHJIOBHM aKTHBHHUM

(¢inbTPOM 32 HAABHOCTI KOJMBAaHb HANIPYTH

OyHkiioHanbHa cxema cuctemu kepyBaHHsi CA® mokaszana Ha puc. 3.1
Cucrema KepyBaHHsI CKJIAIa€ThCA 3 TAKUX OJOKIB: OJOKIB MPSAMOI0 NEPETBOPEHHS
CTpyMiB Ta Hampyr mpsmol mociigoBHocTi abc/dg, aBox OJIOKIB KOB3HOTO
IHTErpyBaHHsI aKTUBHOI Ta PEAKTUBHOI CKJIAJIOBUX CTPyMY MHPSAMOI MOCIIJOBHOCTI,
050Ky (opMyBaHHS CTPyMy KOMIICHCAIlli CHOTBOPEHb, OJIOKY 3BOPOTHOIO
HIEPETBOPECHHS CTPyMiB TpsMOi TociigoBHocTi dg/abc, perymstopa Hampyru Ha
KOHJEHCATOp1, OJIOKY MPSMOI0 NEPETBOPEHHSI CTPYMY 3BOPOTHOI IOCIHIIOBHOCTI
abc/ dq, nBox OJIOKIB KOB3HOTO IHTETPYBaHHS aKTHBHOI Ta PEAKTUBHOI CKIIaI0BUX
CTpyMy 3BOpPOTHOI TMOCIIZOBHOCTI, OJOKa KepyBaHHS NOCTIHHOIO dYacy OJioKa
KOB3HOI'O IHTETPYBaHHs CTPYMY HPSAMOi OCTIAOBHOCTI.

BusHaueHHs mynbcamiii akTUBHOI Ta PEAKTHBHOI CKIAJOBUX CTPyMY

3JIIACHIOETRCS 3a JonoMororo Bupasis [101]:

1 (1) =iq (1)~ 14 1);

x . (3.1)
iq(t) = Iq(t) - Iq(t);
5
ne ly =—- j Iq (t)dt — ycepennene 3HaueHHs CTPyMy g ;
t-T/2
5
lg==" I iq (t)dt — ycepennene snauenns crpymy |y .
t-T/2
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T
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Pucynok 3.1 — @yHkiioHanbHa cxema cucteMu kepyBaHHs CAD



Ha Bxig 00Ky 3BOpOTHOrO IMepeTBOpeHHs cTpyMiB (puc. 3.1) mocTymnaroTh

CUTHAJIM IyJIbCallil PEaKTUBHOI CKJIAJ0BOI CTPYMY Ta

lgosc () = Aig () —1a (), (3.2)

ne Aly — 3HaYCHHS HPUPOCTY CTPyMY Iy, IO 3YMOBJIEHHUI BiIXMJIEHHSIM

Hanpyru Uge Bix 3amanoro suaueHus U geref -

TpanuuiiHO BUKOPUCTOBYIOTh CUCTEMH KEpPYBaHHS 3 BHOOPOM IHTEpBAIY
yacy OJIOKYy KOB3HOTO YCEPEIHEHHS CTPYMiB, SIKMM BU3HAYa€ HIBUJKOJIIO BCIEi
CHCTEMH, PIBHMM Tiepiomy T abo moJjioBHHI mepioxy T/2 Hampyru >KUBIICHHS.
CucteMy KepyBaHHS 3 IHTEPBAJIOM 4acy yCEpeAHEHHS, 110 JOPIBHIOE IMOJOBHUHI
nepiony T/2 Hanpyrd >KUBJICHHS, OyJeMO BBaXaTH CHCTEMOIO KepyBaHHS
cepennaboi mBuakonii (CKCII). Bubip inTepBany wacy T/2 mns ycepemHeHHs
CTpyMy B cucteMi 0-0-KOOpJIuHAT J03BOJIIE CHMETPYBAaTH HECHMETPHUHI
HABAHTAXKEHHS, YacTOTa IMyJibcarliil sskux popiBHioe 100 .

Y BuUmagKky 3MCHIICHHS IHTEpBaly dYacy a0 1/6, cucrema IOYHMHAE
MPAIIOBATH IIBHUIIE 3 HEMOXKIIUBICTIO CUMETPYBAaHHS HABAHTAXKEHHS 1 MOXKJIMBUM
MOTIPIICHHSIM ~ SIKOCTI ~ KOMIIGHCallli  BHUIIMX  TapMOHIK  HECUMETPUYHHUX
HaBaHTaxxeHb. KommeHcanii mMiIaloThCd KAHOHIYHI TapMOHIKH 5, 7,..., S§Ki
reHepyroTbesi Bumpsimiasiyamu. [lIBuakomiro Takoi cuctemMu OyaeMO BBaKaTu
BHUCOKOI0, a CHCTEMY KEpyBaHHS 3 I1HTEpPBaJOM Yacy KOB3HOTO YyCEpeIHEHHS
piBaUM T/6 OymeMo BBaKaTH CUCTEMOIO KepyBaHHs Brcokoi mBuakoii (CKBII).

Jlns BU3HAYCHHS HECHMETPii B MEpeki HEOOXITHO BHUIUIMTH CKJIAIO0BI

CTPYMY ld2, Ig2:

ig, =i, cos(ot—m/2)- i sin(wt—m/2); 33
iq2=iasin(cot—n/2)+chos((Dt—n/2). 33

VY pa3i BUSBJIEHHS CTPyMYy 3BOPOTHOI MOCIIAOBHOCTI, CUCTEMa KEPYyBaHHS
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aBTOMATHYHO BUOMpAE IHTEPBAJ ycepeaHeHHs 1/2.

3.2 Po3po0ka cucreMn KepyBaHHSI HANPYIOK KOHAEHCATOPAa CHJI0BOIO

AKTHUBHOIO (PiJIbTpPa 3 eJIeMEHTOM 3aTPUMKH B 4aci

[HmMM enemMeHToM, SIKMI BIUIMBA€ HA IIBUIKOMAII0 CHUCTEMHU KEpyBaHHSA, €
0JIOK aBTOMATUYHOI CTabuII3aIlli HAPyrd Ha KOHACHCATOPl1 (PEryJsTop HAIpyTH).
@DyHKIIOHaJIbHA cXeMa OJIOKY aBTOMAaTUYHOI cTad1Ii3allii Hampyryu Ha KOHAEHCAaTopl
3 €JIEMEHTOM 3aTPUMKH 300pakeHa Ha puc. 3.2. BiH MiCTUTh QUIBTP HUKHIX 9acTOT

1 ;10K amanTuBHOI 3aTpuMKH B 4aci [100].

@UILTp HIDKHIX 9aCTOT U
d .
(Is+]) —|a——

| +
Enement
3aTPUMKHA TD'
» 1/(ts+1) > Ky >+ 'd

Perymsitop 3arpuMkm

Pucynok 3.2 — @yHKIioHaJIbHA cXeMa 0JIOKY aBTOMAaTUYHOI CTa0OLTi3allli HanpyTru

Ha KOHJIEHCATOPI 3 €JIEMEHTOM 3aTPUMKH

[Mocriiina wacy ®HY s CKCIII Bubpana pisaoro: T =1/300 ¢, a gius CKBIII
piBaoro T =1/600 c¢. Yac 3aTp¥MKM aJanTHBHO 3MIHIOETHLCS B 3aJIEXKHOCTI Bij

pisuui Mk Hanpyroro kougencatopa Uy, Ta 3amanum 3HaueHHSIM U gor () i

BU3HAYAETHECS BHPA30M T=‘5U (1)-K3|, me 3mauenns Kz=1/1000 c¢/B Bubpano 3a

HYJIbOBUX TIIOYaTKOBMX yMOB. Ha Buxojal eneMeHTa 3aTPUMKH BCTaHOBJICHO
MacInTaOHUI TepeTBOproBay i3 Koedimientom nepenadi Ky=-1/6, mo macmradye

BUXIJ] peryJsaropa, 3ajgamoud OakaHW piBeHb BIUIMBY curHainy oU Ha
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KopuryBasibHHN cTpyM Alg. s 3amaHoi cucremu 1ield KoedillieHT BU3HAUYAE
HACKITBKH «IOBUTBHO» a00 «BHUIKO» IMOXHMOKa 3a HAMpyrol KOPHTYE CTPyM B
aKTUBHOMY (PUTBTPI.

IlepenatHa  ¢yHKIA PO3IMKHYTOIO KOHTYpPY OJIOKY aBTOMAaTHYHOL

cTabumi3ali Halpyryu Ha KOHAEHCATOP1

TXOES SN
Ug(s) \Cs)\Ts+1) U 1s+1) '

[MepenatHa ¢ynkmis (3.5) BIIKPUTOrO KOHTYPY KEpYBaHHS HANPyTOO

xkonaencaropis CKCIII 3a T=1/300 ¢, 7=1/1000 ¢ Mae Takuii BUTJIS:

Aig(s) _3-10°-5+2,5-10° 1.10°-(3-s+2500) (35)
Ug(s)  33-s%+33000-s? 33-52 (s +1000)

Ilepenatna ¢yHkuiss (3.5) 3aMKHEHOTO KOHTYPY KEpYyBaHHS Hampyroro

konaencaropis CKBIII 3a T=1/600 ¢, 7=1/1000 ¢ Mae Takuii BUTJIS:

Aig(s)  6-10%°-s+5.10° 2-10°-(3-s+ 2500) (3.6)
Uge(s) 33-s5%+33000-s>  33-s2-(s+1000)

3 nopiBHsHHSA BuUpasziB (3.5) Ta (3.6) MokHaA 3pOOWTH BHUCHOBOK, IO B
3aNieHOCTI B mocTiitHOT yacy ®HY 3miHIOE€TBCS PO3MIMIEHHS JTOMIHAHTHHUX
KOpEHiB nepenaTounoi pyHkuii. Yum MeHie 3HaueHHs noctiiiHoi yacy ®HY, tum
MEHIIIa TPUBAJICTh NEPeXiAHOro mpouecy. Lle cynpoBomKyeTbes HAOIMKEHHSAM
JIOMIHAHTHUX KOPEHIB JI0 TOYAaTKy KOOPIUHAT.

I'padix nepexiaHoi (ykiii HaNpPyru Ha KOHAECHCATOPI 3a PI3HUX CTpaTerii

KepyBaHHs 300pakeHo Ha puc. 3.3.
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14 T I I I
CucTtema KkepyBaHHA cepedHbOT WBKUAKoAIT
® 1.2 Cucrtema kepyBaHHsSI BUCOKOT WBWAKOAIT [
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Pucynok 3.3 — I'padix nepexigHoi GyKIiii Kojia KepyBaHHs HAIIPYTOr0
KOHJICHCATOpPa 3 BUKOPUCTAHHIM CHCTEM KePYBaHHSI CEPEAHBOI Ta BUCOKOT

MIBUIKOMIT

CKBIII Mae wMmeHIIe nNepeperyoBaHHA Ta MEHIIMH Yac MepexigHoro
nporiecy, a CKCIII xapaktepusyeTbcsi OUTBIITUM TEPEPETyIIOBAHHAM 1 OUIBIIUM
yacom BctaHoBieHHs. 3a CKBII nanpyra pocsrae OJM3bKOrO 10 yCTaJIEHOTO
piBHd Bxke 3a 0,015 c. 3a CKCIII ycranene 3Ha4eHHS JOCSTA€ThCA MPUOIU3HO 32
0,03 c. 3a CKCII cnioctepiraeThes O1IbIIIe TIEPEPeryIIOBaHHS HAMIPYTH.

[opsaa 3 M, OCHOBY IaHOi CXEMH CKJIQJIAa€ KOJO KePyBaHHS CTPYMOM |y,

SKe MICTUTh OJIOK KOB3HOT'O YCEpPEAHCHHS CTpyMy 3 TOCTiHHOIO uacy T1/2 abo

1/100 c. IMepenarouna (yHKIsI Kojla KepyBaHHS CTPYMOM iy Oyae MaTH Takuid

BUTJISI.

ig(s) (s+600)-(s® +4,405-1071%)

- = 3.7
iq(s) s-(s%+600-5+1,2-10°) (3.9

[IBuaKkonis KOHTYPY KEPyBaHHS CTPYMOM Iy 3 Bupasy (3.7) 3aJeXuTh Juiie

BiJl 4acy KOB3HOTO YCEPETHEHHS CTPYMY.
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IlepenaTouna QyHKUis Kola KepyBaHHS CTPYMOM Iy 3 HOCTiiHOIO 4acy T/6 abo

1/300 c:

ia(s) (s+1800)-(s*+17,87-107%)

—~ = 3.8
ig(s) s-(s®+1800-s+1,08-10°) (3.8)

VY pa3i perynioBaHHs MOCTIHHOI 4Yacy eJIEeMEHTa 3aTPUMKH PO3MIIICHHS

KOpEHIB Oyjie 3MIHIOBATHUCS 1 BIAMOBIAHO OyJie 3MIHIOBAaTUCS JUHAMiKa CUTHAJIB

CTPyMY i HIPUPOCTY CTpyMy Aly Ta CTpyMy KepyBaHHS Iy, (pHC. 3.4).

Cuctema KepyBaHHSA cepedHbOl Wwewuakogir
Cuctema KepyBaHHS BUCOKOT LWIBMAKOAIT

Cmpym KepygsaHHs
o
(63}

O
N
)]
T
I

_05 | | | | | | | | |
0 0.005 0.01 0015 0.02 0.025 0.03 0035 0.04 0045 0.05

Yac, ¢
Pucynok 3.4 — I'padik nepexinHoi QyKuii CTpyMy KepyBaHHS lyos 3

BUKOPHUCTAHHSM CUCTEM KEPYBAHHS CEPEAHBOI T4 BUCOKOI IIBUIKOIIL

Kaptu posmilieHi MOJIOCIB Ta HYJIIB CTPyMy KepyBaHHS KOpPEHEBOIO
rogorpaga 3 BHKOPHUCTaHHSIM CHCTEMH KEpPYBaHHSA CEpEeIHbOI Ta BHUCOKOI

MIBUIKO11 300pakeHo BIAMOBIAHO Ha puc. 3.5, 3.6.
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Pucynoxk 3.5 — KapTta po3millieHHs TOJTIOCIB Ta HYJIB CTPYMY KEPYBaHHS Iyqq. 3
Bukopuctanuam CKCII
2000 T - - : : . —
089 - ) L 08 .o [.)‘68 ) 054 ) _.0.38. 0.18
1500 Fo.05 B 5 [ ]
— 0.9867. o ' \@ — :
T 500/ e g
gl.5e+83 | 4e+03 3.5e+03 39+O3 2.5e+03 2e+03
8 \I : H ST
_5)3' Y
-500 | o _
-1000 - N
" \\._.
) < -
- L-0.95. TN~ e
1500 - Tl e . _
) 0.89 .- 0.8 0.68 0.54 038 0.18
_2000 1 - 1 l - 1 1 - E| 1 - peeee.
-4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0
o (seconds™")
Pucynok 3.6 — KapTta po3millieHHs IOJIIOCIB Ta HYJIIB CTPyMY KEPYBaHHS Iyqq. 3

Bukopuctranasm CKBIII

KoMrtekcHO-CIpsDKEHI Mapu MOMIOCIB 6+ j® BiAMOBiJalOTh 3aracarodiit

cunycoimi A-e °'.sin(o-t+ @), MIBHAKICTh 3aracaHHs SKOI 3aleKHTh Bil

3arpuMku. KoedilieHT MacmTaOHOro TepeTBOpIoBavYa IMOKPAILy€e CTIMKICTh

CUCTEMHU KEpyBaHHS Ta 3MIL[ye HYJb OJIKYE [0 MOYaTKy KOOpPJAUHAT, IO

HE3HAYHO BILJIMBAE HA CTAOUIBHICTD MIITPUMAHHS HAMPYTH HA KOHAEHCATOPI.



75

[Tponopuiitnuii koedilieHT mepeaadvi, MO JOPIBHIOE OJUHMIN, (HAa cxemi
MO3HAYCHUN SK «IPOMOPLiHMIA KoedilieHT = 1») ga€ MOXIUBICTH CHTHATY
nomuiiku OU OesmocepeiHbO BILIMBATH Ha BUXid Aly 0€3 10JaTKOBHX 3aTPHUMOK.
Ile 3abe3nedye MBHAKY MOYATKOBY peakiiito Ha cTpubku momiku OU. Hampyra

KOHJIEHCATOpa B IaHOMY peXXHMMI [T0Ka3aHa Ha puc. 3.7.

