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EnekmpuyHi MawuHu ma anapamu
VJIK 621.313.282

https://doi.org/10.20998/2074-272X.2021.5.01

B.®. bomrox, N.C. Ulykus, J. Lasocki

BJIUAHUE HAYAJIBHOI'O CMEHIEHUSA OBMOTOK HA ITOKA3ATEJIN
IJEKTPOMEXAHUYECKOI'O HHAYKIIMOHHOI'O YCKOPUTEJIA
HIUWINMHAPUYECKOU KOHOUT'YPAIIU

B enexmpomexaniunomy inOykyitinomy npuckopiosayi yuriHopuyHoi Kongizypayii Halbinebwa amnaimyoa cmpymy 6 oomomyi iHOyK-
mopa BUHUKAE NPU MAKCUMATLHOMY NOYAMKOBOMY 3CY6i, ane aMARIMyoda cmpymy 8 oomMomyi aKops npu ybomy Havimenwa. Haiibi-
JbUaA 8eUYUNHA CIPYMY 8 0OMOMYI AKOPS. BUHUKAE NPU GIOCYMHOCHI OUamKo8020 3¢y8y. Ilpu 36y0icenni 8i0 eMHICHO20 HaKONUYY-
6aua eHepeii eneKmpoOOUHAMINHA CUNA MIJC OOMOMKAMU MAE NOYAMKOS8Y NPUCKOPIOBANIbHY | NOOAIbULY 2AbMIGHY CKIA008I. Bracni-
00K Yb02O WEUOKICMb AKOPS. CNOYAMKY 3DOCMAE 00 MAKCUMANLHO BEAUYUHU, alle NOMIM 3MEHULYEMbCA 00 MOMEHMY 3aKIHYeHHS
enexkmpomazhimuo2o npoyecy. Ilpu 30y0xcenni npuckoprosaua 6io djcepena 3minnoi nanpyeu ([[3H) mixc cmpymamu 6 obmomrax
BUHUKAE (PA308Ull 3CY8, WO NPU3EOOUMb 00 HOYEP20BOT 3MIHU NPUCKOPIOBATLHUX | 2ANbMIGHUX CKIAOOBUX eNeKMPOOUHAMINHOL CUTU.
IIpuckopiosanvhi cK1a006i CUIU Nepesasicaroms Hao 2anlbMiGHUMU CKIAO0BUMU, WO 3abe3neuye nepemiujenus akops. Ipu ywacmomi
J3H 50 'y amnnimyoa cmpymy 6 oomomyi akops menue, Hixe 6 oomomyi inoykmopa. 3i 36inewennam vacmomu /[3H ¢hazosuii 3cys
MiIdIC CMPYMAaMu 0OMOMOK 3MEHULYEMBCS, CMPYM 8 00MOmMYi iHOYKMOpa 3MeHUYEMbCA, a 8 00momyi axopsa 30inbuyemocsa. Ilpucko-
PIOBANILHI CKAAO08I Uy 30LI6UWYI0MbCA, a 2anbMieHi — smeHwyomocs. Ilpu niosuwenni yacmomu J{3H 0o 500 I'y winenicms cmpy-
MYy 8 00MOMYi AKOPSA Nepesuyye aHanioiuny eenuuuny 6 oomomyi inoykmopa. biomn. 19, puc. 9.

Knrouoei cnosa: enekrpoMexaHiyHuii iHAyKIiHHMIA NPUCKOPIOBAY, NWIIHAPHYHA KOH(pIrypanis, 1o4aTkoBuii 3cyB 00MOTOK,
€MHICHUI HAKONMYYBay4 eHeprii, Jxxepesio 3MiHHOI HAIPYTH, MIBUAKICTH SIKOPH.

B anexmpomexanuueckom uHOYKYUOHHOM YCKOpUmene YuruHOPU4eckoll KoHguaypayuu Hauborbuas amniumyoa moka 6 06Momxe
UHOYKMOpa 803HUKAeNn NPU MAKCUMATLHOM HAYANbHOM CMeWeHUuU, HO aMRIumyod moka 6 0OMomKe AKOps npu dMOM HAUMEHLLUUAS.
Haubonvwas éenununa moka 8 0OMomxe AKops 603HUKAem NPU OMCYmMCcmeuy HauaibHo2o cmeujenus. [lpu 6030ysicoenuu om emxo-
CMHO20 HAKONUMEIS. IHEP2UlU NeKMPOOUHAMUYECKAs CUNA MeHCOY OOMOMKAMU UMeen HAYATLHYIO YCKOPAIOWYIO U ROCAEOVIOWYIO
mopmo3awylo cocmasnaiowue. Benedcmeue smozo ckopocme AKops enauane gospacmaem 00 MAKCUMATbHO 6EAUHUNbL, HO 3amem
YMeHbUIAem sl K MOMEHNY OKOHYAHUS INeKMPOMAHUMHO020 npoyecca. IIpu 6030yacoenuu ycKopumens om UCmoyHuKa nepemeHHo20
nanpsiicenust (MITH) mesicdy mokamu 6 00MOmMKax 603HuKaem (pazosvitl co8ue, npusoosyull K 603HUKHOBEHUIO 4epeOyIOWUxXcsl YCKo-
PAIOWUX U MOPMO3AUUX COCMABIAIOWUX INEKMPOOUHAMUHECKOU CUbl. YcKopsaiowue cocmagnaiowue cuibl npeobradarom Hao
MOPMO3AUUMYU COCMAGTAIOWUMU, UMO obecneyusaem nepemewjerue axopsa. Ilpu wacmome UITH 50 'y amnaumyoa moxa é ob6mom-
Ke AKops MeHvule, em 6 oomomke unoykmopa. C ysenuuenuem uacmomel UITH ¢hazosulii cogue medxncoy moxamu 0OMOmMoOK yMeHb-
waemcs, Mok @ 06MomKe UHOYKMOpa YMeHbUWaemcsl, a 8 00MOmKe AKOps YBenuiusaemcs. Yckopsiowue cocmasnaouue Cuibl yge-
auyueaomcs, a mopmosswue ymenvwaiomes. Ilpu nosviwmenuu yacmomor UIIH 0o 500 I'y nromnocms moxa 6 oOmMomke sKopsi
npesviuiaem ananoSuyHylo eenuuny 8 oomomxe unoykmopa. buom. 19, puc. 9.

Kniouesvie crosa: 3nekTpoMexaHN4ecKHd MHAYKIHOHHBIH yCKOPHUTENIb, HUINHAPHYEcKasi KOHGUIypamus, HaYaIbHOe CMe-
HeHne 00MOTOK, EMKOCTHOI HAKOMHUTEJIb JHEPIUH, HCTOYHHK NePeMEeHHOr0 HANPSKeHUs, CKOPOCTH SIKOPSI.

BBenenne. DieKTpOMEXaHUYECKUE HHIAYKIMOHHBIC
yckopurenn (OUY) obecrneynBarOT pa3roH UCIOJHU-
TEJBHOTO 3JEMEHTa IO BBICOKOH CKOPOCTH Ha KOPOTKOM
aKTUBHOM y4acTke [1-5]. B 3THX KoaKCHAIBHBIX YCKOPH-
TEJAX HETOABIKHAS OOMOTKA MHIYKTOPa, BO30YXKIaemMast
b0 OT eMKocTHoro Hakomnwurtens sHepruu (EHD), mbo
OT UCTOYHHMKA mepemenHoro HampspkeHus (UITH) wunmy-
HUpyeT TOK B OOMOTKe sikops. B3ammopeicTBue TOKa
OOMOTKH SIKOPSI C MATHUTHBIM MOJIEM OOMOTKH MHIYKTO-
pa TIPUBOJUT K BO3HUKHOBEHHIO AJIEKTPOJAMHAMUYECKOM
cwibl. [Tox neficTBue akcUaabHOW 3JEKTPOIMHAMUYECKON
CHIIBI OOMOTKa SIKOPS BMECTE C HCIOJIHUTCIBHBIM 3JIc-
MEHTOM COBEpLIAIOT JIMHEMHOE NepeMeleHHe OTHOCHU-
TEIBHO OOMOTKH HWHAYKTOpa, YCKOPSACH IO BBICOKOI
CKOpOoCTH. Bce aIleKTpoMarHuTHBIE M 3JIEKTPOMEXaHHYe-
ckue mporecckl B DY mpoTekaroT KpaTKOBPEMEHHO C
MTOKA3aTeISIMH, KOTOPBIE 3HAYUTEIHHO MPEBBIIIAI0T COOT-
BETCTBYIOIIHE IOKA3aTeNIH JIMHEHHBIX 3JIEKTPOJBUTATE-
JIei ¢ IPOIOIDKUTENBHBIM PEXIMOM PabOTHI.

OUY wucnonb3yloTcs BO MHOIMX cdepax HayKd H
TeXHUKU. Takue YCKOPUTENd MPUMEHSIOTCS B HCIIBITa-
TEJNBHBIX YCTAHOBKAX Ha yJapHbIC HArpy3ku, B ObICTPO-
JNCACTBYIOIINX JJICKTPHYCCKHX allaparaXx W KIalnaHHO-
KOMMYTAIIMOHHOH aImapaType, B IIyCKOBBIX YCTaHOBKax
u ap. [6-11] Tak, B pabote [12] onmcana ycTaHOBKA JUIst
HCIBITAHUN AIIEKTPOHHON TEXHUKH MPU CTOIKHOBEHUH C

MOJBIXHBIM 00beKTOM. CTapTOBBIE ITyCKOBBIE YCTAHOBKH
UCIIONIB3YIOTCSI TAKXKE JUISI MHOTHX KJIaCCOB OECHMIIOTHBIX
neTaTenbHBIX anmmapaTtoB [4, 13]. Ha ocHoBe DUV paspa-
0aThIBAIOTCS CUCTEMBI aKTUBHOW 3aIllUTHI OpPOHUPOBAH-
HBIX YCTPOWCTB OT BpakecKHX 0OBEKTOB Ha moiere [14].

Ocobennoctu u npodiaempl INY. DY ¢ oceBoi
CUMMeTpHell 0OOMOTOK MOTI'YT MMETh IHCKOBYIO WM IIH-
JUHAPHYECKYI0 KOH(pUrypauuto. B auckoBom yckopwure-
Je OOMOTKM MHIYKTOpa M SKOpS BBINOJHEHBI B (hopme
OTHOCHUTECJIBHO TOHKHX IJHUCKOB C HOI[O6H])IMI/I paauaib-
HBIMH pa3MepamMH. B HCXOZHOM IIOJIOKEHUH JWCKOBBIE
OOMOTKHM YCTaHaBIIMBAIOTCSI HA MHHUMAaJIbHOM aKCHaJIb-
HOM PacCTOSIHUM APYT OT ApYTra, IPH KOTOPOM MarHUTHAs
CBsI3b MakcHMajbHa. Ho mo Mepe yckopeHHs OOMOTKH
SKOpSI MarHUTHAs CBSI3b MEXIY OOMOTKaMH PE3KO CHU-
skaercs [15].

B munuHApHYecKoM ycKopuTene OOMOTKH BBINON-
HEHBI B (hopMe HOJIBIX LUIMHAPOB, aKCHAIbHbBIE Pa3Mephl
KOTOPBIX CYLIECTBEHHO MPEBHINIAIOT PaJHAIBHYIO TOJ-
nMHY OOMOTOK. B TakoMm yckoputeie 0oOMOTKa SKODS
MOXET COBEpLIATh AKCHAIbHOE MepeMEIIeHHE BHYTPHU
WIA CHapy)Xd OOMOTKH HHIYKTOpa. JTO JIENAeT TaKylo
KOHCTPYKIHMIO  TIPEIIIOYTHTENFHOM, IOCKOJBKY IIpH
OosbleM MepeMeneHn OOMOTKM SIKOps, a 3HAa4HuT MU
OosbIIeM BpEMEHM B3aMMOJCHCTBHS OOecIednBaeTCs
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s peKTuBHAsS MarHUTHas CBsI3b Mexay oOMoTkamu. Ha
puc. 1 mpexacrasneHa cxema DY NWIMHIPUYECKONH KOH-
¢durypauuu ¢ HEMOJBIKHOM HapyKHOH OOMOTKOW WH-
nykropa 1 ¥ yckopsieMoii BHyTpeHHelH 0OMOTKOM sikopst 2.
[lo mepe akcuaibHOrO NepeMelieHns OOMOTKH SKOps
BHYTPU OOMOTKH WHIYKTOPAa MarHUTHAas CBsI3b, XapaKTe-
pusyemas B3aMMHOW HMHAYKTHBHOCTbIO M, MeXIy 00-
MOTKAaMH, COXpaHseTCsi Ha OONbIIEM PACCTOSHUM MPU
MepeMeIeHU OOMOTKH SIKOPSI [0 CPaBHEHHIO C JIHCKO-
BBIM YCKOpHTENIEeM. DTO JejaeT KOHCTPYKIIHIO YCKOPHTE-
s IWIMHAPUYECKOH KOHUrypanuu 0ojee MepCreKkTHB-
HOW 110 CPaBHEHUIO C AUCKOBOI KOH(UTypaluei.

M, mH,;

1.5

1.0 \\

0.5

0 =
o] 10 20 30 Zp,rmmn 40

Puc. 1. 3aBucuMoCTh B3aUMHON HHAYKTUBHOCTH MEXIY OOMOT-
KaMu M, u ee Tpaguenta dM,/dz DY ot Ha4aapHOTO CMenIe-
HUS 0OMOTOK: Zy 1 — 0OMOTKa HHIYKTOpa; 2 — 0OMOTKa SIKOPS

SIKOopb MOXKET OBITH BBINOJIHEH B BHJIE MHOTOBHUTKO-
BOM KOPOTKO3aMKHYTOH OOMOTKHM WJIM B BHIE MacCHBHO-
rO 3JIEKTPOINPOBOSIIIETO 3JeMeHTa. MacCUBHBINH SKOpPb
KOHCTPYKTHBHO IIPOIIE ¥ 001aJaeT NOBBIIICHHON HaIex-
HocThi0. OIHAKO WHAYIHMPOBaHHBIH TOK B MAacCCHBHOM
SIKOpE paclpesaenseTcs HEpaBHOMEPHO II0 00BeMy, dYTO
HETaTHBHO BIUSIET HA AJICKTPOMEXaHUYECKUE TTOKa3aTenn
ONY. B miIoTHO HAMOTAaHHOM MHOTOBHUTKOBOM KOPOTKO-
3aMKHYTOM $IKOpE, INPONUTAHHOM M 3aMOHOJIMYCHHOM
SMOKCHIIHOM CMOJIOH, HECMOTpPs Ha 00Jiee CII0KHYIO KOH-
CTPYKLMIO ¥ TIOHIXKEHHYIO Ha/Ie)KHOCTh, 00ECIIeYnBaeTCs
PaBHOMEpPHOE paclpenesieHle HHIYIMPOBAHHOTO TOKA IO
o0BeMy [6]. DTo nemaer ero Ooiee MEPCHCKTHBHEIM,
ocobenHo st DNV nunmmHaprYeckoil KoHuUrypanum.

Omnrako B DUY IUIMHAPHYECKOW KOHQPHUTYpaIHH
BO3HHUKAET MpobOiieMa BBIOOpa HAYabHOTO CMEUICHUS Zo
OOMOTKH SIKOpSI OTHOCHUTEIHHO OOMOTKH WHAYKTOpa. ITO
CBSI3aHO C T€M, YTO MPH OTCYTCTBUH yKa3aHHOTO CMelle-
HUsI, KOTZla LIEHTPaIbHbIE IIOCKOCTH OOMOTOK COBMaja-
0T, MarHWTHas CBS3b MEXOy OOMOTKamu OyaeT Hau-
Ooubiieii. COOTBETCTBEHHO M HMHAYLUPOBAHHBIH TOK B
00MoTKe sKopst OyaeT HanbobiuM. OTHAKO aKCHAIbHAS
ANIEKTPOJMHAMHUYECKas CHIIa

£2(62) =i (i (r)%(z) ,
yA

rae iy, ip — TOKH B 0OMOTKaxX HHIYKTOpPa U SIKOPSI COOTBET-
CTBEHHO,

MIPUBOJSIIIAST OOMOTKY SIKOPS B JBIJKCHHUE, OYIET OTCYT-
CTBOBaThb. DTO CBA3aHO C TEM, YTO CHJIA f, IPOIOPLIUO-
HaJIbHA I'PaJMEHTy B3aMMHOI MHIYKTHBHOCTH B aKCHAJlb-

HOM HampaBieHun dM,/dz. Tlo mepe yBenuueHus Ha-
YaIbHOTO CMEIIEHHS Zy OOMOTKH SIKOPSI 2 OTHOCHTEIIBHO
0OMOTKHM MHAYKTOpa | BelM4YMHa B3aUMHOW MHIYKTHBHO-
CcTH M1, MEXIy 0OMOTKaMH OCIIA0JSETCs, B TO BpEeMsl Kak
rpajiieHT B3aUMHOW MHAYKTUBHOCTH dM,/dz nmeeT Mak-
CUMYM TIpH ONPEACICHHON BeIHYNHE z( (puc. 1).

[TockonbKy TOKH B 0OMOTKaX YCKOPHUTENS MPOTEKa-
IOT KPaTKOBPEMEHHO, TO BO3HHKAaeT BONPOC O BhIOOpE
HAYaJIbHOTO CMEIIEHUS Zy OOMOTKH SKOPS 2 OTHOCHUTEIb-
HO OOMOTKH WHAyKTOpa 1, mpm xotopom DUY mmnwmHA-
pudeckoil KoH(HUTypamuu o0ecreunBaeT HaMOOIBIIYIO
CKOPOCTb OOMOTKH SIKOpPSI BMECTE€ C HCIOJHHUTEIbHBIM
3JIEMEHTOM Ha BBIXOJIE YCKOPHTENS V..

].leﬂl)l() CTaTbU ABJEICTCA OIIPCACIICHUC BJIUSAHUA
HAyYaJIbHOTO CMEIeHHsT OOMOTOK Ha IOKa3aTelld d3JIeK-
TPOMEXaHNYCCKOTO MHAYKIMOHHOI'O YCKOPUTEISA HUIIWH-
JIPUYECKON KOH(UTypaIMy MPH UMITYJIECHOM BO30YXkKJIe-
HUHM OT EMKOCTHOTO HAKOIHTEIIS YHEPTUU U MPU KPaTKO-
BPEMEHHOM BO30YXX/IIEHHH OT HCTOYHHKA I€PEMEHHOTO
HaTIPSDKCHUS.

MartemaTuyeckas wMoaeab JUY. Paccmorpum
AIIEKTPOMEXAHIUYECKUN WHAYKIIUOHHBIA YCKOPUTENb, Yy
KOTOPOro OOMOTKH IUIOTHO HAMOTAaHBI MEIHBIM IIPOBO-
JIOM KpYTJIOTO CEYEeHUS M BBIIIOTHEHB MOHOJIUTHBIMHU
IIyTEM IPOINUTKHU SMOKCUIHOM CMOJIOH C MOCJIEAYIOLUM
ee 3arBepaeBaHueM. J[Jsi yueTa B3aMMOCBSI3aHHBIX JJIEK-
TPUYECKUX, MArHUTHBIX, MCXAHUYECKUX W TECIIJIOBBIX
MPOILIECCOB, a TaKXe€ psJa HEIMHEUHBIX 3aBUCUMOCTEH,
HATIPUMEP CONPOTHUBIICHUS OT TEMIEPATYPhI, UCIIOIB3yeM
COCPEIOTOUCHHBIE MapaMeTpbl OOMOTOK, a peIIeHHs
YpaBHEHHUIA, ONMUCHIBAIONINX YKa3aHHBIC MPOIECCHI, MPEJI-
CTaBUM B peKyppeHTHOM Buue [l16]. Maremarudeckas
Mozmens DOWY yuHuTHIBaeT MEHSIOIIYIOCS MAarHUTHYIO
CBSI3b MEXIY OOMOTKaMH B ITIporecce BO30YXISHHS 00-
MOTKH HHIYKTOPA.

IIpu pacuere nmoxasareneil U XapaKTEPUCTHK YCKO-
puTeiIsA HUCIOJB3YCTCAd AJTOPUTM HUKIIUYECKOT'O IleﬁCT-
Bus. Jlns aToro paboumii mporiecc pa3duMBaeTCs Ha Psijl
YUCJIEHHO MAJIbIX MHTEPBAJIOB BpeMeHU At = ti4 — &, B
npeaciiax KOTOpbIX BCE BCIIMYUHBI CHUTAKOTCA HEU3MCH-
HeiMU. Ha k—OM IUKIIC, UCIIOJIb3YA B Ka4€CTBE HaYaJIbHBIX
3HAYCHUH NapaMeTphl, PACCYMTAHHBIC B MOMEHT BPEMEHH
t, OCYILECTBIICTCS pacueT IapaMeTpoB B MOMEHT Bpe-
MEHH fy.1. J{JIsI omIpenieieHus TOKOB Ha HHTEpBaje BpeMe-
HU At UCTIOJNB3yeM JHMHEHHBIC YpaBHEHUS C HEH3MEHHEI-
MH 3HAUYCHUSAMH MapaMeTpoB. Maiyio BEIWYHHY pacyueT-
Horo mrara At BeIOMpaeM TakuM 00pa3oM, 4TOOBI OHA He
OKa3plBajla CYIIECTBEHHOTO BIIMSHHUS Ha pPe3yJIbTaTHI
KOMITBIOTEPHOTO pacueTa, obecrednBasi Mpu 3TOM HE00-
XO0AUMYI0 TOYHOCTb.

V3meHeHre MPOCTPaHCTBEHHOI'O TIOJIOKEHUS 00-
MOTKHU SKOPSA YUUTBIBACTCA U3MCHCHUEM IMOTOKOCICILIC-
Hus ¥ Mexny ooMotkamu [16]:

ﬂ = MlZ(Z)di—f_Vz(t)in M_IZ’
dt dt dz
rae n = 1, 2 — UHIEKChI OOMOTOK HHIYKTOpPAa U SKOPS
COOTBETCTBEHHO; V, — CKOPOCTh TEPEeMEIIeHUS] 0OMOTKH
SIKOPSI BIIOJIb OCH Z.

HauanbHble yCIOBUSI MATEMATHUECKON MOJICITH:
i,(0) = 0 — Tok n-oit 0OMOTKWY;
h.(0) = zy — mepemerieHe OOMOTKH SIKOPSL;
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T,(0) = T, — Temmepartypa n-0if 0OMOTKH;

u(0) = U, — nanipspkenne EHD;

u(0) = Uy, siny, — Hanipsoxerne WUITH;

v,(0) = 0 — ckopocTh 0OMOTKH SIKOPSI BJIOJIb OCH Z,
rae U, — aMIuIuTy1a HalpsHKeHUs,

y,=0 — HauanpHas ¢a3a Hanpsokenns UITH.

MareMaTrdeckass MOJEIb JIEKTPOMArHUTHBIX TPO-
eccoB DY mpu Bo30yxaeann ot EHD npescrasieHa B
pabore [17], a mpu Bo3Oyxnenun or WUIIH — B pabote
[18]. MexaHndecKre MPOLECCH YCKOPHUTENSI YUUTHIBAIOT
Macchl OOMOTKH SIKOpS. M HCIIONHUTEIHHOTO 3JIEMEHTA,
MTHOBEHHOE TIOJIO)KEHHE OOMOTKH SKOPSI, DJIEKTPOIHMHA-
MUYECKYI0 CHIIy MEXAy OOMOTKaMH H adpoAMHaMHue-
CKO€ COTIPOTHBIIEHUE BO3AYIIHOH cpenbl [15]. TemnoBeie
MIPOIECCHl YCKOPHUTENS YUUTHIBAIOT YICIBHYIO TEIJIOEM-
KOCTb,  TEIUIONPOBOJHOCTh, IUIOTHOCTh  MaTepHalia,
yIeJIbHOE COMPOTHBJIEHUE W IJIOTHOCTH TOKOB j, OOMO-
ToK. Ha oxJaskiaromumx noBepXHOCTSIX 0OMOTOK HCIIOJIb-
3yIOTCSl TPaHUYHbBIE YCIOBHS TPETHErO0 poOJa, a Ha OCH
CUMMETPHUHU — FPaHUYHBIE YCIIOBHsI BTOporo poaa [19].

B kauectBe ocHOBHbBIX mokazareneit DUV ucnomnb-
3YIOTCSl aMIUIUTYIBI IDIOTHOCTEH TOKa B OOMOTKax WH-
IYKTOPA ji,, U SAKOPS Jo,,, AMIUTHTYJA DIIEKTPOAHHAMIYE-
CKOU CHJIBI MEXAY OOMOTKaMH f,,,, HAUOOJbIIIAs BETHYH-
Ha CKOPOCTH SIKOPS V., CKOPOCTB SIKOPSI Ha BBIXOJIE YCKO-
PHUTENS V;, KOTAA 3aTyXaloT JJIEKTPOMAarHUTHBIE MPOLIEC-
Chbl, ¥ TIPEBBILICHUS TEMIIEPATYPbl OOMOTOK MHAYKTOpa 0,
u stkopst 0,.

ITapamerpbr DUY. PaccMoTpuM 371€KTpoOMeEXaHHUe-
CKHMI YCKOPHTENb CO CIEAYIOIIMMH MapaMeTpamMu: 0OMOT-
Ka HMHIOYKTOpa HMeEeT BHEWHWH nuamerp Di,=39 MM,
BHYTpeHHUH nuamerp D);,=27 MM, aKCHaIbHYIO BBICOTY
H\=45 mm, gncno ButkoB N=120; 00MOTKa IKOPSI ©UMEET
BHEIMHUH auaMeTp D,,=26 MM, BHYTPEHHHH IUaMETp
D,;,=20 MM, akcuanbHyto BeicoTy H,=30 MM, 4MCIIO BUT-
koB N,=40. OOMOTKM HaMOTaHbl METHBIM IPOBOIOM
KPYTJIOTO CeYeHHUs 1uameTpoM do=1,3 mm.

EHD mmeer suepruro W =625 Jx n peannsyercs B
IByx BapuaHTax. Bapuant EHO I — 3apsanHoe Hampsbke-
Hue Uy=500 B u emxocts C;=5000 Mx®d u Bapuant EHO
II — U=707 B, Cy=2500 mxD, x0oTOphIC 00CCICUYNBAIOT
Pas3IMYHYIO JIMTEBHOCTD 3JEKTPUIECKUX TIPOLIECCOB.

HcTOYHMK TMEepeMEHHOTO HANpsHKCHUS HMEET aM-
mwmtyny Hanpsokeus U,=100 B mpu gacrorax 50, 250 u
500 I'm m moxakmrO9aeTcss K OOMOTKE MHAYKTOpa Ha KO-
potkoe Bpems (=45 mc).

PaccmoTpuM BIMSHHE HAYaIbHOTO CMEIICHUS Z
OOMOTKH SIKOpPSI OTHOCHTEIHHO OOMOTKH HHIYKTOpa Ha
xapakrepuctuku DUY umnuHapudeckoil KOHQUTypauum.
3aMeTuM, 4TO I YCKOPUTENS ¢ YKa3aHHBIMU F€OMeTpH-
YECKMMHU NapaMeTpaMu Ha60ﬂb]_llaﬂ BCJIMYMHA I'paJUCHTA
B3aUMHOUW HWHIYKTHUBHOCTH dM\y/dz WMeeT MeCTo Mpu
Z0m~10 MM (puc. 1).

Xapakrepuctuku JUY npu Bo30yKIEHHH OT eM-
KOCTHOT0 HAKOMHUTeJs1 3HepruM. PaccMorpum xapakre-
PUCTHKH yCKOPUTEIA TPH OTCYTCTBUH HAYAIBHOTO CMe-
meHus (zo=0), mpu MakCUMaIbHOM CMetIeHuH (z;=20 MM)
U TIpU TIPOMEXKYTOYHOM CMEIIEHHH, B KOTOPOM obecrre-
YUBAIOTCA HaWOOJBIINE CKOPOCTH SIKOPSI Ha BBIXOJE YC-
KOPHTENA V..

Toxu B obmoTkax OWY mmMerT KomebdaTenbHO-
3aTyXaroluii Xxapakrep (puc. 2,a).
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Puc. 2. Onexrpudeckue (a) 1 MexaHH4Ieckne (6) XapaKTePHCTUKH
BNV npu Cy=5000 mxD, Uy=500 B

IIpu ucnons3oBanny Bapuanta EHD 1 manGonpmas
aMIUIMTyJa IIJIOTHOCTH TOKa B O6MOTKG HHIYKTOpa
Jin=1,12 KA/MM® BO3HHKaeT [IPM MaKCUMaJIbHOM Haydajib-
HOM CMEIICHUH, HO aMIIJIUTYy/Jia INIOTHOCTU TOKa B 06MOTKe
SKOpsL IPUM OSTOM HaWMEHbIIas Joan=0,2  KA/MM.
Hawnbonpinas BenmnvrHa TIOTHOCTH TOKA — Jo,=1,4 KA/MM?
BO3HMKAET NPH OTCYTCTBHM HAdaJIbHOTO cMerieHus. OT-
METUM, YTO MPH JIFOOOM HA4aIbHOM CMELIEHUH Z; TOKH B
00MOTKaX MPaKTHYECKH 3aTyXaroT uepe3 10 mc.

OnexTpoaMHAMHUYECKas CHia f, MEXIy OOMOTKaMH
MMEEeT HAYaJIbHYI0 YCKOPSIONIYIO (TIOJIOKUTENBHYIO) U TIO-
CITeTYIONIYI0 TOPMO3SIIYI0 (OTPHLIATENBHYIO) COCTABIISIO-
e (puc. 2,6). YCKOpPSIIOIas COCTAaBJISIONIAS CHIIbI BO3HH-
KaeT IPH MPOTHUBOIIOJIOKHBIX MOJSPHOCTSX TOKOB B 0OMOT-
Kax, a TOpMO3dIas — Ipyu OJUHAKOBBIX IMOJIAPHOCTAX TOKOB.
[Tpy mpoMeXyTOUYHOM HayaJbHOM CMEIIEHHH Zp=8 MM am-
IUTITY/]a YCKOPSIOIIEH COCTaBIISIOMIEH CHIIBI COCTaBIISIET
[fon=1,64 xH. BcnenctBue Takol 3akOHOMEPHOCTH M3MEHE-
HUS JIEKTPOANHAMHIECKOH CHIIBI, CKOPOCTh SIKOPSI BHAYA-
Jie BO3pacTaeT 10 MaKCHMAaJbHO BEIUYUHEI V,,=5,94 m/c,
a 3aTeM YMEHBIIIAETCSI K MOMEHTY OKOHYAHHMS 3JIEKTpoMar-
HUTHOTO Tiporecca B 2,23 paza. Ilepemenienne oOMOTKH
SKOpsI /i, HEMMHEWHO YBEIMYMBACTCA CO BPEMEHEM Ha aK-
THUBHOM Y4YacTKE€ pasroHa, Ha KOTOPOM IIPOUCXOAUT K-
TPOAUHAMHUYCCKOE BSaHMOﬂeﬁCTBHe MCKIY 06MOTKaMI/l.
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Od4eBHUIHO, YTO BEIMYMHA MEPEMEIICHUS /1, CYIIEeCTBEHHO
BBIIIIC TIPU HAYAJIHbHOM CMEIIEHHH OOMOTOK Zy—8 MM, 4eM
npu z;=20 mm. Ilpu z;=0 MM MexaHHYecKue MOKazaTelIu
OUY uunuHApudecKoi koHdurypauu pasHsl Hyio. [Ipu
Z¢=8 MM IIpEBBIILIEHUE TEMIIEPaTypbl OOMOTKH WHIYKTOpa
cocraBmsier 0,=6,3 K, a mnpeBblieHHe TeMIEpaTyphl
oOMoTkH sikopst — 6,=2,4 K.