825 o o T o I‘J\. o o o T o o o o o —
800 - i ‘
7751

~
i
o
—F

CucTtema KepyBaHHA cepenHbOoi WBuakoail
725 Cuctema KepyBaHHA BUCOKOT LUBUAKOLIT

700 [+ : it Mttt et s | o s bttt

675 _\I‘ i s s s o R L ]
|

650 [V \ | \ | \ 5

0.05 0.1 0.15 0.2 0.25 0.3
Yac, ¢

Hanpyea koHOeHcamopa
Udc, B

Pucynok 3.7 — I'padix Hanpyru KOHAEHCATOpA 3 BUKOPUCTAHHSIM CUCTEM

KEepyBaHHs CEpeIHbOI Ta BUCOKOI IIBUAKOII1

[IpsmMuii kaHam 13 MPONOPUIMHUM KOEQIIIEHTOM 3a0e3neuye IMBHUAKY
KOMIICHCAIII0 BIAXWJIEHb HANPYyTH Ha KOHJEHcATopi. SKmoO HOro BHUMKHYTH,
CUCTEMA BCE OJTHO 3MOXKE PETyJIIOBATH HANPYTY, IPOTE POOUTHUME II€ TIOBUIHHIIIE 1
3 TMOTEHUIHHO OUIBIIMMHU TEPEeXITHUMU KOJMBAaHHAMH ab0 TPHUBAIILIOD
aianTaIiero 10 3MiH. 3 MPaKTUYHOI TOYKH 30pYy, ONTHMAajbHAa BEIMYMHA IHOTO
KoedimieHTa MIAOMPAETHCS  EKCIIEPUMEHTATbHO YW PO3PaXOBYEThCA IS

JOCSITHEHHSI KOMIIPOMICY M1 IIBUAKICTIO BIATYKY Ta CTA0LIBHICTIO.
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3.3 Po3poOka cucTeMH KepyBaHHS HaNpyrow KoOHIeHcaTopa i3

3aCTOCYBaHHSAM HU(PPOBUX PiIbTPiB

Jliis peamizaltii peryistopa Hampyru, OyJo po3rIIIHYyTO J1Ba BapiaHTU CXEMHU
kepyBanHs Ha 6a3i FIR ta IIR ¢inmerpis [102, 103]. Po3pobieny ¢yHKIIOHAIBHY
CXeMy MEepILOro BapiaHTa peryJsiTopa Halpyru 300paxeno Ha puc. 3.8. B nepiomy
BapiaHTI BUKOPHUCTAHO elieMeHT 3aTpuMku, FIR (ineTp HMKHIX YacToT Ta OJIOK
miueapu3zauii. OubTp HUKHIX yacToT FIR (QuibTp 31 CKIHUEHHOIO IMITYJIBCHOIO
XapaKTePUCTUKOIO) Ma€ TPAHCIIOHOBAHY CTPYKTYPY Ta 3aTPUMKY, IO PETYIIOETHCA
JUCKPETHUM 1HTETpaTOPOM 4Yacy 3 aKTUBOBAaHUM TPUIE€pPOM, HAJAIITOBAHUM Ha

CHaJHUI PPOHT CUTHAITY.

U dci
¥ 3aTpuMKa FIR dinsrp .
o — Biok nineapuzanii .
—= 20 —® Aiy
U deref W T \ |U| 4;‘&)—}
A -1
>+ > 7 » T — o I
. e
JuckpeTauit Tpurep

iHTErpaTop yacy

Pucynok 3.8 — dynkiioHanbHa cxema perynaropa Hanpyru 3 FIR ginsrpom

VY nepmomy BapiaHTI poOOTH peryisiTopa Hampyrd Ha KOHAEHCATOPAX
BU3HAYAETHCS KOHTypoM HajamTyBaHHsM FIR dimstpa [104]. Hdus po3poOku

peryJisiTopa Halpyrd BUKOpHUCTaHAa MaTeMaTH4YHA MOJIENb, 3T1IHO 3 SIKOK Ha BXIJ

CUCTEMM TIOAAETHCA CUTHAT TOMUJIKH 8[”]. JuckpetHuid iHTEerpatop o0poobIisie

CUTHaJI IOMMUJIIKA 5[“] 3a HesIBHUM MeToAoM Einepa:

Yint[n]:yint[n_l]"'Ts'S[n]’ (3.9)
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ne T — mepiox IUCKpeTU3aLlii.
FIR ¢inbTp ckunaerbes Ha ciagHOMy GPOHTI CUTHATY Yint [n] 3a JIONTIOMOTO0

Tpurepa Tg. SIKmo iHTerpaJibHa cCymMa CHUTHAITY yim[n] JIOCATA€E TIEBHOTO TOPOTY

Vinresn - 1T Yint [n] > Yinresh teN Yeig [n] =0. Brok 3aTpuMKy Mae 3HayeHHs 0
FIR ¢inerp 06pobiisie 3aTprMaHnil CUTHAT €gejqy [n]:
yF|R [n] = bo . ede|ay [n - 300] + bl . ede|ay [n - 301] . (310)

brox miHeapuzaiii BUKOHy€ HENIHIHHY OOpOOKYy  CHUTHAITY yF|R[n]:

Ysign [n] == |yF,R [n]| . I pyHKIIA MICTUTD HETIHINHUN €JEMEHT 110 YCKIIaJHIOE

aHami3 y 4YacToTHIM oOnacti. g moOynoBM mepenaTtHol (QyHKUID MOTpiOHO

arpOKCUMYBATH LIEN €JIEMEHT.

3agamo ¢yHKIi0 YRR [n] = X. Toni, 106 niHeapu3yBaTH ii HABKOJIO poOOUOT

TOYKH X0, BAKOPUCTAEMO pO3KIIaa y psaa Teinopa:

f(X)~ f(X)+ T (X)(X—Xp). (3.11)

Oo6uncmoemo noxiany [105]:

(3.12)

ITincraBumoO X0:

f (x)~ £sign |x0|+2L(x—x0). (3.13)
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ToOTo, B 0KOI1 X0 610K =, /|y,:,R [n]| anPOKCUMYEThCS aiHHOIO (DYHKITIEIO:

1

2\l

f(x)~a-x+b, nea= b=+/x| -—F=. (3.14)

Perymsatop Hampyrm  Hieg(S) Oyme wmartm  mepematHy — (QyHKINIO:
H reg (s)= |_ldelay (s)-Her(S).

BpaxoByroun nornepeaHio anmpokcumailio OJI0Ky JiiHeapu3allii, OTpUMaEMO

nepeaaTHy (QyHKIIO BIIKPUTOTO KOHTYpPY:

-(bo +b - e‘S‘Ts/Z)-e‘:“)O'S‘Ts/2 -(1—(a+ b- e‘STs/Z)). (3.15)

1
Hieg (s)= C-s

_STs
-1 _ ST, /2 y . .
ne Z " =e X ——=— — 3a MCTOAOM pallOHAJIbHOl aIPOKCHUMAIIll ITane
1+ —
2
IIEepUIOTO MOPAAKY,
Ts — yac nuckperusariii.

[TepenatHa (GyHKIIiS 3aMKHYTOTO KOHTYPY BH3HAYa€Thes 3a Bupa3om [106]:

H, (s) = Aig(s) H reg (s)

= : 3.16
Udc(s) 1+Hreg(5)'Hfb(s) ( )

Isuakonis FIR dinsrpa € Bumioro, Hixk IR dimsrpa [107], Tomy BiH MOXKe
Kparie po3auiatu yactotu. OmHiero 3 HalBaxmBimmx ocodmuBoctei FIR-dinpTpa
€ fioro aBToHOMHa podota [108, 109].

Ha puc. 3.9 nokazaHo mnepexigHi NPOIECH JBOX BapiaHTIB CHUCTEMHU
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KepyBaHHS Harpyroto kouaeHcatopis CAD.

1.2
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Pucynok 3.9 — I'padik nepexinHoi GyHKIIT Kojla KepyBaHHS HAPYTOIO

KOHJIeHcaTopa 3 Bukopuctanasm FIR ¢inprpa Ta ®HY 3 T=1/300 ta T=1/600

VY npyromy BapiaHTi BUKOpPUCTaHO (PiabTp HMKHIX yacToT |IR (dutetp 13
HECKIHYCHHOIO IMITYJIbCHOIO XapaKTePUCTUKOI0), SKUM CKHAAETHCS IO PIBHIO
3aTpUMKH 4epe3 OJOK JHUCKPETHOTro iHTerparopa dvacy. B napyromy BapiaHTi
BIIMIHHICTh PEryJIATOpa Halpyrd BiJ nepioro Bapianta nossrae B IR dinbTpi,
KU TIBUIIE Peani3yeThCs 1 3alyCKaeThCs, HANPUKIIAA, Y BOYJOBaHIM CHUCTEMI
peanbHOTO vacy [110].

st isoro IR ¢inbTpa neprioro nopsaky Oyna po3poOieHa CTPYKTypa, sSKa
3a0e3neyye OAMHUYHY aMIUNTYAHY XapakTepUCTUKY, ajue He JO03BOJIsE
NIATPUMYBATH MOCTIMHUNA KoeilieHT miAcuieHHs. ToMy, A BHUpIIIEHHS L€l
npobiemMu OyJio BUPIMIEHO CKUAaTH GUIBTP 1O PIBHIO 3aTPUMKH 4epe3
JUCKPETHUN YacOBHUI 1HTErparop, SKUM MIATpUMYye Koe(ilieHT MiJIcuieHHs. B
pe3ynbTari miaoopy koedimientis 01=0,75, ao=0,75 Ta a;=1 15 Z — nepeTBOpEHHS,

IR ¢inpTp Oyne 3ab6e3nedyBaTi OJMHUYHY aMILTITYIHY XapaKTEePUCTUKY:
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Yir(2)  075+z%  (2+1,333)0,75
X r(2) 1+0,75-z7% z+0,75

(3.17)

[Ile oguH MOMEHT, Ha SKHI CiiJ 3BepHYTH yBary, mo g |IR ¢ineTpis
BUILIOTO TIOPSIIKY XapakTepHa HecTiiika poOora cuctemu, Toal sk FIR dinsTpu
3aBxau ctadimbHi [111]. IR GineTpu MyabTH(YHKIIOHATIBHI Ta MalOTh ITApaMeTPH,
SIKi MOYKHA 3MIHIOBAaTH, MO0 IMIBUIKO 3MIHUTH XapakTepucTuku dimprpa [112].

@dyHKIIOHAJIbHA CXeMa JPYTroro BapiaHTa PEeryysiTopa Halpyrd MOKa3aHO Ha

puc. 3.10.

JluckpeTHuii iHTErpaTOp Hacy

Tpurep
-

Ff.% ?
U dc
3aTpuMKa

D
+

deref

brok nineapuzanii

T

il e
]

N

N
&

IR ¢insTp

Pucynox 3.10 — ®@yHkirionanbHa cxema peryisitopa Hanpyru 3 IR dimsTpom

BpaxoByroun mornepeaHio anmpokcumailito OJI0Ky JiiHeapu3allii, OTpUMaEMO

nepeaatHy GyHKI BIIKPUTOTO KOHTYPY:

_Aig(s) 1 a0+a1'e_STS/2 4=300:sT/2 (1 STy /2
1= e  abe ) (1-(a+b-e"2)). 3.18)

[lepenatHy (QyHKIIIO 3aMKHEHOTO KOHTYPY MOXKHa 3HAWTH 3a (OpMYJIOHO

AJIs1 3aMKHCHOT'O KOHTYPY 3 HCraTUBHHUM 3BOPOTHUM 3B'I3KOM:



Aig (s) _

H,(s)
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H 2closed (s)=

(3.19)

Ugc(s) 1+H,(s)-Hg(s)

Ha puc. 3.11 nokaszano nepexigHi ¢yHKIT CUCTEMH KEpyBaHHS HANpyTror

koHneHcaropie CA® 3 suxopucranasm |IR ¢dimerpa Ta ®HY 3 T=1/300 Ta

T=1/600.
1 ——
T 5alk T — IR qinbTp Ta ®HY 3 T=1/300
S e IR gineTp Ta ®HY 3 T=1/600
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Pucynok 3.11 — I'padix mepexigHoi GpyHKIIii KoJia KepyBaHHS HAIIPyT OO

KOHJeHcaTopa 3 BukopucTanHsaM | IR ¢inbrpa Ta ®HY 3 T=1/300 ta T=1/600

OckuIbKM peryisiTop Hanpyru Ha ocHoOBI |IR-¢1apTpa BUMarae 101aTkoBOroO
3BOPOTHOTO 3B’SI3KY JIJIsi cTallmizaiii cBO€i poOOTH Ta BBEJACHHS KoedillieHTa
MacuTabyBaHHs, 10 BUKIMKAE CKIAAHOIIl B MOTo peaiizallii, TO el peryisTop

HE 3HANIIIOB MOJAJIBIIIOTO 3aCTOCYBaHHS B POOOTI.

3.4 BucHoBKHM 10 po3aiay 3

Po3pobneHo aBi cuctemu kepyBaHHs mapaneabHum CA®: 1) cucrema
kepyBanHs cepennboi mBuakonii (CKCIL), ska Bkiaroyae OJOK KOB3HOTO

yCepeaHeHHs CTpyMiB 3 iHTepBajoM ycepenHens T1=1/100 ¢ Ta 0ok
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aJlaliTUBHOTO peryiroBaHHs 4YacoBoi 3arpuMmku Ta ®PHY 3 mocriifHOO dYacy
T=1/300 c; 2) cucrema kepyBanHs Bucokoi mmBuakoaii (CKBII) 3 6moxom
KOB3HOT'O YCepeIHEHHs CTpyMiB 3 iHTepBasioM ycepeanaeHas T=1/300 ¢ ta ®HY 3
nocriiiHoto vacy T=1/600 c. IIpu anami3i nepexinnoi xapakrepuctuku, 3a CKCIII
yCTajieHe 3HaueHHs nocsiraerbes npubnusHo 3a 0,03-0,04 c. 3a CKBII ctpym
nocarae OMM3BKOTO 10 ycrajieHoro piBHS Bxke Ha iHTepBani 0,015—0,02 c, mpu
eMHOCTI KoHJieHcaTopa 3300 MkD.

Po3pobiieno perynsatop Hampyru B mupoBoMy BUrJsAl. JlaHuil perynsarop
ocHoBanuii Ha FIR Ta IIR ¢iapTpax, mo moxe OyTH BUKOPUCTAHUN JIs1 3HUKEHHS
yacy 3apsay Ta po3psay KOHAEGHCATOpPIB Ta JOJATKOBOI (uUIbTpalii BHUIIMX
rapMoHik. L{e mocsaraeTbcs 3aBasSKH OJIOKY JIIHEApU3allil, SKUil BUKOHY€ HEIIIHIMHY
00poOKy curHaiy, Ta 3aTpuMKu B 300 TakTiB HM(PPOBOro CUrHalLy, U0 TO3BOJIE
3MEHIIUTH aMIUITyad S5 Ta 7 rapMoHIK. DIpTpaiiio BXIiAHOTO CHUTHATY
3abe3neuye ®HY 3 mocriitHoro yacy T=1/300 ta T=1/600, mo 3abe3mneuye BUXia
Ha yCTaJIeHE 3HAUYCHHs MEepexiJHOi XapaKTepUCTUKH HANpyrd KOHJEHcaTropa 3a

0,03—0,04 c, 6e3 mogaTKOBUX TEpEeperyOBaHb.
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PO3JILT 4
MOJIETIOBAHHSI CHJIOBOTO AKTHBHOT'O ®LJILTPA TA
YHI®IKOBAHOT'O PET'VJISITOPA AKOCTI EJJEKTPOEHEPTTI 3A
HASIBHOCTI KOJINBAHB HATIPYTH

4.1 NopiBHANbHNNA aHaJi3 eQeKTHBHOCTI CHCTeM KepyBaHHsSl Pi3HOI

HIBUIKOIIL

OcHoBHUMU KpuTepiiMH OLIHKA pobdotu CAD €: 1) piBeHb 3riaJKyBaHHSA
BUIIUX TApPMOHIK; 2) CTaOUIbHICTh HANPYTH.

KonuBanns axtuBHOi (Pr) Ta peaktuBHOI (QL) MOTYXHOCTEW HEIIHIIHHOTO
HaBaHTaxeHHs (puc. 4.1) moxenmwoeThcs iX HakuaoM B MoMmeHT yacy 0,1 ¢
TpUBaJICTIO 4 Tiepionu 3 HecuMeTpieto ctpymiB 3%. Ha iatepsam 0,2 ¢ g0 0,3 ¢

B1J1I0yBa€ThCS 301IbIIEHHS Hanpyru mepesxi Ha 10 %.
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Pucynok 4.1 — I'padiku 3Mi1HM aKTUBHOT Ta PEAKTUBHOI MOTYKHOCTEH (),

cTpyMy (0) HaBaHTaXEHHS
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3actocyBanns Pl perymsaropa y ckmani CA® mo3Bossie mokpamutu Gopmy
CTpyMiB B ycix pexumax (puc. 4.2). CymapHuii Koe(illiEHT TapMOHIYHUX

crioTBopeHb cTpymiB 3 THD|=14,96% nokpamryerses 1o THD,=1,05%.
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Pucynok 4.2 — I'padiku 3MiHH: aKTUBHOI Ta PEaKTUBHOI MOTY>KHOCTI (a) cTpymy (0)

Mmepexi 11 CAD 3 Pl perynsitopom

IIpu BukopucranHi peryiaropa 3arpumku Ta FIR ¢inerpa 3 ®HY, 3a
HasiBHOCTI HecuMeTpii 3% BimOyBaeThcs TMEepeMHUKaHHS 3 /6 Ha 4Yac KOB3HOTO

ycepenuenns T/2 (puc. 4.3).
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Pucynok 4.3 — I'padiku 3MiHH: aKTHBHOI Ta PEaKTHBHOI MOTYXHOCTI (a) ctpymy (0)

mepexi ansa CAD 3 perynstopom 3atpumku Ta FIR ¢insrpom 3 DHY
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VY nopiBusinHi 3 Pl perynstopom, perynstop 3arpumku 1a FIR ¢instp 3 ®PHY
JIEMOHCTPYIOTh Kpallli TOKa3HUKHA KOMITGHCAIlii BUIUX rapMoHik. DopMa cTpymy
3a THD|=14,96% wnaGmmkaetbest 10 cuHycoimHoi, BianmosigHo: THD=0,81% Ta
THD,=0,71%.

[Ipu mocaimpkeHH1 MepeMUKaHHS Yacy KOB3HOTO ycepeaHeHHs 3 T/6 Ha T/2
nonano 3arpuMky B T=0,02 c, s BUSBICHHSI HECUMETPIi Mepes] NepeMUKaHHIM Ha

T/2 (puc. 4.4).
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Pucynok 4.4 — I'padikul 3MiHU: aKTUBHOI Ta pEaKTUBHOI MOTYKHOCTI (a) ctpymy (0)

mepexi s CAD 3 perynstopom 3arpumku Ta FIR ginsrpom 3 ®HY

IIpu gocniai 3a mocTiiHOTO Yacy KoB3HOTO ycepeaHeHHs T/6, CAD Brpauae
MO>KJTUBICTH TIOBHOIIIHHO CHUMETPYBATH CTPYMHU MEPEXKi, PO IO CBITYATH MyJIbCallii

aMILTITY/] CTpyMiB okpemux (a3 (puc. 4.5).
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Pucynok 4.5 — I'padiku 3MiHH: aKTUBHOI Ta pEaKTHBHOI MOTY>kHOCTI (a) ctpymy (0)

mepexi s CAD 3 perynstopom 3arpumku Ta FIR guisrpom 3 ®HY

CyMapHuii koedili€eHT TapMOHIYHUX CIIOTBOPEHb CTPYMIB 3a MOCTIHHOTO
qacy koB3Horo ycepennenHs 1/6 3 THD=14,96% nokpaiyerscst 1o THD,=0,86%
st perynaropa 3atpumku ta THD=0,73% nns FIR dinstp 3 ®HY.

I'padik 3MiHM Halpyrd Ha HAKOMUYYBAJIbHUX KOHIEHCATOPax 300paxkeHl Ha

puc. 4.6.
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Pucynok 4.6 — I'padixu 3MiHM HANPyTH HA KOHAEHCATOP1

VY BCIX NpeCTaBICHUX PEKUMAaX, BIIXWICHHS HAlpyrd Ha KOHAEHCATOpl HE

nepeBuIyoTh 3%.
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4.2 MopenwBanus mnapaneibHoro CA® 3a HasgIBHOCTI KOJUBAHb

HANPYT¥ TA TADMOHIYHUX CIOTBOPEHb

Jns mozenmtoBaHHA poOoTu mapanensHoro CA® B pexumi 3MEHIICHHS
KOJIMBaHb HANPYTH IIUIIXOM KOMIICHCAIlil PEaKTHBHOI MOTYKHOCTI B CEpPEIOBHIII
Simulink makery npuknagaux nporpam Matlab Bukopucrana monens 3 Tpudazaum

HEJTHIMHUM HaBaHTaXeHHSM (puc. 4.7).

7 Z L Heminiiine
___SS___ 1,867+j32,62 MOM _ HaBaHTaKeHHs
E 13,4+j135mOM | A B —— === |
a | | 1 :_NY\_'_
C : : i |
_ E_Cb e =~ N
| | | '
| |
_<EC : >_|__|:|_/| Y Y : ] :Ml_ T
Zy _16+IG_M6§ - Lo :
Rsh o !
lOM Lsp, | |
0,5MmlH |
27 MK | |
|
1] v v
C <
dc
2x3300 — < CAK
MKOD —I__

Pucynox 4.7 — Cxema Mojieni By3jia MEpexKi 3 HeJIIHIMHUM HaBaHTKCHHSIM 32

HasiBHOCTI napanenbHoro CA®

XapaKkTepuCTUKa €JIEMEHTIB JOCIIJIHOI MOJEN: OIMp CHUCTEMHU >KHBJICHHS
3,4+j13,5MOM, aMIUTITYZAHE 3HAYEHHS HENIIHIKHOTO CTPYMy HaBaHTaKCHHSA —
200 A, omip minii — 1,867+j32,62 MOwm.

[Tapamerpu BuxigHoro LC ¢inpTpa: 1HAYKTHUBHICTb, $Ka BBIMKHEHA

nocaigoBHO 3 GibTpoM Lgy = 0,5 MI'H, eMHICTB, sika BBIMKHEHA napayieibHO Csp =
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27 mMx®d, pesuctop Rsy = 1 Om. [TapameTrpu 000X KoHIEHCATOPIB: €éMHICTh Cyc =
3300 mx®d, Hanpyra Ugeref = 770 B. Pl perynstop BukoHnano 3 nmapameTrpamu Kp =
0,65, K;= 0,03. Yac koB3noro ycepeanenss 1T = 0,02 c.

Jlns aHasi3y KOMITEHcAllli HECUHYCOITHOCT1 CTPYMY BUKOPHCTAHO HEJHINHE
HaBaHTa)XCHHS, SIKE CTBOPIOETHCS BUIPSIMIITYEM JI0 Ta Tricis Bukopuctanas CAD

(puc. 4.8).
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Pucynok 4.8 — I'padiku cTpyMiB HaBaHTaKEHHS (), Ta MEPEXKI MICIIs KOMITEHCAIlil

CA® 3 Pl perynsatopom (0), perynsaropom 3atpuMku Ta FIR ¢inerpa 3 ®HY (B)

Jist  aHamizy e(eKTUBHOCTI 3MEHILEHHS TapMOHIYHUX CIOTBOPEHb 3a
nonomororo CA® BUOpaHO PEeXUM 3 BUKOPUCTAHHSM HEKEPOBAHOTO BUIIPSMIISIUA
B SKOCTI HaBaHTakeHHS. Jlo komreHcarii piBeHb TapMOHIYHHX CIOTBOPEHBb €
sHayHuM (THD, = 24,69 %). Heniniiine HaBaHTa)KeHHsI TeHepye 3-to, 5-Ty, 7-y, 13-
TY,... TADMOHIKH CTPYMY 3 BIANOBIAHMM BiICOTKOBUM BMicTOM: l5y = 21,37 %, I(7)
= 9,79 %, luy = 7,66 % T1a luz = 4,86 %,.... Oco0AMBO KPUTHUYHOIO € 5-Ta
rapMoHIKa, IO Ma€ 3BOPOTHY MOCHIJOBHICTh (00EpPTAETbCS Yy TPOTUIICHKHOMY
HAIPSIMKY BIJIHOCHO OCHOBHOT TAPMOHIKH) Ta MOKE CIIPUYUHSATH J0JaTKOBI BTpaTH

B ACHMHXPOHHHUX JABUI'YHAX.
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3actocyBanHs Pl perymstopa 103BOJsi€ 3MEHIIUTH PiBEHb TapMOHIYHUX
ckiamoBux g0 THD; = 1,18 % (tab:xa. 4.1). BukopucTtanHs peryiastopa 3aTpUMKH
3a0e3rnevye 3MeHIIeHHs rapMOHIYHUX crioTBopensb 10 THD, = 0,47 %. Haiikpammmii
pe3yJIbTaT KOMIIEHCAIlll BUIITUX FapMOHIK CTpyMy nokasaia cxema FIR  ¢inpTpa 3
®HUY, 3a sK0i piBeHb TAPMOHIYHUX CIIOTBOPEHB 3MeHInyeTbest 10 THD, = 0,35 %.
Buxkopuctanns Pl perynsaropa 3a0e3neuye 3MeHILIEHHS! aMIUTITYAN 5-1 TApMOHIKH 3
Ui = 21,37 % o Uiy = 0,44 %, perynstopa 3atpumku — 10 Ue) = 0,31 %, FIR
¢itpTpa 3 ®HY — o Uy = 0,27 %.

Tabmung 4.1 — Pe3ynbrat AOCTIIKEHHS] TAPMOHIYHUX CIIOTBOPEHD CTPYyMY

Mepexi s HaBaHTakeHHs 205,5 A

["apmo- Haganra- Pl perynsop Perynsrop FIR ¢ueTp 3
HiKa JKECHHS 3aTPUMKH OHY
THD, % 25,87 1,18 0,47 0,35
l5), % 21,37 0,44 0,31 0,27
l7), %0 9,79 0,72 0,29 0,1
l(12), % 7,66 0,08 0,15 0,15
l(13), % 4,86 0,12 0,16 0,13

Jlo kommeHcarlii piBeHb TapMOHIYHUX CIOTBOPEHb HANPYTd MeEpexi
cranoButh THDy = 1,35% (tabn. 4.2). B pesynbrari yBiMkHeHHs CAD 3 Pl
PEryIaTOpoM 3abe3IeuyeThes 3HIKECHHS crioTBopeHb 110 piBHsg THDy = 0,064 %.
Buxopucranns perysistopa 3arpuMkn 3adesneuye 3menmieHHss THDy mo 0,028 %,
a FIR ¢inpTpa 3 ®HY — no 0,022 %. Bukopucrtanus Pl perymnstopa 3abe3neuye
3MeHmeHHs ammuntyau S5-i rapmoniku 3 Us) = 0,91 % no U = 0,032 %,
perymsropa 3arpumku — 10 Ue) = 0,011 %. 3actocyBanns FIR ¢iureTpa 3 ®HY
JI03BOJIIE Maike TOBHICTIO KOMIIGHCYBaTH S5-Ty TapMOHIKY, 3HUXKYIOUM ii

ammutityay 1o U = 0,006 %.
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Tabmuus 4.2 — PesynpTaTul JOOCHIIKEHHS TapMOHIYHUX CIIOTBOPEHB
HaIpyTHu A1 Mepexi 3 Hanpyroto 325,5 B

["apmoHnika HagaHra- Pl perynstop Perynarop FIR ¢inbtp 3
YKECHHS 3aTPUMKH OHY
THDy, % 1,35 0,064 0,028 0,022
Uy, % 0,91 0,032 0,011 0,006
Um, % 0,56 0,05 0,013 0,004
Ua), % 0,68 0,009 0,018 0,018
Uqs), % 0,49 0,023 0,015 0,012

Ha puc. 4.9 nokazano rpadik mBuUAKKAX 3MiH Harpyru OU; HAaBaHTaKEHHS 32
nepion yacy 10 xB. KonuBanHs Hanpyr# Big0yBalOThCA 3 YACTOTOIO 5-8 KOJIMBaHb
32 XBWJIMHY 3 aMILTITYyA010 110 2 %. Po3paxyHOK IIBUJIKHUX 3MIH HAlIPyTd BUKOHAHO

3a hopMYJIOHO:

Ut:—‘ =Vl g0y, (4.1)
HOM

ne Ui, Ui 3HAUEHHSA CYCIAHIX EeKCTpeMyMiB a0 eKCTpeMyMmy 1

TOPU3OHTAIBHOI IJITHKK OOBIHOT CEPEeHbOKBAJAPATUYHUX 3HAYCHb HANPYTH

OCHOBHOI YaCTOTH, 10 BU3HAYEH] HA KO’KHOMY MIBIIEP10/il OCHOBHOI YaCTOTH.
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Pucynox 4.9 — I'padik miBuakux 3MiH HAMPyTy HA HABAaHTAXKCHH1

10
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[Ticass moBHOI KOMIMEHcAlll PEeaKTHBHOI MOTYXHOCTI 3a JOIOMOTOIO
napanenbHoro CA® 3 Pl peryssitopom (puc. 4.10) piBeHb MBUIKUX 3MiH HAIIPYTH
OUq 3amxkyetbes 1o 0,135%. [Ipu BukopucTaHH1 perynsaTopa 3aTpUMKH, aMILTITy 1A
kosimBanb OU; moxna 3um3utu A0 0,13% (puc. 4.11). Haiikpammii pesynbrat
nemoHcTpye FIR ginbrp 3 ®HY, sikuit 3umxKye amrunityu koiauBanb 0U; 10 0,13%

(puc. 4.12).
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Pucynox 4.10 — I'padix mBUAKKUX 3MiH HANPyTU HABAHTAKECHHS MICJIsI BBIMKHEHHS

CA® 3 Pl peryastopom
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Pucynok 4.11 — I'padik mBUAKKX 3MIH HAPYTH HaBaHTaKEHHS IMICIS BBIMKHEHHS

CA® 3 perynatopom 3aTpUMKHU



92

S |
T
=5
Z
=
)
=z
s}
2
S|
0 1 2 3 4 5 6 7 8 9 10
Yac, xs8

Pucynok 4.12 — I'padik mBUIKUX 3MIH HaNpPyTHd HaBaHTa)KEHHS ITICJISl BBIMKHEHHS

CA® 3 FIR ¢utbrpa 3 PHY

JIist aHanmizy BIUTMBY KOJIMBaHb HANpPyTd Ha JIIOJCbKE OKO, BUKOPUCTAHO
ook uudpoBuit ¢uikepmerp, sikuii onucaHo B crtangapti [EC 61000-4-15.

O0OpoOka iHdopmariii npoBoauiaack 3a MeroAukor [113]. Jlias KoKHOT IIBHIKOI

3MIHM Hamnpyru SUti o0uHuCIIOBAIach IHTEHCHUBHICTh (iikepa Pt, a moTiM —

pe3yJIbTyI0o4a KOPOTKOCTPOKOBA IHTEHCUBHICTH (hirikepa Pst Ha iHTepBai 10 XB.
Pesynbrati BHUMIpIOBaHHS KOPOTKOCTPOKOBOi IHTEHCHBHOCTI (piikepa
HaBeneHi B TaOm. 4.3. 3acrocyBanHs Pl perymsaropa B cucremi CA®D mnosBossie
3HU3UTH KOPOTKOCTPOKOBY 1HTEHCUBHICTH (piikepa g0 Ps=0,051. Ananoriunwmii
pe3yabTaT MoKaszye peryistop 3arpumku B koMiuiekci 3 CA®D. Bukopucrtanns FIR
¢inpTpa 3 ®HY 3a0e3neuye 3HMKEHHSI KOPOTKOCTPOKOBOI 1HTEHCUBHOCTI (hiIikepa
10 Pst=0,047, mo 3HaxoauThCs Ha piBHI TOXUOKH B MOpiBHAHHI 3 Pl perynsropom

Ta PEryJISITOPOM 3aTPUMKHU.

Tabnuns 4.3 — 3HaueHHs KOPOTKOCTPOKOBOI IHTEHCUBHOCTI (Itikepa.

InrencuBnicth | HaBaHTaxeHHs Pl Perynstop FIR ¢dineTp 3
daikepa PEryJsiTOp |  3aTPUMKH OHY
Pst, Mepexi 0,726 0,051 0,051 0,047
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Orxe, Pl perymsarop, perymarop 3atpumku Ta FIR ¢dimetp 3 ®HY €

e(heKTUBHUMU 3aC00aMU 3MEHIIICHHS KOPOTKOCTPOKOBOI IHTEHCHUBHOCTI (hiIikepa.

4.3 AnaJi3z poooru YPSAE 3a mBUAKO3MiHHIX HABAHTAKEHb

s anamizy pobotu YPSE 3a HasBHOCTI KOJIMBaHb HANPYTH BUKOPUCTAHA
Mozeib B cepenonuii Simulink makery npuximaguux nporpam Matlab exextpuunoi
MEpEeX1 3 HEJIIHIMHUM MIBUIKO3MIHHUM HAaBAHTAKCHHSIM.

Sxicte pobotn YPSE Oyaemo OuiHIOBAaTH CHOKUBAHHSIM Ta F€HEPYBAHHIM
aKTUBHOI, PEAKTUBHOI MOTYKHOCTI Ta CTAOLIBHICTIO PiBHA Hampyru. s ormiHku
aKTUBHO1, pEaKTUBHOI MOTY>KHOCTI, K1 CIIOKUBAIOTHCS 200 TEHEPYIOThCS B MPOIIEC]

peryiroBaHHs, BUKOpUCTaH1 (OopMyIIH i HeOaJlaHCy MOTYKHOCTEH:

Ep(t) = Ps(t) — P (t) = P (t) + Pgp, (1);

Eo (1) = Qs ()~ QL (t) = Qso (1) + Qe 1) (4.2)

JIist  OIIHKM HEeCTallIbHOCTI HANpyrd Ha HaBaHTAXEHHI BUKOPHCTaHA
dbopmyna
Ey () =Up rer —UL(D). (4.3)

CtpykTypHa cxema mnociiioBHO-apanensHoro YPSAE 300paxena Ha
puc. 4.13, a ¢pynkuionansHa cxema — Ha puc. 4.14. [locninoBHMIA 1HBEPTOP Uepe3
TpaHchHOpMATOPH T se apc KOMIIEHCYE KOJIMBAHHS HAMpPYyTH (IIPOBaJI, IEPEHAPYTH)
IUIIXOM JUHAMIYHOTO BiJHOBJIEHHSA (opMu cuHycoigu. [lapanenbHuil iHBEpTOp
MPUETHAHUNA TapajelibHO J0 HaBaHTaXEHHS W BUKOHYe (yHkiii CAD mns
KOMIIEHCAllli TApMOHIK Ta pEaKTUBHOI MOTY>KHOCTI. KokeH iHBepTOp Mae BiIacHUiA
aJITOPUTM KEpyBaHHSA, IO 3a0e3ledyye OJHOYACHE pETryJIIOBaHHS Halpyrd i

CTPYMY B MEPEXi.
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Pucynox 4.13 — CtpykTypHa cxema IociiIoBHO-TiapayieasHoro YPSE
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Cucremy kepyBanHsi YPSE ommcano B [114], [115], [116]. B ocHoBy
napajeabHOTO 1 MOCIIIOBHOIO KOMIIEHCATOPIB MOKJIAEHO JBOPIBHEBUI 1HBEPTOP
Hanpyru Ha |GBT tpansucropax.