IIpu ucnons3oBanuu Bapuanta EHD II ammmuryzast
IUIOTHOCTEH TOKOB B 0OMoTkKax DOWY  yBemmumBaroTcs
(puc. 3,a). HanbonpImasi aMImTyia IIOTHOCTH TOKa B 00-
MOTKE WHIYKTOpa BO3HHKAeT NPH MaKCHMaIbHOM Hauyailb-
HOM cMemieHn zp=20 MM H COCTaBIfeT jj,~1,28 KA/MM.
AMIIIHUTya TNIOTHOCTH TOKa B OOMOTKE SIKOPS TIPH 3TOM
MUHUMAaJIbHA U COCTABIISIET j,,,—0,26 KA/MM. [Ipu orcyt-
CTBHHU cMeuleHus (Zp—=0 MM) IJIOTHOCTh TOKa B OOMOTKE
SIKOPSI MaKCUMajlbHa U COCTABIAAET j,,=1,9 KA/MM?.
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Puc. 3. Dnexrpuueckue (a) 1 MexaHU4deckHe (6) XapaKTepPUCTHKI
BUNY npu C;=2500 mxd, Uy=707 B

DJeKTpoiMHaMUUeCKas CHiia f, Mexay oOMOTKaMu
TaK)Ke MMEET HAauaJIbHYIO YCKOPSIOLIYIO M MOCIEAY OO
TOPMO3SIIIYI0 cocTasisitomue (puc. 3,6). [Ipu nmpomexy-
TOYHOM HayaJIbHOM CMELIEHHH OOMOTOK (zg=6 MM) am-
IUINTY/1a YCKOPSIIOIIEH COCTaBISIONMIEH CHIIBI YBEINYHBa-
ercst 1o BenmmuuHBI 2,9 KH. CKOpPOCTh OOMOTKH SKOpS
NIEPBOHAYAIFHO BO3PACTAET A0 MAKCHMAJIbHO BEITWYHHBI
v.n=7,91 M/c, a 3aTeM yMeHBIIaeTCsi K MOMEHTY OKOHYa-
HUS DJIEKTPOMarHuTHOTrO Tmporecca B 1,54 pasza. Ilpu
Zp=0 MM IPEBBIIICHNE TEMIIEPATypbl 0OMOTKH HHIYKTOpa

cocraBisier 0,=5,9 K, a mpeBblleHne TemIepaTypsl
obmoTku sikopst — 0,=5,0 K.

Takum oOpa3oMm, HecMOTpsi Ha OoJiee KOPOTKOE CH-
JIOBO€ BO3JcHCTBUE, UcIoab30Banre EHD ¢ moHmkeHHOM
eMKkocThio Cy ¥ TIOBBILIEHHBIM HampspkeHuem U, obecrie-
yuBaeT Oojiee BBICOKHME CKOPOCTHBIE Mokaszarenu DY
WIMHAPUYECKOH KoH(purypannu. OIHAaKO 3TO peannsy-
eTcs P Pa3IMYHOM HayaJlbHOM CMELIEHUH 0OMOTOK Z.

OueHNUTh BIUSIHNAE HAYAIBHOTO CMEIIEHHS OOMOTKH
SKOPS Zo Ha TIOKA3aTEIN YCKOPHUTEIs, BO30YKAaeMOT0 OT
EHD3, mozBomsteT puc. 4. HesaBucumo ot Bapmanta EHD
OCHOBHBIE 3aBUCHMOCTH DWNY HUMET clexyrommi xa-
paktep. Ilpu ncnons3oBannu Bapuanta EHO 1 n yBenu-
yeHuu zo oT 0 10 20 MM amIUIUTya TUIOTHOCTH TOKa B
0oOMOTKE HMHJIYKTOpa BO3pacTaeT HEe3HAYMTeJbHO (Ha
11,2 %), a B 0OMOTKE SIKOpSl YMEHBIIACTCSl 3HAYUTEIILHO
(B 6,98 pa3). BcnencTBre 3TOro npeBbIICHHE TEMIIEPATY-
pBl OOMOTKM MHAYKTOpa Bo3pacrtaet Ha 19,1 %, a mpeBbI-
IIEHHE TeMIepaTypsl OOMOTKH SIKOpS yMEHBIIAETCs B
32,1 paza. OgHaKO aMIUTUTYyAa JIEKTPOAWHAMIYECKOU
CHIIBI f.,, © CKOPOCTb Ha BBIXOJE YCKOPHTEIS V.r UMEIOT
BBIPa)KEHHBIE MAKCUMYMBI B 3aBHCHMOCTH OT HaYaJIbHOTO
cMmermeHnst 0OMOTOK zo. Hambompmas aMIimuTyaa CHIIBI
fo=1,72 xH umeer mecto mnpu zp=6 MM, a HauOOJbIIAs
CKOPOCTS V./=2,66 M/C — IIpH 2y~8 MM.

Alhimm?, Fp, kT
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Puc. 4. 3aBucumMocTs mmokazarerneit DY 0T HayaIbHOrO CMEIIECHHUS
00MOTOK Tipu Bo30yxkaeHnu ot EHD

[pu Bo30yxnennn DUY or Bapuanra EHO Il awm-
TUTUTY/IBI TUIOTHOCTEH TOKOB B OOMOTKaX YBEJIMYHMBAIOTCS,
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Kak M MPEeBBIEHNs ux Temieparyp. OnHako HanOobIIas
CKOpOCTh V,~5,11 M/C UMEEeT MeCTO TIpH z¢=~6,5 MM.
Xapakrepuctuku JUY npu Bo30Y:KIeHUH OT HC-
TOYHUKA NePeMEeHHOro HanpsikeHus. PaccmorpuM BO3-
Oyxnenne DOUY 1mmnmHApUYECKOW KOHGUIYypaluHu Ipu
BO30Y)KJIEHHH OT WCTOYHHKA MEPEMEHHOTO HAIPSDKEHUS.
Ecmu UITH umeer vacroty v=50 I'y, TO Mexay TOKaMu B
00MOTKax NpW HAayaJIbHOM CMELIEHHH Zy—=0 MM BO3HHKaeT
3HAYNTETBHBINA (DA30BEIA CIABHT, IPUBOISIINN K BOSHUKHO-
BEHMIO YEPEIyIONINXCS YCKOPSIOMMX M TOPMO3SAIINX CO-
CTaBIISIONINX HJIEKTPOJUHAMIYECKUX U (pHC. 5).

500 J Ajmm? Sy, 1 Vg, WS R, mm
Ji| 10| s00v,| 25k,

2004 A

U
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Puc. 5. Dnexrpomexanuueckue xapakrepuctuku 1Y npu
B030y>xaenun ot UITH ¢ wacroroit 50 I'n mpu zj=6 Mm
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ITockonbKy YCKOpSIOIIME COCTABISIONIME CHIIBI
peo0IIaialoT Haj TOPMO3SAIIMMH COCTABIISIOIIMMH, TO
0OMOTKa SIKOpSI MEPEMEIAeTCs] OTHOCUTEINEHO OOMOTKH
HHJIyKTOpa Ha paccrosiHue /i, co ckopocthio v,~0,51 m/c.
IIpu Takoit wacrore MIIH ammmrynma Toka B 0OMOTKe
SIKOpSI IPUMEPHO B 4 pa3a MEHbINE, 4eM B OOMOTKE HH-
nykropa. IlpudemM IIOTHOCT TOKa B OOMOTKE SKOpS IO
Mepe €€ NMePEMEIICHUs] OTHOCUTEIbHO OOMOTKH MHIYKTO-
pa yMeHbIIaeTcs.

[Tockonbky ¢ yBenmaenneM gactotsl MITH ¢a3oBerii
C/IBUT' MEX/y TOKaMH OOMOTOK yMEHBIIAETCs, TO COOT-
BETCTBEHHO YMEHBUIAETCS M TOPMO3SILIas COCTABIISIONIAs
aneKTpoauHaMudeckoil cunbl. Ha puc. 6 mpencraBieHbl
IEKTPOMEXAHUIECKUE XAPAKTEPUCTUKU YCKOPUTEIS MpH
B030y>kaeHnn ot UITH ¢ wacroroii 250 I'n ipu zi=8 mMMm.
[Tpu TakoM BO3OY)XIEHUM TI0 CPAaBHEHUIO C BO30YKICHU-
eM ¢ gactoTtoii 50 ['m Tok B 0OMOTKE HMHIYKTOpa YMEHb-
maeTcs, a B 0OMOTKE sSKOpsl yBenuuuBaeTcs. B Hauamb-
HBIN TIepHOJ BO30Y>KA€HHS IUIOTHOCTH TOKOB B 0OMOTKax
comzmepuMbl. ONHAKO WH3-3a YMEHBIIEHHS MarHUTHON
CBSI3M MEXIy OOMOTKaMM IUIOTHOCTH TOKa B OOMOTKE
WHAYKTOPA BBIXOAWUT HA YCTAHOBUBLICECSA 3HAYCHUEC, a B
OOMOTKE SIKOpSI MPAaKTUYECKH IOJHOCTBIO 3aTyXaeT K
OKOHYaHHIO Mepruoa Bo30yxKIeHHUSI.

Ho u3-3a Gospliero mnepemMenieHuss OOMOTKH SIKOPS
OTHOCHTEJIFHO OOMOTKHM HMHAYKTOpa 32 OJHO M TO €
BpeMsi MarHuTHas CBSI3b YyMEHbBIIAETCsl ObIcTpee, dTO
MIPUBOIUT K O0Jiee CHIBHOMY 3aTyXaHHIO JJICKTPOIMHA-
MHYECKOH CHIIBL. JTa CHJIa 3aTyXaeT IMPaKTHIECKH depe3
30 mc. Ee yckopsirouiye coCTaBIISIOIINAE YBEIUYUBAIOTCS,
a TOPMO3SIIUE YMEHBIIAIOTCS, YTO MPUBOIUT K OOJIbLICH
CKOPOCTH Ha BBIXOJE YCKOpHTENA V;r = 1,9 M/c, ueM mpu
gactore UITH 50 I'm.
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Puc. 6. Dnexkrpomexanudeckue xapakrepuctuku UV npu
B030yxaeHun ot UITH ¢ wacroroit 250 I'u ipu zg=8 mMm

[Ipr MakcMMaTbHOM HAYaIFHOM CMEHICHHH MEXITy
obMoTKaMH (zp=20 MM) IPOUCXOISAT CIEIYFOIIIe NU3MCHE-
HUS B DJIEKTpOMEXaHWUecKuX mporeccax (puc. 7). Ilpu
MPaKTHYECKH HEW3MEHHOW IUIOTHOCTH TOKa B OOMOTKE
HMHIYKTOpA j; IWIOTHOCTh TOKAa B OOMOTKE SIKOpS j, Ha Ha-
YaJbHOM JTalle CYIECTBEHHO yYMEHBILAETCs M3-3a 0cliad-
JICHHOW MarHuTHOM cBsA3u. OfHAKO cO BPEMEHEM TOK B
00MOTKE SIKOPS U JJIEKTPOJIMHAMUYECKasi CHJIa 3aTyXaloT C
MEHBIIEH CKOPOCTBbIO. JTO OOYCJIOBIEHO TEM, YTO H3-3a
MOHMKEHHOW CKOPOCTH V, SIKOpPb IIepeMellaeTcss Ha MEHb-
IIee PACCTOSTHUE OTHOCUTENIHFHO OOMOTKU MHIYKTOPA.

IIpu noseimenuu yactorsl UITH no 500 'y usmens-
€TCsI COOTHOIIICHHE MEXy aMIUTUTYJaMH TOKOB B OOMOT-
Kax Ha HadaibHOM dTare (puc. 8). BenmunHa mioTHOCTH
TOKa B OOMOTKE SIKOPS NIPEBBIMIACT aHAJOTHYHYIO BEIH-
9uHy B 00OMOTKe mHAyKTopa. Ilpm 3TOM (pa3oBeIiA cIBUT
MEXAy 0OMOTKaMmH elie B OOJIbLIeH CTENeHN YMEHbIIAeT-
csi. BenenctBre 3TOro TOpMO3SIIUE COCTABIISIIOIINE JIEK-
TpO)lPlHaMM'-IeCKOﬁ CHJIbl YMCHBINAIOTCA, YTO IPUBOAUT K
YBEJIMUYEHUIO CKOPOCTH SIKOPSI Ha BBIXOJE YCKOPHTENS 110
BEJIMYUHBI V,~2,2 M/C, HECMOTPsl Ha YMEHBIIEHHE YCKO-
PSIOIIMX COCTABJISIFOIUX CHIIBL.

OneHnThs BIMSHUE HAYAJTHHOTO CMEUICHUS OOMOTKHU
SKOps. Ha mokazatenu DUY munmuHaprdeckod KOH(HUTY-
pammu nipu Bo3Oyxkaernu ot MITH no3Bomser puc. 9.

[Ipu yBenn4eHUN HAYaIBHOTO CMEUICHHS OOMOTKH
sIKOpst zg OT 0 10 20 MM MakCHMallbHasi CKOPOCTh Ha BBI-
XOJI€ YCKOPUTENS CWIBHO 3aBUCUT OT yacTtoTsl MITH.
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Puc. 8. Dnexkrpomexanuueckue xapakrepuctuku 1Y npu
Bo30yxaeauu ot UITH ¢ wacroroii 500 'y pu zy=4 MM
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Puc. 9. 3aBucumocts nokazareseit DM1Y oT HavaIbHOTrO
cMeleHus: 0OMOTOK rpu Bo3Oyxaenunu ot UITH

[pu yacrore 50 'y HamubomnbIIast CKOPOCTh Ha BbI-
xofie yckoputens v,~0,5 M/c peanusyercs IpHu z;=0,2 MM,
npu yacrote 250 I'm —v,=2,4 m/c npu z,=3,1 MM, a nipu
gacrote 500 I't —v,=2,29 m/c npu z,=2,3 mm. Ilpu yse-
mnyennn vactotsl MITH mpeBbimenue TeMmeparypsl
0OMOTKM HMHAYKTOpa 0; yMeHbIIaeTcs, a MpPEeBBIIICHHE
TEMIIEpaTypbl OOMOTKH SIKOps 0, yBEITMUNBAETCSL.

[pu gacrore 50 I'm BemmumHa 0 TpaKkTHYECKH HE
3aBUCHT OT HA4YaJIbHOTO cMemeHus oomorok. Ho mpu
Gosee BBICOKMX YaCTOTaxX C YBEIMUYCHHEM HA4aIbHOTO
CMELICHUs] BeIW4YnHa 0; HE3HAYMTENBbHO YMEHbBIIAETCH.
[TpeBbinieHre TeMnepaTypsl 0OMOTKH sIKOpst 0, yMeHbIIa-
eTcsl B OOJIbILIEH CTENeHU OT BEIWYUHBI Z) 110 CPABHEHHIO
MPEBBIIICHUEM TEMIIEPaTypbl 0OMOTKH UHIYKTOPA.

Takum o6pazom, npu Bo3Oyxnennu DUY or EHO
HayaJIbHOE CMEIeHHE 0OMOTOK JIOJDKHO COCTAaBIISATh IPH-
MepHO z¢=0,6z,,, THE z(, PACCTOSHHE, HA KOTOpoM obec-
nednBaeTcss HaOonpmas BenuunHa dM\,/dz Mexmy o0-
Motkamu. [Ipu Bo3Oyxneann OUY ot UITH HauambHOE
CMEIICHUE z; HEOOXOIUMO BBIOMPATh B 3aBUCHMOCTH OT
ero gactoTsl: npu vacrore 50 I'm — zy=0,6z,,, a Tpu Jac-
totax 250 I'y u 500 I'ty — z4~0,2z,,.

BuiBoabI.

[pu Bo3Oyxxpennn DUV munmuHapuyueckoi KoH(U-
rypaiuy HauOoJblIas aMIUIMTY/a IUIOTHOCTH TOKa B
0OMOTKE MHAYKTOpa BO3HUKAET IPH MaKCUMAaJIbHOM
HayaJIbHOM CMELIEHHH, HO aMIUINTY/1a INIOTHOCTH TOKa B
0oOMOTKE SIKOpsl NpW 3TOM HauMeHblias. HauOonbprras
BEJINYMHA TUIOTHOCTH TOKAa B OOMOTKE SIKOPS BO3HHKAET
IIPU OTCYTCTBHU HAYaIbHOTO CMEILCHHS.

[pu Bo30Y)nernu ot EHD snexTponmHamudeckas
cHila MeXIy OOMOTKaMHM HMEET HadalbHYI0 YCKOPSIO-
IIyI0 ¥ MOCIEAYIOUIYI0 TOPMO3SIIYI0 COCTABIISIOIIHE.
BcneactBue 3TOro CKOpocTh SKOpsi BHA4Yal€ BO3PACTAET
JI0 MakCUMaJIbHO BEJIMYMHBI, HO YMEHbBIIAETCS K KOHILY
3JIEKTPOMArHUTHOTO TIpoIiecca.

[Ipn Bo3OyxxpeHnn DUV munmHIpuYecKod KOoH(U-
ryparmu ot UITH Mexay TokamMu B 0OMOTKaX BO3HHKAET
(a30oBbIl CIBUT, NPUBOAAIIMN K BO3HMKHOBEHHIO Yepe-
JYIOIIMXCS YCKOPSIFOIMX W TOPMO3SIIMX COCTaBIISIOIINX
NIEKTPOJVMHAMHYIECKUX CHI. Y CKOPSIOIIHE COCTABIISIO-
M€ CHIIBI MPeoOIalaloT HaJl TOPMO3SAIINMH COCTABIISIO-
MMM, YTO 00ECIIeYNBAET NEPEMEIIEHHE SIKOPS.

ITpu gacrote UITH 50 I'm ammuTyna Toka B 0OMOT-
Ke SKOpA MeHbIe, yeM B 00MoTKe nHaykTopa. C yBenu-
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yenueM yactotbl MITH no 250 T'u da3oBblii caBur Mexay
TOKaMH OOMOTOK yMmeHbInaercsi. Tok B 0OMOTKE MHIyK-
Topa yMeH])HJaeTCﬂ, a B O6MOTKC HKOpSI yBe.l'lI/l‘il/IBaeTCﬂ.
YCKOpSIONIMe COCTaBIISIIOIIUE CHJIBl YBEJIMYMBAIOTCS, a
TOpMO3HIJ_lI/le yMeHI:-LHaIOTCH. le/l IIOBBIIIICHUHN YaCTOThI
WITH no 500 't Benu4uHa IUIOTHOCTH TOKa B OOMOTKE
SIKOPST TIPEBBIIIACT AHAIOTHYHYIO BEIUYMHY B OOMOTKE
uHaykTopa. [Ipu 3ToM (pa30BEIA CIBUT MEXITy OOMOTKA-
MU ellle B OOJIbIIeH CTENeHN YMEHBIIACTCS.

IMpn wacrore MUITH 50 I'm HamOGospmiasi cKOpoOCTb
v,/~0,5 M/c peanusyeTcs NP HayaJbHOM CMEILEHHU 00-
MOTOK z(=60,2 MM, mipu gacToTe 250 'y Hambompmmiast cko-
poctb v,~2,4 M/c peanusyerca npu z;=3,1 MM, a npu
gactote 500 I'm manbompmas ckopocTs v.~=2,29 m/c pea-
JU3YETCs TIPH Zg=2,3 MM.
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Influence of the initial winding displacement on the indicators
of the electromechanical induction accelerator of cylindrical
configuration.

Purpose. The purpose of the article is to determine the influence of
the initial displacement of the windings on the indicators of an
electromechanical induction accelerator of a cylindrical configura-
tion with pulsed excitation from a capacitive energy storage and
with short-term excitation from an alternating voltage source.
Methodology. To take into account the interrelated electrical,
magnetic, mechanical and thermal processes, as well as a number
of nonlinear dependencies, we use the lumped parameters of the
windings, and the solutions of the equations describing these proc-
esses are presented in a recurrent form. The mathematical model of
the accelerator takes into account the variable magnetic coupling
between the windings during the excitation of the inductor winding.
When calculating the parameters and characteristics of the accel-
erator, a cyclic algorithm is used. Results. At a frequency of an
alternating voltage source of 50 Hz, the current amplitude in the
armature winding is less than in the inductor winding. With an
increase in the source frequency to 250 Hz, the phase shift between
the winding currents decreases. The current in the inductor winding
decreases, and in the armature winding it increases. The accelerat-
ing components of the force increase, and the braking ones de-
crease. With an increase in the source frequency to 500 Hz, the
current density in the armature winding exceeds that in the inductor
winding. In this case, the phase shift between the windings is further
reduced. Originality. When a cylindrical accelerator is excited, the
largest amplitude of the current density in the inductor winding
occurs at the maximum initial displacement of the windings, but the
amplitude of the current density in the armature winding is the
smallest. The largest value of the current density in the armature
winding occurs in the absence of an initial displacement. When
excited from a capacitive energy storage, the electrodynamic force
between the windings has an initial accelerating and subsequent
braking components. As a result, the speed of the armature initially
increases to a maximum value, but decreases towards the end of the
electromagnetic process. When a cylindrical accelerator is excited
from an alternating voltage source, a phase shift occurs between the
currents in the windings, which leads to the appearance of alternat-
ing accelerating and decelerating components of electrodynamic
forces. The accelerating components of the force prevail over the
braking components, which ensures the movement of the armature.
Practical value. At a frequency of an alternating voltage source of
50 Hz, the highest speed at the output of the accelerator v=0.5 m/s
is realized at an initial displacement of the windings zy=6.2 mm, at
a frequency of 250 Hz, the highest speed v,/=2.4 m/s is realized at
2y=3.1 mm, and at a frequency of 500 Hz the highest speed v,=2.29
m/s is realized at zy=2.3 mm. References 19, figures 9.

Key words: electromechanical induction accelerator, cylin-
drical configuration, initial winding displacement, capacitive
energy storage, alternating voltage source, armature speed.
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HCCJIEJOBAHHUE PEKMMOB PABOTBI TOKOIIPOBOJ0OB B CUCTEMAX
IIUTAHUA KPAHOB C THAYKIUOHHOU NNOANMUTKOU C YYETOM BJIMAHUA
BbBICIIINX TAPMOHUK TOKA

Y cmammi suxnadena memoouxa po3paxyHxy po3nooiny cmpymy no cmpymMonposoodm, Gmpam Hanpyeu i NOMYICHOCMI 3 YPaxyeaH-
HAM SUWUX 2APMOHIK CIMPYMY 8 CUCMEMAX JHCUBTEHHS KDAHI8 3 IHOYKYIUHUM nioxcugiennam. Ompumari HeoOXiOHi ananimuyHi 3a-
JIeHCHOCMI, WO N0 A3VIOMb NAPAMEMPYU CMPYMONPOBO0i6 3 GIOHOCHUMU SHAYEHHAMU YACHOMU SUWUX 2APMOHTIHUX | BUSHAUAIOMb
ix enaue ma cmpymoposnooin, empamu Hanpyau ma nomyoscnocmi. Ilokazano, wo 3i 36inbuleHHAM NepemuHny WuH NiOHCUBTIEHHS
8I00YBAECMbCS 3HUINICEHHSL 6MPAm HAnpyau i 000AMKOSUX 6Mpam, 8 Momy Yucii i 6i0 Cmpymie GUUUX APMOHIK, 3d PAXYHOK nepepos-
NoOLNy Yyux cmpymie i empam 6i0 HUX 8 WUHY NO0Aui, WO MA€E NPAKMUYHO He3anedHCHULl 6i0 yacmomu akmusHutl onip. Ilokasawno, wo
OCHOBHA YACMUHA 000AMKOBUX GMPAM BU3HAYAEMbCL AMIIIMYOAMU 2APMOHIK 3 nopsaokom n<7. Memoouka modxce 6ymu 3acmoco-
8aHa 071 CUCMEM HCUBTICHHSL 3ANI3HUYHO20 MPAHCHOPMY | PO3NOOLIGHUX CUCTEM, BUKOHAHUX 3 3ACTOCYBAHHAM CIANEMIOHUX I cCma-
Jleamominiegux cmpymonposooie. bion. 13, Tadu. 4, puc. 6.

Kniouosi cnosa: encrema IHRyKIiHOT O KUBJICHHS, TPOJIes], INWHA KUBJICHHS, PO3NIOALI CTPYMY, BTPATH NOTY:KHOCTI T2 HANIPYT'H.

B cmamve uznooicena memoouxa pacuéma moxkopacnpeoenenusi no mokKonposoodM, Nomeps HANPANCEHUs U MOWHOCIU C Y4EMOM
BbICUUUX 2APMOHUK TOKA 6 CUCHEMAX NUMAHUsl KPAHO8 ¢ UHOYKYuoHHOU noonumkot. Ilonyyenvl neobxooumvle anarumuueckue
3a6UCUMOCIY, CBAZVIOWUE NAPAMEMPbl MOKONPOBOOOE C OMHOCUMENbHLIMU 3HAYEHUAMU YACHOMbL BLICUUX 2APMOHUYECKUX U ON-
peoenaowue ux IuAHUE Ha MOKOpAcnpeoeierue, nomepu Hanpaxicenus u mownocmu. Iloxazano, umo ¢ ygenuuenuem cevenus wun
NOONUMKU NPOUCXOOUM CHUICEHUE NOMepb HANPSAJICEHUs, Nomepb MOWHOCHY, 8 MOM YUCle U OM MOKOG GbICUUX 2APMOHUK, 3a
cuém nepepacnpedenenus dMux MoKoe U nomepsb OMm HUX 6 WUHY NOONUMKU, 061adaiowell nPaKmuiecKu He3agucCUMbLM Om 4acmo-
mbl akmusHvim conpomusnenuem. Ilokazano, 4mo ocnognas 4acms 0006ABOUHBIX NOMEPL ONPEOETAEMCs AMNIUMYOaAMU 2APMOHUK C
nopsokom n<7. Memoouka npumenuma 01 cucmem RUMAHUS JHCENEIHOOOPOICHO20 MPAHCNOPMA U PACHPeOeUNeNbHbIX CUCTEM,
6bINOJHEHHBIX C NPUMEHEHUeM CIANEMEOHbIX U CINANeaTIOMUHUESbIX MOoKonpoeodos. bubin. 13, Tadn. 4, puc. 6.

Knrouesvie cnosa: encreMa HHAYKIHOHHOM NMOANUTKH, TPOJLIes, INMHA MOAIMTKH, TOKOpAacHpeeieHne, I0TepU MOIHOCTH U

HaNPAKCHUSA.

BBenenme. DHeprocOepekeHHE B AIEKTPHUSCKUX
CEeTSIX SIBIISICTCS IPUOPHUTETHBIM HAIPABICHUEM, KaK BO
BCceM MUpe, Tak u B Ykpause. lllupokoe BHeqpeHUE 1mo-
JYTIPOBOTHUKOBEIX TpeoOpa3oBaTelieii MPUBOIUT K yBe-
JIMYEHHUIO BBICIIUX TAPMOHUK TOKa M MCKaXCHUIO HAIps-
JKEHHS, YTO YBEJIIMYMBACT MOTEPH HAIPSDKEHHUS M MOIITHO-
CTH B JJEKTPHUUECKUX CETAX W NMPHUBOANUT K YXYALICHUIO
ToKa3zareneil kadecTBa dJeKTpodHepruu [1-3], a Takke
OKa3bIBA€T CYLIECTBEHHOE BIMSHUE Ha PabOTy IMOJIKIIO-
YCHHBIX K 3TUM CEeTsSM mpeodpasoBareneit [4]. Onpenene-
HHUE COCTaBa U aMIUJIUTYAbl BBICIIUX IFAPMOHUK TOKa OCY-
MICCTBISCTCS PACYCTHBIMHU, OKCIHCPUMCHTAIGHBIMUA U
Meroaamu MojenupoBanus [5-9]. [ns  onpenenenus
BIUSHHS BBICIINX TapMOHHK TOKAa Ha IMUTAIOIIYID CETh
HEO0OXOAMMO 3HATh MapaMeTpPhl CXEMBI 3aMelneHus. [l
HU3KOBOJIBTHBIX IIEXOBBIX CETEH 3HAUYEHUS aKTUBHBIX H
WHAYKTUBHBIX COMPOTHBICHUN ONPEAEISIOTCS B OCHOB-
HOM aHAJUTHYECKUM METOAOM. IS CIIOKHBIX MPOBOI-
HBIX CHCTEM TOKOIIPOBOOB, COAEpkKalMX (heppoMarHuT-
HBIE DJIEMEHTHl W 3aIlIUTHBIE SKPaHBl AHAIUTHYCCKHUH
pacuér 3aTpyaHuTeneH. i 3TuxX ciaydaeB UCIOJIb3YHOTCS
MeTOoJIbl MozienupoBanus [5, 10].

Jns Hanbosee pacnpoCTpaHEHHBIX U TUMIOBBIX CXEM
HCIOJB3yeTCs, KaK TMPaBWIO, AHATUTUYCCKAC METOJBI
pacuéta NHOTeph HampsbKeHMs M MomHoctH [2, 11].
K takuM cxemMaM MOXXHO OTHECTH KPaHOBEIC YCTaHOBKH,
T/Ie WCIONB3YIOTCS YaCTOTHO-PETYIHpPYEeMbIe IIPUBOJA
(YPII) mpu MoIepHU3AIUH CTAPBIX WX MPOCKTUPOBAHIH
HoBbIX. Mcnonp3oBanue YPII ¢ momynpoBOOHUKOBBIMU
mpeobpa3oBaTeNsIMU B CHCTEMax MUTAHUS KPAHOB IIPHBO-
JIUT K 3HAYUTEIFHOMY COJIEP)KaHHWIO TOKOB BBICIIUX Tap-
MOHUYECKHUX B Hl/lT&lOLHCﬁ CCTU, KOTOPLIC YYUTBIBAOTCSA
k03¢ dunreHToM HelIuHeHHbIX uckaxenud (THD;) B
COOTBETCTBHUHU C Tpe6OBaHI/I}1MI/I MCKIAYHApPOAHBIX CTaH-

maptoB IEEE 519-1992, IEC 61000-3-12:2012 u IEC
61000-3-12:2004. Toku BBICIINX T'APMOHUUYECKUX IPUBO-
JIT K J0OABOYHBIM ITOTEPSIM HANPSDKEHHST M MOIITHOCTH B
HEXOBBIX ceTiX [6]. YKa3aHHOE 0OCTOSITENBCTBO IMPHBIIC-
KaeT BcE OoJplilee BHUMAHNE K MCCIEJOBAHHUIO PEXXNMOB
paboThl HEIMMHEHHBIX HArpy30K ¢ y4éTOM BBICIINX Tap-
MOHHUK TOKa [4-9, 12, 13].

Peanuzanus TpeOOBaHUN OTpaHUYCHHS] TEHEpaIuH
BBICHIMX TapMOHHMK B CETh MOTPEOOBAJIO IPOBEICHHMS
UCCIIEOBAaHUN U Pa3padOTOK CXEMHBIX PEelIeHHH Npeod-
pasoBatenel, MacCUBHBIX aKTUBHBIX (uiabTpoB [1, 3].
C 5KOHOMHYECKOW TOYKH 3pPEHUs] KOMIEHCAIUsSI MOIIHO-
CTH MCKa)XEHHH OCYIIECTBIISIETCS B y3/1aX Harpy3KH: pac-
npegenuTenbHbIX yeTpoiicts 6, 10 kB wn 0,4 kB. OnHa-
KO B IIEXOBBIX CETAX, MHUTAIOIIUX AJICKTPONPUEMHUKH C
peoOpa3oBaTesIMU BIMSHNAE BBICIINX MAPMOHHK OKAa3bl-
BaeTCs CYIIECTBEHHBIM [5] 1 TpeOyeT CBOETO pelIeHusl.

B [6, 7] aBTOpamu ObLT TPEIIOKEH METOM UCCIIEI0-
BaHUI BIMSHMA BBICIINX TAPMOHHUK TOKA B CHCTEMaXx ITHTa-
HHS KPAaHOBBIX YCTaHOBOK, HCHOJB3YIOIINX IJIsI TOKOIIPO-
BOJIa CTaJIbHbIE TPOJUIEH U AFOMHHHUEBBIE HITMHOIIPOBOIBI.
[TokazaHo, 4TO HaNM4YHME BBICIIMX TAPMOHUK TOKA HPHBO-
JUT K YBEIMYEHUIO MOTEepU HampspkeHus B 3,2-4 paza u
HNOTepU MOIMHOCTU B 1,26-1,43 pa3za mo cpaBHEHHIO C CU-
HYCOMJAJIbHBIM TOKOM JUISl CTAJIBHBIX TPOJIIEH.