PosrisineMo pexxum akTHMBHOTO peryitoBaHHs 000x komrieHcatopiB YPSIE.
I'padiku akTHBHOI Ta PEAKTHBHOI MOTY>KHOCTEM HaBaHTAXKEHHS IO KOMIICHCAIIIl

P_(t), Q. (t) 300paxeni Ha puc. 4.15, a micnsa kommencamii Ps(t), Qs (t) mist YPAE 3

Pl perymstopom, FIR ¢insrpom 3 ®HY Tta perymsropom 3aTpuMKH 300pakeHi,
BIJINOBIJIHO, Ha puc. 4.16, a Ta O.

3 rpadikiB, mokazaHux Ha puc. 4.15, MOXHA OILIIHUTH HABAHTAKCHHS Ta
XapakTep Horo 3MiHU. AKTHBHA MOTYXHICTh 3MIHIOEThCS B Jiana3oHi Bix 248 mo
287 xBT, peaktuHa — Bix 98 no 208 kBAp. Hakun HaBanTakenHs tpusae 0,1 c.

3 puc. 4.16, a Ta 6 BUIHO, IO B PEKUMI aKTUBHOTO PETYJIIOBAaHHSI 000X
komreHcaTopiB YPSE akTuBHe Ta peakTHBHE HABaHTAKEHHS B pPe3yibTaTi

KOMITCHCAIII1 MPaKTUYHO HE 3MIHIOETHCS 32 BUHATKOM IMOBLILHOTO Pl perymsropa.
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Pucynox 4.15 — I'padiku akTUBHOI Ta peaKTUBHOI MOTY>KHOCTI HABaHTAKEHHS
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Pucynok 4.16 — I'padiku akTuBHOT (a) Ta peakTUBHOI (0) MOTYKHOCTI MEepexi

MICTISl PEeTYJIIOBAHHS

Ha mouatkoBomMy Bimpi3ky yacy Bim 0,05 no 0,3 ¢ 3a cramoro 3Ha4eHHS
HAllpyTd JKUBJIEHHS TMOCTIJOBHUN KOMIIEHCATOp Pse TIOTJIMHAE aKTUBHY
notyxHicte (puc. 4.17, a), Toni Ak HapajelbHUNA KommeHcarop Ps, 11 reHepye
(puc. 4.17, 6). Ha Binpisky vacy Big 0,3 mo 0,4 ¢ npu HapocTanHi Hanpyru Ha 10%
Bi/IOYBAETHCS 3MiHA PEXKUMIB pOOOTH KOMIIEHCATOPIB: MOCTIAOBHUI KOMIICHCATOP

IMOoYMHa€ rCHECPYBATU AKTHBHY HOTy)KHiCTB, a HapaJ'IGJ'IBHI/Iﬁ — IIOTJIMHATH.
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Pucynok 4.17 — I'padiku crio’KMBaHHS Ta T€HEPYBaHHS aKTUBHO1 MOTY>KHOCTI

MOCJTIZIOBHUM KOMIIEHCATOPOM (@), mapajieIbHUM KoMIeHcaTopoM (0)

[lin yac HakuIy HaBaHTAXXEHHS MOCTIIOBHUM KOMIIEHCATOP CIOYKUBA€E
aKTUBHY TMOTYXHICTh Onm3bKy 10 8 kBT, a mapanensamii reHepye 9 kBt. Ilig gac
30UIBIIICHHA HAMpPYTd AaKTUBHA TIOTY)KHICTh  TOCHIJIOBHOTO  KOMIIEHCATOpa
3MEHIIYEThCS 10 HYJIS,  TOTIM BIH MEPEXOJIUTh B PEXKHUM I'eHepyBaHHs 10 15 kBT.
[lapanenbHuil KOMIEHCATOp TMpPH LBOMY 3MEHUIYE TEHEPYBaHHSA, a IOTIM
NEPEXOUTh B PEXKHUM CIIOKMBAHHS 30UIBIIYIOUH MOTYXHICTh 110 15 kBT.

[lin yac Hakuy HaBaHTaXEHHs, HeOalaHC AKTUBHOI MOTYKHOCTI Ep B
MOMEHT TIepEeMUKaHHs Tpu BUKopucTanHi Pl perymsropa nocsirae 3 kBt (puc. 4.18).
[Tpu Buxopuctanni FIR dinsrpa 3 ®HY, Hebananc moxxkna 3um3utu a0 1,7 kBT. 3a
poOOTH peryssTopa 3aTpUMKH iX MoOkHa 3HU3UTH a0 1,3 kBr. Haitbinpmmm e

HeOamanc aktuBHOI OTyKHOCTI YPSE Ep B MOMeEHT mepeMukanHs mig 9ac CKUay
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HaBaHTaXeHHA B MoMeHT yacy 0,2 c. Ilix yac ckuay HaBaHTakeHHs, HeOaJaHC
aKTUBHOI TIOTYXHOCTI B MOMEHT IepeMUKaHHs Ipu BUKopucTaHHi Pl perymstopa
nocsirae 5 kBT. IIpu Bukopucransi FIR ¢insrpa 3 ®HY, Hebananc MoxHA 3HU3UTH

1o 2,7 kBT. 3a poboTu perynaropa 3aTpuMKU HOro MOKHa 3HU3UTH 110 2,3 KBT.
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Pucynok 4.18 — I'padiku HeOamaHCy akTUBHOI IOTYXHOCTI YPSAE

Ha nouyatkoBoMy BIJpI3Ky Yacy 3a CTaJOr0 3HAYEHHS HANPYTH >KUBJICHHS
MOCJIIIOBHUN KoMmTieHCaTOp Qse MOTIIMHAE pEaKTUBHY NMOTYXHICTh (puc. 4.19, a), a
napasiensHuid Qgn Ma€e MiHIMaJIbHE TEHEPYBAaHHS, 3a BUHITKOM MEPEX1THHUX
IPOIIECiB, 110 BUHUKAIOTH i Yac Pi3KUX 3MiH HaBaHTakeHHs (puc. 4.19, 6). Ha
Bizpi3ky yacy Bix 0,3 go 0,4 ¢ mpu HapoctanHi Hanpyru Ha 10% BinOyBaeThcs
3MiHA pEeXUMIB pPOOOTHM KOMIIEHCATOPIB: TMOCIIAOBHUI TE€HEPYE PEAKTUBHY

MOTYXHICTb, a TapaJIeTbHUN EPEXOAUTh Y PEKUM MIHIMAIBHOTO CTIO’KUBAHHS.
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Pucynok 4.19 — I'padiku coxuBaHHsI Ta TeHEPYyBaHHS PEAKTUBHOI MOTYKHOCTI (a)

MOCJTIITOBHUM KOMITEHCATOpOM Ta (0) mapaselbHUM KOMITEHCATOPOM

[lin yac Hakuay HAaBAHTAXXEHHS TMOCIIIOBHUN KOMIIEHCATOpP CIOXHUBAE
pEaKTUBHY MOTYXHICTh Onu3bKy 70 8 KBAp. Ilim 4dac 30UIbIICHHS Hampyru
pEaKkTMBHA MOTYXKHICTh IOCHIIOBHOTO KOMIIEHCATOpa 3MEHIIYETbCA A0 HYJs, a
NOTIM BIH MEPEXOAUTh B pPEXKUM TeHepyBaHHS 10 S5 kBAp. Ilapanenbuuit
KOMIIEHCATOP B YCIX PeXUMaxX MPAKTUYHO HE CIOKHUBAE PEAKTUBHY MOTY>KHICTb.

[lin yac Hakuay HaBaHTaKEHHs, HeOAJlaHC PEaKTUBHOI MOTYKHOCTI Eq B
MOMEHT TiepeMHKaHHs Tpu BukopuctanHi Pl perymsropa pocsrae 30 kBAp (puc.
4.20). ITpu Bukopuctanui FIR ¢instpa 3 ®HY, Hebananc MokHa 3HM3UTH 10 4,2
kBAp. 3a pobotu perynstopa 3aTpuMKd Woro MoxHa 3Hu3utu 110 4,5 kBAp. Ilin
yac 3HATTS HaBaHTAXXEGHHsA, HEOANaHC pPEAaKTUBHOI TOTYXKHOCTI B MOMEHT

nepeMukaHHs mnpu BukopuctanHi Pl perynastopa nocsrae 53 kBAp. llpu
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Bukopuctani FIR ¢inerpa 3 ®HY, Hebamanc moxkna 3Hu3uTH 10 8,5 kBAp. 3a
po0OTH peryisTopa 3aTpUMKH MOro MOKHA 3HM3UTH juie 10 8,7 kBAp. Sk 1 mis
aKTUBHOI MOTY>KHOCTI, HAHOUIBIINM € HebaaHc peakTuBHOI moTyxHOCTI YPAE Eq

HiI[ 9aC CKUAY HaBaHTAKCHHA.
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Pucynox 4.20 — I'padiku HebanaHncy peakTuBHOT MOTY>kHOCT1 Y PSE

Ha puc. 4.21 nokazani rpadiku Hampyru Ha KOHJAEHcATOpl 3
Bukopucrtanuam: Pl perymsropa, FIR ¢instpa 3 ®HY ta Perynsropa 3aTtpumku
BIIMOBIJIHO. [Ipy 3HMKEHHI HABaHTAXHHS JUIsl 000X CXEM XapaKTepHe 301JIbIIEHHS
Harpyru 10 850 B. Ha Biapi3ky uacy Bix 0,3 no 0,4 ¢ npu HapoCTaHHI HANIPYTH Ha
10%, nampyra 3 BukopuctanusMm Pl perymnstopa 3pocia 1o 840 B, 3 FIR dinmerpom

1o 850 ta perynsitopom 3aTpumku 110 810 B.
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Pucynok 4.21 — I'padiku 3MiHE HaNIpyTry HAa KOHJIEHCATOP1
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B mpoueci ananizy po6oru YPSE BusBneno, uio:

1) HeGanaHC aKTUBHOI MOTY>KHOCTI Ep mix yac mepexiIHUX MPOLIECIB MOKHA
3HU3UTH NUISXOM TIJBHUINEHHS TOYHOCTI PETYIIOBAHHS HAMPYTH KOHJEHCATOPAH.
Jlng cralioHapHUX PEKUMIB, JTAHUW MPOLEC HE MIJAAETHCS PETYJIOBAaHHIO, BiH
3MEHIIY€THCS JIUIIE 31 3SMEHIIEHHSM HaBaHTA>KEHHS

2) HebanmaHe peakTHBHOI MOTYKHOCTI Eq B YPSIE 3anexwuts Bix Hanpyru Ha
koHeHcaTopi Cy.

3) Hampyra Ha HaBaHTa)kKeHHi 3a Bcix cxeM YPSE miarpuMyeThcst Ha OTHOMY
3aianoMy piBHi 230 B.

[TocninoBHo-napasienbHa cxemMa YPSE nemMoHcTpye HUXK4YI  BTpaTH
MOTY>KHOCTI M1J] Yac NePEeXITHUX IPOLECIB, OJTHAK CYNPOBOIKYETHCS MyIbCal[IIMU
aKTUBHOI TIOTYXHOCTI 4epe3 HMU3bKUIM piBEHb Hampyru Ha koHjaeHcaTopi Cpc.
Hebananc peakTWBHOI TOTYXHOCTI Eq CyTT€BO 3ajeXuTh BiJi HAmpyrd Ha
KOHJICHCATOpl, TOJA1 SK HaBiTh HE3HAUYHA 3MIHA IHIYKTUBHOCTI Yy BXO/Il

MOCJIIJIOBHOTO KOMITEHCATOPA ICTOTHO BIUIMBAE HA CTIMKICTh CUCTEMH.

4.4 MoaenwBaHHs TmocJaiioBHO-napajiejibHoro YPSE B pexumi

KOMIIEHCALIl IIBUAKUX 3MiH HAIIPYT'H Ta BUIIUX FAPMOHIK CTPyMY

st monemoBanHs pobotn YPSAE B pexxumi kommeHcarlli IMBHUIKUX 3MiH
HANpyTrH Ta BUIIUX FAPMOHIK CTpyMy BHKOpHCTaHe cepemopuiie Simulink makery
npukiaaaux mporpam Matlab [117], [118].

ba3oBi mapameTpu Mepexi, HaBAaHTAKCHHS, MTAPAJICITBHOTO Ta MOCIIiJOBHOTO

CA® YPJSE noxkaszano B Ta0i1. 4.4.



103

Tabnuns 4.4 — [Hapamerpu moaentoBanHs Y PSE Ta HaBaHTaxKeHHS

HavimenyBaHHs [Tapamerp 3HaYeHHA
Hampyra Us 400 B
YacroTa f 50 I'm
3- daznmuit AC mocaigoBHMIA O1Tip Rs 3,4 MOmMm
Jikepeno 3-pazna AC iHIYKTHBHICTb Ls 42 .9 mxl'H
Onip HYJBOBOT MOCIIJOBHOCTI Ro 0,01 Om
IHI[yKTI/IBI.{lCTL HYJIbOBOI L 19,1 Mk
MIOCJTi TOBHOCTI
Ormip 3a3eMIICHHS RN 4 Om
3- azamii AC mociiJoBHHH OITip R, 1,867 MOM
3-dazna AC iHIyKTHBHICTb L, 0,1 mI'H
Hemniniitne 3-(hazne nmapasienbHE aKTUBHE p 100 kBt
HaBaHTAKEHHS HaBaHTKCHHS
3-(hazHe nmapasienbHe peaKTUBHE 17 xBAp
HABAHTAKECHHS Q
3-(hazne mapanenpHe aKTUBHE P 170-190 kBt
o HABAHTAKCHHS
HIHIHH.G 3-(azHe mapanenbHe peaKTUBHE Q 50-140 kBAp
HIBHIKOSMIHHE HABAHTAKCHHS
HABAHTCHIT 3-(hazne mapanenpHe P4(Rq) 1 kBt
HABAHTAKCHHS
Hampyra Ugc 770 B
DC xono JIBa mocnimoBHuX KoHjeHcaTopu | Cy, Cy 3300 Mx®D
JliHiiiHa 1HAYKTUBHICTh Lsh.abc 0,5mI'H
[TapanensHuii Omip dinbTpa Rsh.abc 1 Owm
CAD €MHICTh PinpTpa Cosh,abc 27 Mx®D
YacToTa nepeMUKaHHS fimm 12 k'
JliHiiiHa 1HAYKTUBHICTh L se.abc 3mlH
Omip dinpTpa Rse.abc 1 OMm
[TocnigoBuMit €mMHICTh PinbTpa Cse.abc 47 Mx®D
CAD YacToTa nepeMuKaHHS frm 25 kl'g
Tpudaszuuii nocninoBHUAN Teonte 63 kB-A
TpaHcopmarop

PerynsaTop Hanmpyru KoHAEHCATOpa PO3TIITHYTO B TPHOX BapiaHTaX: KiIacHYHA
cxeMa KepyBaHHsI Ha OCHOBI P/ perymsropa, peryistop 3atpuMku 1a FIR dinbTp 3

®HY. Anropurm kepyBants CA®D Ta perynsatopa Hanpyru onucanuii B [100, 102].
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Hns cxemu kepyBanHsi Ha FIR ¢inbTpi Ta perymaropi 3aTpUMKH BHKOPHUCTAHO
aBTOMATUYHE 3a/JIaHHA 3aTPUMKU JJI1 CUHXPOHI3allli KoJia KepyBaHHA Uge 3
noctifiHoro yacy 1=1/300 Ta Iy 3 TOCTIiiHOIO Yacy OJIOKY KOB3HOTO YCEPETHCHHS
T=1/100.

AHali3 KOMIIeHcallli TapMOHIK BHKOHAaHO Ha OCHOBI TrpadidyHOro
MIPEACTABIICHHS CIIEKTPAILHOTO PO3KJIAMy TapMOHIYHHUX CKJIQJIOBHX CTPyMy Ta
Hanpyru Mepexi s HaBaHTaxkeHHs 2055 A. Jlns ominku piBHS KOMITEHCAIi
THD, ta THDy B Mepexi 3a monomororo YPSAE chopmoBano tad:a. 4.5 ta 4.6, mo
MICTATh PE3yJIbTATH MOJICTIOBAHHS.