B cucreme nuTaHUS KPaHOB OOJBIION TPY30MOIBEM-
HOCTH M OTHOCHTENBHO JUIMHHBIMHM PaOOYMMH TPOaETaMu
Ui o0ecTieueHnsT padovero HampshDKEHUS B JIOITYCTHMBIX
Ipesesax HCIOIb3YyeTCsl IMOINUTKA OCHOBHOW TPOJUIEH.
HawnGonbiiee pacrpocTpaHeHHE MOMy4YHiIa WHIYKIMOHHAS
cHcTeMa MOJMNUTKY, KaK HauMeHee 3aTpartHas. [Ipu nHmyk-
LHOHHOM MOJINUTKE MapauIeIbHO TPOJUIEH MPOKIabIBaCT-
cs1, KaK NpaBuIIo, alFOMIHKeBad muHa [11].
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Hannyme BRICIIMX TapMOHUK TOKa B CHCTEMax ITH-
TaHUSI KPAaHOB MPHUBOAWUT K M3MEHEHHUIO IOJHBIX COIPO-
TUBJICHUN OTACJIBHBIX TOKOMNPOBOJAOB U, COOTBETCTBCHHO,
TOKOPACIIPEIeIICHNS B HUX.

ueﬂb CTaTbH — MHCCJICOOBATh BIIMAHHUEC BBICIIUX
TapMOHHUK TOKOB Ha TOKOpAcIpeeIeHUe, MOTEPH Harpsi-
JKCHHS ¥ MOITHOCTH B TOKOIIPOBOJIAX CHCTEMbI HHIYKIIU-
OHHOW MOJAMUTKN KPAaHOB, U MPEIOKUTh PEKOMEH IAIIH
IO CHIDKEHUIO ITOTEPH OT BBICIINX TAPMOHUIECKUX.

OcHOBHOII MaTepuJ UcCIeT0OBAHUMA.

Hcxonnpie nanabie. CoriiacHO OOIICTIPUHATON METO-
JTIMKE, TOK OCHOBHOM T'apMOHUKHW TpoJuIeH [, onperensercs
W3 YCJIOBHUS JOIyCTUMOW IIOTEPU HAIPSDKEHHUs Ha pabouem
yuacTke paboThI KpaHa, COrJIaCHO COOTHOMIeHus [6, 11]:

_ AUpax _ AU ax .
l,-AU,y \/g-lt-R,-(cos¢)1+tggoﬂ-singol) €))
Iy =1max — 14,

rae AUny, AU, — nomyctumasi moteps HalpsDKEHHS H
IMOTEPs HANPsHHKCHUS Ha 1M JJIMHBI y4YaCTKa TpOJUICH,
COOTBETCTBCHHO, IIPU 3aJJaHHOM TOKE TpoJuieH; /, — pado-
yasi JJIMHA TPOJUIEeH; [, [y — MAaKCUMaJIbHBIA TOK CHUCTE-
MBI ¥ IIUHBI TOJIUTKHA, COOTBETCTBCHHO; tgp, = X;1/R;;
rae X, Ry — MHAYKTUBHOE U aKTUBHOE COIPOTHUBIIECHHE
TpPOJICW IUII OCHOBHOHM rapMoHWkH dactotod 50 I'm;
(1 — YTOJI CIBUTa OCHOBHOU TaPMOHHKH.

1,

Jliist obecriedeH st JOMYCTUMOM TIOTEPU HAIIPSKEHHUSI
AUpnax <5 % Ha pabodeM ydacTke paOOThI KpaHa mapaji-
JIETbHO TPOJIEW MPOKIIA/BIBACTCS ATIOMHHUEBAs HIMHA.
Tokopacripe/ielieHie 0 TOKOMPOBOAaM B CHUCTEME MOJI-
MUTKA OMPEAENSIETCS OTHOIIEHUEM TMOJHBIX COMPOTHBIIC-
HUI Ha OCHOBHOM rapmonuke [11].

COOTHOIIIEHHE TOKOB B TOKOIIPOBOAAX, HCIIONB3YS Me-
TOJI CYTIEPIIO3ULIUU JUTSI COCTABIISFOIINX C FAPMOHUKOM 11

_Zon _Ron

Z, R

2
1+1g7 0y,

2 b
1+ tg Pm

2

n
tn

e Z(y = Rsz(t)n +XS2(t)n — IOJIHOE CONPOTUBJIEHUE

COOTBETCTBYIOLIEr0 TOKONPOBOJA (S — IIHMHBI, { — TPOJ-

den) s n rapMoHukm; X, =Xi, + X[, + X[

Xy = X5y + X5, — MHIYKTUBHOE CONpOTHBICHHE: X' —

BHyTpennee, X" — BHemmee, X" — CONpPOTHBICHHE
B3aMMOUHIYKTHBHOCTH TPOJIIEH U LIMHBI OAITUTKH.

[TapameTpbl TOKOIPOBOAOB Hamboiee pacrpocTpa-
HEHHBIX CHUCTEM HHZ[yKLlPIOHHOﬁ MOANUTKH NNPUBEACHLI B
Tabn. 1, g paccrosHus Mexnay Tpoiiesmu 250 M,
BBIMOJIHEHHBIMH YTOJIKOM 50%x50%5 MM.

WHOyKTHBHOE CONPOTHUBIICHHE TOKOMPOBOIOB YKa-
3aHO ¢ Y4ETOM B3aHMMOWHAYKTHBHOCTH TPOJUICH W LIMHBI
moarutkw [11].

Ta6nwuma 1
[TapaMeTpbl TOKOIPOBOJOB CUCTEM TTOAIHUTKH
Pa3mep, Mmm [TapameTpsl
B Ry, X, Zn, Xhu+Xi, HE t o.c
CrasbHoil yromnok OM/kM Om/km Om/km Om/kM OM/kM EPn 71, 0-€.
50x50%5 MM
1,65 1,263 2,08 0,339 0,924 0,765
A Rsls Xsh Zsly _ . t
JIIOMUHHMEBAs IMHA OM/kM OM/KkM OMm/KM 2051
20%3 0,513 0,277 0,583 — — 0,54 0,28
30x3 0,342 0,253 0,425 — — 0,74 0,204
40x3 0,256 0,237 0,348 — — 0,926 0,161
50x3 0,205 0,225 0,32 — — 0,11 0,147
60x4 0,128 0,213 0,248 — — 1,664 0,119
80x5 0,077 0,195 0,21 — — 2,53 0,101
Hau6Gonee pacropocrpané CTO aj C- . *,
nboJiee pacIpoCTPaHEHHBIMA HCTOYHUKAMH BBI R, =Ry Xy =Xafo:
IIMX TapMOHMK SIBIISIOTCS HEyMpaBisieMble (IJIs 4acTOT- 4)

HO-PETYJINPYEMBIX PUBOJOB) M yNpaBIiIsieMble (U1 IpH-
BOJIOB TIOCTOSTHHOTO TOKa) BHIIpSAMHUTENHA. OTHOCHTEINB-
Hbl€ 3HAYEHUS] TAPMOHUK A-TIOPSIKAa BXOIHOIO TOKa MOC-
TOBOTO BBIITPSIMUTEIIS ONIPEAEIIAIOTCS U3 COOTHOIICHHUS:

1 1
I, =K '_n:Kn'_:Kn'Fa 3)

[1 n n

rae K, — K03 (QUINEeHT, YIYUTHIBAIOIINN OTHOIICHHUE aM-
IUATYIBl MYJIECAIIMA B PEATbHOM BEITIPAMHTENE K HJIe-
anpHOMY [6] (IpH MHIYKTUBHOCTU L, B 3BE€HE BBIIPSIMIIE-
Hus Ly, =0 K, = 1); I,, [ — 3HaUeHHNE TOKA TaPMOHHUKHI
n-TIOpsiIKAa ¥ OCHOBHOW TapMOHUKH B TOKOIIPOBOJIAX
COOTBETCTBEHHO; f: = f, /50 — oTHOCHTENbHAas YacTOTa
TapMOHUKH N-TIOPSIIKA.

B [6] ObU1O MOKa3aHO, YTO COMPOTHBICHUE ATIOMU-
HHUEBBIX IIHMH CBS3aHO TaKUMH COOTHOIICHUSMH ISl 7
TapMOHUYECKOHN COCTaBJISIOIIEH OTHOCUTEIBHO OCHOBHOM:

Sn

=tg@a /-

tgQ, =

Ssn
ComnpoTUBJIEHHE CTAJIbHBIX YTOJIKOB CBSI3aHO COOT-
HOILEHUSMU ISl # TAPMOHUYECKON COCTABIISIOIIENH OTHO-
CHUTEIIFHO OCHOBHOIA:

*

Ry =R\ /s X =(Xh + X+ X1

’ * " * (5)
(th +0’56Rt1 an +Xt1j\)fn
n

tgQy, = = .
" Rtn Rtl

MaxkcuManbHBIH TOK ¢ Y46TOM BBICIIUX TapMOHHK
OTIPEJIENAETCS COOTHOILLIEHUEM [2, 6]
n=6k+1 n=6k+1 1
I = K% = K2 — 6
max — z n‘n — z no x> ( )
k=0 k=0 n
rae k — psag uensix uucen 1, 2, 3 u T.4. [Ipu aToM nomnara-
€M, YTO OCHOBHAsI TApPMOHHUKA paBHA OCHOBHOM rapMOHHKE
CHHYCOHJIAJTBHOTO TOKA TPOJUICH O€3 MOJIITUTKH.
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Pe3yabTaTsl Hcciie10BaHUI.

1. PacnipeneneHue TOKOB B TOKONPOBOAAX MOJ-
nutkH. [IpeoOpasys BelpakeHHe (2) ¢ y4eToM paccMoT-
PEHHBIX cOoOTHONIEHHH (3) MMeeM:

_ Rsl ’ 1+ (tg(ﬂslf:)z 7)
7}1 - F , 2 . (
Rl | (ot vosorayy <3 | 1,
1+ 3
Rji

Ananus cootHomeHus (7) ¢ y4éToM 3HAYeHHU ma-

paMeTpoB pacueTa TOKONPOBOJOB CBEACHHBIX B Tabdi. 1
%

HoKa3aj, 4To mpu f, >7 cootHomenue (7) ¢ ZOCTAaTOY-

HOM TOYHOCTHIO MOXKET OBITH TIPUBEICHO K BUY:
X sl

0,56R 1y £,

Takum oOpa3oM, pacrpelielieHHe TOKOB I10 TOKOIIPO-
BOZIaM MPAKTHYECKU IPSAMO MPOIOPLUOHAIBHO MHIYKTHB-
HOMY COIPOTHBJICHHIO ILIFH ITOJITUTKH Ha OCHOBHO rapMo-
HHKE ¥ 00paTHO MPOHOPLIHOHAIBHO KOPHIO KBaAPATHOMY OT

Yn= ®)

%
YacToTel f,, , T.€. C YBEIMYCHHEM YacTOTHI Y, MOHOTOHHO

yOBIBAET, YTO CBUJCTEIHCTBYET 00 YBEIMYCHUN BHICOKOYAC-
TOTHBIX COCTaBJISIOLIMX B IITMHE TOIMUTKH (puc. 1).

T 0L

\ 20x3
\ 50x3
02 80x5
| T
' L ——
| R LI TE T
oL £, 0e.
1 10 20 25

Puc. 1. 3aBucumoctu y, = f{ _/':) JUIsl CTAJIBHOTO YIOJIKa
50%50%5 MM, ¢ mmHO#M oamuTku 20%3, 50%3, 80%5 MM

He TpyaHO moka3arb, HCIONB3YSI BTOPOE YpaBHEHIHE
B BelpakeHun (1) m cootHomeHne (2), OTHOCHTEIBHOE
* *
3HAYCHUC TOKA IIUHBI [, W TpoJuieHu I, IJsl n rapMOHU-
YeCKOM COCTaBIISIIOIIEH UMEET BUI;
* 1 1 |

sn_ _ . .
* 0
Inax 1475 fu
]* _ 1y, __Tn 1
tn — - * *
Inax 1475 fu

)

n

Ha puc. 2 npencraBieHbl OTHOCUTENBHBIE 3HAUCHHUS
TOKOB B CHUCTEME MWHIYKIMOHHOH MOANMTKH: YTOJIOK
50x50x5 MM ¢ muHOHN nmoamuTku 80%5 mm U1 1 rapMo-
HUYECKOM COCTaBIIAIONIEH.

*

I,,0.e.
1
'y
0.8 0.08
0.0
0,04 I
0.6 N n
sy 002 =
0.4 - o & " =
02 :
r‘-a._h___ltn o Sl e o
o= "
1 10 20 77, 0.

Puc. 2. 3aBucumoctn I,” = f (f ) JUI CTJIBHOTO YTOJIKa
50x50%5 MM ¢ muHOM MOAMUTKA 80X5 MM

B 1ab1. 2 npuBecHBI OTHOCUTENBHBIC 3HAYESHUS TO-
KOB B TPOJIJIEM BBINOJHEHHOM yrojgkoMm 50x50x5 mm c
IIIUHON MOJIMUTKH.

Tabnuma 2
OTHOCUTENBHBIC 3HAYCHUS TOKOB
[Tapamerp
PasMep * * * * * *
LIMHBI, MM Iy | Iz Loy > Iy Iz Ttny.»
o.e. o.e. |n>5,0e.| oe. o.e. |n>5,0.e.
20%3 0,781 10,819 | 0,024 {0,219(0,221| 0,026
50%3 0,87210,908 | 0,252 [0,128| 0,13 | 0,021
80x5 0,908 | 0,943 | 0,255 {0,092 (0,094| 0,018

Ananmu3z Tabm. 2 MOKa3bIBACT, YTO C YBCIMYCHHCM

o *
CCUECHHMS IIUHBI MOAMUTKU TOK TPOJUIeH [,y CyIIECTBEHHO
YMEHBIIAETCSI, B TOM YMCIIE YMEHBIIAETCS BBICOKOYAC-
*
TOTHAs COCTABIAOMAA [,y .

2. IloTrepu HANIpsIAKEHUS.

Tak Kak TpoJuien BRIOUPAIOTCSI TIO JIOIYCTUMOM TTOTepe
HanpsDKEHWs TIpU 3a7aHHOM Toke (1), To IpOBEPKY BIUSHUS
BBICIIIMX TAPMOHUUYECKUX TTPOBOIUM IS TPOJUICH.

[Ipr HanWuMM BBICIIMX TapPMOHUK OTHOCHTEIHHOE
YBEJIMYEHUE MOTEPU HANpsDKEHUS B TPOJUIEH OTHOCHU-
TENbHO TOTEPU HANPSKEHHUS HAa OCHOBHOM T'apMOHHUKHU
AU, onpenensiercs ¢ yuétoM Beipaxkerui (1), (9):

*_\/AUﬁ+AUt25+...+AU,213 i

*2
AU = AU2 =
AU, ,Z;S "
e AUtl _ \/glthtllt(Cos(Dl + g, Sin(ol)_loo% :

Unom

V4 . ’ m .
In :Imax[ﬁ} tg =X +0,56R, + X715
1

Usom — HOMUHAIIBHOE HATIPSIKEHHUE TPOJUIEH.

n=6k+l
1+ Z K:L( Yn
k=1 Ji

2 2 *
)(lﬂqj (cosgol +t20n.fn sm(ol)z (10)

L+, N (cosgy +tgpy sin(p1)2

*

n

Jnst cimydast MIeanbHOTO HEYNpaBIsIEMOTO BBIIPS-

mutens K, = 1, cosp; = 1, 4TO COOTBETCTBYET BHIIPSIMHU-

temo ¢ LC-punbtpoM  (KOI(DPHUIMEHT HCKaKEHHS

v = 0,955, uro cootBerctByer THD; = 31,05 %)), moreps
HAaIpsHKEHUS:
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n=6kl 4 v 20 - 2
ey L [ln
k=1 fn 1+7/ n N

3aBHCHMOCTbL OTHOCHUTEIBHBIX 3HAYCHHH IoTepu
HATPSDKCHUSI B TPOJUICH C IMHHOW TIOMIUTKH B (DYHKIIUH
YACTOTHI f, TIPUBEEHBI HA PHC. 3.

AU = L (11)

* *
OrHocurenbHble 3HaueHus AU;s u AU,; coctaBis-
10T 0K0JI0 22 % u 16 % OoT moTepu HampsKEHHUs Ha OC-
[ *
HOBHOM TapMOHHUKE, a OTHOCUTENbHbBIC 3HaueHust AU, ; u
* 0 0
AUps coctaBistioT 10 % u 5 % cOOTBETCTBEHHO.

AU, , 0.e.

ﬂ‘ 20x3
ost! \ 3023,
0614 -

[} ‘};

0.4, S

| h cosg; =1
02 I "'-‘_i'—_--—-__

1 = '_-_i—-m-fm-r--—.

l:l *
: T 20 77, 0.

* * o
Puc. 3. 3asucumoctu AU, = f{ f,; ) B TpOIUIEH C UHOH

noanutku 20%3, 50%3, 80x5 mm; cosp; = 1

3aBHCHUMOCTh OTHOCHUTCIIBHBIX 3HAUYCHHUH IoTepu
HalpsHKEHUS B TPOJUJIEH C 100508 (0)71 IIOAMHUTKHU OT 4YaCTOThI

f, mpuBeneHsl Ha puc. 4 npu cosp; = 0,5.

AUt*n , 0.C.
1.1
1
'I"H,. . cosg = 0,5
0.9 % -
e 20x3
0.8
! IK- 50%3 |
1, Aol
o H%.. 80x5
0.6
1 10 20 77 oe.

Puc. 4. 3asucumoctu AU, " = f{ f:) B TPOJUIEH C IIUHOMI
noanutku 20%3, 50%3, 80%5 mm; cosp; = 0,5

Kax cnenyer u3 puc. 4 oTHOCUTENbHBIC 3HAUECHHA TOTe-
py Hanpspkenusa AU, 101 n>5 rapMOHMYECKHX COCTABIISIO-
mux 1pu cos@; = 0,5 cyIecTBeHHO BO3pacTaloT, YTO 00bsIC-
HSCTCsS.  BIMSIHUEM COCTABIBIOLICH  (COsp;+tgp, - £, -sing;)

B Boipakennn (10). Ormeuaercs yBemmuenne AU, mwis
n>5 ¢ yBENIWYEHWEM CEUYECHUS IIWHBI TOAIUTKH, YTO BBI-
3BAHO MEPEPACTPE/ICTICHUEM COOTHOIICHHS OTHOCHTEIb-
HBIX 3HAYCHHH TOKOB OCHOBHOM TapMOHHUKH TPOJLIEH 1,
U BBICOKOYACTOTHBIX COCTABJIAIOMNUX I,y . DTO COOTHO-
HICHHE 0 Mepe YMEHBUICHUS! CEYCHUs! IIUHBI ITOAMUTKA
BO3pacTacr.

B Tabun. 3 npuBeneHbl OTHOCUTENBHBIE 3HAYCHUS T10-
TEpU HANpPSDKEHHS B TPOJJIEH TIPH COS@; = Vvar, BBIIOJ-
HEHHON yroakoM 50%50%X5 MM JUIi HEKOTOpBIX COYeTa-

HUW TOJMUTKU U f: <25.

Tabmuia 3
OTHOCHTEIILHOE 3HAYECHHE MTOTEPH HAIPSHKEHUS

LHE, MM H0x3 50%3 80x5
COSQ;

1 1,051 1,033 1,025
0.9 136 1.63 2,081
0.8 1,54 191 231
0.7 1,69 2.16 253
0.6 1,853 239 2.83
0.5 2,022 2,65 3,14

Ananus Tabn. 3 MOKa3bIBa€T, YTO OTHOCHUTEILHOE
3HaYCHHE TOTEpU HANpPSHKEHUS YTroJiKa NpH cosp; = 1
¢ mmHou 20%x3 MM yBenuuuBaercs Ha 5,1 %, a ¢ mMHON
80x5 MM — Ha 2,5 %. OTHOCHUTENBHOE 3HAYEHUE NOTepU
HATPSOKCHUS JOCTHraeT MAaKCHMAJIbHOTO 3HAUCHHS MPH
cosp; = 0,5: ¢ muHoi 20%3 MM yBenuuuBaercs B 2,022
paza, a ¢ muHoi 80x5 MM — B 3,1 pasza. CienoBarensHo,
AU,yax B BeIpakeHnH (1) cremyeT yMEHBIINTH Ha COOT-
BETCTBYIOIIYIO BEIIMUHHY.

3apucumoct AU, = f(cosg|) B TPOIUIEH C IIMHOI
MOJIUTKH [IPUBEIICHBI HA PUC. 5.

AU/, o.e.

4
20x3

503

Laa

80x5

b.i 0.6 0.7 0.3

Puc. 5. 3aBucuMocti AU, = f{cosp,) B TPOJIIEH C IIHHOMN
moamutku 20%3, 503, 80%5 mm

0.8 cospy 1

Anamus 3aBucuMoctd AU, = f{cosp;) st Tposien ¢
IIMHOM MOJMUTKY MOKA3bIBAET, YTO C YMEHBIICHUEM COSQ)|
3HAYCHUSI OTHOCUTEJILHBIX MOTEPh HAMPSHKEHUS B TPOJUICH
BO3PACTAIOT C YBEIMUCHHUEM CECUCHUS IMHBI OAMUTKH.

OTMEeTHM, YTO OTHOCHTENILHOE 3HAYCHHE IMOTEPU
HAMpPSDKEHUST B TPOJJICU C IIMHOW MOJITUTKU B 3aBUCHMO-
CTH OT COS(| HIXKE B TaKOW ke Tposyien 0e3 IUHBI MOo-
MUTKY TIPU HATWYAX BBICIIAX TAPMOHUK [6].

3. ITorepu MOLIHOCTH.

IloTepu MOIIHOCTH B CUCTEME MHIYKLMOHHOM IOJ-
MUTKA UMEIOT JIBE COCTABIISIIONINE: TOTEPU B Tposuien AP,
U IIHHE MOIMUTKU APy, KOTOpbIE paBHBI COOTBETCTBEHHO:

n=6k=xl 5 n=6k=xl 5
AP, =3- Y R,l5 m AP,=3- Y Ryl;,.
k=0 k=0

B OTHOCHTENBHBIX €AMHHIAX ITOTEPU MOIIHOCTH
OTIpeNersIIoTes ¢ yuéroM BeIpakeHuit (1), (5), (9):

AP +AP.
AP*=AB*+AP:=#=
1
12)
=6kl | ¢* 2 =6k+1 2 2 (
—nZKziy_” J’_&n : ; K,
- n * * 2
k=0 n2 L+, R k=0 L+, fn2

rae AR =3R, [ fl — MOTEPH B TPOJUIESIX O€3 TOAMUTKH.
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OTHOCUTETBHBIC 3HAYCHHS IOTEPH MOIIHOCTH B
CUCTEeMe HHIYKINOHHOW TMOJIUTKH MPHUBEICHHI Ha pHC. 6.

— AP, , 0.e.
: 0.04
g 0.03|—1
0.03 3 AP,
. 0.02 '
5 L .
0.021 2 0.01|——
| "APsn API: i '
. ) =
0.01 = 1 2 4 67
l\\ =
ol ARy ™. ]
1 10 20 fu»0c

* * o
Puc. 6. 3aBucumoctu AP, = f{ £, ) B TPOILIEH ¢ LIMHON

oAUtk 80%5 MM
OTHOCHUTENBPHBIE 3HAYEHHSI MOTEPh MOIIHOCTU B

TPOJUIEH C UIMHOW MOJIHUTKHU ISl WACAIHLHOTO HEeyIpaB-
nsiemMoro Beimpsamutens K, = 1 cBeneHs! B Ta0. 4.

Tabmnuma 4
OTHOCHTEITbHBIC 3HAYCHHSI TOTEPh MOIIHOCTH

Pasmep . [Tapamerp, o.€. .

mﬁiﬂ’ AP, AR5, AP’ | AP, AVSE AP’ | AP’
n>5 n>5

20x3 10,048 | 0,0018 | 0,0498 |0,189| 0,012 | 0,2 [0,248

50x3 10,016 | 0,0007 | 0,0167 |0,118] 0,0061 |0,118|0,135

80x5 ]0,0084|0,00044 |0,00884]0,038| 0,0018 |0,039]0,047

Amnanu3 Tabna. 4 MHOKa3bIBAE€T, YTO OTHOCHUTEILHO
IepPBOl TAPMOHUKHA TOKA CHCTEMBI IOTEPH MOIIHOCTH B
CUCTEMaX MHAYKLIMOHHOW MOANUTKH AP" YMEHBIIAIOTCS B
3aBHCHMMOCTH OT CCUCHHMS IIHMH MOANUTKU B 4; 7,4 u 21,3
pasza cootBercTBeHHO. [Ipu 3TOM OTHOCHTEJBHBIE 100a-

Sk Sk
BOYHBIE MOTEPU MOIIHOCTH (AB"Z + Asz) COCTaBIIAIOT

5,5+4,6 % OT MOJHBIX IOTEPb.

AHanu3 norepp OT BBICOKOYACTOTHBIX COCTAaBIISIO-
IIMX TIOKa3bIBAaeT, YTO OCHOBHYIO MOJIIO JOOABOYHBIX
MOTEPh COCTABJIAIOT MOTEPH OT TapMOHMK n<7. VYuér

KO3 dHUIHECHTA K,% , COIJIACHO JaHHBIM [6], IPUBOAMUT K

YBEIMYCHUIO JOOABOYHBIX MOTEPh MpUMEpHO B 1,5 pasza.
IToaTOMy pacuér norepu ciaeayeT NpoU3BOIUTE C YUETOM
peanbHBIX 3HAUYEHWH BBICIIMX TapMOHMK, ITOJyYEHHBIX
OTIBITHBIM ITyTéM [8] 6o MoaenupoBanueM [6].
OtmeTHM, 4TO I CHHKEHMS TIOTEPh HAIPSDKCHUS U
MOII[HOCTH B CHCTEMax C KPaHOBBIMH YCTaHOBKaMH, KOTO-
pble paboTaloT B TSDKENBIX PEeXUMax C OOJBIIMM YHCIOM
BKJIFOUCHHH, HUCTIOJIB3YIOTCS OTHOCHTEIBEHO JIOPOTHUE CHCTE-
MBI OE3BIHIIYKIIMOHHOM MOJINTKH, Y KOTOPBIX IIMHA TOJ-
IIUTKK BBINIOJIHEHA ATIOMUHHEBBIMH TPOBOJAMH, IIPOJIO-
JKCeHHBIMU B TpyOax [11]. AHanmI3 JaHHBIX CHCTEM MOAIMUTKA
IOKA3bIBACT, UTO MPH CEUECHHH TPoBoioB 50-150 MM” u ¢
KOJIMYECTBOM JKHJI PAaBHBIM 3, WHIYKTHUBHBIE COIPOTHBIIC-
HHUA yMEHbIIAloTcs B 2-3 paza. OTO MPUBOAUT, COIJIACHO
BolpakeHnio (12), K yMEHbIICHHIO JOOABOYHBIX IIOTEPh
HaIpsDKEHHUS U MOLIHOCTU B TPOUIEsAX. YKa3aHHOE 00CTOs-
TEJBCTBO YAaCTUYHO WM IOJHOCTHIO KOMIIEHCUPYET Iiep-
BUYHBIC KalUTAJIbHBIE 3aTpaTbl Ha MOCTPOSHHE CHUCTEMBI
OE3bIHIYKIIMOHHOW TTOJIUTKK, KOTOpPBIE ONPEACNISOTCS
TEXHUKO-3KOHOMHUYECKHM PAaCUETOM.

IIpennoxeHHas MeTonMKa pacu€ra MOTeph HAIpshHKe-
HUSL ¥ MOIIHOCTH MOJKET OBITh MCIOJIb30BaHa NPH pacuéTe
MOTEPh HANPSHKCHUS M MOIIMHOCTH B CTAJICMEHBIX M CTa-
JICAJTFOMUHHEBBIX MPOBOJAX, IPUMCHSICMBIX B KEJIC3HOO-
POXXHOM TPAHCIIOPTE U PACTIPEIACTUTEILHBIX CETSX.

OCOOCHHOCTBIO CHCTEM THTAHUSI TIEPEMEHHBIM TOKOM
Ha JKEJTIe3HOZOPOKHOM TPAHCIIOPTE SIBISCTCS CYIICCTBEHHAS
BEJIMYMHA TOKOB 3 U 5 TapMOHHWK, KOTOPHIE JOCTHTAIOT CO-
oteerctBeHHO 60 1 30 % oT ocHoBHO# [13], uTO CymIecT-
BEHHO BIMSET HA pachpe/esieHIe TOKOB U BeJHMUIHHY 100a-
BOYHBIX TIOTEPh MOITHOCTH U TIOTEPH HATIPSDKEHUSL.

BbiBOaBI.

Pe3ynbprarsl nccaen0BaHUNA MOKA3bIBAIOT, YTO B CHCTE-
Max MHIYKIIMOHHOW MOAIUTKYU Oaroaaps nepepacnpesesie-
HHUIO TOKOB BBICIIMX TapMOHHYCCKHX MEKTY IIMHOM TOJ-
MTUTKA ¥ TPOJUICH MPOUCXOIAUT YMEHBIIICHHE MOTEPH HArIpsi-
JKCHUsI, OCHOBHBIX U TOOABOYHBIX IIOTEPh MOIITHOCTH.

[Ipu ompeneneHNy MOMYCTHIMOIN MOTEPH HAIpsDKe-
HUS CIIEAyeT WCIONB30BaTh KOA(QUIMECHT CHIDKCHHS
3HAYCHUS JTOMYyCTHMOI1 motepu Hanpshkerus 1,051+1,025,
u 2,022+3,14 B 3aBHCHMOCTH OT M3MEHEeHUs Ko3dduiu-
€HTa MOIIHOCTH B Tpenenax cosp; = 1,0+0,5 u B 3aBucH-
MOCTH OT CEYCHHS IIUH MOANUTKH, COOTBETCTBEHHO.

Hcnonb3oBanue cUCTEMbl HHAYKIHOHHON MOAIUTKI
MO3BOJISIET CHU3HUTH IOJHBIE MOTEPH MOUTHOCTH B 4+21,3
pa3a B 3aBUCHUMOCTH OT CEYCHUS, MPH STOM OTHOCHUTEIIb-
HbIe J100ABOUHBIC IMOTEPH MOIIHOCTH COCTABJISIOT HE
6onee 5,5 % OT MOJHBIX MOTEPb MOIIHOCTH.

[IpemnoxkenHass MeTomuka pacdyéra TOKOpacIpee-
JICHUS, TIOTEPH HAMIPSDKEHUS U MTOTEPU MOIIHOCTH MOXKET
OBITH WCIIOJIE30BaHA W JUTSL pacuéTa peKHMOB CTajcaio-
MHHEBBIX U CTAJIEMEIHBIX TOKOTIPOBOIOB.
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Research of operating modes of conductors in power supply
systems of cranes with induction feed, taking into account
the influence of higher harmonics of the current.

Purpose. Investigation of the influence of higher harmonics of
current on current distribution, voltage and power losses in the
supply systems of crane trolleys and development of a calculation
method for practical use. Methodology. The analytical method
and the results of the modeling method were used for research.
Results. Analytical relationships have been obtained that make it
possible to determine the current distribution, voltage and power
losses in the systems of induction feeding of crane trolleys, taking
into account the composition and amplitude of the higher har-
monics of the current. Originality. For the first time, analytical
dependences are obtained that take into account the effect of
changing the trolley parameters on the frequency in the feed
systems. Numerical values have been determined for the most
commonly used induction feed systems for cranes. It is shown
that with an increase in the cross-section of the feed bar there is
a decrease in the main, and especially additional, losses. Practi-
cal value. Theoretical relationships have been obtained that can
be used to calculate the optimization of induction feed systems in
the presence of higher harmonic currents arising in power sys-
tems during operation of crane semiconductor controlled electric
drives. References 13, tables 4, figures 6.

Key words: induction feed system, trolleys, feed bus, current
distribution, power and voltage losses.
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A ROBUST CONTROL DESIGN APPROACH FOR ALTITUDE CONTROL
AND TRAJECTORY TRACKING OF A QUADROTOR

Introduction. Unmanned aerial vehicles as quadcopters, twin rotors, fixed-wing crafts, and helicopters are being used in many
applications these days. Control approaches applied on the quadrotor after decoupling the model or separate altitude control and
trajectory tracking have been reported in the literature. A robust linear H,, controller has been designed for both altitude control and
circular trajectory tracking at the desired altitude. Problem. The ability of the quadrotor system to hover at a certain height and
track any desired trajectory makes their use in many industrial applications in both military and civil applications. Once a controller
has been designed, it may not be able to maintain the desired performance in practical scenarios, i.e. in presence of wind gusts.
Originality. This work presents the control strategy to ensure both altitude control and trajectory tracking using a single controller.
Purpose. However, there is a need for a single controller that ensures both altitude control and trajectory tracking. Novelty. This
paper presents a robust H,, control for altitude control and trajectory tracking for a six degree of freedom of unmanned aerial
vehicles quadrotor. Methodology. Multi input multi output robust H,, controller has been proposed for the quadrotor for altitude
control and tracking the desired reference. For the controller validation, a simulation environment is developed in which a 3D
trajectory is tracked by the proposed control methodology. Results. Simulation results depict that the controller is efficient enough to
achieve the desired objective at minimal control efforts. Practical value. To verify that the proposed approach is able to ensure
stability, altitude control, and trajectory tracking under practical situations, the performance of the proposed control is tested in
presence of wind gusts. The ability of the controller to cater to the disturbances within fractions of seconds and maintaining both
transient and steady-state performance proves the effectiveness of the controller. References 16, table 1, figures 9.

Key words: H,, controller, six degree of freedom quadrotor, unmanned aerial vehicle, attitude regulation, nonlinear system,
robust control.

Bcmyn. Besninomui nimanvui anapamu, maxi K K6aopoKonmepu, 080pOMOPHI anapamu, anapamy 3 HepyXOMUMU Kpuiamu ma
2enikonmepu cb0200HI BUKOPUCHOBYIOMbCA Y Oazamvox cgepax 3acmocyéana. Y aimepamypi nogiooMisemovcs npo nioxoou 0o
KepyeanHsa, 3acCmoCo8ani HA KeaOpokonmepi nicia 6i0 cOHanHa Mmooleni ado OKpemo2o KOHMPOA0 GUCOMU MA 6I0CMENHCeHHs
mpaexmopii. Haoiinuil ainitinutl peeynsmop H., 6yé po3pobnenuil sax 0 KOHMPONIO 8UCOmMU, Max i O 6i0CMENCEHHs KPY2080oi
mpaeckmopii na nompiouii eucomi. IIpodnema. 30ammicmv K6aOpoxonmepHOi cucmemu 3aeucamu HA NesHill eucomi ma
siocmedicysamu OyOb-Ky 0adcany mpackmopiio pobums ix 3acmocy8ants MONCIUBUM y 6a2amvox chepax 5K y ilCbKOGUX, MAK i 6
yuginbhux yinax. Pospobnenuil xoumponep moogice ne niompumysamu 6adicani Xapaxmepucmuku y peanrbHux ymoeax, moobmo 3a
nasgnocmi nopugie eimpy. Opuzinanshicms. Y yiii pobomi npedcmagiena cmpameeis Kepy8amHsa, AKa 3a6e3neuye sk KOHMpOb
eucomu, max i 8i0cmediceHHs Mpackmopii 3a 00nomoz0i0 00Ho20 konmponepa. Mema. Oouax icnye nompeba 8 €OUHOMY
KoHmponepi, sAKuil 3a6e3neuye K KOHMpoab gucomu, max i giocmedcenns mpaekmopii. Hoeuzna. 'V yiii cmammi npeocmaeneno
Haoitinuil pezynamop H, 01 KoHmMpono eucomu ma 6i0CMediceHHs MpAaekmopii 0 wecmu CMyneHie c600600u 6e3niiomHux
nimanshux anapamis. Memooonozia. /[ keadpokonmepa 3anponoHo8ano 6azamoexionuil 6a2amosuxionutl HaoluHULl KOHMpPoep
H,, ons xommponio eucomu ma eiocmedcennsi 6asxcanozo xypcy. [na nepegipku Kowmponepa po3poOasicmvcs cepedoguuye
MOOeNo8anHs, 8 AKOMY MPUBUMIPHA MPAEKMOPIs GIOCMENCYEMbCS 30 3ANPONOHOBANOIO MemOO0N02ici0 Kepysanns. Pesynomamu.
Pesynemamu mooenosanns nokazyioms, wo KOHMponep € 00CUmMs eQeKmueHUM 05 O0CASHEHHs OaNCAHOT Memu npu MiHIMATLHUX
sycunnax xoumponio. Ilpakmuuna yinnicms. [lJo6 nepexonamucsa, wo 3anponoHo8anuti nioxio 30amuuil 3abe3neyumu
cmabinbHicmy, KOHMPONb BUCOMU MA BIOCMEJICEHH MPAECKMOPIi 8 peanbHux CUMyayisx, napamempu 3anponoHo8aH020 KOHMpPOIo
nepesipsAiomspcsl 34 HAAGHOCMI NOpueie eimpy. 30ammuicmes KOMmMpoaepa yCyeamu HOPYUIEHHS NPOMAOM KITbKOX CEeKVHO i
niompumysamu K nepexiowni, max i cmadiibHi NOKA3HUKU 00800Ums egpekmusHicms konmpoaepa. biomn. 16, Tabmn. 1, puc. 9.
Knwouoei cnosa: H, KOHTpOJIEp, KBaJPOKONTEpP 3 WIICTbMa CTyNeHSAMHM CcBO0OIM, Oe3NJIOTHUH JiTanbHMii amapar,
peryJiloBaHHs MO3UIii, HeJliHiliHA cucTeMa, HaliliHe KepyBaHHS.

1. Introduction. Unmanned Arial Vehicles (UAV)
like fixed wing crafts, quadcopters, and helicopters have
found applications in several domains [1]. Amongst these,
quadcopters and helicopters are commonly used as UAVs
due to their hovering ability. These systems possess
nonlinear and coupled dynamics, which leads to the
challenges in their autonomous control. The dynamics of
helicopter can be approximated by a laboratory setup
namely Twin Rotor Aerodynamic System (TRAS) [2].
Like helicopter, TRAS has two rotors main and tail rotors.
Though in helicopter, main rotor is able to tilt in order to
execute forward motion [3].

Control design for UAVs is a difficult task because
of the coupling and nonlinearities involved in their
mathematical models. In autonomous applications,
trajectory tracking is one of the most basic and important
tasks. Other equally important scenarios involve e.g.,

hover control. In [4], four independent proportional—
integral—-derivative (PID) controllers with independent
inputs for control have been designed to achieve the
objective of trajectory tracking. Here, real value type
genetic algorithm has been used to tune the controller
parameters in order to reduce total error and control
efficiency. System performance index is used as a fitness
function here. In [5], hover control problem is addressed
by a control structure that involves feedback and feed
forward control. Four impulse input shaper is used for
feed forward and PID controller with acceleration
feedback input is used for the tracking controller. In [6],
robust PID based dead beat control scheme is proposed.
As PID controller does not contain the model information,
so for small dynamic systems, it performs reasonably well
but for higher order system it may lead to oscillations. To
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counter these problems, different model-based controllers
have been reported in the literature. In [7] an linear—
quadratic regulator (LQR) controller is designed. In [8],
an integral sliding mode controller using necessary and
sufficient conditions has been proposed for the
uncertainty handling and trajectory tracking of the
quadrotor. A nonlinear PID control strategy is discussed
in [9] for the trajectory tracking of the quadrotor. The
method proposed here is a novel contribution of
nonlinearity in the conventional PID controller based on
frequency domain design. A model free control approach
is used in [10] for the quadrotor trajectory tracking.
Control structure adopted here is based on the internal-
external-control-loop structure. Controller uses the
conventional sliding mode approach for control effort
generation. A super twisting slide mode approach has
been used in [11] for trajectory tracking with the
nonlinear sliding surface. Experimental validation of the
proposed control architecture has also been included. A
neural network based self-tuning control structure using
double derivative action with proportional control is
proposed in [12] for trajectory tracking of the quadrotor
UAV. Fractional slide mode control is also proposed for
the quadrotor in [13].

The single-input single-output (SISO) linear time
invariant (LTI) controllers like proportional-derivative
(PD), proportional-integral (PI) and PID require the
decoupling of the multi-input multi-output (MIMO)
model of the quadrotor which takes the extra
computational effort, i.e. one needs to design a de-coupler
to obtain multiple SISO models from a single MIMO
model of the quadrotor and then design the SISO
controller for each model. This may also cause slowing
the closed-loop response of the system when connected
with hardware and thus can be resulted in an increased
control effort and poor tracking. However, the MIMO LTI
controllers like LQR, Linear Quadratic Gaussian (LQG),
and H, controllers tend to have a larger control effort
while trajectory tracking for a quadrotor.

Nonlinear controllers on the other hand require that
the desired trajectory be twice differentiable, i.e. 1* and
2™ derivatives of the reference trajectory are required to
design the nonlinear controller like slide mode, flatness
based, backstepping, twisted slide mode and twisted
backstepping controllers. Thus, in case of a fast-changing
input trajectory, i.e. reference trajectory with the sharp
edges, the value of its 1% and 2™ derivatives become
sufficiently high leading to the instability of the closed-
loop system. So, the controller designed using these
approaches ensures the trajectory tracking only for the
smooth reference trajectories and hence the tracking of a
circular trajectory, even in 3D is possible with these
nonlinear approaches is possible. But the trajectories with
sharp edges, i.e. square and triangular trajectories can’t be
tracked. Also, the nonlinear controller based the system
dynamics has the equal computational complexity to that
of its nonlinear model and thus for the high nonlinear and
more complex system like quadrotor, the computational
complexity is increased which may cause slowing the
closed-loop response when connected to the hardware for
experiments. While the nonlinear controller designed
through heuristic and intuitional approaches like neural

network and fuzzy logic, one needs to have the complete
information and knowledge about the system behavior
and design the set of rules to design a controller ensuring
the desired performance. One drawback of using these
approaches is once the designer misinterprets the system
behavior, intentionally or unintentionally, the resulting
controller will lead the instability of the closed system.
So, one need to have complete information about the
system and consider all the ambiguities, disturbances in
each operating zone, and understand the system
performance under every possible condition. This requires
a lot of experience and experimentation.

Aim and objectives of the paper. Motivated by the
issue mentioned above a single multi-input multi-output
linear time invariant controller has been designed that can
ensure both altitude control and trajectory tracking in
presence of wind gusts and measurement noise. The main
contribution of this work is design of a single robust
controller for flight control of the quadrotor, i.e. make it
fly to achieve a certain altitude and then track the desired
trajectory.

Following objectives are met to reach the stated aim
of the research:

e a MIMO H, controller design for the quadrotor
model;

e application of designed controller in feedback with
the quadrotor model for altitude control and trajectory
tracking;

¢ introduction of wind gusts and measurement noise to
verify the controller performance.

Rest of the paper is organized as follows: Section 2
describes the control oriented mathematical modeling of
quadrotor. Section 3 briefly discusses the control design
approach proposed in the paper. Discussion on the
simulation results are presented in Section 4 and, finally,
conclusions are drawn in Section 5.

2. Mathematical modeling of the quadrotor.
Quadrotor consists of four arms bearing equal weights
and length with a DC motor embedded in each of them to
achieve the desired motion in a three-dimensional space.
The inertial reference frame of a quadrotor system can be
seen in Fig. 1.

Ze

Fig. 1. Inertial reference frame of a quadrotor
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Rotor angular positions of the motors can be denoted
by £2 where i represents the motor on the i™ arm of the
quadrotor and i = 1, 2, 3, 4. The angular velocities are
denoted by @, Rear and front rotors of the quadrotor
revolve in counter-clock-wise-direction by angular speeds
o, and @, thus generate the thruster torques 7, and 7y
respectively. While motors 2 and 3 rotate in clock-wise-
direction generating torques 73 and 7.

For hovering the quadrotor at a specific height,
clock— and counter clock-wise-torques are desired to be
the same and thus rotating the respective motors at a same
speed, i.e. balancing the body weight of the quadrotor, is
the main concern. Since the motor operate as to generate
the thruster torques in opposite direction, there is no
imbalance of the quadrotor reaction torque, i.e. there is
zero imbalance in reaction torque. Roll, pitch and yaw
angles, while considering the angular positions of the
quadrotor body, are denoted by ¢, € and w respectively.
Roll angle is created by increasing (decreasing) the speed
of motor associated with right propeller and decreasing
(increasing) that of the left one to make the body roll or
turn along its own axis.

Throttle is achieved by rotating all the motors
(propellers) in same direction at a same speed. Pitch angle
is associated with the angular speed or front and rear
motors and yaw movement can be generated by moving
the front-rear and left-right propellers. If the speed of one
pear, described earlier, is increasing that of the other
should be reducing to generate the yaw movement. Three
orthogonal movements in space and same number of
orthogonal movements of the quadrotor offer six degree-
of-freedom (DOF). The state-space of the quadrotor is
given in (1). For the detailed study of the mathematical
model, reader is referred to [14].

g1 1 00 0 0 0]]¢
611010 0 0 0fl|g
|l {001 0 0 0|y
11000 4 0 of|i|
jl 1000 0 4, 0]y
H __0_0_0 0 0 A ||z] 0
0] [o

01 |0

0] |0 F

o To|m

01 |0

—&] [1]

Equation (1) represents the state-space model of the
6-DOF quadrotor. However, the detailed state-space
model can be represented by the state-space equations
given in (2)-(13) [14]

XIZX2; (2)
. 1-klw? - w?
xZZJ;‘—); 3)
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X3 =X4; (4)
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).Clo IAyX3; (11)
X1 = X33 (12)

X1p = 4,5 —ngi(wl2 + 03 + o3 +w§); (13)
m
where @; represent the angular velocities of the motor on
i™ arm of the quadrotor; g is the gravitational acceleration;
I, b, k, m denote the arm length, coefficient of left and
right drag, and mass of the quadrotor respectively;
I, 1, and .. denote the moments of inertia in x, y and z
axis respectively.
The set of state equations written in (2) — (13) are
converted into state-space. The state-space matrices of the
system are written as follows:

01 0 0 0 000O0O0O0O O]
00 0 00 00O0OOTO OO 0O
00 0 00O 0OO0OOOO OO 0O
00 01 0 00O0O0DGO0TO0O
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0 0 0 0
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10000000000 O
001000000000
000010000000

C= . (16)
000000100000
000000001000
00000000001 0

The inputs, states, and outputs of the systems are
given in (17)—(19), respectively

u=lot 3 o} o] (7
x=lp g0 6 vy x iy oz
v=lp 0 v xy . (19)

The angular positions of the motors at quadrotor
arms can be given as

K. .y .p-
Qi:w%’

where V; is the input voltage for the i motor and

(20)

w; = Q;, rest of the parameters and their corresponding
values are given in Table 1.

Table 1
Parameters of the quadrotor

Parameter Value Parameter Value
Ax 1)0(7 kgm2
A, 0,45 I, kgm’ 0,357-10°
Az Izzs kgm2
k 2,98-10°° m, kg 1,316

2, m/s” 9,8 I, m 0,5

This model of the quadrotor is used to design the
robust H, controller for the flight control. A brief
discussion about the controller design is given in the
following section.

3. Robust control design. Controller is placed with
the system for controlling the plant according to desired
parameters and responses. Main objective general
configuration of plant P (to be controlled) with the
controller K is shown in Fig. 2.

(weighted)
exogenous inputs -

(weighted)
exogenous outputs
z

P

u v
sensed outputs

control signals

K e

Fig. 2. General plant with controller configuration

Objective is to minimize the norm of transfer
function from w to z and the design problem is to find
controller gain K based on v which gives u as control
signal to the plant which minimize the closed loop norm
from w to z. The generalized configuration will then be
represented as [15]:

{P“(s) mmi b
Py(s) Pols)]|u |
uzK(s)~v. (22)
The linear fractional transformation is
z=F/(P,K)w, (23)
where
Fi(P.K)=Ry+RoK(1-PoK) ' Py (24)

3.1. H,, controller.
The H, optimal control problem is to find all
stabilizing controllers K that minimize [15]
[Fi(P.K),, =max& (£ (P.K)- (). @5)
The H,, norm has several interpretations in terms of
performance. One is that it minimizes the peak of the
maximum singular value of F/(P(jw), K(jw)). In practice,
it is usually not necessary to obtain an optimal controller
for the H,, problem, and it is often computationally (and
theoretically) simpler to design a suboptimal one (i.e. one
close to the optimal ones in the sense of the H,, norm). Let
Ymin De the minimum value of overall stabilizing controllers
K. Then the H,, sub-optimal control problem is: given a
7> %min, find all stabilizing controllers K such that
|F(P.K), =<7 (26)

If we desire a controller that achieves ¥y, to within
a specified tolerance, then we can perform a bisection on
y until its value is sufficiently accurate. The above result
provides a test for each value of yto determine whether it
is less than y,;, or greater than %y;,.

Two methods are there for H,, controller design: the
transfer function shaping approach and the signal-based
approach. In the former, H,, optimization is used to shape
the singular values of specified transfer functions over
frequency. The maximum singular values are relatively
easy to shape by forcing them to lie below user defined
bounds, thereby ensuring desirable and widths and roll-off
rates. In the signal-based approach, we seek to minimize
the energy in certain error signals given a set of
exogenous input signals [16]. The latter might include the
outputs of perturbations representing uncertainty, as well
as the usual disturbances, noise, and command signals.
Both two approaches will be considered again in the
remainder of this section. In each case we will examine a
problem and formulate it in the general control
configuration.

A difficulty that sometimes arises with H,, control is
the selection of weights such that the H, optimal
controller provides a good trade-off between conflicting
objectives in various frequency ranges. Thus, for practical
designs it is sometimes recommended to perform only a
few iterations of the H,, algorithm. The justification for
this is that the initial design, after one iteration, is like a
H, design which does trade-off over various frequency
ranges. Therefore, stopping the iterations before the
optimal value is achieved gives the design H, flavor
which may be desirable.
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4. Results and discussions. For the controller
validation, a simulation environment is developed in
which a 3D trajectory is tracked by the proposed control
methodology.

Figures 3, 4 show the tracking of x and y
coordinates. It can be observed from plots that controller
reaches and stay on desired x and y coordinates with
minimum estimation error.

15 Tracking in X-axis

Reference
Output

)
DN —

0 5 10 15 20 25 30 35 40 45 50
Fig. 3. Tracking of x coordinates

15 Tracking in Y-axis

1
2

Reference
Output

0 5 10 15 20 25 30 35 40 45 50
Fig. 4. Tracking of y coordinates

Initially it is assumed that, quadrotor is hovering at
zero altitude. Then it is desired that it gains 10 m
of height with slowly increasing altitude value as shown
in Fig. 5.

After gaining the desired height it is aimed that
quadrotor moves in a circular trajectory having radius of
10 m as shown in the Fig. 5. From Fig. 5, 6, it can be
observed that initially tracking error is high but few
seconds later controller achieves the desired height.
Quadrotor reaches desired altitude within 5 s, which is
reasonable performance. After gaining desired altitude
quadrotor tracks the specified trajectory with minimum
estimation error. From Fig. 5, the tracking of circular
trajectory can be seen. Despite the tracking of desired
trajectory, the most important is that quadrotor maintains
its stable attitudes. Stability of attitudes mean that
quadrotor do not observe the excessive roll and pitch

Circular Trajectory Tracking

15 [
1 Reference
Output
10 .
5F \ 1
ok 4
5+ B
-10 B
15 I | I | I
-15 -10 -5 0 5 10 15

Fig. 5. Tracking of planar trajectory

motion. If quadrotor tracks the desired trajectory under
excessive roll and pitch motion, then stability of motion
cannot be guaranteed. Actually, it is the best possible case
that quadrotor tracks the desired trajectory with minimum
roll and pitch angle.

The tracking of desired attitude is displayed in
Fig. 6, the plot shows that initially at starting point
quadrotor start motion with greater pitch and roll angle
but after 1 s of flight it achieves attitudes close to zero.
These observation increases the confidence on controller
performance and real time implication of designed control
scheme. At last the most important observation is the
control efforts calculated by controller. In existing case
the control efforts are the angular velocities of four
motors.

Altitude Control

Reference
Output

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

Fig. 6. Tracking of desired altitude

Figures 7-9 show the control effort plots. From
the plots it can be seen that controller calculates
smooth control inputs for motors with no chattering.
Initially large fluctuations in motor speed can be seen
but after 2 s they gains the steady value that are
consistent with the trajectory tracking and attitude
tracking of the quadrotor.
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3-D Trajectory Tracking
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Fig. 7. Tracking of 3D trajectory

Angular positions of the quad rotor
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Fig. 8. Attitudes of quadrotor

Motor angular velocities
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Fig. 9. Quadrotor motor speeds

5. Conclusions.

A robust H,, single Multi input multi output linear
time invariant controller for six degree of freedom
quadrotor has been designed that can ensure both altitude
control and trajectory tracking in presence of wind gusts
and measurement noise. Quadrotor is first lifted to the
height of 10 m and after achieving the desired altitude, it

starts moving in circular path which keeping roll and
pitch angles at 0°. Roll, pitch and angles are shown in
results and discussion section. From the plots it can
be seen that controller calculates smooth control inputs
for motors with no chattering. Initially large fluctuations
in motor speed can be seen but after 2 s they gains the
steady value that are consistent with the trajectory
tracking and attitude tracking of the quadrotor. In future,
same work can be applied to the quadrotor by considering
the wind gusts.
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REDUCTION OF MAGNETIC FIELD LEVEL IN RESIDENTIAL OLD BUILDINGS
FROM OVERHEAD POWER LINES BY MEANS OF ACTIVE SCREENING

Aim. Reduction of the magnetic field induction to the level of modern sanitary standards by means of active screening in residential
old buildings which are located near existing typical overhead power lines are considered. Active shielding of the magnetic field
inside a single-storey and multi-storey building is considered. During the design the number, configurations, spatial arrangement of
the shielding windings, as well as the currents in the shielding windings were determined. Methodology. The design problem for the
system of active shielding reduced to solving the minimax vector optimization problem. The vector of objective function in this
minimax problem is calculated based on Biot-Savart's law. The solution of this problem is based on multi-agent optimization
algorithms. Results. The results of theoretical and experimental studies of the systems of active shielding of the magnetic field
generated by various overhead power lines inside a single and multi-storey building are presented. Originality. The possibility of
reducing the induction of the initial magnetic field inside the shielded space to the level of sanitary standards is shown. Practical
value. From the point of view of the practical implementation for a reasonable choice of the number and spatial arrangement of
shielding windings of systems for active shielding of the magnetic field generated by various overhead power lines inside residential
buildings of different storey s are given. References 47, figures 7.

Key words: overhead power line, magnetic field, system of active screening, computer simulation, experimental research.

Mema. Posenanymo 3HudCeHHs IHOYKYii MASHIMHO20 NOsL 00 PiBHA CYUACHUX CAHIMAPHUX HOPM 34 PAXYHOK AKMUBHO20 eKPAHYBAHHS 8
2HCUMIOBUX OYOUHKAX cmapoi 3a0y006U, PO3MAUIO8AHUX NOOIU3Y ICHYIOYUX MUNOBUX NOBIMPAHUX NI erekmponepedayi. Poszenanymo
aKmueHe eKpaHy8antsi MASHIMHO20 NOJIS 6CepPeOUHi 0OHON0BEPX08020 | bazamonosepxoozo Oyourky. Ilpu npoexmysanHi eusHauaAIUCS
KinbKicmy, KoHizypayis, npocmopose pPO3MAULYBAHHS EKPAHYIOUUX O0OMOMOK, a4 MAKONC CHMPYMU 6 eKPAHVIOUUX OOMOMKAX.
Memooonozia. 3a60anis NPOEKMYSAHHsL CUCTNEMU AKMUBHO20 EKPAHYBAHHS 3600UMbCsL 00 SUPIUEHHS 3A0ayl MIHIMAKCHOL 6eKMOPHOL
onmumizayii. Bekmop yinbooi yHkyii 6 yiti MiHiMakcHiil 3a0aui obuucmoemvcsi Ha ocHogl 3akony bio-Casapa. Bupiwenns yici
npobaemu epyHmMyemvca Ha aneopummax 6azamoazenmuoi onmumizayii. Pesynemamu. Ilpeocmaeneni pesynomamu meopemuyHux i
EKCNEPUMEHMANbHUX O00CTIONCEHb CUCeEM AKMUBHO20 eKPAHYBAHHA MAZHIMHO20 NONA, WO CMEOPIOEMbCA DI3HUMU NOGIMPAHUMU
JUHIAMU enekmponepeoayi 6cepeduni 0OHO- i bazamonosepxo6o2o OyouHky. Opuzinanvuicme. [loxazana MOXMCIUGICIb SHUICEHHS
IHOYKYIT NOYAMKOB020 MACHIMHO20 NOJIA 8CEPEOUHi NPOCMOPY, WO eKPAHYEMbCA, 00 pieHA canimaphux nopm. Ilpakmuuna yinnicme. 3
MOUKU 30py NpakmuyHoi peanizayii npeocmaeineni pexomenoayi 01 002PYHMOBAHO2O0 GUOOPY KITbKOCMI [ NpPOCmOpo8o2o
PO3MAULYBAHHSA EKPAHYIOYUX 0OMOMOK CUCHEM AKMUBHO2O eKPAHYBAHHS MASHIMHO20 NOJsL, WO CMEOPHOEMbCS PIZHUMU NOBIMPIHUMU
JUHIAMU eNeKmponepeday 6CepeOuHi Hcumuosux OyouHKis piznoi nogepxosocmi. biomn. 47, puc. 7.

Knouosi cnosa: noBitpsiHa JiHisi enekTponepeaavi, MarHiTHe moJie, CHCTeMa AKTHBHOIO €KPaHYBaHHSI, KOMII’'HOTepHe
MO/Ie/TI0BAHHS, eKCIIePUMEHTAJIbHI J0C/Ti>KeHH.

Introduction. Existing high-voltage overhead power
lines, located in residential areas of most developed
countries, are the main sources of magnetic field of
industrial frequency, which has a massive effect on the
population and is more dangerous to health than the
electric field [1-4]. Experts of the World Health
Organization in the late 20th century discovered the
carcinogenic properties of the magnetic field of overhead
power lines with its weak but long-lasting effects on
humans. Therefore, in the last 20 years the world has been
actively implementing and constantly strengthening
sanitary norms from the maximum allowable level of
induction of magnetic field 50-60 Hz for the population,
intensive development of methods for normalization of
magnetic field [5-11].

Recently, strict sanitary standards for the induction of
a magnetic field of 50 Hz (0,5 uT for the population) were
introduced for the first time in the regulations of Ukraine.
However, in Ukraine these norms are for most of the
existing 10-330 kV overhead power lines, which were built
during the last 50 years without taking into account the
current requirements for magnetic field, are not fulfilled.

Thus, as shown by the calculations and results of
numerous experiments [1, 2], the maximum allowable
level of induction of magnetic field at the boundary of the
sanitary protection zones of existing substations,
previously determined only by electric field, may be
exceeded by more than an order of magnitude. This poses

a threat to the health of hundreds of thousands of people

living closer than 100 m from overhead power lines.
Moreover, often residential old buildings are

generally located near power lines, as it is shown in Fig. 1.

LAl 1 o N
Fig. 1. Location of residential old buildings near power lines

This situation requires urgent measures to reduce to
a safe level induction of high-voltage overhead power
lines in nearby residential houses. Such normalization of
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magnetic field can be carried out either by reconstruction
of the overhead power lines, or by shielding residential
buildings from the magnetic field of overhead power
lines.

Reconstruction is the most effective method to
reduce to a safe level induction of magnetic field.

Higher shielding efficiency of magnetic field
submarines (up to 10) with less metal capacity is possible
to provide methods of active shielding of magnetic field
[12-18]. Their essence is automatic formation in a closed
structure by means of special windings of the
compensating magnetic field with such spatial time
structure, the superposition of which with magnetic field
submarine in the protection zone is minimized to a safe
level. Active shielding technology does not allow
relatively inexpensive means to solve socially important
problems.

The technology of active shielding of magnetic field
of operating substations has been used by the majority for
more than 10 years developed countries, such as the
United States, Italy, Spain and Israel [5-11]. In works
[12-18], methods for designing of such systems of active
screening based on genetic optimization algorithms were
developed. However, these works do not consider the
issues of the synthesis of robust systems of active
screening, the characteristics of which are not sensitive to
changes in the parameters and, possibly, the structure of
the control object and the parameters of the original
magnetic field [19-22].

In Ukraine in residential buildings of core city
buildings single-storey and multi-storey buildings most
often are located near existing 10-330 kV overhead power
lines including single-circuit overhead power lines with a
triangular suspension of wires, double-circuit overhead
power lines with a suspension of «barrel»-type wires.

The purpose of the work is to reduce the magnetic
field induction in residential buildings of old buildings
which are located near existing various types overhead
power lines to the level of modern sanitary standards by
means of active screening.

Statement of the research problem. The
mathematical model of the vector induction B,(P;, I(?), f)
of the initial magnetic field [22-28] in the form of the sum
of the vector inductions B,(P;, I(t)) generated by all L
currents /,(¢) in the conductors / of the power transmission
line at a point P; at a time ¢ is based on the Biot-Savart
law in the following form

I RO N

here a vector of power transmission line currents fy(?) is
introduced, the components of which are the currents /,(¢)
in / current conductors of the power transmission line
Iy(t) = {I(D);.

The shielding magnetic field induction B(P;, 1,(%), f)
generated by M control windings can be calculated
similarly as the sum of the inductions B,,(P;, 1,.(1), )
generated by the m currents /() of the shielding windings
at a point P; at a time 7 in the following form

B (1’ y ) szm(ls ym ) (2)

here the vector I,(¢) of currents of the shielding windings
is introduced, the components of which are I,(f) the
currents in m shielding windings I(¢) = {/,,,(£)}.

With the help of the M windings of the system of
active screening, it is necessary to generate a magnetic
field with the induction B,(P;, I,(), ) at the point P; of the
considered space, with the help of which the induction
B,(P;, I)(?), t) of initial magnetic field in the point P; of
considered space is compensated, so that the induction
B(P;, I(9), I(1), t) of the total magnetic field generated by
currents Io(f) of wires of power lines and currents 1,(¢) of
control windings at all points P;, of the considered space

B(Pulo()l ()»’): 3)
B (B0t B, 1, (0)1)

does not exceed the level of sanitary standards for all
points P; of the considered screening space.

The task of designing of the system of active
shielding is to determine the number and spatial location
of the compensating windings, as well as the currents in
these windings.

Solution method. In the process of designing of the
system of active shielding, it is necessary to determine the
amount M of compensating windings and the coordinates
X and Y of the spatial arrangement of the compensating
windings, as well as the currents /,(¢) in these windings
[20]-[23]. Let us introduce a vector of the sought-for
design parameters of the system of active shielding, the
components of which are the amount M of compensating
windings and the coordinates of the X and ¥ of the spatial
arrangement of the compensating windings, as well as the
currents of the 1,() in these windings. Then, for a given
value of the M quantity and the coordinates of the X and ¥
of the spatial arrangement of the compensating windings,
as well as the I(#) currents in these windings, the
mathematical model of the induction B,(P;, I,(?), t) of the
magnetic field generated at the point P; of the space under
consideration by all compensating windings is also based
on the Biot-Savart law.

When the system of active shielding operates at the
points of the shielding space located closer to the power
transmission line, undercompensation of the initial
magnetic field is possible, since the induction of the
magnetic field generated by the compensation windings
decreases faster than the induction of the initial magnetic
field generated by the power transmission line. On the
other hand, at the points of the shielding space located
further  from the power transmission line,
overcompensation of the initial magnetic field is possible,
since the induction of the magnetic field generated by the
compensation windings near these windings has a
significantly greater value of the induction of the initial
magnetic field generated by the power transmission line
in these same points [24-28]. Therefore, to reduce the
number of points taken into account, you can take a
limited number of points in the shielding space near the
transmission line and the most distant from the
transmission line.