Jlo xomrieHcallii piBeHb TapMOHIYHUX CIOTBOPEHb CTaHOBUTH THD, =
24,69 %,. Ilicns 3acrocyBanns Pl perynsitopa B cuctemi kepyBanHs Y PSE piBenn
TapMOHIYHHUX CIIOTBOPEHb 3MeHmyeThess 0 THD, = 1,1% (taba. 4.5). Ilpu
BUKOPHCTaHHI pETrylnaTopa 3aTpuMKH B cucTtemi kepyBaHHs YPSE piBenb
TapMOHIYHUX CIIOTBOpeHb 3MeHInyeThes 1o THD, = 0,44%. 3actocyBanns FIR

bimeTpa 3 ®HY B cucremi kepyBanHsi YPSE 3HuXKye piBeHb TrapMOHIYHUX

cnotBopenb 10 THD, = 0,35%.

Tabmuns 4.5 — Pesynbratl AOCTIHKEHHS TAPMOHIYHUX CIIOTBOPEHb CTPYyMY

s HaBanTaxxkeuus 2055 A

['apmo- | HaBanra- Pl perynsitop Perynstop FIR ¢ineTp 3
HiKa KEHHS 3aTPUMKH ®OHY
THD,, % 25,87 0,88 0,57 0,35
l5), %0 21,37 0,47 0,38 0,29
l(7), % 9,79 0,73 0,38 0,09
l11), % 7,66 0,1 0,14 0,15
l(13), % 4,86 0,16 0,15 0,09

Omxe, Hallkpamuii pe3yJbTaT KOMIIEHCAIlll BHUIIUX TapMOHIK CTPyMy

MPOJIEMOHCTPYBaJIa cxema perystopa 3atpuMku Ta FIR ¢insTpa 3 ®HUY.
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Jl7ig Hanpyru Mepexi piBeHb FrapMOHIYHUX CIIOTBOPEHb cTaHOBUTH THDy =
1,35% (tabn. 4.6). B pesynbTaTi KOMIIEHCAIll PEAKTUBHOI MOTY>KHOCTI Pl
perynsTop 3abesneuye 3HIWKEHHS CrnoTBopeHb A0 piBHs THDy = 0,065%.
BukopucTtanHs peryisiTopa 3aTpUMKH 3a0e3rnedye mofanbiie 3MeHmeHds THDy

10 0,028 %, a 3actocyBanss FIR ¢inerpa 3 ®HY — 1o THDy = 0,025%.

Tabmuus 4.6 — PesyapTatu JOOCHIIKEHHS TapMOHIYHUX CIIOTBOPEHB
Harpyru Mepexi 325,5 B
I'apmonika | HaBanta- | Pl perymsarop Perynsatop FIR ¢imeTp 3 ®HY
JKEHHS 3aTPHUMKH
THDvy, % 1,35 0,053 0,034 0,02
Ug), % 0,91 0,023 0,017 0,01
U, % 0,56 0,044 0,021 0,005
U, % 0,68 0,01 0,015 0,014
U(13), % 0,49 0,017 0,016 0,01

[licns mMOBHOI KOMMEHcallli PeakTUBHOI TMOTYXHOCTI 3a JOIOMOTOIO
napasiiensHoro CA® 3 Pl peryastopom piBeHb KonuBaHb Hanpyru OUs
samkyeTbes 10 0,25% (puc. 4.22). [Ipu BHKOpHCTaHHI peryisiTopa 3aTpPUMKH,
aMILTITY KonuBaHb Hampyru OoU; wmoxHa 3um3utd 10 0,18% (puc. 4.23).
Buxopucranns FIR ¢inbrpa 3 ®HY 3HMXKY€e aMIuTiTyiM KoJiuBaHb Hanpyru oU; 10
0,22% (puc. 4.24).

Pesynbrat gociimkeHHS JJIsI KOPOTKOCTPOKOBOI IHTEHCHBHOCTI (Quiikepa
npeacrasieni B Tabn. 4.7. 3actocyBanHs Pl perynaropa B cucremi YPSE
J03BOJISIE  3HU3UTU KOPOTKOCTPOKOBY I1HTEHCUBHICTH (iikepa g0 Pg=0,085.
Haiikpamnuii pe3ynbTaT nokasye perynsarop 3arpuMku Ps=0,071. Bukopucranus
FIR ¢inprpa 3 ®HY 3a0e3nedye 3HWKEHHS KOPOTKOCTPOKOBOI 1HTEHCHUBHOCTI

daikepa 1o Ps=0,078.



106

% 0.25 ——BUa, %
é —dUb, %
CE:U 0.2 —dUc, %
T
S 0.15
¥ |
.(%) S"‘ 01 i | | | | I h\ | \|| || | | I (| N | i L
£ 10
'% 0.05 |
3 0

0 1 2 3 4 5 6 7 8 9 10

Yac, xe

Pucynox 4.22 — I'padix mBUAKKUX 3MiH HANPYTU HABaHTAXKEHHSI MICJIsl BBIMKHEHHS
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Pucynox 4.23 — I'padix mBUAKKUX 3MiH HANPyTU HABAHTAKECHHS MICJIsI BBIMKHEHHS

VYPAE 3 perynastopoM 3aTpUMKH

0.25

; —an
= — , %
%‘ 0.2 ——dUc, %
C:E 0.15
3 o )
% i 01 “u | hl“ Il‘l \ i | J { |l| Iu
23
X Lo
(g 0.05 g q"'l g g nt "R TRIEY TH T "BVIENE
g OB AARE L AT M (AL LI R T L A LR L

0

0 1 2 3 4 5 6 7 8 9 10

Yac, xe

Pucynok 4.24 — I'padik MBUAKKX 3MiH HANIPYTu Mepexi micist BBIMKHeHHsT YPSE

3 FIR ¢inpTpa 3 ®HY
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Tabnuis 4.7 — 3HaueHHsI KOPOTKOCTPOKOBOT IHTEHCUBHOCTI Qutikepa.

InTencuBHicTh | HaBanTaxeHHs Pl Perynstop FIR ¢inbTp 3
dbaikepa pPEeryJIAToOp | 3aTPUMKH OHY
Pst, Mepexi 0,726 0,085 0,071 0,078

4.5 BUCHOBKH 10 po3ainy 4

Bukonano mnopiBHsuIbHUN aHami3 cuctem kepyBaHHI CAD Ta VYPSE
ctocoBHo 3meHmeHHs [THD|, THDuy, moka3Huka mBHAKUX 3MIH Hampyrd Ta

IHTEHCUBHOCTI (hJIikepa B €JIEKTPUUHUX MepexKax.

Jlist ananizy eeKTUBHOCTI 3MEHIIEHHS] TAPMOHIYHUX CIIOTBOPEHb BHOPAHO
PEXUM 3 BUKOPUCTAHHIM HEKEPOBAHOTO BUIPAMIISTYA B SIKOCTI HaBaHTaKeHHs. [[o
KOMIICHCAIlli piBEHb TapMOHIYHUX CIOTBOPEHb CTpyMiB € 3HayHuM (THD; =
25,87%). 3actocyBanns CA® 3 Pl peryiastopoMm m03BOJIsIE 3MEHIIHWTH PiBCHb
rapMoHiuHuX ckiamoBux 1m0 1,18 %. BukopucranHs perynaropa 3aTpUMKH
3a0e3nedye 3MEHIIEHHsI TapMOHIYHUX crioTBopenb 10 0,47 %, a FIR  dinbTpa 3
®HY — g0 0,35 %.

3actocyBanHsa Pl perynstopa B cuctemi CA® 103Bojisie 3HU3UTHU
KOPOTKOCTPOKOBY 1IHTEHCUBHICTH (imikepa 3 Ps=0,726 no Ps=0,051. Ananoriunumii
pe3yJbTaT Mmokaszye peryistop 3arpuMku B komruiekci 3 CA®D. Bukopucrtanus FIR
dbinpTpa 3 ®HY 3a0e3neuye 3HMKEHHS KOPOTKOCTPOKOBOI 1HTEHCUBHOCTI drikepa
10 Ps=0,047, mo 3HaxoAuThCs Ha piBHI MOXUOKH B MOpiBHAHHI 3 Pl perynsaropom
Ta PEryJasTOPOM 3aTPUMKH.

[Ticns 3actocyBannst Pl perynsaropa B cucreMmi kepyBanHs YPSE piBenb
rapMOHIYHUX CIIOTBOPEHB CTpyMiB 3MeHIyeThes Bin THD, = 25,87 % no THD, =
0,88%. V pasi 3acrocyBanHs peryistopa 3atpumku THD, 3menmyerbest 1o 0,57%,
a 3acrocyBanHs FIR ¢inmstpa 3 ®HY — g0 0,35%. Pl perynstop 3abesmeuye
3HMKEHHs crnoTBopeHb Hampyr 3 THDy = 1,35% no piBas THDy = 0,053%.
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Bukopucranns perynstopa 3aTpuMku 3a0esneuye 3meHmenns 1THDy 1o 0,034 %,
a 3actocyBaHHs FIR ¢inerpa 3 DHY — no THDy = 0,02%.

[lin vac HakuIy HaABaHTAXXCHHS MOCTIIOBHUM KOMIIEHCATOP CIOXKHBA€E
aKTUBHY TOTYXHICTh OJM3bKYy 70 8 KBT, a mapanensuuii renepye 9 kBt. Ilig gac
30UIBIIIEHHA  HANpPYrd AaKTUBHA TOTYXKHICTh IOCHIIOBHOTO  KOMIIEHCATOpa
3MEHIIYEThCA 10 HYJIS, a TMOTIM BiH MEPEXOIUTh B PEXKUM TeHepyBaHHS 110 15 kBT.
[lapanenbHuil KOMIIEHCATOpP TMpPU IOMY 3MEHIIYE€ TEHEpyBaHHSA, a IOTIM
NEPEXOJIUTh B PEKUM CIOKUBAHHS 30IbIIYIOYH MMOTYKHICTB 10 15 kBT.

[lin yac Hakuay HAaBAHTAXXEHHS IIOCIIIOBHUN KOMIIEHCATOpP CIOXHUBAE
pEaKTUBHY MOTYXHICTh Onu3bKy 10 8 KBAp. Ilim uyac 30UTbIICHHS Hampyru
pEaKTUBHA IOTYXKHICTh MOCIIJJOBHOTO KOMIIEHCATOpa 3MEHIIYEThCA 10 HYJIA, a
MOTIM BIH TMEPEXOJAUTh B pPEKUM TeHepyBaHHS 10 S5 kBAp. I[lapanenbuuii
KOMIIEHCATOP B YCIX peXUMaxX MPAKTUYHO HE CIIOKHUBAE PEAKTUBHY MOTY>KHICTb.

[lin yac HakuIy HaBaHTAKECHHsS HEOANAaHC PEaKTUBHOI MOTYXHOCTI Eq B
MOMEHT TiepeMHKaHHs npu BukopuctanHi Pl perymstopa nocsrae 30 kBAp. Ilpu
BukopuctanHi FIR ¢inerpa 3 ®HY, Hebananc moxHa 3uu3uTH 10 4,2 KBAp. 3a
po0OTH perynsaropa 3aTpUMKHA HOTro Mo>kHA 3HU3UTU 10 4,5 KBAp. Ilig yac 3HATTS
HaBaHTAXCHHsI, HEOAJIaHC PEaKTHUBHOI MOTYKHOCTI B MOMEHT MEpPEMHUKAHHS MpU
BukopuctanHi Pl perynstopa nocsrae 5 kBAp. Ilpu Bukopucranni FIR ¢inbrpa 3
®HY, nebamanc Mo)KHa 3HU3UTH J10 8,5 KBAD.

3actocyBanHsa Pl perymstopa B cucremi YPSAE no3Bossie 3HM3UTH
KOPOTKOCTPOKOBY 1HTEHCUBHICTh (uikepa 3 Ps=0,726 mo Ps=0,085. Jlemio
Kpaluii pe3ysbTat mokasye perymnsatop 3arpumMkn Ps—=0,071. V pasi Bukopuctanus
FIR ¢inpTpa 3 DHY Ps=0,078.

OTpumaHi pe3ynbTaTH CBIQYaTh TPO  JOIUIBHICTE  BUKOPHUCTAHHS
aJIanTHBHUX aJTOPUTMIB KepyBaHHS kKomneHcaTtopamu YPSAE s mokparenus
SKOCT1 €JIEKTPOEHEPrii B YMOBaX KOJMBaHb HAMpPYTU 3a OOMEXEHOI MOTYKHOCTI

1HBEPTOPIB.
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PO3/1J]1 5
MPAKTAUYHI PEKOMEHJALII IIOJO PEAJI3BALIT OTHO®A3ZHUX
CA® i YPSIE 3A HIBUJIKAX 3MIH HATIPYTH

5.1 IlpakTnyHa peasizauisa oguogasnoro napajieibHoro CA®

CrpykrypHa cxema oxaHodaszHoro mapanensHoro CA® 3o00paxeHa Ha

puc. 5.1, a iioro mpakTU4Ha peaiizailisi — Ha puc. 5.2.

vT3l VT4l <«—| Cucrema
VD1 VD2 <€— kepyBaHHs
v v Bl
VTl V121 U
+ || =
—> I I Udcref
[ dc _>} Ug

Pucynok 5.1 — CtpykrypHa cxema ogHodazHoro napaneiabHoro CA®
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T Cacrema KRepysanuns na ESP32 13 (
AATYHKAMH CTPYMY Ta HANPYTH

Pucynok 5.2 — IIpaktuyna peanizaiiist onHodasHoro napaneiabHoro CA®

OaHuM 13 TEPCHEeKTUBHUX TMIJIXOMIB 10 MPaKTUYHOI peatizallii CHJIOBHUX
aKTUBHUX (UIBTPIB € BUKOPUCTAHHS MIKPOKOHTpojepiB, 30kpema ESP32, mio
MoeAHy€e B cOO1 BUCOKY MPOAYKTHUBHICTh Ta 3JIaTHICTh 10 OOpPOOKH CHUTHAIIB Yy
peaabHOMY Yaci.

ESP32 mae BOynoBani ALII, moxuuBicts renepyBannsa HIIM-curnanis ta
miATpuMy€e 6araTo3asadHe mporpaMyBaHHs, [0 pOOUTH HOTO ieaIbHUM BUOOPOM
JUIsL CTBOPEHHSI KEPOBAaHMX CHUCTEM y peajbHOMY 4aci. 3actocyBaHHs ESP32 mus
noOy/I0BH aKTUBHUX QUIBTPIB JI03BOJISIE CTBOPUTH CHUCTEMY 3 MIiHIMAJIbHUMU
BUTpATaMu, MPUJATHY JJis 1HTerpailii B pi3HOMaHITHI MPOMHUCIOBI Ta MOOYTOBI
enexTpoycranoBku [119]-[122].

Y pesynbTaTi nociimkeHHs Oyjo po3poOJieHO MPUCTPIM KEepyBaHHS s
0J1HO(a3HOTO aKTUBHOTO (ibTpa Ha 0a3i MikpokoHTposepa ESP32, axuit 3qatHuit

KOMIIEHCYBATH FApMOHIYHI CIOTBOPEHHS B €JICKTPUUHUX MEPEXKax.
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Ha puc. 5.3 mpeacraBieHo cxeMy MiAKIIOUEHHS JaT4MKa HAmpyTd [0
MikpokoHTposiepa ESP32. JIns BuMIpIOBaHHS HAamnpyrd BUKOPHCTOBYETHCSA
PE3UCTUBHUN TMOAUIGHUK, SIKUH 3HIDKYE BXiIHY Hampyry no piBHs 3.3 B,

CyMICHOTO 3 aHajoro-uudposum nepersoproBaueM (ALIT) ESP32.
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Pucynox 5.3 — [IpuHiunoBa cxema gaTdyvka 3MiHHOI HaIllpyTy Ha TpaHcPopMaTopi

ZMPT101K

CTpyM BHMIpPIOETbCS 3a JONMOMOTOK Jartyuka Xoiuia (puc. 5.4), 1o
3a0e3nedye 130JIbOBAHE 3YMTYBAaHHS CUTHalTy cTpyMy. OOuaBa JaTYMKU
nepenaroTh aHanoroBi curHanu Ha ALl ESP32, ne BoHM mepeTBOPIOIOTHCS Ha

1M (POBI 3HAYCHHS IS TIOJIAJIBIIIOI 0OPOOKH.
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)
=
S

Latauk cTpyMy ¢instpa Ifilter

Pucynox 5.4 — IIpunnunosa cxema gatdauka ctpymy Ha mikpocxemi ACS712-30A

JIJisi BUMIpIOBaHHSI CUTHANIB 3 JaT4YMKIB BUKOpHUCTaHO ocuuiorpad. Bin
MOKa3ye JiarpamMy CUTHAIIy HalpyTd Ta CTPyMy, 1o mepemaerbes Ha ESP32 mms
anHami3zy. Curnan Hanpyru (puc. 5.5, a) € CHHYCOITHMM 1 BiOOpa)kae 3MiHY
HAIMpyTu B eNeKTpuuHii mepexi. CurHan ctpymy (puc. 5.5, 0), 3UuTyeTbcs 3a
JIOTIOMOTOI0 JaTyuka Xosuia. Lleft curnan TakoX € CUHYCOigHUM, ajie ioro ¢asza
MOke OyTH 3MillleHa M[0J0 CUTHAIY HAIMpYTd B 3aJIEKHOCTI BiJl XapaKTEPUCTHK

HAaBaHTaXCHHA.
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~ Wave Num  2/13

Pucynok 5.5 — Ocriunorpama curaity HarpyTu Mepexi (a) Ta crany

HaMpyry JJig 3YUTyBaHHS cTpyMy (0)

JIns BUMIpIOBaHHS TOCTIHOI HAmpyrw, BHKOPUCTAHO 130JbOBAHUMN
onepaniiauii migcwioBad AMC1200 (puc. 5.6). JlomycTrma BXijgHa Hampyra
250 MB. Jlng 3HWKEHHS BXIAHOI MOCTIWHOT HAmpyrd N0 MOTPIOHOTO piBHA,
HEOOXITHO BUKOPHUCTATH PE3UCTUBHHUIA MOMIIBLHUK 3 omopamMu R;=4,32 MOwm Ta
R,=2,7 kOm, mo no3Boisisse BuMiptoBatu Hanpyry a0 400 B. Curnan micns
MOAITbHUKA MOJAETHCS Ha BX1J MiACWIIOBAayYa, A€ BIH MPOXOJUTH MiJACHICHHS J10
piBast Hampyru ESP32. Jlanuii Omok mpaioe BiJl JDKEpesa SKUBJICHHS 3

rajbBaHI4YHOIO po3B’si3kor0 BO503S-1W.
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Pucynok 5.6 — [IpuHnumnoBa cxema JaTdauka MOCTIHOI HAPYTH HAa MIKPOCXeMi

AMC1200

Hampyra 3 matumka (puc. 5.7) € cTabuIbHOIO 1 BijoOpaskae TOYHUHN PiBEHb
MOCTIMHOI CKJIaJI0BO1 BX1JHOTO CHTHAIY, 10 BaXXJIMBO ISl MOHITOPUHTY HAIPyTrH

ITOCTIAHOTO CTPYMY B CUCTCMaAX CIICKTPOIIOCTAYaHHA.