A feature of the design problem is that the
parameters of the initial magnetic field, its induction and
the spatio-temporal characteristic, due, in particular, to the
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currents in the wires of the power transmission line, are
not known exactly in advance and changes in time-during
the day, the time of the year and others. In addition, the
parameters of the active screening system, in particular,
the geometric dimensions of the compensating windings
and regulators, firstly, are implemented with some error
and, secondly, change during the operation of the system
of active shielding.

Therefore, the design of system of active shielding
must be carried out taking into account the uncertainty of
both the parameters of the initial magnetic field and the
system of active shielding parameters [29-35]. Let us
introduce a vector of uncertainties, the components of
which are the deviations of the parameters of the initial
magnetic field and the parameters of the system of active
shielding from their nominal values adopted in the design
of the system of active shielding.

Let's reduce the design of the system of active
shielding to solving the optimization problem. In the
presence of uncertainties in the system, the design of a
robust system is usually reduced to the «worst» case,
when the uncertainty vector behaves the most maliciously
and maximally degrades the compensation of the initial
magnetic field with the help of compensating windings
[36-38]. Then the design problem for the system of active
shielding can be reduced to solving the following
maximin vector optimization problem [39-41]. The vector
objective function in this minimax problem is calculated
based on Biot-Savart's law.

The solution to this problem is based on multi-agent
optimization algorithms [42-47].

Results of modeling and experimental research.
In residential buildings of core city buildings which are
located near existing typical power lines the most
widespread are single-circuit 110 kV transmission lines
with a triangular suspension of wires. Moreover, in the
area of laying these power lines, single-story residential
buildings are most often in the immediate vicinity. The
layout of power transmission line, single-story residential
building, in which it is necessary to reduce the induction
of the initial magnetic field to the level of modern sanitary
standards, and compensating windings are shown in
Fig. 2. As a result of the design of the system of active
shielding two compensating windings was calculated.

X, m

Fig. 2. The layout of single-circuit 110 kV transmission lines,
compensating windings and one-story residential building

In Fig. 3 is shown two compensating windings of
experimental plant of system of active shielding.

Fig. 3. Location of three compensating windings
of experimental plant of system of active shielding

In Fig. 4 are shown modeling and experimental
dependences of the induction of the initial and resulting
magnetic field as a function of the distance from the
power transmission line in the house, where it is
necessary to reduce the level of induction of the initial
magnetic field generated by the power transmission line.
As can be seen from this figure, the level of induction of
the initial magnetic field varies from 0,65 uT to 1,5 puT.
The induction of the total magnetic field in the shielding
zone practically does not exceed the level of sanitary
standards.

[B],u
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Fig. 4. Comparison of magnetic flux density between
measurements and simulations with and without system
of active shielding

Single-circuit 110 kV power transmission lines with
a triangular suspension of wires often run near multi-
storey buildings of core city buildings. The layout of such
a power transmission line, compensating windings and a
multi-storey residential building, in which it is necessary
to reduce the induction of the initial magnetic field to the
level of modern sanitary standards, are shown in Fig. 5.
As a result of design of the system of active shielding, the
coordinates of three compensating windings were
calculated.

In Fig. 6 are shown three compensating windings of
experimental plant of system of active shielding.
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Arrangement of active elements

Fig. 5. The layout of single-circuit 110 kV transmission lines
with a triangular suspension of wires and multi-storey
residential building

Fig. 6. Location of three compensating windings of
experimental plant of system of active shielding

Results of modeling and experimental dependences
of the initial and resulting magnetic field induction as a
function of the distance from the power transmission line
are shown in Fig. 7 The level of the initial magnetic field
induction varies from 2,25 uT to 0,8 uT.

The level of the total magnetic field induction in the
house, where it is necessary to reduce the level of the
initial magnetic field induction does not exceed the
sanitary standards level.

Double-circuit overhead power lines with a
suspension of «barrel»-type wires also often run near
single-storey and multi-storey buildings of city core
buildings.

Such overhead power lines generate a weakly
polarized magnetic field, the space-time characteristic of
which is a highly elongated ellipse. To effectively
compensate for such a magnetic field, one screening
winding is sufficient. Such a winding generates
magnetic field, the space-time characteristic of which is
a straight line. Therefore, with the help of such a
shielding winding, it is possible to compensate for the
major axis of the space-time characteristic ellipse of the
initial magnetic field and to realize a sufficiently high
shielding efficiency.

Field before and after optimization

\. Field before i

e e R R S S

_Field ;aﬂ_tj:_r

37 a7
X, m
Fig. 7. Comparison of magnetic flux density between
measurements (solid lines) and simulations (+) with and without
system of active shielding

As a result of design of the system of active
shielding for such overhead power lines the coordinate’s
only single compensating winding were calculated.
During modeling and experimental research of such
system of active shielding with only single compensating
winding was shown the possibility to reduce the induction
of the initial magnetic field to the level of modern sanitary
standards in residential buildings of city core buildings
including single-storey and multi-storey buildings which
are located near existing double-circuit overhead power
lines with a suspension of «barrel»-type wires.

Conclusions.

1. The method for the design problem for the system of
active screening has been developed. During the design
the number, configuration, spatial arrangement of the
shielding windings and the currents in the shielding
windings were determined. The design problem is
reduced to solving the maximin vector optimization
problem. The vector objective function in this minimax
problem is calculated based on Biot-Savart's law. The
solution of this problem is based on multi-agent
optimization algorithms.

2. On the basis of the developed method the design of
the different type of systems of active screening to reduce
the magnetic field induction to the level of modern
sanitary standards for residential buildings of core city
buildings have been carried out. These systems contain
different number screening coils and include single-storey
and multi-storey buildings which are located near existing
typical power lines including single-circuit overhead
power lines with a triangular suspension of wires, double-
circuit overhead power lines with a suspension of
«barrel»-type wires.

3. As a result of computer simulation and experimental
studies of the synthesized systems of active screening, it
is shown that with the help of the synthesized systems, the
level of induction of the magnetic field in single-storey
and multi-storey buildings generated by different types of
high-voltage power lines are reduced to the sanitary
standards of Ukraine.
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ENERGY EFFICIENCY OF A 3-LEVEL SHUNT ACTIVE POWER FILTER POWERED
BY A FUEL-CELL / BATTERY DC BUS WITH REGULATED DUTY CYCLES

Introduction. Nowadays, electrical energy is indispensable in industrial, tertiary and domestic appliances. However, its efficiency is
becoming affected by the presence of the disturbances that appear in the electrical networks such as harmonics, unbalance,
sags/swells, flickers ...etc. Indeed, the disturbances cause a decrease in the power factor and an increase in the power losses. In this
paper, the harmonic disturbance is considered and a 3-level shunt active power filter powered by a hybrid fuel-cell/battery DC is
applied to mitigate current harmonic components from the electrical feeder. Aim. Studying the energy efficiency of a system based on
a 3-level shunt active filter powered by a hybrid fuel-cell / battery DC bus. Methodology. It is a matter of finding the suitable
Sformulas that express the efficiency and the relative power losses according to the load factor (which is the ratio between the short-
circuit active power and the load active power) and the load power factor. The DC bus energy is controlled using an energy
management algorithm that contributes in generating the required reference input currents and output voltages of the fuel-cell and
the battery. The DC/DC converters control circuits are performed in a closed loop by means of regulated duty cycles. Results. The
simulation results carried-out under MATLAB/Simulink environment show better filtering quality if compared with the case of open
loop control of the DC/DC converters and lesser differences between the fuel-cell power, the battery power and their respective
reference powers. Which concerns the energy efficiency, the results demonstrate that higher efficiency and lower relative power
losses can be achieved only when higher load factor and load power factor are attained. Therefore, the compensating system of the
power factor is very important to improve the energy efficiency. References 13, tables 1, figures 14.

Key words: 3-level shunt active power filter, hybrid fuel-cell / battery DC bus, energy efficiency, power quality, efficiency,
relative power losses.

Bcemyn. 'V naw uac enekmpuuna emepeisi € He3aMIiHHOIO Ol NPOMUCIOBUX, NpomidicHux i nobymosux npunadie. Oonax Ha it
ehexmusnicmy  BNAUBAE HAAGHICMb NOPYUIeHb, WO GUHUKAIOMb 6 eNeKMPUYHUX Mepedcax, Mmakux sK 2apMOHIiKu, oucbanamc,
NPOBUCAHHA/PO3OYXAHHS, MePeXMIHHA mowo. [JiticHo, NopyweH s 6UKTUKAIOMb 3MEeHUeH s Koeiyichma nomyscnocmi ma 36i1buieHHs
empam nomyosichocmi. YV yiti pob6omi po3ensinymo 2apMOHIUHI NOPYUWEHHS. Ma 3ACMOCOBAHO 3-PiGHesull WYHMYIOUUll Qitbmp axmueHoi
NOMYMHCHOCHI 3 JHCUBNEHHAM 60 2IOPUOHO20 NANUSHO20 eNeMeHma/aKyMyaAmopa NOCMItIHO20 CIMPYMY Os NOMSIKUEHHS CIPYMOBUX
2APMOHIYHUX KOMNOHEHMIB 3 eIeKMPONOCmAaiaHHAM 6i0 enekmpuunozo gioepa. Mema. [Jocniosxcenna enepeoedexmueHocmi cucmemu
HA OCHOBI 3-pi6He6020 WYHMYI0U020 AKMUBHO20 (QINbMpa 3 JHCUBIEHHAM 6I0 2iOPUOHOI WUHU NOCMITHO20 CMPYMY 3 NATUSBHUM
enemenmom/akymynsmopom. Memoouka. Ilompiono 3naiimu  6i0no8ioHi hopmyau, aKi eupasicaromv eghekmusHicms ma 6i0HOCHI
empamu  NOMYAHCHOCMI Y 8ION0GIOHOCI 00 KoepiyicHma HABAHMAaNCeHHs (Ye GIOHOWEHHST AKMUBHOI NOMYIHCHOCHI KOPOMKO20
3aMUKAHHA MA AKMUBHOT ROMYICHOCII HABaHmadicents) ma Koegiyicuma nomysicnocmi Haganmagicenns. Enepeisi wiunu nocmiiinozo
CmMpyMy KOHMPONIOEMbCA 3d O0ONOMO0I0 ANOPUMMY YNPAGTIHHS eHep2i€lo, AKUL CHpUsAE hopmMyBanHio HeOOXIOHUX ONOPHUX BXIOHUX
cmpymie ma GUXIOHUX Hanpye naiugno2o enemenma u axymyasmopa. Cxemu ynpasninnsa DC/DC nepemeopiosauamu GUKOHYIOMbCA Yy
3AMKHEHOMY KOHMYPI 30 OONOMO20I0 pe2ynbosanux pobouux yuxiie. Pesynomamu. Pesynomamu M0OOenio8ants, NnpoeedeHozo y
cepedosuwyi MATLAB/Simulink, noxazyioms kpawy sikicme Qinempayii' y nopieHsAHHI 3 GUNAOKOM YNPAGIIHHS 3 GIOKPUMUM KOHNYPOM
DC/DC nepemeopiosauie  ma meHwii GIOMIHHOCII MiJC NOMYICHICMIO NAIUGHUX €eMEHMI8, NOMYICHICIIO aKymyismopa ma ix
6i0n06i0H0I0 nopisnanbHol nomyscuicmio. [Llo cmocyembcs enepeoeghexmugnocmi, pesyavmamu noxkazyioms, wo oinewuti KK/ ma
MeHwi 6IOHOCHI 8MPAMuU NOMYACHOCIE MONHCHA OocsAemu auue mooi, KOIu 00cA2aromsves OLbluull KoeQiyichm HagaHmagiceHHs ma
Koeghiyicnm nomyosrcnocmi Hasanmagicenns. Tomy KoMnencyoua cucmema KoeQiyicHma nOmy*cHoCmi 0yice 8axciuéa O Nio8UUeHHs
enepeoegpexmusrocmi. bioin. 13, Tabm. 1, puc. 14.

Knrouoei cnosa: 3-piBHeBHil HIyHTyI0uMii GinbTp aKTHBHOI NOTYKHOCTI, ri0pUAHA HMIMHA NOCTI{HOr0 CTPyMy 3 HaJUBHUM
€J1eMeHTOM/aKyMyJIITOPOM, eHeproedeKTUBHICTh, AKicTh ejaexTpoeneprii, KK/, BitnocHi BTpaTi HOTYKHOCTI.

1. Introduction. The study of the electrical systems
energy efficiency is very important since electricity is the
most flexible type of energy and one of the most
significant energies used in industry and in domestic
appliances. Particularly, for systems containing power
quality compensators based on power electronics
interfaces, it is interesting to study the influence on the
global system efficiency. Indeed, when the power quality
is poor, power losses increase which decreases the
efficiency [1-3]. Active power filters (APFs) are classified
among the most effective power quality compensators
that can reduce the power losses according to the adopted
compensation approach and consequently improve the
energy efficiency [4, 5]. Particularly, the shunt active
power filter (SAPF) generates a current which reactive
component goes into the non-linear load whereas the
active component flows into the source while guarantying
less power losses and near-unity power factor (in spite of

the energy losses in the APF electronic devices) [6, 7].
The study of the energy efficiency of a compensated
power system can be performed depending on the power
system topology, the existent disturbances that increase
the power losses and the compensation approach. In the
literature most studies concern the energy efficiency of
four-wire power systems taking into account the neutral
current in presence of harmonic disturbance and
considering the instantaneous power theory in the
compensation approach [4, 6-8]. Especially, the study
presented by Artemenko and Batrak in [6] establishes new
formulas that call the load factor (ratio between the short-
circuit power and the load active power) and the load
power factor when expressing the system global
efficiency and relative power losses. The study
demonstrates that more the load factor and the power
factor are higher, the efficiency is higher and the relative
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power losses are lower which means better energy
efficiency.

In the present work, the formulas of Artemenko
and Batrak are adopted on a three-phase three-wire
system considering a 3-level neutral point clamped
(NPC) SAPF powered by a hybrid fuel-cell (FC) /
battery DC bus which power is supervised by a
management energy algorithm associated to DC/DC
boost and buck converters where the duty cycles are
closed-loop controlled.

The purpose of the work is studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid fuel-cell / battery DC bus.

The present work is organized as follows. Section 2
describes the global system. Section 3 is dedicated to the
SAPF and the DC bus topologies and control strategies.
Section 4 establishes the theoretical study of the energy
efficiency according to Artemenko and Batrak approach.

Section 5 presents and discusses the simulation results
carried-out using MATLAB/Simulink.

2. Active filtering system description. The
considered system is depicted in Fig. 1. The system
contains the electric feeder (with its electromotive force
(EMF) e, its series Ry, L, impedance, and its current i)
to be cleaned from harmonic currents (produced by the
load), the non-linear load (a diode rectifier and a DC R,
L, load) and the proposed 3-level NPC IGBT’s active
power filter configuration (with its output filter R, Ly, Cy
and its upstream filter R,, L,) which DC bus (including
the filtering capacity C, with its shunt resistor R,.) is
fed with a DC voltage V. through a hybrid system of a
FC and a battery, power electronically interfaced by
DC/DC boost and buck converters. The detailed
description of this hybrid power DC bus and the energy
management system are presented in [9]. Duty cycles
controllers of DC/DC converters and energy efficiency
of the AC side are shown in the following sections.

Supply Non-Linear Load
Tlabc
. ’5;’ A +
es +Rs Ru Lu 1 2 Rl
[ = B
' W Ls y
C -
y/7)
III
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Fig. 1. Description of system

3. SAPF and DC/DC converters topologies and
control strategies. As said previously, the SAPF is based
on a NPC 3-level voltage inverter and the DC bus feeding
the SAPF with DC voltage. The DC bus is based on an
association of a FC, a battery and DC/DC boost and buck
converters. Topologies and control strategies of the SAPF
and the DC/DC converters are presented in this section.

3.1. SAPF. Figure 2 illustrates the power circuit of
the SAPF constituted of a DC voltage bus, a NPC 3-level
voltage inverter and an output RLC filter. The control
strategy of the SAPF is shows in Fig. 3. It uses the
synchronous reference frame (SRF) to detect the
reference harmonic current Iﬁ}, PI correctors to regulate
the input DC voltage V. and the output AC current /; and
a phase-shifted carrier-based modulator for gating signals
generation. The PI correctors coefficients of the voltage

regulator (K,yc, Kivac) and the current regulator (K, Kiy)
are designed using Bode method. Their expressions are
extracted by the help of (1) to (8) [10] starting from the
open loop transfer functions (OLTF) of the DC voltage
OLTF,(p) and the AC current OLTF(p).

3.2. V. regulator
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where . is the cutting frequency in the DC state
generally chosen inferior to the fundamental frequency;
#1(w.) is the angle belonging to the phase margin, and w,,
w are the particular frequencies of the Bode diagram.
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3.3. Iy regulator

K,

OLTF; (p)=|1+—2"L5 b . (6)
! Kir, Ky,
where
204,.. - L ¢

b=—5—"L; )

Va’c

where A4, is the amplitude of the triangular carrier.
In the case of the PI regulation of the AC output
current /, and in order to reduce the dragging error

between /rand its reference /;, the passing-band of the PI
regulator should be inferior to the cutting frequency f..
Practically, . is taken 0.5z-f. [11].

34. DC/DC converters. Figure 4 exhibits the
topology of DC/DC converters. The FC DC/DC converter
is unidirectional and operates in boost mode, whereas that
of the battery is bidirectional and operates in boost and
buck modes [9]. The power circuits in both operating
modes are based on the average model allowing
controlling the input voltage V; and the output current /7,

using regulated duty cycles a*,,m,, a*bm,k and the

efficiencies #p0051 Mpuck Obtained from a 2-D look-up table
which data is provided by the manufacturer BRUSA [12]

* *
Vi =(1=poost) Vo (3
* *
I, =Npoost 1- aboost) Ay )
where V;, I; are the voltage and current at the low voltage

side; V,, 1, are the voltage and current at the high voltage
side.

L. Switch Model

+

»l
I »r

S
C_l_‘lo’ Lw

B V*i=(1-a*Boost)* Vo I*o=mMBoost*(1-0* Boost)* Ii

L
+
—_—
|Io
C Vo
T 5

a

+ Switch Model

V*i=a*Buck*Vo
b

Fig. 4. DC/DC power circuit:
a — Boost mode; b — Buck mode

I*o=00* Buck*Ii/T|Buck

Figure 5 summarizes the principle of the control
circuit with voltage and current regulators of FC and
battery in boost mode (Fig. 5,a,b) and battery in buck

mode (Fig. 5,c). One can deduce that a*bm,,‘., is regulated
starting from V*dc while a*bm,k can be regulated from

V* ibatt-

Current I
Vo limiter O*FCBoost
Viie Voltage Current Efﬁzemy
regulator] I ap 1|FCBoost
regulaton —»| Boost [
[01] Mode
a
Current Ti
Ve Vo, limiter 0*BatBoost
4 FEﬁkienC\'
[ Current N
LT _|"\'_’é" Voltage regulator W | Man | mpabo
— regulator] “—»| Boost >
0 [01] Mode

Current

Véiatt vi limiter
n - Current Efficiency|
.0 V(’)ltage regulator b Map mmBnck
— regulato b | Buck
o Mode

Fig. 5. DC/DC control circuit:
a — fuel-cell; b — Battery in Boost mode;
¢ — Battery in Buck mode

Dimensioning of voltage and current regulators.
The inductor L voltage and capacitor C current can be
expressed as:

dl. *
L_lei — (1= Upoost) Vs

7 (10)

an

CTtoznboost(l_aboost)'Ii _[0'
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This gives the inductor current and capacitor voltage
in Laplace domain as:

Vi _(l_aboost)'Vo .

1:(s)= ; 12
() e (12)
l—apyp) 1 —1
VO(S) — nboost( aboost) i o : (13)
C-s
V*
ﬂboost[VlO]']i _10
=V (s)= . 14
5(5) = (14)

Then, the open loop transfer functions are given by:

Kpps+K
OLTFI(s):$'LL.S; (15)

Kpys+K
OLTE, (s) = Xersthw 1
S

s (16)
where the proportional gains Kp;, Kpy and integral gains
Kj;, Ky are determined knowing the regulator response
times as [13]:

Kpy =26wy LK = o3y L; (17)
KPV = Zé/CONVC, K[V = a)]z\[VC, (18)
where
—ln(0.0S 1—42)
ngI = 5 (19)
Trr
—ln(0.0S 1—§2j
Try

where wy;, wyy are the current and voltage controller
bandwidth respectively; { is the damping coefficient;
Tri, Try are the current and voltage controller response
times respectively. Tx; is chosen to be one tenth of Txy-

Similar to the model of the DC/DC boost converter,
the DC/DC buck converter is shown in Fig. 4,b

* #*
Vo = puck Vi s (21)
« 1
10 _ i Zbuck ) (22)
Abuck

From the average model, the inductor L current and
capacitor C voltage can be expressed in Laplace domain
as:

* *
— abuckVi _VO .

1,(s) - . (23)
V.
]o _nbuck[V;J'Ii
Vo(s)= Cos - (24)

Similar to the DC/DC boost converter control. The
PI controllers gains of the buck converter control circuit
are also determined using (15)—(20).

4. Study of the energy efficiency. In this section,
the study aims to extract the relative power losses X and
the efficiency # depending on the load factor K; and the
load power factor Pr [6, 7]. Since the power losses are
mainly caused by the dispersed power in the wires

resistances in the source, then in the following equations
development only the source resistance R, will be
considered.

The load factor is defined as the ratio between the
short-circuit power P, and the load power P;:

K =R/P; (25)
where P, is the maximum power that can be provided to
the disturbing load without reaction of the protecting
equipment (fuses and circuit-breakers). Its expression is
given by:

T
p =L j el (OR e, (t)d; 26)
0 s s Cs >

T 0
where e, is the vector of the instantaneous values of the
source voltage:

€., (1)
es(t) = esb(t) 5
5 (0)
where R, is the matrix of resistance losses in the cables of
the power system:

@7

R, 0 0
Ro=| 0 R, 0| (28)
0 0 R

where P, is the load power formulated by:

T
Lo
R L QUIGTE (29)
0
where V,, I, are the respective vectors of instantaneous
values of common coupling point voltage and load
current:

Vsa(t) Ila(t)
Vi@ =V ()|, 1) =|11p(0) |; (30)
Ve (8) 1;.(2)

where P is conventionally defined as the ratio between P,
and the apparent power S given by [6]:

T T
N L O oD T )
=17 £ vIORTV, (1t { ITOR I (Hdt;  (31)

where I; is the vector of instantancous values of the
source current:

IS[l (t)
I (t)=| I (1) |
ISC (t)
The power losses AP are the difference between the

source power P; given by:
T

(32)

1
P =— [ e, (0dr; (33)
T
0
and P;:
AP =P~ F; (34)
on the other hand AP can be expressed by:
15 52
AP=— j 1T ORI, (Hdt = . (35)
1 _
0 7 [V ORI @)di

0
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T
The term %IVST R, le (t)dt corresponds to the
0

useful power at the common coupling point P,
(T
T p-l
Ri=w { VL OR;V, (0)dt =

T

=F = %J‘[es(t)_Rs[s(t)]Rs_l[es (t)_Rs[s(t)]dt =

0

T T
1 . 1 .
- £ el ()R e, (t)dt - (j) ITORR e, (Hdt -

T T
—% j el (OR;'R,I, (t)dt+%j1§ (O)R,R'R I (1)dt = (36)
0 0

1 T 1 1 T
=7 £ ef (R ey ()t —— i 1L (e, (t)dt -

1 £ -
= { ef OOt +— { ] (ORI (1)t =

=Fy~P,~P,+AP=Fy~PF,~ P, +P, - F;
=P, =F-P,-P.

The efficiency # is the ratio between the load power

and the source power:

g BB 1
P, B+AP | AP’
B
From Pr=P/S, one can conclude that:
_s?__ B
P, PE+P,
p— 1 .
77_ })l s

1+ 3
Pr(By—F - F)

2 2 2
= nPp By —nPr Py —nPr Py + 1k —
—PEPy+ P3P, + PAP =0,

2 By 2 b 2
= nPE Y PR ZS _pp? 4 -
77FP 77FP nrg +n

/ /

2R 2B 2
—-Pr—+P;—+P;=0;
FPI FPI F

N 772(1 +(PA(K; —1)))— PAK n+PE=0.

The determinant of (42) is given by:
A:(K% —4K; +4)PF —4P? > 0;

2
K
A>0:>—L—KL+1—%>O
4 Pr;
=K >2+i;
Pr

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

 PeKp (K —2)°PF -4

2(131+PF(KL —1))

=7 (45)

F

On the other hand and using the relative power
losses X (X=4P/P)) in the efficiency formula:

=>X= L 1.
1+X n
5. Simulation results discussion. In this section
simulation works about the previous study are presented.
They were carried out using MATLAB/Simulink software
and considering the parameters reported in Table 1.

(46)

]7:

Table 1
Simulation parameters
Parameter Value
Prenoms Poarmax 24kW, 21 kW
Preiows Prenigh 1.6452 kW, 13.348 kW

3162 W, 80.1%
Vimax = 400 V, f=50Hz
Limax = 60.01 A
R,=054140, L,=17mH
R=84Q, L;=50mH
R/=2.063 Q, L;=1 mH, C;=30 uF
R,=042Q, L,=41.563 mH
Viemax = 1694V, Cy = 617.18 iF,

Pfcidlw initial SOC

AC supply voltage,

Maximum source current

Supply impedance

Rectifier load

Output filter impedance

Upstream impedance

DC-bus Re=60Q, L, =0.5mH
PI voltage fevae=20Hz, ¢.py.=89.9°
PI current ](d/: 10 kHZ, ¢(,1f= 89.9°

Figure 6 present the imposed values of the state-of-
charge SOC (Fig. 6,a) and the regulated duty cycles o FCBoosis

% k .
O. BattBoost and a BattBuck (F 1g. 6)b)

100

-
T

e
o

Duty cycle

o

]
N
G V—
o

Fig. 6. a —the imposed state-of-charge (SOC);
b — regulated duty cycles of DC/DC FC and battery converters

The imposed SOCs were chosen to meet the energy
management algorithm cases [9]; their values vary between
35 % to 85 %. Accordingly, the regulated duty cycles of
the boost mode of the DC/DC converters vary between
0.41 and 0.9 for the FC converter and between 0.58 and
0.88 for the battery converter. In the case of the battery
buck mode, the duty cycle varies between 0 and 0.4.
Since the battery begins alone to feed the DC bus until the
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FC enters in operation, a guupoos; 1S SUPETIOT tO O FcBoost-
Then, the two duty cycles become superimposed in their
evolution once the FC is operational. For the case of

ot BanBucks ONE can observe that it is null all the time except
when the battery is in the charging mode (case of
P jcidle<P dem<P felow and SOC<80 %) and P, dem>P felow and

SOC<80 % [9]). The value of a*Bm,Buck is low because of
the low percentage of the battery discharge.

Now, which concerns the different considered
powers (Pyems Pres Prar), the results are displayed in Fig. 7.
The results are presented into two shutters. The first one
deals with the obtained powers before regulating the duty
cycles (Fig. 7,a) while the second one shows the powers
after activating the duty cycle regulation loops (Fig. 7,b).
It is obvious that there are some differences, especially for
P, and P, from their respective reference values
obtained from the energy management algorithm [9],
before regulating the DC/DC converters duty cycles
(Fig. 7,a). However, the differences disappear when the
duty cycles are regulated (Fig. 7,b).

Pdem Pdom

P :
x10° %10% dom

N
h
3

1 |¢
]

PW)
~
P(W)

~
]
i
S+ ST
-
r
!

PW]
o a

PW)
o RV,

0 2 4 6458 10 12 14 O C 4 S gm® W 2
a b
Fig. 7. Reference and measured powers of the demand,
the FC and the battery.

a — before duty cycles regulation; b — after duty cycles regulation

Figure 8 depicts the input/output currents and
voltages, with their respective references, of the DC/DC
converters. Figure 8,a shows the FC input reference

current / ., the FC input measured /; and the measured
output current /.. Notably, /. is perfectly following its

reference / ;.. Which concerns I, it is all time inferior to
Iy, because of the boost mode of the FC DC/DC
converter. The same observation can be pointed-out for
Fig. 8,b concerning the battery currents in the boost mode
of its converter. Figure 8,c shows the battery currents
when its converter is in the buck mode where low values
are noted compared to the boost mode values. Figure 8,d
presents the demand current measured 1, in the DC bus
which is the sum of /,. and I, Similar remarks can be
given for the different input/output voltages (Fig. 8,¢ to
Fig. 8,g), only this time, output voltages are superior to
input voltages in the boost mode (Fig. 8,e and Fig. 8.,f)
and vice-versa in the buck mode (Fig. 8,g). Finally,
Fig. 8,h portrays the demand voltage superimposed to its
reference. Different reference voltage levels were

imposed in order to meet the energy management
algorithm cases [9].

p—
200 _ 1500
< 100 '\_ 1000 2
£ ¢ B
500
0 0 B —r—
0 4 68 10 14 0 2 4 68 10 12 14
— ———V - -V
—‘_Ilhoon === ot = = Ilhoosl‘— J Va Ll ul ‘L
20 1500
< 100 [ 21000 =
= | - > 500
0 2 4 68 10 12 14 0 2 4 6@8 10 12 14
04 = = lbuck —_ Vouek ™" lobuck J Viba Vibuek = :' Vobuck
=02 Y 1500 a i .
< F 1000 == —
-0 i > 500 bt
0.2 1 0
2 4 88 10 12 14 0 2 4 6(g8 10 12 14
Taem — Vo™ = Viem
30
1500
~ 2
T M 1000
< 10 ¥
b R— = 500
-10 0
o 2 4 6, 8 10 12 14 0 2 4 6_ .8 10 12 14
t(s) t(s)
(d) (h)

Fig. 8. Input and output measured and reference currents and
voltages of DC/DC converters:
a —DC/DC FC boost converter currents;
b —DC/DC battery boost converter currents;
¢ — DC/DC battery buck converter currents;
d — the demand current;
e — DC/DC FC boost converter voltages;
f—DC/DC battery boost converter voltages;
g — DC/DC battery buck converter voltages;
h — the demand voltage

Figure 9 concerns the filtering instantaneous results
in the AC feeder of Fig. 1 after inserting the SAPF.
The displayed curves are related to the 3-phase current
absorbed by nonlinear load (Fig. 9,a), the AC source
3-phase current (Fig. 9,b) and the 3-phase point of
common coupling (PCC) voltage (Fig. 9,c). It is noted
that the load current is hardly distorted while the source
current and voltage are near-sinusoidal waves.

9.01 9.02 9.03 9.04 05 9.06 9.07 9.08 9.09 9.

A

100

1(A)
o

-1 00

t(s)

9 9.01 9.02 9.03 9.04 9.05 9.06 9.07 9.08 9.09 9.1

VPCC, mee VPCC oo VPCC

901 902 90

s )9 05 9. 06 9. 07 9. 08 9. 09 9.1

c

Fig. 9. Results after inserting the SAPF:
— load current; b — source current; ¢ — PCC voltage

The harmonic spectrums shown in Fig. 10 provide
frequency analysis before and after inserting the
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regulation loops of the DC/DC converters duty cycles.
The total harmonic distortion (THD) of the load current is
around 25 % (Fig. 10,a), the THD of the source current
before regulating the duty cycles is 2.38 % (Fig. 10,b) and
the source voltage THD is 3.03 % (Fig. 10,c). After
inserting the duty cycles regulation loops the source
current and voltage THDs % decrease respectively to
2.08 % (Fig. 10,d) and 2.92 % (Fig. 10,e) which means an
improvement in the filtering quality when activating the
regulation of the DC/DC converters duty cycles.

I"a =56.57A, THD"az 25.35%
20F T T T =

ol \| I . | L. 1

0 5 10 15 20 25

|51 a= 57.31A, THDIsa= 2.38% lg1,=58.6A, THD,_ =2.08%

o

Mag(% to fundamental)
&
&

5 10 (b) 15 20 2!

0 5 10(d) 15 20 25

VPCC,, =290.3V, THD, ;0. = 3.03% VPCC,_ = 289.6V, THD =2.92%

VPCCa

1 05

° LiL 0 “LJ..uI.

20 25 0

10 15 5 10 15 20 25
Harmonic order Harmonic order
© ©
Fig. 10. Harmonic spectrum of: @ — load current.
Before duty cycles regulation:
b — source current; ¢ — PCC voltage.
After duty cycles regulation:

d — source current; e — PCC voltage

In Fig. 11 the results concerning the SAPF are
presented.
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Fig. 11. A zoom in for V*dﬁ. =1694 V:
a — the APF current I, with its reference;
b — modulator with carriers;
¢ — DC-bus voltage levels;

d — output filter voltage

Figure 11,a shows the current of the SAPF with
perfect agreement with its reference. Figure 11,b

illustrates the modulating signal (I*f — Iy varying inside
its carrier signal which means a satisfying operation of the
considered pulse-width modulation (PWM) strategy.
In Fig. 11,c the regulated two voltages of the DC bus V,
and V., are presented. One can observe that they evolve

in an opposite manner around V*dc/2 (the case of

V*dc =1694 V is considered). Finally, the output voltages
of the SAPF are shown in Fig. 11,d where 3-levels can be

read: =2V /3 (1126 V), =V ,/2 (845 V), and =V /3
(565 V) which demonstrates a good behavior of the
3-level SAPF.

Figure 12 concerns the power quality
characterization using the instantaneous THDs of the
source current and voltage (Fig. 12,a), the source current
unbalance rate (CUR) (Fig. 12,b) and both power factors
of the source and load (Fig. 12,c). During a transient
state of 4 s, the THDs are exceeding the standardization
limits (5 %). After that, they remain below the limit. The
CUR is all time low, and the source power factor is
near-unity.

0.1 T

PR RCRRCIR
" M,

RN

Fig. 12. Curves: a — total harmonic distortion THD;
b — current unbalance rate (CUR);
¢ — power factor

Figure 13 presents the obtained result from the
energy efficiency study of the system of Fig. 1.

Figure 13,a depicts the short-circuit power P, that
increases linearly from 0 and stabilizes at 293 kW after
0.02 s. Figure 13,b shows the load power P, which
stabilizes at 23.31 kW. Figure 13,c illustrates the ratio
between P, and P, describing a decreasing curve that
stabilizes at 12.36 while the power factor Py of Fig. 13,d
is an increasing curve that trends towards 0.96 (near-unity
value). In Fig. 13,e one can observe that (44)
(K >2+(2/Pp)) is satisfied all-time.

36 ISSN 2074-272X. Enexmpomexnixa i Enekmpomexanixa, 2021, Ne 5



g K
ﬂ.g 293 "W
a I | | I L I | | I
1] 001 0.02 0.03 0.0a 0.05 0.06 0.07 0.08 0.09 01
t(s)
a
x10%
T T
£ 2 LN :
o 23.31 KW
o T . 1 L 1 1 | 1 |
) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(s)
100 T T T T T
»7'50 fg /12.45 -
o | N n T n n n n N
001 0.02 0.03 004 0.05 0.06 0.07 0.08 0.09 01
t(s)
C

0.96
| | . %

P
oF
o
—T T
R

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.
Ys)

d

N T [——K, = = =2+(@P)]
] :

0 0.01 0.02 0.03 0.04 %(05) 0.06 0.07 0.08 0.09 0.1
(s)

e

Fig. 13. The instantaneous: a — short-circuit power;
b —load power; ¢ — load factor; d — load power factor;
e — K; and 2+(2/Py)

Figure 14 concerns the results about the relative
power losses X and the efficiency 7. As shown in
Fig. 14,a presenting X vs. P for different values of K,
the relative power losses X decrease when both Py and K,
increase. The same observation can be pointed-out for X
vs. K; for different values of P (Fig. 14,b). Now, for the
efficiency #, one can observe that it increases when Pr
and K increase as portrayed in Fig. 14,c (5 vs. Pr for
different values of K;) and Fig. 14,d (n vs. K, for different
values of Py).

1

Conclusions.

In this paper, the focus was on studying the energy
efficiency of a system based on a 3-level shunt active
filter powered by a hybrid FC/battery DC bus. The first
part of the presented and discussed works concerned the
duty cycles regulation of the DC/DC converters
controlling the powers of the FC, the battery and the
demand together with an energy management algorithm.
When comparing the obtained powers before and after
regulation of the duty cycles, it was obvious that better
following of these powers to their references (obtained
from the energy management algorithm) is reached for a
regulated duty cycle. The second part of the works
concerned the energy efficiency study tacking into-
account the short circuit power, the load power; the ratio
between them noted the load factor and the load power
factor. The studies were established on the relative power
losses and the efficiency. The theoretical equations and
simulation results demonstrate that more the load factor
and the load power factor are increasing, more the power
losses decrease and the efficiency increases. Future works
are based on developing an optimization algorithm that
improves the whole system behavior.
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AIR CAVITY-BASED VIBRATIONAL PIEZOELECTRIC ENERGY HARVESTERS

Introduction. Known vibrational energy harvesting methods use a source of vibration to harvest electric energy. Piezoelectric
material works as a sensing element converted mechanical energy (vibration) to electrical energy (electric field). The existing
piezoelectric energy harvesting (PEHs) devices have low sensitivity, low energy conversion, and low bandwidth. The novelty of the
proposed work consists of the design of PEH’s structure. Air cavity was implemented in the design where it is located under the
sensing membrane to improve sensitivity. Another novelty is also consisting in the design structure where the flexural membrane was
located at the top of electrodes. The third novelty is a new design structure of printed circuit board (PCB). The purpose of
improvised design is to increase the stress in between the edges of PEH and increase energy conversion. With the new structure of
PCB, it will work as a substrate that absorbs surrounding vibration energy and transfers it to sensing element. Methods. Three
techniques were successfully designed in PEH and fabricated namely PEH A, PEH B, and PEH C were characterized by two
experiments: load and vibration. The load experiment measured load pressure towards the PEH, whereas the vibration experiment
measured stress towards the PEH. Results. PEH C has the highest induced voltage for a weight of 5.2 kg at the frequency of 50 Hz
and the highest stored voltage for a period of 4 min. The three techniques applied in PEHs were showed improvement in transducer
sensitivity and energy conversion. Practical value. A piezoelectric acoustic generator was used in the experiment to compare the
performance of the designed PEH with available piezoelectric transducers in the market. The new flexible membrane worked as a
sensing element was worked as a cantilever beam. PVDF was used as a sensing element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating bandwidth. References 21, tables 6, figures 19.

Key words: piezoelectric energy harvester, air cavity, flexural membrane.

Bcmyn. Bioomi memoou 360py eibpayiiinoi enepeii guxopucmogyloms Odcepeno 6ibpayii ona 360py enrekmpuunoi enepeii.
IT’e30enekmpuynuil mamepian npayloe AK 4YMiuUll enemenm, nepemeopioloyu Mexaniuny ewepeilo (8ibpayiio) 6 erekmpuumny
enepeito (enekmpuune noae). Icnyioui npucmpoi 360py n’eszoenexmpuunoi enepeii (3I1E) marome HU3bKY uymaugicme, HU3bke
nepemeopenns enepeii i many cmyey nponyckaunsa. Hoeusna sanpononosanoi pobomu nonszae 6 npoexmyeanni koncmpyxyii 3[1E. ¥V
KOHCMPYKYIi peanizoeana nogimpana nopodlcHuna, AKa po3mauio8ana nio 4ymaueoi memobpanoio ona nioguwenns wymausocmi. Lje
00UH eneMenm HOBU3HU NONA2AE 8 KOHCMPYKYIi, 8 AKIll gueuHuCma Memopana po3mauiosana y 6epxuit yacmuni eiekmpoois. Tpems
HOBU3HA - Ye HOBA KOHCMPYKYia Opykoeanoi niamu. Mema 3anponoHosanoi KOHCMpyKyii - 30iibuumu Mexaniuny Hanpyay Mixc
kpasmu 3IIE i nidsuwumu nepemsopenns emepeii. 3asosaku Hogiti KoHcmpykyii Opykoeanoi niamu 6ona Oyde npaylosamu 5K
nioKnaoKa, sika NO2IUHAE HABKOIUWIHIO eHepzito ibpayii i nepedac ii na uymausui enemenm. Memoou. Tpu memoou Oynu ycniuno
suxopucmani ons npoexmysannsi 3IIE, i 6ionogiono nazeawni eucomoeneni 3IIE A, 3[IE b i 3I[IE B 6ymu onucani 0éoma
eKCnepUMEeHMANbHUMY XaPAKMePUCMUKAMU. HA6aumaicents i 6ibpayis. B excnepumenmi 3 HABAHMANCEHHAM SUMIPIOBABC MUCK
nasanmaxcenns na 311E, 6 moui uac Ak 6 excnepumenmi 3 gibpayicio sumiproganaca mexaniuna nanpyea na 3I1E. Pesynomamu. 311E
B mac naiisuwyy inoyxosany nanpyey ons eazu 5,2 ke npu wacmomi 50 Iy i naiisuwy 36epeosiceny nanpyzy npomsazom 4 xeunun. Tpu
Memoou, wo 3acmocogyromscsa 0as 3I1E, noxasanu noainwenns wymaueocmi nepemeopiosaya i nepemgopenns enepeii. Ilpakmuuna
yinnicmey. B excnepumenmi 6uxopucmogysagcs h’€30eieKmpudHuil aKyCcmudHull 2eHepamop 01 NOPIGHAHHA XApaKmepucmux
pospobnenoco 3IIE 3 docmynuumu Ha punKy n’€3oerekmpuunumu nepemeopiogavamu. Hoea emyuxa membpana npayrosana sk
YYMAUBULl enemMerm, wo npedcmagisng cobolo KOHCoabHy baika. B saxocmi yymaueozo enemenma 6uKopucmos8y8ascs nonisininioen
@dmopuo 3a60aKu SHYUKOCMI NONIMEPHO20 MAMeEPIany, AKUl, AK O4IKYEMbCA, NOMNUUMb YYMAUGICIb | pOOOUY cMyey NPONYCKAHHSL.
Bi6mn. 21, Tabmn. 6, puc. 19.

Kniouosi cnosa: 30Mpad 1’€30eJIeKTPUYHOI eHeprii, MOBITPsiIHA MIOPOKHUHA, BATHHHCTA MeMOpaHa.

Introduction. Energy harvesting is a process to
collect and store energy from energy sources, such as
wind [1], solar [2], thermal [3], vibration [4], and
biomechanical [5] sources. The facilities for harvesting
wind, solar, and thermal energy are designed in huge sizes
and generate high energy, whereas the components for
harvesting vibration and biomechanical energy are
designed in small sizes and sometimes generate energy in
microvolts only. Vibration is an energy source that can be
harvest at any place. Among the examples are vibration
energy created by bridges [6], machines [7, 8],
compressors [9], airport walkways [10] and railway tracks
[11]. These vibrational energy sources are wasted if not
harvested. Two methods that can harvest vibration energy
are electromagnetic energy harvesters (EEHs) [9, 10] and
piezoelectric energy harvesters (PEHs) [10, 11]. The basic
components of an EEH consist of a spring, a coil, and a
permanent magnet.

A vibrational force is applied to the spring to make it
swing and the permanent magnet moves through the coil.
An induced voltage is generated by the coil during the

movement of the permanent magnet through the coil [12].
Some design has used a ring to replace the spring to make
the permanent magnet move freely [13]. However, these
designs suffer from the limitation of ageing, such as a
spring loses its stiffness with time and a permanent
magnet also loses its magnetization with time. Hence,
PEHs are used to solve these problems [14]. A PEH
consists of a piezoelectric material, a cantilever beam, and
a proof mass. The piezoelectric material is a sensing
element to convert mechanical energy to electrical energy.
It was attached together with cantilever beam which is
worked as a swinging component. Proof mass was placed
at the end of the cantilever worked as a load that makes
the cantilever beam swing after a vibration force is acted
to the cantilever. When the cantilever beam swings, it
causes stress inside the sensing material; subsequently, an
induced voltage is generated.

PEH consists of the cantilever beam and the proof
mass was free at the end and mounted beneath its base,
which is known as base-mounted piezoelectric (BMP)
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harvesters. A BMP harvester with a 0.267 mm thick layer of
PZT5H was attached to a polymer beam (1.6 mm X 4.9 mm
x 20.0 mm) and a steel tip mass. The peak voltages
increased to 6.20, 15.1, 29.2, and 54.3 V with resonant
frequencies of 45 Hz at 0.25 g to 44 Hz at 1 g. Shorter
beams were preferred in the design to improve
electromechanical coupling and generate more induced
voltage [15]. A cantilever beam consisted of a sensing
element called piezoelectric bimorph and an electrode
called copper with the dimension of 79 mm x 1.55 mm
(length x thickness) and attached to the proof mass with
the dimension of 20 mm X 4 mm (length x thickness).
This device generated an induced voltage of 37 V and
output power at 145 Hz. It was installed under a smart
road system [16]. For a low mechanical damping ratio, a
vacuum package energy harvester (VPH) was designed to
cater the problem of 50 % power drop, corresponding to
2 % deviation of frequency. The VPH was similar to the
design previously which was consisted of a piezoelectric
bimorph with the dimension of 28.6 x 12.7 x 0.508 mm’
and stiffness of K = 760 N/m. The VPH generated output
power of 90.3 uW at the frequency of 50 Hz [17].

A multi-degree of freedom vibration system has
been added in the design of PEHs to improve the
wideband performance. This design offers high power
density and increases the generated induced voltage.
Three proof masses were located at the centre, top left,
and bottom right. Then, the cantilevers were attached to
the mass centre, top left mass, and bottom right mass. The
bandwidths were increased to 5.3, 9.8, 14, and 16 Hz
for the acceleration of 0.2, 0.5, 0.7, and 1 m/s%
respectively. The average power harvested by the PEHs
were 0.34-2.80 uW [18]. Two parallel beam structures
were designed to improve the operating bandwidth of
PEH. Each beam consisted of a top electrode and a
bottom electrode, then a zinc oxide (ZnO) was a sensing
element with a thickness of 2.73 um sandwiched between
the electrodes. This PEH generated an induced voltage of
18 V at the frequency of 142 Hz with a bandwidth of
15 Hz [19]. A cantilever beam was sandwiched with two
sensing element and one end of the cantilever beam was
installed with a tip mass, whereas the other end was
nailed to the wall. The PEHs generated an average power
of 25 uW at the frequency range of 33-35 Hz [20]. This
type of design can be applied for slow swinging
movement.

The goal of the paper is to design a new flexible
membrane worked as sensing element called piezoelectric
polymers, polyvinylidene fluoride (PVDF) were attached
together with a printed circuit board (PCB) and it was
worked as a cantilever beam. PVDF was used as a sensing
element due to the flexibility of the polymer material,
which is expected to improve sensitivity and operating
bandwidth. A PEH with good sensitivity can generate a
high induced voltage. A new technique of substrate, PCB
was used to absorb impact of surrounding vibration and
transfer it to flexible sensing element which to improve
sensitivity and bandwidth.

Subject of investigations. The PEH design focused
on the design of the electrode circuit. Figure 1 shows the
interdigitated electrode (IDE) circuit designed on a PCB.
The IDE circuit consists of the IDE finger, the IDE path,

and a terminal pad. The IDE finger used generated an
induced voltage together with the sensing element, PVDF.
Then, the IDE path lays the current to the terminal pad.

Finger IDE
W circuit

Finger }

widith.

e

\

Copper, Cu

I Fr4
Finger

gap,
14

T

a

Fig. 1. IDE design circuit on a PCB: (a) schematic diagram
and (b) digital microscope image of the IDE circuit on a PCB

Three different electrode finger widths were
fabricated and the width of electrode fingers were 0.5, 1,
and 2 mm. The gap between the electrode fingers for all
designs was fixed to 0.5 mm and the number of electrode
finger pairs was 4. Three fabricated designs were namely
PEH A, PEH B, and PEH C. They are shown in Table 1.

Table 1
Parameters of the IDE circuit for PEH A, PEH B, and PEH C

PEH design Finger width, | Finger gap, Area of PVDF, mm?
W,, mm W,, mm
A 0.5 142.5
B 1 0.5 218.5
C 2 370.5

The IDE design constructed using Proteus software
is shown in Fig. 2.

Fig. 2. IDE circuit design constructed using Proteus

D;3; mode piezoelectric energy harvester. The new
design structure of PEH using the method of ds; mode
piezoelectric material was implemented in the design. The
first number of d3; mode indicates the voltage generated
at z-axis and the second number indicates the force
applied to the piezoelectric material that causes stress
inside the piezoelectric material. A new design structure
applied in PEH was the flexible sensing element placed at
the top IDE electrode. The substrate of PEH was PCB
used to absorb surrounding vibration energy and transfer
to flexible sensing element, thus the sensing element got
stress and converted to electric field. Ds;; component
inside sensing element was converted two times energy
compared to d3; mode.

Two new techniques approach, (1) flexible sensing
element on top of electrode, and (2) substrate made of
PCB were improved energy conversion and sensitivity.
The operation of d;; mode piezoelectric material on the
PEH is shown in Fig. 3.
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Fig. 3. D33 mode piezoelectric energy harvester:
(a) schematic diagram and (b) cross-sectional digital microscope
image of the PEH

The operation of d3; mode polarization is that when
stress occurs between the electrodes in three directions,
polarization is also created between the electrodes in three
directions. The electron ¢ moves from low potential
(negative terminal) to high potential (positive terminal)
and the movement of electrons induces voltage, as shown
in Fig. 3,a. Figure 3,b illustrates the cross-section of the
PEH, where the top of the PEH is a single tape, followed
by PVDF, a row of copper and air space, and lastly the
FR4. The new design structure of backing layer called air
cavity was placed under sensing element and in between
of finger electrodes. When the cantilever beam moves up
and down, more stress occurs at the sensing element at
cavity side and generated more induced voltage, as
illustrated in Fig. 4.

Stress occurred inside
PVDF when cantilever
beam move up and down

Stress occurred inside
PVDF when cantilever
beam move up and down

Cavity
Fig. 4. Schematic diagram of stress occurring inside PVDF
during the movement of the cantilever beam

Development of readout circuitry. The induced
AC voltage accumulates at the terminal of PEH, and then
the readout circuitry is rectified, filtered, and stored the
DC voltage in a capacitor. Figure 5 shows the schematic
diagram of the parallel synchronized switching harvesting
inductor circuit (SSHI) readout circuit introduced by [21],
which consisted of the PEH, a switch (S), an inductor (L)
of 22 uH, bridge diodes (D1 — D4) of Schottky type, a
capacitor (C) of 12 nF, and resistor of 600 kQ.
The maximum working voltage for the capacitor is 35 V.
A multimeter was used to measure the output DC voltage
at V(¢). Diodes D1 to D4 worked as full-wave rectifiers to
rectify all AC to DC.

O

v

Ve(t)

PEH

Fig. 5. Schematic diagram of a parallel SSHI readout circuit
for energy harvesting

Fabrication. The overview of the fabrication
process is shown in Fig. 6.

Fabricate
IDE circuit
on PCB

i

Attached
sensing element,
PVDF
on |IDEcircuit

i |

Used tape to bind
sensing element
and PCB

Fig. 6. Flowchart of the fabrication process

The steps presented in Fig. 6 were the flow of PEH
fabrication. First, the IDE circuit was fabricated on a
PCB, as shown in Fig. 7. Next, a PCB was cleaned using
a brushing machine. The final step of the fabrication
process was attaching PVDF on top of the fabricated IDE
circuit using 3M single tape. The terminal pad was
soldered with two wires and the completed fabricated
PEH is shown in Fig 8.

Fig. 7. Fabricated IDE circuits

Fig. 8. Fabricated piezoelectric energy harvesters

Experimental setup. The PEH was characterized
using load and vibration experiments. The load
experiment measured load pressure towards the PEH,
whereas the vibration experiment measured stress towards
the PEH. A piezoelectric acoustic generator was used in
the experiment to compare the performance of the
designed PEH with available piezoelectric transducers in
the market. The parameters of the piezoelectric acoustic
generator are listed in Table 2.

Table 2
Diameter and area of the piezoelectric acoustic generator
Parameter Value
Diameter of piezo ceramic, mm 20
Area of piezo ceramic, mm? 314.16
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Figure 9 presents the piezoelectric acoustic generator.
The diameter of the piezoelectric ceramic was 20 mm,
which was sandwiched between two copper layers.

Fig. 9. Illustration of a piezoelectric acoustic generator:
(a) schematic diagram and (b) camera image

Load experiment. The experiment was carried out
by obtaining the output from different mass ranges of
200 g to 5.2 kg with a step of 1 kg placed on top of the
PEH. The study investigated the induced voltage for
different weights and designs of PEHs. The equation for
pressure P in load experiment is:

P=flA, @)
where f is the gravitational force; and A4 is the area of
PVDF surface.

The equation of gravitational force is:

f=mg, 2

where m is the mass; g is the gravity acceleration (9.81 m/s?).

Six different weights were used: 200 g, 1.2 kg, 2.2 kg,
3.2 kg, 4.2 kg, and 5.2 kg. The load experiment is shown
in Fig. 10. Figure 10,a shows the schematic diagram of
the load experiment setup; Fig. 10,b shows the use of 200 g
and 1 kg loads. Meanwhile, Fig. 10,c shows the DC
voltage measurement setup using a digital multimeter and
an energy harvester circuit.

Mass
Tve gnd Multimeter
Energy
Are:orce harvester \
R B cireut o'——
/ +ve gnd +ve gnd O gnd +ve

4

Fig. 10. Load experiment setup: (¢) schematic diagram; (b) 200 g
and 1 kg loads; (c) DC voltage measurement setup at the output
of the energy harvester circuit using a digital multimeter

For load experiment, the loads were placed on the
PEH and the output of the PEH was rectified and stored in
a capacitor using an energy harvester circuit. The output
of the energy harvester circuit was measured using a
digital multimeter. For every measurement of load, three
readings were recorded and the average reading for each
load was recorded in a table.

Vibration experiment. The experiment was carried
out by placing the PEH on a vibration machine. This
experiment investigated the induced voltage generated by
the PEH during vibration. A sieve shaker was used as a
vibrator machine at 50 Hz and the AC voltage of the PEH
output was measured using an oscilloscope. The vibration
experiment setup is presented in Fig. 11.

PEH
+ve gnd
O O 8 —1— Oscilloscope
/ +ve gnd
Sieve
shaker

Fig. 11. Vibration experiment setup: (a) schematic diagram and
(b) digital image of vibration experiment setup

Three different designs of PEHs were investigated in
this experiment. A sieve shaker was set at 4 min of
vibration and the generated AC output voltage of the PEH
was recorded every minute. Two parts of measurement
were conducted in this experiment, namely the
measurement of the generated voltage versus input
frequency and the measurement of the generated voltage
for a period of time. The input frequency was set to 50 Hz
because almost all vibration equipment in Malaysia used
50 Hz as an input of the machine.

Results and discussion. This section is divided into
two parts, which are induced DC output voltage from load
experiment and induced AC output voltage from vibration
experiment. Both parts are discussed in terms of the
performance of output voltage produced by the PEH.

DC output voltage from load experiment. The DC
output voltage for all PEH designs (PEH A, PEH B, and
PEH C) with different mass ranges of 0.2 g to 5.2 kg was
measured and the mean values of the recorded voltage are
shown in Table 3, 4, 5, respectively. Each table presents the
weight, mean output voltage, and standard error for the
particular design. The mean output voltage was calculated
from three readings of the same weight measurement and
divided by the number of readings. For this experiment,
three readings were taken for calculating the mean output
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value and the standard error was a standard deviation of the
mean value. The pressure was calculated from the input
weight and area of PVDF.

Table 3
Results for PEH A
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % f14, N/m?
0.2 0.202 5 1401.43
1.2 0.402 6 8408.57
2.2 0.607 3 15415.71
32 0.810 4 22422.86
4.2 1.097 5 29430
5.2 1.123 3 36437.14

The standard error for all readings is acceptable
because the error is less than 10 %. The highest standard
error of 6 % was recorded for the load weight of 1.2 kg.
The mean induced voltage increased proportionally with
the input pressure given by load weight. Figure 12 shows
that at the pressure of 29430 to 36437.14 N/m?, the mean
output voltage was saturated at 1.123 mV. The mean
output from 0.202 to 1.097 mV was proportional with the
increase of pressure from 1400 to 29430 N/m’,
respectively.

12

[}
I—

Output saturated

o
3
&%

|
|
|
Significant output :
|
|

1
15415.71429 22422.85714 29430
Pressure (N/m?)

Fig. 12. Plot of mean output value versus pressure for PEH A

1401.428571

8408.571429

36437.14286

The results for PEH B are tabulated in Table 4. The
readings are also acceptable because the standard error is
less than 10 %. The input pressure started at a lower value
of 897.94 N/m* compared to PEH A of 1401.429 N/m’
and until the final load of PEH B, the input pressure was
less than the final load of PEH A.

Table 4
Results for PEH B
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % fi4, N/m*
0.2 0.306 2 897.94
1.2 0.904 3 5387.64
2.2 1.103 3 9877.35
3.2 1.303 5 14367.05
4.2 2.004 4 18856.75
5.2 2.301 5 23346.45

Figure 13 shows a significant output voltage because the
mean output voltage from the range of 0.306 to 2.301 mV
increased proportionally with the input pressure from
897.94 to 23346.45 N/m”. The mean output voltage of
PEH B was higher than PEH A for the low pressure input.
It is shown that PEH B is more sensitive and generated
more induced voltage than PEH A.

Table 5 shows the tabulated results for PEH C. The
mean output voltage was generated in the range of 0.7 to
2.5 mV for the pressure range of 529 to 13768 N/m”. The
standard error shows that the readings are in the
acceptable range for PEH C.

no/p voltage (mV)

Significant output
voltage

Mea

$97.9405034

5387.643021

9877345538 14367.04805
Pressure (N/m?)

1885675057 23346.45309

Fig. 13. Plot of mean output voltage versus pressure for PEH B
Table 5
Results for PEH C
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 1A, N/m?
0.2 0.702 3 529.55
1.2 0.903 4 3177.33
2.2 1.199 3 5825.10
32 1.504 3 8427.87
4.2 1.901 5 11120.65
5.2 2.502 5 13768.42

Figure 14 shows that PEH C is more sensitive
compared to PEH B and PEH A. The low pressure input
generated high induced voltage. PEH C has the widest IDE
electrode finger width, followed by PEH B and PEH A.
Furthermore, the highest generated induced voltage was
obtained by PEH C, followed by PEH B and PEH A.
Therefore, the width of finger electrodes improved the
generated induced voltage and sensitivity of PEH.

’ | |

n

Low pressure with high
induced voltage
More sensitive

Meano/p voltage (mV)

e
n

1t >
! |

0

529.5546559 3177327935 5825.101215 8472.874494

Pressure (N/m?)

Fig. 14. Plot of mean output voltage versus pressure for PEH C

11120.64777 13768.42105

Table 6 tabulates the results for the commercial
piezoelectric acoustic generator. The mean output voltage
generated by the piezoelectric acoustic generator was in
the range of 0.124 to 0.365 mV for the range of input
pressure input of 6248 N/m” to 162458.6 N/m™.

Table 6
Results for piezoelectric acoustic generator
Weight, Mean output, Standard Pressure,
kg voltage, mV error, % 14, N/m?
0.2 0.124 3 6248.41
1.2 0.185 2 37490.45
2.2 0.191 2 68732.48
3.2 0.212 2 99974.52
4.2 0.255 3 131216.60
5.2 0.365 3 162458.60

Figure 15 shows the mean output voltage for the
piezoelectric acoustic generator. The generator has low
sensitivity due to the low generated induced voltage as
high pressure input was introduced to the acoustic
generator. All PEH designs have high sensitivity
compared to the piezoelectric acoustic generator. The IDE
design shows good performance compared to a simple
sandwiched piezoelectric acoustic generator. Although the
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area of the electrode of the piezoelectric acoustic
generator is larger than the area for PEH A, this design
has more induced voltage compared to the piezoelectric
acoustic generator.

026 |
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Piezoelectric acoustic
generator less sensitive
due to high pressure for

low generated voltage
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Fig. 15. Plot of mean output voltage versus pressure
for piezoelectric acoustic generator

9997452 1312166

Output voltage from vibration experiment. For
vibration experiment, two parts of the results were
obtained. Part B.1 shows the results of the generated
output voltage versus input frequency of 50 Hz and part
B.2 shows the results of the generated voltage for the
given period.

Output voltage versus input frequency. Figure 16
shows the generated output voltage versus the input
frequency of 50 Hz for PEH A. The generated output
voltage generated fluctuated from 0.23 to 0.28 mV.

035 Generated voltage from
0.23 mV to 0.28 mV

Frequency (Hz)
Fig 16. Generated output voltage versus input frequency
for PEH A

Figure 17 shows the generated output voltage versus
the input frequency of 50 Hz for PEH B. The generated
output voltage fluctuated from 0.25 to 0.52 mV for the
input frequency of 50 Hz. The generated voltage of
PEH B consists of two parts: 0.25 to 0.30 mV and 0.45 to
0.50 mV.

0.6
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Generated voltage from
0.25mV to 0.52 mV
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2 e
2 2

50
Frequency (Hz)

Fig 17. Generated output voltage versus input frequency
for PEH B

Figure 18 shows the generated output voltage for
PEH C for the given input frequency of 50 Hz. The
pattern of PEH C output is almost similar to the pattern of
PEH B output, where the generated output of PEH C
oscillated from 0.28 to 0.55 mV. The generated voltage of
PEH C also consists of two parts: 0.28 to 0.30 mV and
0.50 to 0.55 mV.

Generated voltage fluctuated
from 0.28 mV to 0.55 mV

Output Voltage (mV)
=
b

Frequency (Hz)
Fig. 18. Generated output voltage versus input frequency
for PEH C

All three plotted graphs show that the generated
output of load weight is higher compared to vibration. In
this experiment, PEH C has higher generated voltage than
PEH B and PEH A, where PEH C recorded the generated
voltage of 0.55 mV.

Output voltage versus period of time. The results
of generated voltage for the period of time are shown in
Fig. 19. The generated voltage for all design of PEHs
increased significantly at 3 to 4 min. The highest energy
stored in the capacitor was generated by PEH C with
34560 mV.
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Fig. 19. Generated voltage stored versus period of time

Conclusions.

1.A new design structure of PEH using flexible
sensing element, PVDF and PCB substrate with IDE
circuits were successfully design, fabricated and
characterized in this project. Three PEHs with different
IDE circuit width were fabricated together with a PVDF
sheet and single transparent tape.

2. All designs namely PEH A, PEH B, and PEH C
were successfully characterized by two experiments
namely load and vibration experiments. PEH C generated
the highest voltage in load experiment of 2.502 mV for
the weight of 5.2 kg. In vibration experiment, PEH C
generated the highest voltage of 0.55 mV for the input
frequency of 50 Hz. PEH C also stored the highest
voltage of 34560 mV for the time period of 4 min.