Wave Num 4120

Pucynok 5.7 — OcuunsiorpaMa curtaity nocTiiiHOI Hanpyru

Anroput™m (GopMyBaHHS KOMIICHCYHO4OTro cTpymy [8] mokasanmii Ha puc.

5.8, a ta 6. 3uMTyBaHHS aHAJIOTOBUX CUTHAJIB 3 IATUYMKIB HAMPYTH Us, CTpyMy i_ Ta
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Ish BimOyBaeTbcs uepe3 ALl ESP32. Jlani curHamm mpoxoasth OOpOOKy, IO

BKJIIOYa€ (DUIBTPAIIiIO Ta PO3PAXYHOK TAPMOHIYHHMX CKJIaJ0BHX.

_ Wave Num 21140
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Pucynoxk 5.8 — Anroputm 00poOKu CUTHAIIIB 3 AATYUKIB JUIsl TeHepailii (a) ctpymy

KoMreHcalii Ta (0) ociuiaorpaMa cTpyMy KOMITEHcaIlli

Hns ¢opmyBannas [IM-curnany Bukopuctano kommapatop LM393. Ha

BUX0/11 Komnaparopa popmyerbes curnan Hout ta Lout (puc. 5.9, a, puc 5.9, 0).

= Wave Num
~ 3 . ..t 5

3/117 Ba _ Wave Num_ 6/117

i

R

Pucynok 5.9 — IIIM-curnan (a) Hout Ta (6) Lout_inv
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Hnsa xepyBanns |IGBT nppaiiBepom HeoOxiqHO 1HBEpTyBaTH curHan Lout 3a

JIOMIOMOTOX0 ofepartifiHoro mijgcuiroBadya LM358 (puc. 5.10).

T+5V
U3A
1 «Om NGRS |:Ij] [I}w Kow

CurrentESP32 10| kOM
¢ Lo pe 5 >t ESP32_HIN »

1«0
CurrentFilter

—I 5 1 ESP32_LIN_INV >
12 per
LM358

GND

Pucynok 5.10 — IIpaktuuna peanizaris LHIM-perymnstopa

HpaiiBep moBHOTO MocTa Ha MikpocxeMax |R21834 peamnizyeThcsi NUIIXOM
BUKOPHUCTAHHA JBOX TaKWX JIpaiiBepiB AJs KepyBaHHsA doTHpMa cuioBumu |GBT
tpanzucropamu, FGH40NGO. )Kusnenns apaiiBepiB 3M1HCHIOEThCS Bif Jpkepena 15
B, a ans poboTH BepXHIX TPaH3UCTOPIB BUKOPUCTOBYEThCs DOOtStrap-cxema. st
3armo0iraHHss  OJHOYACHOMY  BIJIKDUBaHHIO  TPAaH3UCTOPIB  OJHOIO  Iieya
nependayeHa meptea 30Ha B LIIIM-curnam y Burisai pesucropa 200 kOwm. Ilpu
MPOEKTYBaHHI BaXKJIMBO MPABWIIBHO Mi1I0paTH HOMIHAIM 30BHIIIHIX KOMIIOHEHTIB,
TaKUX SK JBa mapaneinbHux bootstrap-koumencatopu 0,33 mMx®, 10 Mx® Ta
oOMexyBaJIbHI pe3ucTopu kojax 3arBopiB 10 Om B maHomy Bumajaky. Y pasi
HEMPaBWIHHOTO (OPMYBAHHS CUTHAIIB HEOOXITHO TEPEBIPSITH CHHXPOHI3AIIIO

[IIM-curnaiiB Ta mpaBWIBbHICTH MiAKIIOYeHHS BUBOIB VS 1 VB napaiiBepiB (puc.

5.11).
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Pucynok 5.11 — Ilpaktuuna peanizallisi CHCTEMH KepyBaHHS IOBHUM MOCTOM ISt

IGBT Tpansucropis

Jist oOMeXeHHs TMepeHanpyrd IIiJl Yac TMEepEeMUKAHHS TpPaH3UCTOPIB

Bukopuctano RCD cnabepu 3 omopom 160 Owm i3 3BopotHuM mionoMm FR308 Tta

emHictio 0,47 Mx® (puc. 5.12).
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Pucynoxk 5.12 — [Ipaktuuna peasnizaiisi omHO(}a3HOTO IHBEpTOpa 3 CHabepamMu
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Kongencarop mocriiinoi Hampyru 3 emHIcTIO Cg=3300 wmx® Ta
HOMIHAJIbHOIO Harpyrorw Ug=400 B wmae HUBBKHMI BHYTpIIIHIA oOIIp, IO
3a0e3neyye CTaOUIBHICTh >KUBIEHHS. Buximuuit L ¢iasTp copoekToBaHO 3

KOTYIIKOIO 1HAYKTUBHOCTI 6,4 MI H.

5.2 IlpakTuyHi pekoMeHaamii moa0 peanizanii  MOCJiI0BHO-

napaJjieabsHoro YPSE

JIist KoMmeHcarlli KOJMBaHb HAMpPyrW HEOOXITHO MiJHATH HaIpyry Ha
koHgeHcatopt Uge mapanensHoro CA® pgo 770 B. [Ansg uporo HEoOXigHO
BU3HAYHUTH 1HIYKTUBHICTh KOTYIIKK mapainenbHoro CA®, ska 103BOJISE MiTHATU
HAlpyry Ha KOHJAEHcaTtopl. BukopucTaeMo CHIBBIIHOLIEHHS MIX HaIlpyroio
YKUBJICHHS Ta TIOCTIHHOIO CKJIaIOBOIO HAMPYTH HA KOHJEHCATOPI.

Hampyra Ugc y miBUIlyBaJbHOMY pEXHUMI POOOTH aKTHUBHOTO (iIbTpa

FapMOHiK BU3HAYA€THCA AK:

; Um:Urms'\/E; D:]-_U_m* (5.1)

ne D — koediiieHT 3a0BHEHHS MHUPOTHO-1IMITYJIECHOT MOTYJISIII.
JIJisi miABUIYBAJILHOTO TEPETBOPIOBAaYa 1HAYKTHUBHICTh BU3HAYAETHCSA 3a

bopmyIioro:

Ly, = — . (5.2)

[Tapanensanii CA® ckinagaeThes 3 ABOPIBHEBOTO iHBepTOpa Ha ocHOB1 [1IIM

3 npomatkoBuMu cHaOepamu 0,47 MKk®D, 10 BMHKAETHCS TapajeibHO O
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HaBaHTa)XeHHA uepe3 TpaHchopmatop st mepex 10, 35 kB. Buxigamit L-C
¢bineTp HamamroBaHuit Ha dactoTy | k[t IlocnmimoBHuit CAD cknagaeTbes 3
KEpOBaHOTO JIBOPiBHEBOTO iHBepTOpa Ha ocHOBI LM, L-C dhinsTp HanamroBanuii
Ha yacroty 150I'm. Kounencatopua Oarapes Ci;, C, mnpu3HauYeHa IA
KOPOTKOYACHOTO HAKOIMWYEHHSI €HEeprii Ta 3ria/pKyBaHHS KOJMBaHb HANpPYTd B
CUCTEMI.

[Tapanensuuit CA® YPSE BUKOPUCTOBYETHCS JUIsl KOMIIEHCAIlli TApMOHIK
ctpyMy. ToMmy, HEOOXiIHO BpaxyBaTh IOIYCTUMHUN PIBEHb IybCallli CTPyMYy.
[lynbpcamnii cTtpymy uepe3 IHIYKTUBHICTH Alsy BHU3HAYAIOTBCS PIZHULICID MIXK

BX171HOIO Hanpyroo Uiy Ta HanpyTor0 Ha MIKMHI OCTIHHOTO cTpyMy Uge.

(Ui ~Uac) D

Ale, =
Sh
®gh - LSh

(5.3)

[TocninoBuuit CA® B YPSE BuxkopuctoBy€eThCs IJisi pEryIlOBaHHS HaNpPyTH,
TOMY TmyJjbcalii cTpyMy Alse BU3HAUarOThCS 3MIHOIO HANpyrd Ha QuUIbTpyroUli

IHIYKTUBHOCTI Lse MpOTATOM TIepioay KomyTartii Ts.

Alg, = (5.4)

[Tynscamii Hanpyru AUse y mocnimoBHoMy CA®D 3aieXuTh BiA MyJbcarlii
ctpyMy Alse uepe3 1HIyKTUBHICTH GuibTpa Lse Ta mapamerpiB KomyTarli.
[Tynbcarii Hapyru 3MEHIIYIOTHCS 32 PaxyHOK TopajenbHOro koHaeHcaropa Cse.
B3aemMo3B's130k MK HaAmpyroro ¥ CTPyMOM i 1HAYKTUBHOTO €JIEMEHTA

OMUCYETHCS 3aKOHOM €JIEKTPOMArHITHOI 1HTYKIIIi.
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AISQLSE('O
1+o° Lg,-Cqp

AU, = (5.5)

BpaxoByroun naHi OOMEXEHHS, MOXHA po3paxyBaTH MapaMeTpu JUis
IIBUIKO3MIHHIX HAaBAHTAKCHb.

VY ycrajreHoMy pexuMi, 32 YMOBH CHHYCOiHOI Ta 30aJJaHCOBAHOI HAMPYTH
Mepexi W 0e3 BpaxyBanHa BTpar YPSE, moryxHicte mapanenbHOro Ssn Ta
MOCTIZIOBHOTO Sge AKTUBHUX (IIBTPIB, HOpPMali3oBaHAa BIAHOCHO TIOBHOI

MOTY)KHOCTI HABaHTaXXCHHs, cTaHOBUTHME [42]:

2
COSQ; - (1—3}
s/ .

SSe —
S, 1+THD?
Ssh | _ Us \Ys +1; (5.6)
S 1+ THD}
2

COS @y /(l—uLJ
Sse _ Us
SSh ’

cosz(pl-u'--(u'-—zlﬂ
Us (Us

ne COS@; — KOe]IIieHT MOTYKHOCTI, 1[0 3yMOBJIEHUH (Da30BUM 3CYBOM CTPYMY;
THD, — cymapnuii koedilieHT TapMOHIYHUX CIIOTBOPEHB BUXIJTHOTO CTPYMY.
30ubmienHss THD, Ta 3MeHmieHHs COS@, TpUBENE IO 3MEHIICHHS
CHIBBITHOILLIEHHS |SSe / S|_| 1 301JIbILIEHHS CIT1BBITHOILIEHHS |SSh/ S|_| .

Hns  xopuryBamns THD, ta THDy wmoxna ckopucratuce LC-

3MIIAKyBTBHUM PitbTpoM [43].
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LC = —321. (5.7)

1e 1 — KoedilieHT KOPUCHOT [i;
K,,, — KoeQilieHTa 3IJ1a1KyBaHHS.

3 Bupazy (5.7) mna 30inpmenas KKJ[ HeoOXimHO 3MEHITyBaTH OIIp
pesucrtopa GuibTpa, a MO0 OTpUMATH NPU I[OMY HEOOXIAHHMM KOe(IilieHT
3rJa/I)KyBaHHs, TOTP1OHO 301IBIITYBaTH €MHICTh KOHJIEHCATOPA.

JUia mopemoBaHHs pobotn YPSE B pexumi  KOMIIEHcalli peakTUBHOI
MOTYHOCTI, BUIIIUX TAPMOHIK CTPyMY, IHTEHCUBHOCTI (Iikepa 3a MIBUAKOI 3MiHU
Harpyrd BUKOpUCTaHa MoOJieNb 3 TpU(da3HUM HENIHIMHUM Ta JIHIHHUM
IIBUIKO3MIHHMM HaBaHTa)KeHHsM [28].

ExBiBanientHe opHodazne mnpencrtaBienHs YPSAE B cucremi posmnopiry
enexkTpoeHeprii mokazano Ha puc. 5.13. CnoTBopeHa Hampyra >KUBJICHHSA y TOYIII
3araJIbHOTO 3’€IHAaHHS MOJICTIOETHCS CYMOIO JIBOX JDKEpENl Hampyrd, a came
OCHOBHOI 4acTOTH Us Ta BUIIUX TapMOHIK Us . HemiHiliHe Ta JiHIHHE BUIKO3MIHHE
HABaHTAXXCHHS MOJICITIOETHCSI CTPYMOM OCHOBHOI YacTOTH I Ta BHIIHUX T'apMOHIK

ILh, SIKI 3MIHFOBATUMYThCSI BUTIAIKOBUM YHHOM.



122

A
A

Rg Ly
1 Y TY T
A uS,h
(L
Rs
. u <
ig| @3 L3 2
i
R Lo

Pucynok 5.13 — ExBiBasienTHa omHO(a3Ha cxema 3amimieHHst YPSE

[Taminus Hanmpyru Ha omnopi JiHiT R+j ®'L mo3Haveno Uz. [Tapamerpu cxemu
3aMIIIEHHS TOCJIJIOBHOTO Ta TapajielbHOro TpaHcdopMaropa MO3HAYECHO
BIINOBIMHO Rget, Leet, Ryt Ta Lgyr. Hampyrm  up-Ug /2 1 uy-Uge/2
(bopMyIOThCSI TOCHIJOBHUM Ta MapajelbHUM akTUBHUMH (inbTpamu YPAIAE
BiZNOBiAHO. IX QiNbTPH HIKHIX YacTOT MOAEMIOIOThC Lgy, Cgp 1 Reg, 1 Lgp, Cqp 1
Rgp, BIAMOBIAHO. ishc MO3HAYAE CTPYM KOHJIEHCATOPa BUTOKY IIYHTOBOTO (igbTpa

HUKHIX 4acTOT. Use MIO3HAYAE BBEJICHY HAIPYTY MOCIIJOBHOTO aKTUBHOTO (PiIBbTpA,
TOJII SIK Ish IO3HAYA€E BBEACHUN CTPYM MapaieIbHOTO aKTHBHOTO (iIbTpA.
YPAE no3Boiisie peryiaioBaTH HAnpyry HAaBaHTAKEHHS U 1 CUHYCOITHHIMA

CTPYM, IO CIIOKUBAETHCS 3 MEPEKI Is:

UL =Up ref —Uge —Ujoss = U L,ref SIN (Dlt _USe Sin 0)1'[ _Uloss SIn (Dlt;

iS = iL — iSh = ||_SII‘] O)lt — ISh Sinﬁ)lt; (58)

m
I =l p+lg g+l =1 psSinot+1; cosw1t+2||_,hi sin wjt,
i=2
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ne U ref €3a1aHa HOMiHAJIBHA HAIIPYTa 3 aMILTTYH0E0 U e ;
Ig — aMILIiTy1a CTpyMy MEpexi,
®, — KyTOBa 4acToTa.

HeniniifHuil cTpyM HaBaHTa)XXEHHS || MO’KHA PO3KJIACTU Ha aKTHUBHUH CTpyM

OCHOBHOI 4acToTH lf , peakTHBHHIl CTpyM OCHOBHOI 4actot lf 4 1 cTpym

BMINUX TAPMOHIK | , ne | o ta | € BIQIIOBIAHUMHU aMILTITYyIaMU.
p L,h f.pr 'f.q L,h y

Ingexc M B (5.8) BIZHOCHUTBCS 10 MAKCHUMAJIBHOTO MOPSAKY TapMOHIK CTPYyMY
HABaHTAXXCHHS Ta HANIPYTH Mepexi [44].

CroTBOpeHHSI HAINPYTd MEpeXi Ta CTPYMy HABaHTAKECHHS MOXYTh OyTH
MOBHICTIO KOMIIEHCOBaH1, MO0 BOHU Oylu YuCTO cuHycoigHuMu. OTxe, 0e3
ypaxyBaHHS BTpPAT MOTY)KHOCTI, TCHEpOBaHa aKTHBHA MOTY)KHICTH iICHY€ JIMIIIEC Ha

OCHOBHIH 4aCTOTI:

Ishg T1f,q 1, =0;

2 & . 2 & .
= [ g pMdte = [ ug () ip®dt=0,
t-T/2 T t-T/2

(5.9)

ne lsh p 1 lsh,q — TEHEPOBaHi aKTHBHA Ta PEAKTUBHA CKIIA/IOBI CTPYMY gy, -

[IpoBenenuil anami3 J03BOJIUTh BU3HAUUTH METOAM KEPYBAHHS AJSL PI3HUX
PEXUMIB €KCIUTyaTallii, a TaKOX IXHIO MPUIATHICTh 10 POOOTH 3 UYTIMBUMHU Ta
HEJHIMHUMU HaBaHTaXeHHsAMU. lle cnpusarume crabuibHi pobori YPSE Ta

MOKPAIICHH] SIKOCTI €JIEKTPOSHEPT1i B YMOBaX Cy4aCHHUX PO3MOIILHUX MEPEK.
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5.3 JlocaigkeHHs KBa3inepioAMYHUX KOJMBAHb HANPYIH Y Mepeskax i3

3actocyBaHHsaM YPSHE

HNocmmkenass podotn YPSAE Ha renepariiro KBa3inepioAMYHUX KOJIUBaHb
MPOBOAMIIOCH 3 HENIIHIMHUM HaBaHTaXXEHHSM (BUIPSAMIIAY, cxema JlapioHoBa) 3
KOMIUIEKCHUM omopoM 12+j1,256 Owm, mapanienbHe JiHIHE HABaHTAXCHHS 3
omopom 35+j15 Om Ta mapaieipbHe 4YYyTJIMBE HABAHTAKCHHS Y BUIJISI
ACHHXPOHHOTO JBHUTyHa MOTYyXHicTi0O P,=38 kBT. HoMinanpHa Hampyra mepexi
U,=400 B. YPSE BBimkueHo Ha Bigctani 200 M Big mkepena sxuBiaeHHS, 10 M Big
acUHXpoHHOro JBuryHa Ta 20 M BiJg HeJTiHIAHOTO HaBaHTaxeHHs. Yac
mogemoBanns t=0,3 ¢. MoaentoBanHs BukoHaHO B mporpami Matlab / Simulink.
Cxema JI0CITiKyBaHOi ycTaHOBKM onrcana B [117, 118].

bynmo mpoBeneno naBa gocmiaum BMukaHHsa YPSE 3 BuxkopucranHsM
napajiebHO-NOCAIJOBHOI TomoJorii i (opMyBaHHS 3aJaHOI HAOpyrd Ha
HABAHTAXKEHHI, KOMIIEHCAIlli peaKTUBHOI MOTYHOCTI, BULIIUX TAPMOHIK CTPYMY Ta
Harnpyru. [lapamerpu YPAE nnsa nepmoro mocminy: Pse t=25 kBT, Lsh=1,5, Csp=10
MKD, Lse=5 MI'H, Cse=47 MK®D, C;,=6000 MKkD, Uqcr=650 B. BBimxuenns YPSIE
MOJIEITIOETHCS TIPH 3allTyHTOBAHIM BTOPUHHIM 0OMOTII TpaHchopmaropa TwW2 (puc.

5.14).

Ci
- - — _ ________ o )
A BXiJ 1 A BXig
o 1
\N
S
[IOCTiTOBHOTO e

|
|
CAD |LC pimsp Cgp, |
|

' napajcib-
A BUXij [moroA® ‘_
N

Pucynox 5.14 — Ipunmunosa cxema inBeptopa YPSE npu nrynTyBaHH1 BTOPHHHOI

|
|
| LC dineTp
|
|
|

obmoTku TW2 TpanchopmaTopa
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I[Ipu pob6ori VYPAE B nmanomy pexumi BigOyBaeTbCs TeHepallis
KBa3IMEepIOANYHUX KOJHMBAHb I 4Yac 3apsay KOHAEHcaTopa, aMILNTyJa SKUX
nocsrae 10 B s maHOT MOTY>KHOCTI BBIMKHEHOTO nBuryHa (puc. 5.15). Jlane
SBUIIE CIPUYMHSIE KOJIMBAHHS HANpPYrd MEpeki Ta AaKTUBHOI MOTYXKHOCTI 3

amiutityoro 500 Bt [123, 124].

700 I I I
680 — -
660 | -

640 =

620 B

600 T T T T T
0 0.05 0.1 0.15 t,c 0.2 0.25 0.3

Pucynok 5.15 — I'padik 3miau Hanpyru Ha koHjeHncaropi YPAE npu myHTyBanH1

BTOPHUHHOI 00MOTKM TW2 TpaHchopMaTopa

st mpaBunsHO1 pobotu YPSE B manoMmy pekumi HEOOXITHO MiaiOpaTu
myHTyounii KoHaeHcatop Cse, e HEOOXIAHO JJIsi OOMEXEHHS HaMarHidyBaHHS
CeplieyHUK TpaHchopmaTopa Ta TMOMEpeHKEHHST pe3oHaHCHUX sBuml. [lpu mamii
€MHOCTI KOHJICHCATOPa, TpaHC(HOPMATOP BXOIUThH B PEKUM HACUYCHHSI.

Jlns  kepyBaHHST PEXHUMOM KOMIIGHCAIlll BHIIMX TapMOHIK Hampyru
BUKOPUCTOBYIOTh BUXiAHI peakTopu Lse. Jlng KomrmeHcaiii BHINIUX TapMOHIK
HAIlpyrd HEOOXIHO BEJIMKI 3HA4YeHHs 1HAYKTUBHOCTI. [Ipu He mnpaBuiIbHOMY
po3paxyHKy Cse MOKJIMBO BUHMKHEHHsI pe3oHaHcy Ha 31 Ta 35 rapmodili, 1o

BUBEJIC CUCTEMY 3 CTaHy cTiiikocTi (puc. 5.16).
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Fundamental (50Hz) = 320.5, THD=1.70%
| | | I

[
06 <o ! ]
Y 0.505164 X 35
_05[ . Y 0.570224 -
£ x27| 1 |
c
5 X 29
L Y 0.478437 ]

Eo04 Y 0.460199
©
c
2
T o3f X 25 .
3 Y 0.323204
=02 .
©
=

0.1} .

0
0 5 10 15 20 25 30 35 40 45 50

Harmonic order

Pucynoxk 5.16 — Poskiiang Hanpyru Mepeski B rapmoHiunuii psig Oyp’e

Jlani  KkBasimepioJW4YHI KOJMBAaHHSA MOJXKHAa KOMIICHCYBaTH  3MiHOIO
po3mimenHs BuxigHOi eMHOCTI Cgse. I[Tapamerpum YPSAE mns apyroro mocmimy:
Pse1=25 kBT, Lsh=1,5, Csh=30 MK®D, Lse=0,5 MI'H, Cse=47 Mx®D, C;,=6000 MKD,
Udcrer=650 B. BBimkuaennst YPAE monentoerscss mpu 3allyHTOBaHINM TEPBUHHIMN

oomori Tpanchopmaropa Twl (puc. 5.17).

[ T — — 1 Asxin
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Pucynox 5.17 — [Ipunnunona cxema iaBepropa UPQC npu mryHTyBaHHI

nepBuHHOI 00MOoTKH TW1 TpancdopmaTopa
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I[Ipu pobori VYPSIAE B ganoMy pexumi TOMHIKA Te€HEPyBaHHS
KBa31MepioAMYHUX KOJIMBaHb Maike MOBHICTIO 3HUKAE (puc. 5.18). JlaHuii pexxum
3aJUINAETHCS CTIMKUM HE 3aJIeKHO BiJ MOTYXKHOCTI JIBUryHa. Hemomikom maHoi

TOIOJIOTII € He3HaYHUH pe3oHaHc mo 17 Ta 19 rapmownini (puc. 5.19).

680 | ! I
660 -
640 L
620 r

600 — -

580 r

560 T T T T T T T
0 0.05 0.1 0.15 t,c 0.2 0.25 0.3

Pucynox 5.18 — I'padik 3mMiHM Hanpyru Ha KOHJIEHCATOPI MPHU IIYHTYBaHHI

nepBuHHOI 00MOTKH TW1 Tpancdopmaropa

Fundamental (50Hz) = 321.3, THD= 1.84%
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Pucynox 5.19 — Po3xman Hanpyru Mepexi B rapMoHiuHHM psij Dyp’e

He 3anexxHo Big HAsAIBHOCTI pO3AUILHOTO  TpaHchopmaropa OIS

napasienpHoro CA®. [Ins HaBaHTaXeHb 3 BEIMKUMH ITyCKOBUMH CTPYMaMH,
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CHCTEMa Mpalloe OOMEKEHO Ta HE B 3MO31 MIATPUMYBATHU SIKICTh €JIEKTPOEHEPTii B

AOIIYCTUMHUX MCKaAX.

5.4 BUCHOBKM /10 po3aiay 5

Y po3nuti HaBeNEHO MPaKTHYHI PEKOMEHMAIlli MO0 peajizaimii CHCTeM
aktuBHUX QUIBTPIB (CAD) Ta yHiIPiKOBaHOTO pEryisiTopa sIKOCTI €JIEKTPOCHEprii
(YPAE) 3a HagBHOCTI KoJIMBaHb Hamnpyru. I[IpakTuuHa peanmizaulis CHIOBOTO
aKTUBHOTO (inbTpa Ha 6a3i MikpokoHTposiepa ESP32 3abesneuye omudpyBanHs
Halpyru Ta CTPyMy 3a JIOIIOMOTOI0 aHaJIoro-iu@poBOro IepeTBoproBada 3
pPO3AUTHHOIO 37aTHICTIO 12-0iT, 1m0 MO3BOJISAE€ BUSABIATH TapMOHIKH g0 50-TO
NOPSZIKY. BJIOK peryiroBaHHs HaPyrd Ha KOHAEHCATOP1 BUKOHAHO 3a JOMOMOTOIO
FIR-dbinpTpa, 610Ky 3aTpuMku Ta 00Ky JiHeapu3zaiii. ['enepartis IIM-curnamy
BiIOyBa€eThCS 3a A0MOMOTor0 Kommaparopa LM393 3 aBromaTtnyHuM 3amaHHIM
yacToTh TepemukanHs. KepyBaHHsS onHO(a3HUM MOCTOM BiJOyBa€ThCA Yepe3
npaiiep IR21834, mo rapanTye MiHiIManbHI BTpaTH MpPU MEPEMHUKAHHI CHIIOBHX
KITFOYI1B.

[IpoBeaeHO OIIHKY CTIMKOCTI CHCTEMH NMPU BUHUKHEHH1 KOJIMBaHb HATPYTH
B pe3yibpTari poOOTH MIBUAKO3MIHHOTO YYTJIMBOIO HaBaHTaXeHHs. B sKkocTi
MPUCTPOI0 KOMIIEHCAIlli KoJMuBaHb Hampyru BuOpano YPAE. VYV Bumanky
IIYHTYBaHHS BTOPHHHOI OOMOTKHM TWZ2 TpaHchopmaropa, SKAW BMHKAE
nocuiioBHuid CA® B Mepexy Ta HasgBHOCTI JIBUTYHIB B HAaBAHTAXKE€HHI, MOXYTb
BUHUKATH KBa3IMEPIOUYHI KOJIMBAHHS, 1[0 BUHHUKAIOTh B PE3yJIbTaTli PE30HAHCY
VYPAE 3 wmepexero. [lpu poOOTI mnpucTporo 3 JHIKHUM Ta HETIHIHHUM
HABAHTAKECHHAM JaHOi MpoOJjeMu He BUHUKAE. JJis BUpIIEHHS i€l mpoOiaemMu
3aMmpoNOHOBAaHO BUKOpUCTOBYBaTU L-C GinabT 31 cTOpoHM mepBUHHOI 00MOTKH TW1

TpaHcpopmaropa.
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BUCHOBKHA

VY nmwmceprariiiHiii poOOTI BUpIIIEHa akKTyalbHa 3ajlada yIOCKOHAJICHHS
CUCTEMHU KEpYBaHHS CWJIOBHUMH aKTUBHUMH (DUIbTpaAMU JUISl MIJIBUILEHHS SKOCTI
GbiapTpyBaHHS BUIUX TAPMOHIK 1 3MEHIICHHS KOJHMBAHb HANPYTHU B PO3MOIUIHHUX
CIIEKTPUYHUX MEpekax 3a HAasBHOCTI IIBUAKO3MIHHUX Ta  HEJNIHIMHUX
HABAHTA>KEHb.

OCHOBHI TEOPETUYHI Ta €KCIEPUMEHTANIbHI JOCIIKeHHS, AKI BUKOHAHI B
JTUCEePTaIiitHIi poOOTi, MOXKYTh OyTH y3arajabHEH1 TAKUMH BUCHOBKAMH:

1. Ha ocHOBiI aHami3zy pexXuMy MacHUBHOI KOMIICHCAIlI PEaKTUBHOI
noTy>HocTl napanenbHuM CA® mnokazaHo, IO B I[bOMY PEXHMI KOJIMBaHHS
Hanpyru Ha HaBaHTAXEHHI KOMIIEHCYIOTbCSI YaCTKOBO. PeXMM aKTHUBHOI
KOMIICHCAllli PEaKTUBHOI TMOTYXHOCTI JI03BOJISIE  3a0€3MEUYUTH  CTaOUIBHICTD
HaIlpyru Ha HaBaHTaxkeHHI. [Ipote 3a Takoro pexumy CA® nmoBUHEH BOJOIITH
IMPOKUM JI1arla30HOM PETYJIIOBAHHS PEAKTHBHOI MOTYXHOCTI. J[7si BHpimieHHs
1i€i mpoOaemMu OyJI0 3aMpONOHOBAHO BUKOPUCTAHHS MOCIIJOBHO-TIAPAJIEILHOTO Ta
napayiensHo-nocaigopHoro YPAE, mo 103BomsitoTh cTabLni3yBaTH 3a1aHU PiBEHb
Hanpyru. IlpoananizoBaHO €(QEKTUBHICTh 3MEHIICHHS KOJMBaHb HANpyrd 3a
nonomoroo YPAE. Pesynbratu gocnimkens nokazanu, mo YPSE 3abesneuye
cTabUIbHY poOOTY HaBITh 32 YMOBHU MOPIBHSIHO HEBEIUKOI MOTYKHOCTI 1HBEPTOPIB
HaIpyTH, 0 poOUTh HOro e€PEeKTUBHUM IHCTPYMEHTOM IJisi MIABUILEHHS SKOCTI
CJIEKTPOCHEPT1i.

2. Po3poOneHi MareMaTH4HI MOJIeNi, 1110 ONUCYI0Th noBeninky YPSAE mpu
3MiHI Hampyrd y BY3J1 MEpexi, sKi JO3BOJWIM BCTAHOBUTH 3aKOHOMIPHOCTI
BIUIMBY MapaMeTpiB PEryJIIOBaHHS Ha CTAOLIbHICTh HANPYTH. 3aCTOCYBaHHS IMX
MoJiesield J03BOJISIE MPOTHO3YBATH MOBEAIHKY CHUCTEMH B yMOBaxX pPI3HHUX THIIB

PETYIIOBAHHA Ta  BHU3HAYUTH OINTHUMAJIbHI mapamMeTpu Ojsd  JOCATHCHHA
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MaKCHUMaJbHOI CTa0lIbHOCTI HAIIPYTH, 110 € BAXXJIMBUM JIJIs 3a0€3MEeUeHHS] BUCOKOT
SIKOCT1 €JICKTPOEHEePTii.

3. VYnockoHanmeHo cuctemMy KkepyBaHHs mapanenbhum  CAD i3
3aCTOCYBaHHSAM aJJallITUBHOTO €JIEMEHTa 3aTPUMKU B Yaci B CUCTEMI PETyJIIOBaHHS
HanpyTy KOHJIGHcaTopa, 110 3a0e3rnedye MiABUINCHHS CTaOUIBbHOCTI HANpyrd Ha
KOHJICHCATOpi 3a 30BHIIIHIX 30ypeHb. Po3polbiieH0 cxeMy KepyBaHHS Ha OCHOBI
FIR-dinbpTpa, sika mpoaeMoHCTpyBajia MiABUINCHY €()EKTHUBHICTh y KOMIIEHCAIIT
BUILMX TApPMOHIK CTpyMy 1 3a0e3neumsia CTaOUIBHICTh HANpPYTH MPU IIBHJKHX
3MiHaxX HaBaHTAKCHHSI.