3. PEH C is the best design of an energy harvester if
applied for a vibration machine of 50 Hz or from
footsteps in the walking area of an airport. For future
recommendations, this device can be installed in the
walking area of an airport and used as a free energy
source for charging a small electronic device. The device
can be placed under the walking area, and then the energy
is harvested and stored in a battery bank.
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AHAJII3 3AKOHIB PO3HOALTY IIOKA3ZHUKIB TPAHCO®OPMATOPHHUX MACEJI
B TPAHC®OPMATOPAX 110-330 xB

Y cmammi nagedeno pezynomamu ananizy 3aKowie po3nooiny nOKa3HUKie mpancgopmamoprux macen y mparcgopmamopax 110 i 330
KB. Bcmanoeneno, wo po3nooin nokasnuKie 0 Macaa K npuoamno2o, max i HenpuoamHo2o 00 eKCniyamayii, He3anedxiCcHo 6io Kuacy
Hanpyeu mpanc@opmamopis nionopsoKogylomscs 3aKoHy posnodiny Beiioyna. Buxonanuii ananiz noxasas, wo i 6 agmompancgopma-
mopax nanpyeoio 330 kB, i ¢ mpancghopmamopax nanpyeoro 110 kB mae micye 3miugerHst Midic MAMEMAMUYHUMU OYIKY8AHHAMU Wilb-
HOCMI pO3n00INY NOKA3HUKIE Macel npuoamnozo 0o excnayamayii. Hasenicmos 0ano2o smiujeHHs: 00360151€ GUKOPUCITOB8YEAMU OMPU-
MQHHI 3 YPAXYEAHHAM YMO8 eKCIIyamayii 3HAUeHHs Napamempis 3aKOHi6 PO3NoOiLy Ok OYIHKU GIONpPaybOSaH020 pecypcy macel, da
TaKo;c 0I5l NPOSHO3YBAHHA MA NAAHYBAHHA MEPMIHI8 00CY208y8anHA ma pemonny oonaonanus. bidn. 38, Tadmn. 7, puc. 5.

Kniouoei cnosa: TpancopMaTopHe Macji0, MOKA3HUKH Maces, TPUBAJICTh eKCIIyaTalii, CTATHCTHYHMIA aHAJli3, 3AKOHH PO3-
noainy, Kpurepii 3roau, posnoain Beiidyia, pynkuii minbHocTi po3noainy.

B cmamve npusedensi pesyrbmampl aHaiusa 3aKOH08 pacnpedeienus nokazamenell mpanc@hopmMamopHoix macei 6 mpancgopma-
mopax 110 u 330 kB. Ycmanoaneno, umo pacnpedenenue noxazameneii Kax 0 MAcia 200H020, MAK U HE200H020 K IKCHIAYamayuu,
6HE 3ABUCUMOCINU OM KIACCA HANPAXCEHUS MPAHCHOPMAMOPOS NOOYUHAIOMCS 3aKOHY pacnpedenenus Beiibyina. Buinonnennwiii
aHau3 nokasau, Ymo u & asmompancgopmamopax manpsxcenuem 330 kB, u 6 mpancopmamopax nanpsiscenuem 110 kB umeem
Mecmo cmewjeHue Mexcoy MamemMamudecKumy OXCUOAHUAMU NIOMHOCMel pacnpedenenuss nokasamenei macei 200H020 K 3KCHLYa-
mayuu. Hanuuue 0anno2o cmewjenus no3eonsem ucnoib3068ams NOLYUEHHbLE ¢ YYemoM YCI08ULL IKCHAYAMAYUY, 3HAYEHUs Napamenm-
P08 3aKOH08 pacnpedenenust O OYeHKU OMPAbOMAaHHO20 pecypca Macel, a maKice O RPOSHO3UPOBAHUSL U NIAHUPOBAHUSL CPOKOB
obcnyxcusanus u pemonma obopyooeanus. bubin. 38, rabn. 7, puc. 5.

Kniouesvie crosa: TpaHchopMaTopHOe Maciio, MOKa3aTeJH Maces, JJINTeJbHOCTh IKCINIyaTAlMH, CTATHCTHYECKHIT aHa/Iu3,

3aKOHBI pacnpenaejeHuss, KPpUTEPUHU COrJIacusi, pacrnpeaejacHue Beﬁﬁy.ﬂ.ﬂa, q)yHKIII/IH MJIOTHOCTH pacnpeacjieHus.

Beryn. ApapiiiHe MOUIKOKEHHS BHCOKOBOJIBTHUX
CHJIOBHX TPaHC(POPMATOPIB CYIPOBOKYETHCS 3HAYHUM
C€KOHOMIYHUM 30MTKOM 1, B PsJi BUIAJKIB, MOXE MaTH
JOCUTh BaXkKi Haciinku [1]. BpaxoByrouwm icroTHe cra-
PiHHS MapKy BHCOKOBOJIBTHHX CHIJIOBHX TpaHC(HOpMaTo-
piB sk B YKpaiHi, Tak i B OLIBIIOCTI 3apyODKHHX KpaiH, a
TAaKOX BKpail HM3bKI TeMIH 3aMiHH OOJagHAHHSA, IO
BIIIIPAIIOBAIO CBil pecypc, 3a0e3NedYeHHs eKCIUTyara-
HiiiHOT HAaZIMHOCTI TPaHC(HOPMATOPIB € BAKIMBUM HAYKO-
BO-TIPAKTUYHUM 3aBAaHHIM. OJHUM 3 €JIeMEHTIB 130JIA11i1
BHCOKOBOJIFTHHX CHJIOBUX TpaHC(opmaTopiB € HadTOBI
i3ossiLiKiHI Macna. SIk mokaszaHo B [2, 3], iCTOTHY posb B
3a0e3neueHHi eKcIuTyaTalniiHol HaaiiHOCTI TpaHcdopMma-
TOpiB Bigirpae craH tpaHcdopmaropuux macen. [Ipomyk-
TH OKHCJIEHHS Maclla YMHSATh HETaTHBHUI BIUIUB HE TUIb-
KM Ha eJEeKTPUYHY MIIHICTD pigKoi i3oismii, ane i cupu-
SFOTh  3MEHIIEHHIO MEXaHIYHOi MIIHOCTI IIEJF0JI03HOT
130JIA1II1, 1[0 TPU3BOAMTE O 3HIKCHHS PECypCy TpaHC-
(dopmatopiB. Y 3B’S3Ky 3 M YAOCKOHAICHHS METOJIB
OILIHKHA CTaHy TPaHC(HOPMATOPHUX Macell € aKTyadbHHM
3aBJaHHAM. PilIeHHsI NaHOTO 3aBAAHHS JIO3BOJINTH IIiJ-
BHUIIUTH EKCIUTyaTallifHy HagiliHICTh BHUCOKOBOJBTHHX
CHJIOBHX TpaHC(OpMaTOPiB 1 MPOTOBKHUTH IX pecypc.

Anani3 my0Jikaiiii i moctanoBka 3aBaaHb 10CJTi-
JKeHb., B naHuii yac MUTaHHSIM YAOCKOHAJICHHS METOIIB
JIIarHOCTUKY CTaHy TpaHC(OPMATOPHUX Macelsl MpHUCBsve-
HO BEJIMKY KUIBKICTb JTOCIHiUKeHb. [Ipu 1bOMy ymocKkoHa-
JICHHSI BUKOHYETBCS 32 JIBOMa OCHOBHHMH HamlpsiMaMH —
BHUKOPHUCTaHHS HOBHX METOJIB BHUMIpIOBaHb (HAIMPHKIIA],
[4-8]) 1 ymockoHaNeHHS METOMIB MPHUUHATTS pimieHs. Ha-
pukiaz, B [9-12] mis miarHOCTHKHU CTaHy 1 MPOTHO3YBaH-
Hs 3HAYEHb MMOKA3HUKIB TpaHC(HOPMATOPHUX MacCell 3ampo-
IIOHOBAaHO BHUKOPHCTOBYBAaTH HEWPOHHI MEpexi pi3HOI
koHpiryparii. ¥ [13, 14] omiHka cTaHy Macel BUKOHYBa-
Jacd 3 BUKOPHUCTAHHSIM MapKOBCBKHX Mepex. Y [15, 16]
3aCTOCOBYBaBCS arapar HewiTkoi Jjoriku, a B [17-19] Buko-
pHCTOBYBaJIMCSl perpeciiiHi mojeni. BpaxoByrouw, mo B

YMOBaX peanbHOI eKCIUTyaTallii OIliHKa CTaHy Macesl BHKO-
HYETBCS HA OCHOBI IOPIBHSHHS BUMIPSHUX 3Ha4Y€Hb MOKa-
3HHUKIB 3 TpaHU4HO jgonycrumumu 3HadeHHsmu (['/13), ki
PETIIaMEHTYIOTBCSI MDKHApOIHUMH a00 Hal[lOHAILHUMH
crannapramu [20, 21], B [22-24] BUKOHAaHO KOPHUTYBaHHS
I'’13 noxa3nukiB TpaHchopmaTopHux Macesn. OnHak B
JlaHuX poboTax mis kopurysaHHs ['/13 BUKOpHUCTOBYBaIH-
sl iHTeTpabHi (QYHKINT pO3MOALTY, a caMi 3aKOHH HE aHa-
mizyBanucs. [Ipu mpomy, sk okazaHo B [25, 26] BUKopHc-
TaHHS METOJIB CTATUCTUYHMX pIlI€Hb, 3 YpaxyBaHHIM
3aKOHIB PO3MOALTY AIarHOCTHYHHUX MOKA3HUKIB, TIPH KOPH-
ryBanHi ['JI3 103B0JISI€ ICTOTHO 3HM3UTH PU3UKH B TIOPIB-
HSHHI 3 METOJOM iHTerpanbHuX (yHKuid. Kpim Toro ma-
paMeTpu 3aKOHIB PO3NOALTY LIMPOKO BHKOPHCTOBYIOTHCS
IpH po3poOLi MoJenelt AJIsl NPOrHO3yBaHHS 3aJIMIIKOBOTO
pecypcy obnamHaHHs, Hanpukian [27]. B Tod ke wac,
BUKOHAHWH aHAJI3 ITO0Ka3aB, IO NMUTAHHS aHAJI3y 3aKOHIB
PO3IIOITy TIOKAa3HUKIB TpaHC(POPMATOPHUX Macell He
3HAMIIUTM TOCTaTHRO TIOBHOTO BHICBITIICHHS B JIITEpaTypi.
BHHATOK CTaHOBJIATH MOCHTIKCHHS, BUKOHaHI B [28], 3ria-
HO 3 SIKUMH TaKi NOKa3HUKH Macel SIK BMICT OpraHIYHHX
KHCJIOT, TPOOHMBHA HAmpyra, KOe(iIli€eHT ITOBEPXHEBOTO
HATATY, TUTOMUN 00’€eMHHI OIip Macia i BMICT B Macii
BOJM MOXYTh OyTH omnmcaHi posnojiiom BeiiOyna. Ilpu
LIbOMY, SIK CTBEP/KYIOTh aBTOPH, BIIMIHHOCTI B 3HAUEHHSX
napaMeTpiB PO3MOALTY Macell, OTPUMAHHUX JIO0 3aJUBKH, i
3ICTapeHnX Macell € He3HAYHUMH, 1110 BUMArae JI0AaTKOBOT
nepeBipku. Y 3B’S3Ky 3 IIUM B JaHIi CTaTTi MpencTaBieHi
pe3yibTaTy aHaji3y 3aKOHIB PO3IMOIUIIB U BCHOTO KOM-
TUIEKCY ITOKA3HUKIB TpaHC(OPMATOPHHUX Macel B Oakax
tpancdopmaropis 110 kB i aBrorpancdopmaropis 330 kB.

MeTo10 po0OTH € aHaNi3 3aKOHIB PO3MOALTY OKa3-
HHUKIB SKOCTI TpaHC(OPMATOPHOIO Macia 3 Pi3HHUM CTa-
HOM y TpaHcdopmaropax 110 1 330 xB.

CratucTuyHa 00po0Ka pe3yabTaTiB mnepiogmy-
HHMX BHNPOOYBaHb. B siKOCTI BUXITHHMX TaHUX Oyin BH-
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KOPHUCTaHI pe3yabTaTH MEePiOAUYHOr0 KOHTPOIIO MPOOUB-
Hoi Hanpyru TpaHcdopmaropaux Macedn o 231 tpancdo-
pmaropy Hampyroto 110 kB i 49 aBrorpancdopmaropam
Harpyroto 330 kB. 3aranbHuit o0csr aHamizoBaHOi BUOIp-
Ky ckiaB 21062 3HaveHHs, 3 skux 17408 orpumani yis
tpancdopmaropis Harpyroro 110 kB, a 3654 — nns aBro-
tpancdopmaropiB Hanpyroto 330 kB. Ilepenik nokaznu-
KiB TpaHc(OpMaTOpHUX Maceld i oOcsar BHOIPKOBHX 3Ha-

YeHb M0 KO)KHOMY TTOKa3HUKY HaBeIeHO B Ta0. 1.
TaGnur 1

IMepeik moka3HUKIB TpaHCHOPMATOPHUX MACEI

Ta 00cAT BUOIPKOBHX 3HAUYEHB 32 KOKHIM MOKa3HUKOM

OO0csir BUOIpKOBHX 3HAYECHb
Ne| TToxasHMK SIKOCTI Macia KinbkicTb KinbkicTp
tTpanchopmaropiB| 3HaueHb
TpancdopmaTopu Hanpyrow 110 kB

1 |[Temneparypa cnanaxy 230 3746
2 |Kucnotse uucio 231 3741

3 |IIpo6uBHa Hanpyra 231 3723

4 |tgdnpu 20 °C 31 268

5 [tgdmpu 70 °C 50 426

6 |tgonpu 90 °C 60 570

7 |Kouip macia 121 2108
8 |BmicT BOIOPO3YMHHIX KHCIIOT 46 1191

9 |Bosnorosmict 73 1635

ABToTpancdopmaropu Hanpyrow 330 kB

1 |TemmepaTypa cnanaxy 49 887

2 |KucnotHe 4yucio 48 850

3 [lIpobuBHa Hampyra 49 852

4 |tgdpu 90°C 45 543

5 |Bonorosmict 30 400

6 |BMicT MEXaHIYHMX JOMIIIIOK 20 122

[pencrasnena B Tabn. 1 BUOipKa € HEOJHOPITHOIO K
3a KUTBKICTIO TPaHC(OpPMATOpiB, TaK i 3a 3aTabHOIO Killb-
KICTIO 3Ha4eHb O3HaK. Taka HEOTHOPITHICTH 00YMOBJIEHA
JekimpkoMa (akropamu. Hampukian, Uit Takoro Iokas-
HUKa SK KOJIp TpaHc(OPMATOPHOTO Macjia, Mi0YUM B
VYkpaiHi HOpPMATHBHMMH JIOKyMeHTOM [21], rpaHH4HO
JOIYCTUMI 3HaYEHHs PEeTJIaMEHTOBaHI TUIBKU I CBIKOTO
Maclna, a och JJIs eKCIUTyaTaliifHOro KOHTPOIIIO TaKi 3Ha-
YEHHs1 HE HOPMOBaHi, aje MOBWHHI BPAaXOBYBATHCS IpU
OLIHII cTaHy Maceln. /laHa oOCTaBHHA € ONHIEIO 3 TPHYUH
TOTO0, IO KOJIIp MaceJl KOHTPOJIIOETHCSI HE B YCIX €Hepre-
THYHUX KOMIaHisfX Ykpainu. Hesnauni o6csru BUOipKoBUX
3Ha4YeHb U TaKUX MOKA3HHKIB SIK BMICT BOJOPO3YHHHHX
KHCJIOT, MEXaHIYHUX JOMIIIOK i BOJOTOBMICTY OOYMOBIIE-
HO THM, IO JUIsl BU3HAYCHHS 3HA4YeHb JaHHX IMOKa3HHKIB
JIIOYMMH  HOPMATHBHUMH HOKYMEHTaMH JIOIyCKaJoCs
BUKOPUCTAHHS ISKITbKOX METO/IIB: IHAUKATOPHUX (BIACYT-
Hi a00 NpHCYTHI) 1 KUIbKICHUX (BU3HAYAINCS KUTbKICHHN
BMICT JaHux nokasHukie B Mr KOH/r abo r/1). Ockijbku
JIarHO3 «BIACYTHI» TP BHUKOPHCTAaHHI 1HAWKAaTOPHUX
METOJIIB HECKBIBAJICHTHHI 3HAYCHHSM JIaHUX TOKA3HUKIB
PIBHHX HYJIFO, TO IS MOJANBIIOrO aHaTi3y BUKOPUCTOBY-
BaJIHCS BUKITFOYHO PE3YJIBTATH KITBKICHAX METOIIB.

OCKUIBKH pe3yJIbTaTH BUIPOOYBaHb OTPUMaHi B pi3-
HUX JTabopaTopisixX, a aHaTi30BaHi TpaHC(HOPMATOPH MAFOTh
pi3HHI TepMiH CITy»OH, €KCIUTyaTylOThCs 3 Pi3HHUM 3aBaH-
Ta)KCHHSIM 1 3aJIUTI PI3HUMH COPTAMH Macell, TO OYCBHIHO,
10 IHTCHCHBHICTh CTapPiHHSA Macjia B aHATI30BaHHMX TPAHC-
(dhopmaropax iCTOTHO Pi3HHTECS. TOOTO BHXiAHI HaHi € cTa-
THCTUYHO HEOJHOPIAHMMHU. SIK mpukian, Ha puc. l,a HaBe-

JICHa 3aJISKHICTh TAHT€HCA KyTa JIETEeKTPUYHHUX BTpaT tgd
TparchopmaTopHux Maces, BuMipsiHoro mpu 90 °C mis aB-
ToTpancdopmaropis Harpyroto 330 kB. Sk BuaHO 3 puc. 1,
HEOTHOPIIHICTh BUXIZHUX JTAHUX OOYMOBIJICHO SIK BIJIMIHHO-
CTSMU B SKOCTI Maclia, 110 3aJIMBAEThCs (BIAHOCHO BHCOKI
3Ha4YeHHs tgo BuMipsiHoro npu 90 °C Ha nmovyaTkoBoMy erari
eKCIUTyaralii), Tak i BIIMIHHOCTSIMH B YMOBaX eKCILTyaTarii
(HU3BKI 3HAYEHHs JTAHOTO TIOKa3HMKa OyJM OTpUMaHi Ipu
JIOCUTB BEJIMKOMY TepMiHi ciry»x6mn). Kpim Toro, mae micue
HAasIBHICTh NMOXMOOK B pe3yJibTatax BUIpPoOyBaHb. HeomHo-
PIOHICTh BUXIIHUX JAaHUX NPHU3BOAUTH 1O CHOTBOPEHHS
ricTorpamu emIipuaHoro posnopiry (puc. 1,0), mo He mo-
3BOJISIE BHUKOHATH OLIHKY 3aKOHIB PO3IMOIUTY TOKAa3HUKIB
’IpaHC(bl(())IgMaTOpHI/D( Macell.

[y
=)

tgonpu 90 °C, %
I

%/, POKiB
30

025
o1 o O ©

0
Puc. 1. anexuicts tgd TpanchopMaTopHUX Mace, BUMIPSIHOro
npu temneparypi 90 °C, B aBroTpanchopmMaTropax Harpyrow
330 kB Bix TpuBanocTi ekciutyaraii (a) U1 BUXiTHOTO MacuBy
JAHUX 1 BIATIOBigHA iii ricTorpaMa eMIipHYHOro po3nonainy (0)

VY 3B’S3Ky 3 MM BHMHHMKAe 3aBIaHHS (OpPMyBaHHS
OJTHOPIJHUX MACHBIB IIOKa3HMKIB TpaHC(HOPMATOPHUX
Maces. Ha mepiioMy erami J0CIiPKEHb 3 BUXITHOTO Ma-
CUBY JaHWX OyIM BUJAUICHI 3HAYCHHS IMOKA3HUKIB, IO
BUXOIATH 3a obxacTh ['/]3, pernmaMeHTOBaHMX YMHHHUM B
VYkpaini HOpMaTUBHUM AokymeHToM [21]. Bukopwucto-
BYIOYH OCHOBHI TEPMiHH 3 TeOpil TEXHIYHOI JiarHOCTHKH
[29], mo3HauMMO MacWBH JaHWX, IO CKIANAIOTHCA 3 pe-
3yJbTaTiB BUNPOOYBaHb AJSI Macia, MPUAATHOTO O EKC-
rulyaraiii, 3a 3Ha4YeHHSIMHM TOKa3HUKIB sk D). Macus
JIAHUX, IO CKJIANAETHCS 3 PE3yJIbTATiB BUIIPOOYBaHb [UIS
MacJia, HePUIATHOTO JI0 SKCIUTyaTarlii, Kk D,.

[Ipu dopmyBaHHI OTHOPITHUX MAacHBIB MOKa3HHKIB
BUKOPHCTOBYIOTBCSI ABa Migxou. [lepmmid miaxia 3acHo-
BaHWH Ha BUKOPHUCTAHHI MaTeMaTHYHUX MOJEINEi JucIe-
pciitHoro aHamizy i, sk mokaszano B [30, 31], mo3Boisie
OTpPHUMATH JOCUTh KOPEKTHI IHTEerpasibHI (QyHKIII po3mo-
JIUTy NiarHOCTUYHUX O3HAK. [CTOTHHM OOMEXEHHSM TIpU
BUKOPHCTAaHHI TAKOTO MiIXOAY € OOMEKeHICTh iH(opMa-
il Ipo pexkuMu podoTH TpaHCHOPMATOPIB, OCOOITHBOCTI
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iX KOHCTPYKIii, BAKOPHCTOBYBaHMX Matepianax. Lle mo-
K€ CTaTW NPUYMHOI0 MOMMIKOBHX BHCHOBKIB. Jlpyruii
MiX11 3aCHOBaHUN HAa BUKOPHUCTaHHI METOIB MEPEBIpKU
CTaTUCTHYHHX TilOTE3 i, K MOKa3aHo B [32], mo3Bosisie
BUKOHATH OI[IHKY 3aKOHIB PO3MOJTY JiarHOCTUYHHUX
o3Hak. HenomikoM Takoro migxoly € CKJIaJHOCTI IpH
BCTaHOBJICHH] 3B’3Ky MDX ITapaMeTpaMH 3aKOHIB PO3IIO-
JIUTy MIarHOCTUYHUX TIOKA3HUKIB 1 (paKTOpaMu, 110 BILTU-
BAIOTh Ha IHTCHCUBHICTH CTapiHHS.

Bimomo [33], mo ocHOBHEMH (haKTOpaMH, IO BILIH-
BAalOTh Ha IHTEHCHBHICTh OKUCJICHHS Macia, € TeMIIepary-
pa, BMICT KHCHIO TIOBITpS, TPUBAJICTh OKHCIEHHS, a Ta-
KOX BIUIMB JEAKHX KOHCTPYKIIMHUX MartepiaiiB (MiIs,
JIAKOTKaHWHH, HECTiHKa JI0 Maciia rymMa TOuIO). 3 Orysity
Ha Te, IO JJIsl KOXKHOTO 3 aHali30BaHUX TpaHC(hOpMAaTo-
piB BiZioMa 1aTa 3aJMBKH Maciia, TO OOJIK TPHBAJIOCTI
CTapiHHS HE NpeAcTaBisie 0coONMBUX cKiamHouiiB. Ox-
HUM i3 (aKTopiB, 110 MOKE BUKJIMKATH CKJIAIHOLII, € TON
(axT, O B MpoIeci TPUBAJIOi eKCIUTyaTalii MOXe 3aMi-
HIOBAaTHUCS CHJIIKareib, MaciIo MOXKE MMiAIaBaTHCS CYIIII,
pereHepartii, momuBIi Ta 3amiHi. L{e mpu3BomuTh M0 cHO-
TBOPEHHSI 3AJIEKHOCTEH MMOKA3HUKIB Bill TPUBAJOCTI EKC-
mryatanii. Jns ycyHeHHA naHOi mpoOiieMHu Ha momepe-
JHBOMY €Tali CTaTUCTUYHOI 0OpoOKM pe3yibTaTH mepi-
OJMYHUX BHIPOOYBaHb 3a TaKUMHU TpaHCc(HopMaTopamu
po30uBayMCsl Ha KijbKa TIpyl (HAaNpUKIaa, 3 MOMEHTY
3aJMBKM Maclia i 10 JaTu pereHepailii, i 3 MOMEHTY pere-
Hepalli 10 JaTh OCTAaHHBOTO BUIIPOOyBaHHs). Temmepa-
Typa i3o0ssiii cuoBux Tpanchopmaropis [34, 35] 3amne-
XKHTH SIK BIJI CTPYMIB HaBaHTa)KEHHs, TaK 1 BiJ TeMIiepa-
TYPH HaBKOJIMIIHBOTO CEPEJIOBHUINA, a TAKOXK BiJl CHCTEMHU
OXOJIOJDKEHHS TpaHcopMaropiB. AHami3oBaHi TpaHC(hO-
pMaToOpH eKCIDTyaTyIOThCS B OJHIH KIIMATHYHIA 30HI 3
OMU3BPKMMU 3HAUYEHHSIMH CEPEAHBbOI000BHX TEMIIEpaTyp, 1
MalTh IIEHTUYHY CUCTEMY OXOJIOIKCHHA (3 AyTTAM 1
MIPUPOJIHOIO IMPKYJISALIEI0 Macha Juisi TpaHchopMaTopiB
Harpyroro 110 kB, 1 3 AyTTsAM 1 NpUMYCOBOIO LUPKYJISALIi-
€10 mMacia Jis aprorpaHcdopmaropis Harpyroto 330 kB).
VY 3B’S3KY 3 IIMM, JIOTIYHO NPUITYCTUTH, 110 BIIMIHHOCTI B
IHTEHCHBHOCTI OKHCIICHHS Macel, BUKIMKaHI Ppi3HUMH
pobounMu TemIlepaTypamH, siKi 0OyMOBJICHI BiIMiHHOC-
TAMU B CTpyMax HaBaHTaxeHHs [36]. B ymoBax, xomu
iH(pOpMaIlig PO HABAaHTAKEHHS TPaHCPOPMATOPIB Tpea-
CTaBJIeHA YaCTKOBO, JUIsi (YOPMYBaHHS OJHOPIIHHUX MacH-
BiB TNOKa3HWKIB OyB BHKOPHUCTAHUH MiIXil, 3aCHOBaHUI
Ha TEPEeBIpIll CTATUCTUYIHUX TilIOTE3.

®dopMyBaHHS MacHBIB 3 OJHOPITHUMH pe3yJbTaTa-
MH HEpIOJUYHUX BHIPOOYBaHb BHUKOHYBAJIOCS ILIAXOM
BUKOPHCTAaHHS TPhOX CTATUCTUYHUX KpUTEPiiB [32]:

1) paneosuii nenapamempuunuii xkpumepit Binkox-
cona (W) — ans mepeBipKH CTATHCTUYHOI TIMOTE3U PO
CXOJXICTb 3aKOHIB PO3IOJITY ABOX HE3aIEKHUX BHOIPOK:

w=>sr). (1)
i=1

Jie 7; — PaHTH JiarHOCTHYHUX O3HAaK B 3araJbHOMY Bapia-
uiitHoMy psiny; s(7;) — ogHa 3 MOXJIMBHX N! IepecTaHOBOK
paHry r;.

2) Z xkpumepiii (Z) — nnsl NepeBipKA CTATUCTUYHOL
rinoTe3u Mpo piBHICTh MaTeMaTWYHUX OYIKYBaHb JIBOX
He3aJIS)KHUX BUOIPOK:

@)

obs —

JIe X| Ta X, — BHOIpKOBE CepeqHE AIarHOCTHYHOI O3Ha-
KU, pO3paxoBaHe 3a pe3yJibTaTaMu BUIPOOYBaHb MEPIIO-
TO Ta IPyroro TpaHchopMmaTopa BiAIOBITHO; 512 Ta 622 -
BHOIpKOBa IUCHEPCis MIarHOCTUYHOI O3HAKH, pO3paxoBa-
Ha 3a pe3y/bTaraMH BUIPOOYBaHb MEPIIOrO Ta JPYroro
TpanchopMaTopa BIAMOBIAHO; /1 — YHCIO CIIOCTEPEIKECHB
JIIarHOCTUYHOT O3HAKH IS TIEPIIOTro TpaHchopMaTopa; m
— YHCJIO CIIOCTEPEeKEHb JIarHOCTHYHOT O3HAKU AJISl JIpY-
roro TpaHchopmaropa.

3) kpumepin @iwmepa-Cuedexopa (F) s nepeBipku
CTaTUCTUYHOI TiNOTE3W MNP0 PIBHICTH JUCHEPCIH ABOX
HE3AICKHUX BHOIPOK.

Fobs = X 5 (3)

ze 5§1ax Ta 5r%1in — 3Ha4YEeHHs] MaKCHUMaJIbHOI Ta MiHIMa-
JTHHOI BUOIPKOBOI AMCIIEpCil.

JBi HezanexHi BUOIPKH BBAYKAIUCS OIHOPITHUMH,
SIKIIO 3@ Pe3yIbTaTaMH TECTYBaHHS IPU 33aJaHOMY PiBHI
3HagymocTi @ = 0,05 He BiOKuAanwcs HACTYIHI CTaTHUC-
THYHI TioTe3n:

1. ITpo cX0XiCTh 3aKOHIB PO3MOILTY IBOX HE3AJICKHIX
BUOIPOK (W1>Wo1 n2, 0,025, WaW1, 2, 0,975)5

2. I1po piBHICTHP MaTEMAaTHYHUX OYIKyBaHb JBOX HE3a-
JIEKHUX BUOIPOK (Zops<Zerit, 0.95);

3. IIpo piBHiCTh AMCHEPCiH JBOX HE3AJIEHKHUX BUOIPOK
(Fobs<F(u1-1), (n2-1, 0,95)-

Hapenenuit airoputm CTaTUCTHYHOI OOpPOOKU pe-
3yJNbTaTiB BHIPOOYBaHb, OyB peayli3oBaHUi Yy BHIIISII
aBTopchkoi mporpamu «Odnorodn» [37], sika no3Bodsie
ICTOTHO CKOPOTHTH 4Yac, HEOOXIJAHWH U CTaTHCTHYHOI
00poOKHM BHXiJHHUX AaHMX. BukopucTaHHs naHoi mporpa-
MH CTOCOBHO aHaJli30BaHOi BUOIPKM JaHUX I03BOJIMIIO
chopMyBaTH KibKa MACHBIB TOKa3HUKIB 3 OJNM3BKUMH
3HAYCHHSMHU BHOIPKOBUX CEpeqHiX, BHOIPKOBUX IHUCIEp-
Cifi 1 momiOHMMHK 3aKOHAMHU po3moaltiB. O0car BuOipKo-
BHUX 3Ha4yeHb (IN), 3HaUeHHS BUOIpKOBHX cepenHix (M),
BHOipKOBUX aucnepcii (D,), koedimieHTiB acumeTpii (f;) 1
KoedirienTa ekcuecy (j;) ISl BUXIIHAX MAaCHUBIB JIaHUX
(Dyp) 1 MacuBiB, OTPUMaHUX B pe3yJbTaTi CTaTHCTHYHOI
00po0ku (D;1-D;,) TOKa3HUKIB Macia, MPUIATHOTO [0
eKcCIuTyaTanii, ;uis Tpancopmaropis Hampyroro 110 kB,
HaBeJeHi B Tabi. 2, a JuIs aBTOTPaHC(OPMATOPiB HAIpYy-
roto 330 kB — B Tabu. 3.

[TopiBHIOIOYN CTATHCTUYHI XapaKTEPUCTUKU BUXiJ-
HUX MacHBIB ITOKa3HUKIB Macell 3 aHAJIOTIYHHMHU Xapak-
TEPUCTUKAMH TIOKAa3HHUKIB 3 MAacHBiB, OTPUMaHHX B pe-
3yJbTAaTI CTAaTUCTHYHOI OOPOOKH, JeTKO MOOAaYuTH, IO
BUKOPHCTOBYBaHA IIpPOLEAypa CTATHCTUYHOI 0OpOOKH
JI03BOJIMJIA ICTOTHO 3HM3UTH 3HAYEHHS AMCIIEepCii, a Ta-
KOX 3HaueHHs1 Koe(illieHTIB acUMeTpii 1 eKCIecy MpakTH-
YHO IS BCIX NOKa3HHUKIB. AHaNi3yl04W CTaTUCTUYHI
XapaKTCPUCTHKH MACHBIB ITOKa3HHUKIB, OTPUMaHUX B
pe3ynbTari CTaTHCTHYHOI 00pOOKH, CINiJ 3a3HAYMTH, IO
3HAUEHHS MaTeMaTUYHHX OYIKyBaHb ITOKAa3HHUKIB Macia,
MPUOATHOTO A0 eKCIDTyaTamii, 3HaYHO BiApi3HAOThCs. Lle
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CBIIYMTH SIK MPO PI3HY SIKICTh TpaHC(HOpMATOPHOTO Mac-
JIa, TaK 1 Mpo pi3Hy IHTEHCHBHICTh CTApiHHS Maceln, TOOTOo
BIIMIHHOCTEH B PEeXMUMax EKCIuTyartallii TpaHchopmaro-
piB. Sk BuaHO 3 Tabn. 2 i 3 Bix’eMHi 3HaUeHHs Koedilie-
HTIB acUMeTpil («J0Bra 4yacTuHa» KPUBOI PO3MOIIITY PO3-
TalIOBaHa 3JIiBa BiJl MAaTEMaTHYHOI'O OYIKyBaHHS) OTpH-
MaHi B OCHOBHOMY JUIsl MOKA3HHKIB, 3HAUCHHS SKUX 3HH-
KYIOTbCS B TIpOlleci cTapiHHs (TeMmeparypa cranaxy i
MpOOWBHA HANIPYTa Macel).