4. Pe3ynbpTaTy MOJIENIOBaHHS MIATBEPAMIIM, 1II0 cxeMa kepyBaHHs CAD Ha
ocHOBl FIR-dinpTpa 3a0e3neuye HaWlBUIIUA PIBEHH KOMIIEHCAIlll TapMOHIYHUX
CIIOTBOPEHb. BCTaHOBIEHO, 110 3a JONOMOIOI0 CHJIOBUX aKTUBHHMX (UIBTPIB
MOKHA JIOCSITTH BHCOKOTO PIBHSI KOPEKIlli mapamMeTpiB SIKOCTI €JIEKTPOCHEpPrii 3a
JEKITbKOMa BaXJIMBUMH TOKa3HMKaMH, 30KpeMa, 3a pIiBHEM 3arajbHUX
rapMOHIYHUX CIIOTBOPEHB HANIPYTHU Ta CTPYMY, a TAKOXK 32 IHTEHCUBHICTIO (Iikepa
Hanpyru Mepexi. Take BHUpINIEHHA Ma€ BaXIWMBE 3HAUEHHS [UIsI Cy4YacHHX
CIIEKTPUYHUX MEPEX, IO 3a3HAIOTh IOCTIHHOTO BIUIMBY INBHIKO3MIHHHX Ta
HETIHINHUX HAaBaHTaXEHb, SKI MOXXYTh HEraTHMBHO BIUIMBAaTH Ha CTa0lIBHICTH
€JIEKTPOTIOCTAaYaHHS.

5. Tlomampmoro po3Butky HaOyna cucrema kepyBanHs YPSIE 13
3actocyBaHHsAM 1udpoBoro FIR-pubTpa Ta perynsaropa 3aTpUMKH s
cTabumzamii Hampyrd KOHJEHCAaTOpa Ta 3MEHIICHHS KOJIMBaHb HANpyrd B
SJIEKTPUYHIN Mepexi. AHai3 moka3as, 1o BupoBakeHHsa FIR-¢insTpa y cucremy
kepyBaHHa YPAE no3Bossie 10CATTH BUCOKOT TOYHOCTI PETYJIIOBAHHS HANPYTH HA
KOHJIEHCATOpax Ta MiHIMI3alii TapMOHIYHMX CHOTBOpPEHb. JlJIs 3MEHIIEHHS
MIBUJKAX 3MIH HAMpyrd Ta IHTEHCUBHOCTI QIikepa B MEpEeXki, 3a JOMOMOTOIO
YPAE, Haukpamuii pe3yJibTaT MOJEIIOBAHHS IOKa3ajga CHUCTEMa KEPyBAaHHS

HAIMPYrol KOHJEHCATOpa 3 PEeryJIaTopoM 3aTpuMKd. Po3pobiieHi anroputmu
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KepyBaHHsI 3a0€3Meuy0Th BUCOKHI pIBEHb afanTaiii 10 3MiH HaBaHTa)KEHHS, 110
HiJBUILYE €HEProe(EeKTUBHICTh CUCTEMH €JIEKTPOIIOCTAYaHHS.

6. Pospobneno mocmimamii 3pa3ok oxgHodazHoro CAD Ha 06asi
MikpokoHTpoJiepa ESP32. BuzHaueHo yMOBH Tpale31aTHOCTI CUCTEMHU KEPYBaHHS
Ta BUJUICHO KJIKOYOBI ACNEKTHU MOOYJOBH NMPUHIUIOBUX cXxeM ofHo(pa3zHux CAD
Taki SK. TOIOJIOTiSI CHJIOBOI YacTHHH, (OPMYBAaHHS KOJIa TOCTIHHOI HAmpyTH,
JaTYNKU CTPyMy Ta Hampyrw, cXemMa KepyBaHHsS JpailBepaMH CHJIOBUX
TPAH3UCTOPIB, AITOPUTM PETYITIOBAHHS Ta MOOY0Ba 3BOPOTHOTO 3B SA3KY .

7. Po3pobnemo nporpamue 3abe3nedeHHs sl MikpokoHTposepa ESP32, mo
JI03BOJIIE BUAUIMTU IYJbCYIOUl CKJIaJ0BI TapMOHIK Ta 3I€HepyBaTH CTPyM
KOMITEH callli 1711 poO0TH 0AHO(PA3HOTO CUIIOBOTO aKTUBHOTO (DLIBTpA.

8. Ilposeneno ananiz YPAE Ha MOXIMBICTP BUHUKHEHHSI PE30HAHCHUX
sBUILI. BcTaHOBIEHO, 1O y BUNAAKY UIYHTYBaHHS BTOPUHHOI OOMOTKHU
Tpancopmaropa nociigoBHoro CA® 3a  gonomMoror0  (UIBTPYHOYOIo
KOH/ICHCAaTOpa, MOXKYTh BUHHUKATH PE30HAHCHI SBHUIIIA, SIKI MOXKHA KOMIIEHCYBAaTH
IPU IIYHTYBaHHI BTOPUHHOI OOMOTKH IaHOTO TpaHchopMaropa.

Pesynpratn poOotu BukopucTOBYIOThC B TOB  “IIpomaBTOMaTHKa
Binnuns”, mo maTBepaKeHo akToM mpo BrpoBakeHHs Big 28.01.2025 p. Ta y
BHTY na xadenpt “EnekTpoTexHIYHI CHCTEMH €JEKTPOCIOXUBAHHS Ta
CHEPreTUYHUN MEHEHKMEHT” ISl MArOTOBKM (paxiBIliB 3a creriaibHicTIO 141 —
“EnexTpoeHepreTrka, eJIeKTPOTEXHIKa Ta  EJEeKTPOMEXaHika’, aKT Ipo
BrpoBapkeHHs Big 28.01.2025 p. Pe3ynbrat TEOPETUYHOTO JTOCIHIJIKEHHS
H1ATBEPOKYIOThCA OTpUMaHUMHU pe3yJibTaTaMu eKCIIEPUMEHTAILHOTO

JTOCHIKEHHS B MeXaxX JIOMyCTUMOI PO301KHOCTI.
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Homatok A

PesynbTaTi BpoBaPKeHHS AUCEPTAIIHHOTO TOCTIHKEHHS

BIIPOBADKEHHs Pe3y IbTaTiB JUCepTaliiiHoi po6oTH
Jlebeos [Jenuca FOpitiosuua

«CHcTemMa KepyBaHHS CHJIOBHMH aKTHBHHMH QLIbTPaMH 32 MIBH/IKHX 3MiH HANPYTH B
PO3NOALILHEX €JEKTPHIHAX MEPEKRax»

y HaBUaJIbHHH IIPOLIEC

UYnenu KoMicil y ckiaji: AekaHa (aKyabTeTy eNeKTPOCHEPreTHKH Ta eIEeKTPOMEXaHIKH,
monenta Tenti B. B., moueHTta Kadeapw €NEKTPOTEXHIYHHX CHCTEM EIEKTPOCIIOXHBAHHS Ta
eHepreTHyHOro MeHemkMenty Kyrioi M. B., nonenTa kadenpy eNeKTPOTEXHIYHHX CHCTEM
€IeKTPOCTIOKMBAHHS Ta CHEPreTHIHOro MeHekMenTy babenka O. B., cxiann neif akt npo Te,
MO Ui BHEBYCHHS JucnHiUniH: «EnexTpomarHiTHa CyMICHiCTE 1 KepyBaHHA SKIiCTIO
eIIEKTPOCHEPTii B CHCTEMAX €JIEKTPONIOCTAYaHHs, /IS 300yBadiB BUINOI OCBITH CHELiABHOCTI
141 «EnexTpoeHepreTuka, €JEKTPOTEXHIKA Ta €IEKTPOMEXaHiKa» BIIPOBA/DKEHO Taki
pesynbTaTH, po3pobneHi B muceprauinmiii pobori JleGemem JIIO.: naboparophmii Maker
aKTHBHOTO (iNbTpa rapMOHIK Ha OCHOBI MikpokoHTponepa ESP32 i3 3acrocyBanHsM
aANTHBHOTO HAIAINTYBAHHS IHTEPBAIy Yacy iHTErpyBaHHSA aKTHBHOI CKIQIOBOi CTpyMmy,
HoCTiHHOT acy (imbTpa HIKHIX YAaCTOT Ta Yacy 3aTPHMKH CHTHAly KepyBaHHS, Mo 3abe3mnedye
ONTHMANBHY NIBHIKOAIIO POGOTH HapaielbHOr0 CHIOBOTO aKTHBHOTO (QilbTpa.

BrpoBa/pkeHi pe3y/IbTaTd AMCEPTALiHHOI pOGOTH 3HAYHO IiIBHIAIHA SKiCTh HABYAHHSA

crynentis  BHTY  cmenmiambHocti 141  «EnextpoeHepreTuka, — €JIEKTpOTEXHika  Ta

€JIEKTPOMEXaHiKay.
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rKa BiHHULA»
. M.JI. I'anuyk

AKT \
BNPOBAIKEHHsI AHCEPTALIHR

Kowmicis y cknaai Kpasus O.M. — nupekropa TexHiuHoro, Anzapoiryka C.B.
— J¥peKTopa 3 BHpOOHHLTBa, XBameBcbkoro K0.M. — nupekropa nemnapTaMeHTy
€NIEKTPOTEXHIYHHX MOCTYT CKJIAIM LIeH aKT PO HACTYIIHE:

1 rpynus 2024 poky, 3rigHO 3 MPONO3HMILi€0 acmipanta Kadeapu
«ENeXTpOTEXHIYHMX  CHCTEM  €NIeKTPOCHOXHMBaHHA  Ta  €HEPreTHYHOro
MeHEeKMEHTY» BIHHHMIBKOrO HAliOHATHFHOTO TeXHIYHOro yHiBepcuTeTy JlebGens
Jlenuca IOpiitoBuya 6yJ10 3arpONIOHOBAHO I KOMIIEHCallii KOJMBaHb Halpyrd —
CHCTEMY KepyBaHHA [apajlellbHAM CHJIOBMM  aKTHBHUM  QiIbTpoM i3
3aCTOCYBAHHSM aJalTHBHOTO HAJAIITYBaHHS IHTEpBATy Yacy IHTErpyBaHH:
aKTMBHOI CKJIaJ0BOI CTpyMy, TOCTiiHOI 4acy ¢inbTpa HM)KHIX 4acTOT Ta 4acy
3aTPUMKHU CHUTHAJly KepyBaHHs, L0 3a0e3nedye ONTUMANbHY LIBHUAKOAI poOOTH
MapajeNbHOr0 CHJIOBOTO AaKTHBHOTO GinbTpa. Ii BIPOBA/KEHHs CIpPHSTHME
MOKPAILEHHIO SIKOCTI €JIEKTPOEHeprii, 30KpeMa 3MEHIIEHHIO KOJIMBaHb Ta
HECHHYCOIQHOCTI  HAmpyrd B  pO3MOAUIBHMX  €JIEKTPHYHMX  Mepexax.
MozemoBanHs MapalelbHOrO CHJIOBOTO aKTHBHOrO (uIbTpa MiATBEPAMIO
JOCTaTHRO BHCOKY e(EeKTHBHICTh KOMIIEHCallli KOJIMBaHb Halpyrd Ta
GbiNnbTpyBaHHS BUIUX FAPMOHIK.

Ha mizacTasi gociigHoro BUNpoOoBYBaHHS KOMiCisi pEKOMEHY€ BIIPOBAaIHTH

JlaHy CHCTEMY B CXeMy KepyBaHHs MapajelbHUM aKTUBHUM (1IBTPOM.

TexHiYHMI TUPEKTOp O.M. Kpaseup

JlpekTop 3 BUpOGHULTBE gl C.B. Angpomyxk
Jupexrop ;LenaprameHTy

€JIeKTPOTEXHIYHUX MOCIYT KO.M. XBameBcbkuit
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Kon ans nporpamyBanust ESP32

#include <driver/adc.h>
#include <driver/dac.h>
#include <MeanCalculator.h>
#include <RMSProcessor.h>
#include <cmath>

#tinclude <WiFi.h>

const
const
const

const
const
const
const

const
const

inline float calculateAmplitude(float Vsource) {

int currentLoad = 14;
int voltageSource = 35

int DCvoltage = 34;
float R1 = 6760.0, R2
float R3 = 6710.0, R4
float R5 = 6750.0, R6
float R7 = 4317319.0,
float V1 = 1.93, V2 =
float AMP1 = 325, AMP2

.
J

R8

1.

Honatok B

11920.0;
11930.0;
11980.0;
= 2681.0;

3;
-325;

float slope = (AMP1 - AMP2) / (V1 - V2);
float intercept = AMP1 - slope * V1;
return slope * Vsource + intercept;

unsigned long previousMicrosCurrent = @, previousMicrosVoltage
unsigned long previousMicrosFIR = @, previousMicrosPWM = 0;
const unsigned long intervalSensors = 5, intervalFIR = 100, intervalPWM = 100;

float
float

Ifilter = @, Vdc = @, Vamp = @, Iload = 0, Vref = 340;

du = @, FIRoutput = @, Iref = 0;

float delayBuffer[300] = {0};
int delayIndex = 0;

float

prevIntegrator 9;

bool integratorReset = false

MeanCalculator meanCalculator(2000); //KinbkicTb 3pa3kiB

.
J

onAa ycepeaHeHHA
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RMSProcessor rmsProcessor(2000); //KinbkicTb 3pa3kiB Ansa cepefHbOro KBaapaTU4YHOIo

void ReadCurrent() {
int currentLoadRaw;
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esp_err_t status = adc2_get raw(ADC2_CHANNEL 6, ADC_WIDTH BIT 12,
&currentLoadRaw);

float currentL = (2.45 / 4095.0) * currentLoadRaw * ((R3 + R4) / R4);

Iload = (currentL - 2.24) / 0.066;

Serial.println(Iload);

void ReadVoltage() {

float Vsource = (2.45 / 4095.0) * adcl_get raw(ADC1_CHANNEL_7) * ((R1 + R2) /
R2);

Vamp = calculateAmplitude(Vsource);

vdc = ((2.45 / 4095.8) * adcl_get raw(ADC1_CHANNEL_6) * ((R7 + R8) / R8));

void calculateFIR() {
dU = Vref - Vdc;
float delayedSignal = delayBuffer[delayIndex];
delayBuffer[delayIndex] = dU;
delayIndex = (delayIndex + 1) % 300;

if (dU < @ && !integratorReset) {
prevIntegrator = 0;
integratorReset = true;

} else if (dU >= @) {
integratorReset = false;

}

prevIntegrator += dU;

static float x1 = 9;

if (integratorReset) x1 = 0;

float FIRoutputTemp = -0.35 * delayedSignal + x1;
x1 = delayedSignal;

float sqrtOutput = (FIRoutputTemp >= @) ? sqrt(FIRoutputTemp) : -sqrt(-
FIRoutputTemp);
FIRoutput = FIRoutputTemp - sqrtOutput;

void calculatePWM() {
float power = Vamp * Iload;
meanCalculator.addValue(power);
rmsProcessor.addValue(Vamp);
float meanPower = meanCalculator.getMean();
float rmsVoltagel = pow(rmsProcessor.getRMS(), 2);
float Ploss = meanPower - FIRoutput;
float RMSloss = Ploss / rmsVoltagel;
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float VoltageRMS = RMSloss * Vamp;
Iref = Iload - VoltageRMS;

float IrefVoltage = Iref * 0.066 + 1.65;

int dacValue = (int)((IrefVoltage / 3.3) * 255.0);
int dacValueShifted = constrain(dacValue, @, 255);
dac_output_voltage(DAC_CHANNEL_2, dacValueShifted);

void setup() {
WiFi.mode(WIFI_OFF);
Serial.begin(115200);
adcl_config width(ADC_WIDTH_BIT_12);
adcl_config _channel_atten(ADC1_CHANNEL_7, ADC_ATTEN_DB_11);
adcl_config_channel_atten(ADC1_CHANNEL_6, ADC_ATTEN_DB_11);
adc2_config_channel_atten(ADC2_CHANNEL_6, ADC_ATTEN_DB_11);

// Iniuianizsauyia DAC 3rigHO 3 poKyMeHTauiew ESP-IDF
dac_output_enable(DAC_CHANNEL_2); // DAC2 Ha GPIO26

void loop() {
unsigned long currentMicros = micros();

if (currentMicros - previousMicrosCurrent >= intervalSensors) {
previousMicrosCurrent = currentMicros;
ReadCurrent();

if (currentMicros - previousMicrosVoltage >= intervalSensors) {
previousMicrosVoltage = currentMicros;
ReadVoltage();

if (currentMicros - previousMicrosFIR >= intervalFIR) {
previousMicrosFIR = currentMicros;
calculateFIR();

if (currentMicros - previousMicrosPWM >= intervalPWM) {
previousMicrosPWM = currentMicros;
calculatePWM();
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CHUCOK NYBJIKALI 3A TEMOIO JUCEPTAILII TA BITOMOCTI
PO ATIPOBAIIIO PE3VJIBTATIB JIMCEPTAIIT

Hayko6i npaui, 6 sakux onyonikoeani OCHOBHI HAYKOGL pe3yibmamu
oucepmauii:

Mamepianu oucepmayitinoi pobomu, UKIAOeH] Y BUOAHHSX, U0 BHECEHI 00
nepeniky gaxosux 04 3axucmy oucepmayiil 3 MmexHiuHux HayK:

Mamepianu oucepmayivinoi pobomu, UKIAOEH Y BUOAHHIX, WO BHECEHI 00
nepenixy gaxosux 0 3axucmy oucepmayiti 3 MexHiYHUX HayK:

[1] M. W. Byp6eno i . 10. Jle6enp, «JlocimkeHHs epeKTHBHOCTI CXeMH
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