Jlns moka3HWKIB Macen, 3HAYeHHS SKUX 30UTbIIy-
FOTBCS B MIpY CTapiHHs Macia (BMICT B Macili OpraHIYHAX
1 BOJOPO3YMHHHX KHCJIOT, TAHTCHC KyTa MiCJICKTPUYHUX
BTpar, KOJip Macej, BOJOrOBMICT, BMICT MEXaHIYHHX
JIOMIILIOK), B OUIBIIOCTI OTPUMaHMX MAacCHBIB criocTepira-
I0ThCSL JIOJJaTHI 3HaUeHHs KoedilieHTa acuMeTpii («1oBra
YacTHHa» KPHUBOI PO3IMOJUTYy pO3TalllOBaHa MPaBoOPyY BiJ
MaTeMaTHYHOTO OYiKyBaHHS).

HasBHICTB BiJl’€éMHOT acUMETpil s IEIKUX MAaCUBIB
JMAHUX TIOKAa3HWKIB CBIiMYUTh NP0 TMOTIpPIICHUA CTaH
TpaHc(hOPMATOPHOTO Maciia, Ma€ Micie OiTbIna KUTBKICTh
«BHCOKHX 3HAU€Hb» MOKA3HMKIB B MOPIBHSIHHI 3 HU3bKH-
MH. SIK BHAHO 3 TaONMIb, IS BCIX MAacHBIB ITOKa3HHUKIB
Mae Micle JIoJaTHI 3HadyeHHs KoedilieHTa eKcliecy, o
TOBOPHTH PO T€, L0 KPUBA PO3MOALIY MA€ OLIbII BUCOKY
1 «rocTpy» BepIIMHY, HI) KpHBa HOPMAJIBHOTO 3aKOHY.
OtpuMani emnipu4Hi 3Ha4eHHs Koe(ilieHTiB acuMeTpii i
eKCIIeCy MOOIYHO CBIMYATh PO TE, IO PO3MOALIH MOKa3-
HHUKIB Macja, MPUIATHOTO 0 SKCIUTyaTallii, MOKyTh Bij-
PI3HSATHCS BiJ] HOPMAJIBHOTO 3aKOHY.

Bukonanuii aHaii3, OKa3aB, IO OTPHMAaHI OJHOPI-
JHI MacuBH c()OpMOBaHi 3a pe3yjbTaTaMH BUIIPOOYBaHb
TpaHc(hOPMATOPiB, IO MAIOTh OJNM3BKI TEPMIiHU E€KCILTya-
TaIii i cxoxi 3HaueHHs Koe(illieHTiB HaBaHTaXeHHA. Lle
JO3BOJIMJIO B TIOJANbLIOMY BCTAaHOBUTH OJHO3HAYHHI
3B’130K MK YMOBaMH eKcIuTyaramii TpaHcdopmaropis i
3HAYEHHSMH [IAPaMETPIB 3aKOHIB PO3IMOILITY.

OO0pobka pe3ynbTaTiB IMEPIOJUYHUX BUIPOOYBaHb
MOKa3HMKIB Maces, mo Buinuy 3a obmacts '3 (Macio
HeNpuIaTHE 10 eKCIUTyarallii), BAKOHYBaJIOCS B HACTYII-
Hilt nocminoBHocTi. CriouaTky Oyim copMoBaHi MacHBH
JIAaHUX 110 KO>)KHOMY 3 ITOKa3HUKIB, IS IKUX OyJo 3adik-
COBaHO moripiieHHs 3HayeHb B nopiBHsaHHI 3 []13. Ipu
IbOMY JUTA 3a0€3MEeYEeHHST «PiBHOMPABHOCT» MiX pi3HU-
MU TpaHchopMaTOpaMH Il KOXKHOTO 3 IMOKa3HWKIB Bifl-
Ompainacs cTporo ¢ikcoBaHa KiIBKICTh CIIOCTEPEKEHBb IO
KOXKHOMY 3 TpaHC(OpMaTopiB.

3a anasoriero 3 [32] wist nomansiioi 00poOKH 3HAYCHD
MOKA3HWKIB Macja, HEMpUIaTHOrO A0 eKCIuTyaTarii, OyB
BUKOPUCTAHUM TIJIXiJ, 3aCHOBaHMI HA BUAUICHHI TpyOHX
MOXUOOK 3 YKCIa OJHOTHITHUX BUMIPIOBaHb. J{Jist 1UX 1iTei
OyB BHUKOpPHCTaHU KpuTepii IpBiHa, sSIKMil MOXeE 3aCTOCOBY-
BaTUCs U BUIAJKY, KOJIM 3aKOH PO3MHOJULY BHIIaIKOBOL
BEJIMYMHN HEBIIOMHUI a00 BiIPI3HAETHCS BiJl HOPMAIBHOTO.
Jns npx mieit 3HaueHHs MOKA3HUKIB Macel Oy BicopTo-
BaHi 32 CHAaJaHHAM, IICIA YOTO OIHIOBAIHCS «ITiTO3PLI»
3HAUCHHS NMPOOMBHOI HAIIPYTH 110 Kpasx BapialiitHOTO psy.
3HauCHHS KPUTEPIto IpBiHa BU3HAYATIOCS SIK:

Xk — Xk prev )

Meale == ¢~ “4)

A€ X — «HiJo3piNe» 3HAYEHHS; Xt proy —
YeHHsI B BapialliiHOMY psiii.

IMOTNIEpEAHE 3HA-

Ta6muus 2
CTaTHCTHYHI XapaKTEPUCTUKU OJHOPITHUX MACHBIB ITOKA3HHKIB
Macrna, IPUIATHOTO 10 eKciutyarauii B Tpancgopmaropax 110 kB

Macus | N | Mv | Dx | js | jk
Temmneparypa crajgaxy macia
Dy [3746]| 143,579418 | 13,06904 | 0,809 | 4,281
Dy; | 284 | 140,059859 | 2,866135 |-0,346| 3,693
D), | 364 | 142,931319 | 2,030997 |-0,385| 4,521
D;; | 185 | 144,535135 | 3,600117 |-0,144| 2,361
Dyy | 188 | 146,930851 | 15,968623 |-0,088 | 3,404
Dys | 280 | 149,089286 | 9,988457 |-0,172] 3,308
BwmicT B Macni OpraHiuHUX KUCIOT
Dy [3339]| 0,034848 0,000592 | 0,817 | 2,685
D;; | 218 ] 0,015311 0,000087 | 0,587 | 2,472
D, | 198 | 0,027884 0,00007 0,711 | 3,303
Dy; | 250 | 0,045944 0,000395 | 0,175 | 2,262
Dy, | 129 | 0,046434 0,000192 | 0,175 | 2,907
D;s | 156 | 0,051679 0,000446 | 0,224 | 2,462
D | 361 | 0,045917 0,000500 | 0,807 | 3,988
Dy; [ 333 | 0,064655 0,001557 | 0,690 | 2,978
[IpoOuBHa Hampyra macia
Dy [3435| 58,262667 | 116,058219 | 0,109 | 2,627
Dy, 135 | 49,038519 | 44,673183 |0,0748 | 2,423
D;, | 609 | 60,654351 | 115,838869 |—0,249 | 2,468
D3 | 360 | 68,110833 | 123,619522 |-0,350 | 2,620
Dy, | 286 | 69,421678 | 109,698341 | —0,524 | 2,902
D;s | 204 | 71,066176 | 124,016356 |-0,657 | 3,038
tgd pu 20°C
Dy | 268 | 0,182246 0,067281 | 7,962 | 83,730
Dy, 109 | 0,141835 0,008986 | 0,793 | 3,075
D, | 141 | 0,188596 0,014915 | 0,959 | 3,713
tgdnpu 70 °C
Dy | 426 | 0,917268 2,170500 | 7,513 | 82,291
Dy, 112 | 0,290446 0,038860 | 0,951 | 3,284
D, | 161 | 0,593634 0,162197 | 1,051 | 3,892
Dj; 140 | 0,850321 0,306149 | 0,991 | 4,229
tgdmpu 90 °C
Dy | 570 | 1,297158 12,095330 | 13,686 | 219,667
Dy, 148 | 0,485811 0,126923 1,189 | 4,664
D, | 159 | 0,548679 0,133394 | 1,071 | 4,527
D;; | 152 | 1,504605 1,133087 | 0,793 | 3,119
Dyy 99 1,863737 1,848464 | 0,893 | 3,297
Koip macna
Dy, [2108| 2,574953 1,769050 | 0,822 | 2,870
D;; | 650 | 1,896923 0,597837 | 0,391 | 2,606
D, | 484 | 3,026860 3,096386 | 0,587 | 2,354
D3 | 657 | 3,060122 1,917618 | 0,128 | 2,131
Bwict B Macii BOZOPO3YMHHUX KHCIIOT
Dy, [1191] 0,006106 0,000281 | 11,835 |257,889
Dy, 108 | 0,004359 0,000005 1,452 | 6,673
D;, | 231 | 0,005529 0,000006 | 0,025 | 2,611
D3 92 0,006315 0,000009 | 0,194 | 2,655
Dy, | 116 | 0,006892 0,000008 | 0,182 | 2,301
Dis 91 0,007679 0,000007 | -0,120 | 2,684
Bonorosmict macna
Dy |1635]| 14,381787 | 116,663877 | 2,723 | 10,436
D;; | 284 7,963 13,993306 | 0,511 | 2,773
Dy, | 546 9,2768 20,054587 | 0,469 | 2,375
D;; | 520 10,748 16,643352 | 0,028 | 2,363

OTprMaHe po3paxyHKOBE 3HAYeHHs Kputepito IpBi-
Ha TOPIBHIOBAJIOCS 3 TAOIMYHUM #yple- STKIIO Heale > Hrables
TOJII PO3TIISLIAETHCS 3HAYCHHS BIIKUIAIOCS 1 TIEPEBIPSIIO-
cs HactynHe. [lepeBipka TpuBaia, MOKK He 0yJI0 OTpuMa-
HO #calc < Ntable-
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TaGmur 3
CraruCTHYHI XapaKTepPUCTHKH OJIHOPIIHIX MAaCHBIB TOKa3HHKIB
Macna, IPUAATHOTO JI0 eKcIuTyaraii B aBToTpancdopmaropax 330 kB

Macus | N | Mx | Dx | js | jk
Temnepatypa cnajaxy macia
Dy, |856| 141,848131 | 10,217590 | 0,471 3,210
Dy, |174| 148,063218 | 4,358072 | —0,481 | 3,198
Dy, | 131 146,122137 | 2,534701 | 0,495 | 2,794
Dy; | 241 144,792531 1,873969 | 0,282 | 4,092
Dy, | 100] 139,360000 | 2,590400 | —0,408 | 2,882
BwmicT B Macii OpraHiYHUX KHUCIIOT
Dy, |850| 0,015665 0,000662 | 15,882 | 356,965
D;; |180] 0,007010 0,000007 | 0,253 3,007
D, 99 0,007542 0,000009 | 0,090 2,585
D;; |110] 0,008343 0,000010 | 0,104 2,497
Dy, |114] 0,008546 0,000010 | -0,015| 2,636
Dy;s |206| 0,019877 0,000140 | 0,794 3,373
IIpoOuBHa Hampyra Macia
Dy, | 852 68995188 | 84,716867 | —1,481 | 10,952
Dy, |210]| 74,162857 | 60,864239 | —0,193 | 3,252
Dy, |240| 68,347500 | 53,851160 | 0,267 | 3,169
D;; | 149| 66,809396 | 68,887612 | 0,286 | 2,630
Dy | 130 65,853077 | 93,476029 | 0,0193 | 2,441
tgdpu 90°C
Dy |543] 0,836640 2,408043 | 6,572 | 62,575
D, |162| 0,212093 0,018112 | 0,986 3,825
Dy, 67 0,701701 0,124185 | 1,465 5,622
D;; | 133| 0,833985 0,432406 | 1,486 4,726
Dy, |138] 1,691609 0,984824 | 0,473 2,499
BMicT B Macii MeXaHIuHHX JOMIIIOK
Dy, |122]| 7,893852 32,249573 | 2,624 | 11,631
Dy, 65 7,239231 9,591576 | 0,835 4,23
Dy, 53 | 10,146226 | 59,996212 | 1,549 5,378
BostoroBmicT Macia
D, |400| 10,123280 | 30,923324 | 1,702 | 11,803
Dy, 95 4,725653 9,111732 | 1,987 8,985
Dy, |155] 9,543226 17,576746 | 0,227 2,332

3a aHajoriero 3 Tabm. 2 i 3, B Ta0Js. 4 moka3aHi Ti %
aTpuOyTH U HAOOPIB AaHUX, OTPUMAHKX B XOJIi CTaTHC-
TUYHOT OOpPOOKM 3HA4YCHb HEMPHUIATHOTO Macia Ul
tpanchopmaropis 110 kB. V tabn. 4 macus D,; chopmo-
BaHU 3a pe3yibTaTaMu BUIPOOYBaHb TpaHCHOPMATOPIB,
TEPMiH CIIyk0H sikux MeHIe 20 pokiB, a MacuB Dy, — 11t
TpaHcdopmaropiB, TepMiH cykOH sikux noHaj 20 pokiB.
Tabmuns 4
CTaTUCTHYHI XapaKTEPUCTHKH OJHOPIAHUX MAcHBIB IOKAa3HUKIB
Macia, He MPUIATHOIO 0 eKCIUTyaTarii

Macus | N | M, | D, | i 1 i

TpancdopmaTopu Hanpyrow 110 kB
BwicT B Macii OpraHivHHX KUCIIOT
D, [303] 0.177673 [ 0.001155 | —0.176 [2.421
D,, [141] 0283191 | 0.000225 | —0.092 | 2.402
IIpoOuBHa Hampyra Macia
D, [275] 27647 | 19814 | —0.653 [3.083
BMiCT BOJIOTH MaciJjia

D, [192] 0.035904 | 0.000154 | 0.550 [3.040
Bwmict B Macii BOJIOPO3YMHHHUX KHUCJIOT

D, [164] 36333659 | 100.10887 | 0.505 [3.097

ABToTpaHchopmaTopu Hanpyroi 330 kB
BwMicT B Macii OpraHivHHX KUCIIOT
D, [136] 0.137456 | 0.000273 | —0.0113 [ 3.200
[IpoOuBHa Hampyra Macia
D, [123] 41550894 | 4.880138 | —0.666
BMiCT BOJIOTH MaciJjia
D, [132] 29.287879 | 22.728261 | —0.0120 | 2.237

[ 2.875

TTopIBHIOOYHM CTATHCTHYHI XapaKTEPUCTUKHU VIS BiJ-
MOBIHUX IOKA3HMKIB /IS Macja MPUIATHOTO 1 HEIPUIAT-
HOT'O JI0 eKCIUTyaraiii MO)KHa 1100aYuTH, 110 OCHOBHOIO
BIZIMIHHICTIO Mi>K HUMH € 3HAYCHHS BUOIPKOBHUX CEPEIHIX.

AHaumi3 3aKoHIB pPo3Noily MOKa3HUKIB TpaHcdo-
pMaTopHHX MaceJi. [ epeBipku TinoTe3u Npo BiANOBi-
JIHICTb TEOPETUYHOIO0 3aKOHY pO3MOJUTY EMIIIpHYHIM
JaHuM Oylia BUKOPHCTaHa mporpama «ZR», po3pobiieHa Ha
kadenpi «Ilepemaua emexrpmuaHoi enepriiy HTY «XIID»
[37]. [Iporpama no3Bossie po30UTH [iara3oH 3MiHHU BHIIA/-
KOBOI BEJIMYMHHU HA 1HTEPBAJIi, IJIS YOTO 32 3aMOBIYBAHHIM
BUKOPUCTOBYEThCs (hopmyrna Crepkeca:

L=1+3322-1gN, %)
ne N — 00’eM BUOIpKOBUX 3HAYEHB.

VY pa3i HeoOXiIHOCTI KOPUCTYBad MOXE CaM 3aJaTH
HeoOxinHe yncno intepBaiis. Jani OymyeTses ricTorpama
emrmipuyHoro posmoxity. Ilicims doro 3a BHOIpKOBHM
3HAUEHHSM BHKOHYETHCS OI[IHKA MapaMeTpiB JUIs TaKHX
3aKOHIB PO3MOALTY — HOPMalbHHUNA po3moxin, Oera-
PO3TOALN, EKCIOHEHIIHHUNA PO3MOIii, eKCTpeMalTbHUH
po3moaia, raMMa-po3noAia, posmoain Jlamraca, jgoricTu-
YHHH PO3MOALI, JIorapu(MidyHU HOPMAaIbHUAN PO3IOILT,
posmonin Penesi, posmonin BeiiOyna, posnoain Ilapero.
Jlnist koxxHOTO 3 11 3aKOHIB PO3MO/LTY BUKOHYETBCS TEpe-
BipKa BIJIOBIJHOCTI TEOPETHYHOIO 3aKOHY PO3MOALTY
EMIIpUYHAM JaHUM. J[JIs OTO BUKOPUCTOBYBAIHCS IBA
CTaTUCTHYHUX KpuTepii [38]:

1) Kpumepiii ITipcona:
k "2
2 (”i —"z’)
2= (6)
i=1 i
A€ n; — 3HAYCHHIA eMHipI/l‘iHl/IX qacToT, n,’ — 3HAYCHHS

TEOPETHYHHX YaCTOT; k — KUIBKICTh 1HTEpBaIiB.

Jnst mepeBipkH OCHOBHOI TiNOTE3H OOYMCIIOETHCS
BHOIPKOBE 3HAUYCHHS KPUTEPiI0 7~ i 3a TAGIHIEI0 KPUTH-
YHUX TOYOK PO3IMOJUTY KPHUTEpilo, 3a 3aJaHUM piBHEM
3HAYYIIOCTI & 1 YHCIIOM CTYIIeHIB CBOOOM [ BU3HAYAETH-
Csl KPUTHUYHA TOYKA ;(Zcm( a; f).

Yucno cryneHiB cBoOoaM f BH3HAYa€ThCA 5K
f=k—1-r, ne k—uncno rpyn (4aCTKOBHX IHTEpBAJiB)
BUOIPKH; 7 — YHCIIO TTAapaMeTpiB NepeadadyyBaHOTO pO3Io-
IITy, SIK1 OI[IHEHi 3a TaHUMH BUOIpKU.

SIKIO PO3PAXyHKOBE 3HAUECHHS KPUTEPIIO y* MEHIIE
KPUTHYHOTO, TO OCHOBHA Timore3a (TeHepalbHa CYKYI-
HICTh PO3IOJUIEHA 3a IIMM 3aKOHOM) HE BiJKHIA€THCS.
SIKIIO  pO3paxyHKOBE 3HAYECHHS KPHUTEpilo y° Oinmblie
KPUTHYHOTO, TO OCHOBHA TiNOTE3a BiIKUIAETHCS.

2) Kpumepiii Konimozeoposa-Cmuprnosa:
D, = sup|F, (x) = F(x), @
X

ne F,(x) — emnipuyna QyHKuis po3noniny; F(x) — Teope-
TUYHA QYHKIIA PO3MOILTY.
OcHoBHa rinoTe3a (reHepajibHa CyKyIHICTh PO3IIOJIi-

JIeHa 3a UM 3aKOHOM) BIIKMIAETHCH, KO /71 - D, mepe-

BUIIly€ KBAaHTHJIb PO3MOAUTYy K¢ 3a1aHOTO PiBHS 3HAYYIIO-
CTi @, 1 HE BIAKMIAETHCS B IHIIOMY BUTIAKY [38].
BukoHaH#ui 3a TOMIOMOTIOFO MPOrPaMK aHajIi3 MOKa3aB,
0 3HAYCHHS TOKA3HHKIB Macia SK MPUIATHOTO, TaK 1 He-
MPUIATHOTO JI0 SKCIUTyaTallil MOXyTh OyTH OIHKCaHI PO3Io-
nizom Beii0Oyuta. inbHicTs po3nioainy BeiiOymna mae Burimsi;:
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B
{o
ploa:p)=-Loat e ) ®
a
Je o1 ff— napaMeTpH 3aKOHY PO3IO/ily, IHTEpIpPETOBaHi
BIJIMIOBITHO SIK TApaMeTp MAacIiTady i mapaMeTp Gopmu.
3HaueHHs apaMeTpa « 1 [ BU3Havanocs siK:
M)

1027 (-1

1 X 2
2= Moy
0.465- =l
f= N-1 M(x) ’
+1282. M) ~07
l . i(x — M(x))2 :
N i=1 l

ne N — oOcsr BUOIpKOBHX 3HauYeHb; M, — BUOIpKOBE cepe-
JTHE; X; — 3HAUCHHS IOKa3HUKa.

OpHak, B MPOIECi aHaI3y JJIs NSSIKHMX MAacUBIB OCHO-
BHa TiNOTe3a HE BiKUAANACS A AEKUIBKOX 3aKOHIB PO3-
noxiny. Tak, Uil poO3IOAITNIB 3 JONATHOIO acHMETpi€ro,
KpiM posmofiny BefiOyma, Mana MicIie BiIIOBIIHICTH eMITi-
PUYHHX JaHUX JIOrapu(MidHO HOPMAIFHOMY 3aKOHY, TaM-
Ma-po3moiny i posnoxiny Penes. Sk mpukian, Ha puc. 2
HaBEJICHO TICTOrpaMH EMITIPUYHOTO PO3IOJITY Ta Teope-
THYHI QYHKIIT TYCTHH JaHUX PO3MOJLUIIB JJIS BOJIOTOBMIC-
Ty Maciia 3 MacuBy Dy, aBrotpanchopmaropis 330 kB.

JIyist BITHOCHO CHUMETPUYHHX PO3IOLNIB, KPIM PO3-
nojity BeiiOyiia, 1s AesKux MacHBIB BUSBJICHO BiAIOBI-
JHICTh EMIIPUYHUX JaHUX HOPMaJIbHOMY 1 JIOTICTHYHOMY
3akoHaM. OpHak Uit 0araTbOX MAacHBIB 3 BIX €MHOIO
aCHMETPI€I0 €JMHUM 3aKOHOM PO3IOJLTY, BiAIIOBITHUM
EMITIpUYHNM JJaHuM, OyB 3aKOH po3noxiny Beiibyna.

3HaueHHA TapaMeTpiB 3aKOHy posmoniry BeitOyma,
a TaKOXX PO3PaxXyHKOBI 1 KPUTHUYHI 3HAYCHHS KpPUTEPiiB
IMipcona i Kommoroposa-CMupHOBa, [IsI TIOKa3HUKIB
Maciia, MPUAAaTHOTO N0 eKCIUTyaTallii, B TpaHcopMaro-
pax Hampyroro 110 kB HaBeneni B Tabin. 5, a 1us aBTO-
tpancdopmaropis Hanpyrowo 330 kB — B Tabn. 6.

3HaueHHS MapaMeTpiB 3aKOHy po3nozuty BeiiOyna, a
TAKOXX PpO3PaxXyHKOBI 1 KPUTWYHI 3HAYeHHS KpUTEpiiB
[Tipcona i Komvoropoa-CMupHOBa [u1sl IOKa3HHKIB Macia,
HETIPUATHOTO JI0 eKCITyaTalii, B TpaHc(hopMmaTopax Ha-
npyroto 110 kB i aBroTpanchopmaropax Hanpyroro 330 kB
HaBeneHi B Ta0m. 7. [ HaBeneHNX Jaiti TaOJIUIb 3HAYCHHS
kputepito Komvoroposa-CMupHoBa ckinanae Aqq = 1,36.

Sk BumHO 3 TaOM. 6 1 7 pO3paxyHKOBI 3HAUCHHSI KPHTE-
piiB 3romm st BCiX 0€3 BUHATKY MOKa3HUKIB TpaHc(hopMa-
TOPHUX Macell He NepEeBHIIYIOTh KPUTHYHI 3HAUCHHS IPH
piBHi 3Hauymocti o = 0,05 1 BiANOBIAHOMY 3HAYEHHI CTyIIe-
HiB cBoOOM. Lle He 103BOIIsE BIKMHYTH TiNOTE3y Npo MpH-
WHATHICTH PO3IOALTY EMIPUYHMX 3HAYeHb ITOKA3HHUKIB
TpaHc(opMaTOpHUX Macell 3aKoHy po3noity BeiiOyia.

AHaJIi3 OTpUMaHUX pe3yJbTATIB. 32 aHAJIOTIEIO 3
[32] OyB BUKOHaHHWIl aHai3 B3a€EMHOTO PO3TAIlIyBaHHS;
TEOPETHYHHX LIUTBHOCTI PO3MOAITY MOKa3HHWKIB TpaHC-
(hopMaTOpHUX Macesl IPUJATHUX 1 HENPUAATHUX IO eKC-
mryaTanii B TpancopmaTtopax Hampyroro 110 1330 kB.

<g6><LogHormal>(x;1.3540.579)

<95><Rayleigh>{x;3.965)

oot 0.011
Pt

<05r<Gamma>{x;1.610;2.935)
0.45

Puc. 2. TicTorpamMu eMIipu4aHOTO PO3MOALTY Ta TEOPETUUHI
(hyHKLIT TYCTHH AESKHAX PO3MOILIIB sl BOJIOTOBMICTY Macia
3 macuBy D11 aBTorpancdopmaropis 330 xB:

a — norapuMiTHO HOPMaJILHUI 3aKOH; 6 — po3moin Penes;
6 — TaMMa-pOo3IO/Iii; 2 — po3moin Beiibyna

Sk mpukian Ha puc. 3-5 HaBEAEHO IMUIBHOCTI TEOPETHY-
HUX PO3MOJITIB [T TAKUX MOKA3HHKIB SIK BMICT y Maci
OpraHiyHUX KUCIOT (puc. 3), BosoroBMicT macen (puc. 4)
1 mpobuBHa Hanpyra macina (puc. 5).

AHani3yloun B3a€MHE PO3TAIlyBaHHS TEOPETHYHHX
TYCTHH PO3IOJIUTY ITOKa3HUKIB TpaHC(HOPMATOPHUX Macell
3pOOUTH PSJT BAKIIMBHX BHCHOBKIB!
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1) dns TpaHcdopMaToOpHOTOo Macia, MPUIATHOTO JI0
eKcIUTyarallii, sik Jyist TpaHcopmaropis Harpyrowo 110 kB,
TaK i s aBToTpancdopmaropis Hanpyroto 330 kB, crocre-
piraeTbcsl 3MIMICHHS] MaTEMAaTHYHUX OYiKyBaHb MIUIBHOCTI
PO3MOALTIB IS PI3HUX MACHBIB OJIHOTO 1 TOTO K TIOKa3HUKA.

Tabnuus 6

3HaueHHs apaMeTpiB 3aKoHy po3noainy BeiiOyia, a Takox
PO3paxyHKOBI 1 KpuTH4HI 3Ha4eHHs kpuTtepiiB [lipcona i Koi-
MoropoBa-CMUpPHOBa IS HOKA3HUKIB MacJia IPUAATHOTO JI0
eKCIUTyaTalii B aBToTpaHcopMaTopax Hampyroi 330 kB

Ie cBimUMUTH MPO Pi3HUI CTYMiHL CTAPIHHA Mace, sika 00y- 3uadcnia
o . po p . v P > Yy 8 IMapamerpu 3ako- | 3HadeHHs KpuTe- | Kputepito Kon-
MOBJICHA P13HUM TGpEV[lHOM CKCILTyaTralu Mmacia, p13IjII/IMI/I 8 Hy po3nouiny piIO HipCOHa MOrOpoBa-
3Ha4YEeHHSIMU poOOoYoi TemrepaTypu TpaHc(hOpMaTopiB, a = CMupHOBa
TaKO)X BIDTMBOM KOHCTPYKIIIHHAX MaTepiaiB. a | B /] P | Pet Aeate
) ) . TaGunus 5 TemnepaTypa crianaxy mMacjia
3HayeHHs TAPaMETPiB 3aKOHY PO3MOALTY B-“CI/IG}./JIa, a TaKoK Dy, | 149.16 | 89.71 | 4| 8.848 | 9.49 0.672
pOSanYHKOBIC | KPUTHYHI 3HAYCHHS KPUTEPIiB ITipcona 1 Kon- Dy, | 14699 | 116.1 | 4| 9330 | 9.49 0.556
MOFOpOBa- MI/I[')}-IOBa Z[JISIq)HOKaSHI/IKlB Mmacia HpI/I,EialT(;-IOFBO D13 14554 1343 3 7510 782 0971
J10 EKCITyaTallll B TpaHC(opMaTopax HAIPpyrorw K D14 14023 1092 4 8678 949 0671
I 3 3Haq,eHII{<ﬂ BMicT B Macyi opraHiqyHUX KHUCIOT
S| RN el o] e e | KPR ePo ot Dy, [0.0079 | 2.899 [2] 0.609 [ 5.99 0.228
g Y postioauty pro HipcoHa “éOMF;p:::a Dy, | 0.0085 | 2.766 | 4 | 5.851 | 9.49 0.586
| T 7 17 lp Dy; | 0.0094 | 2.812 [ 5] 9364 | 11.1 0.693
@ o hﬁ] arypa cn;l;xy Maccfga cale Dy | 0.0096 | 2.986 |3 | 1.939 | 7.82 0.401
D,, | 14096 | 1049 [3] 7.47 | 7.82 0.711 Dis | 00223 h%fm ja an'%i - asc'i: 0.699
Dy, | 14371 | 1275 | 4| 859 | 949 1.194 P Dy
D, | 77523 ] 11.48 [3] 5235 | 7.82 0.890
D3 | 14554 | 96.44 |3 | 747 | 7.82 0.338
Dy, | 71499 | 11.24 | 4| 8207 | 9.49 0.893
D, | 14891 | 462 4| 826 | 9.49 0.694
D 0 5057 31 637 2 o4 Dy; | 70319 | 9.612 | 4| 2.768 | 9.49 0.260
15 : = L : : D, | 69.855 | 8.038 | 4] 9.229 | 9.49 0.754
BMICT B MacJil OpraH1gyHux KUCJIOT tggl'[pl/l 90°C
D,, |00172] 1.682 [ 6] 1047 | 12.6 0.711 b 10257 | 1605 [ 3] 1485 | 782 3759
Dy, | 0.0308 | 3.706 | 5| 21.26 | 11.1 1.001
Dy, | 0.7926 | 2.055 | 2] 2.710 | 5.99 0.509
D;; | 0.0518 | 2.454 [ 6| 854 | 12.6 0.654
Dy; | 0.9018 | 1.283 |3 | 7.286 | 7.82 0.760
D, | 00514 | 3.702 | 4] 7.92 | 9.49 0.674 Do Toor7 T Toas T4 0685 1949 0T8T
Dys | 0.0581 | 2.611 | 5| 10.68 | 11.1 0.800 b1 Bl . - — — .
Dys | 0.0519 | 2.154 | 4 | 6.074 | 9.49 0.545 MICT B Mac/ii MCXaHIMHIX AOMINIOK
D005 169 T6 1096 T 1oe 0.760 D, | 81592 ] 2457 [ 2] 3.024 | 5.99 0.709
R : : : : Dy, | 11.018 | 1.309 | 1] 1.052 | 3.84 0.335
IIpoOuBHa Hampyra Macia [TV ———
D,, | 51.833 ] 8.704 | 4] 8.942 | 9.49 0.711
Dy, | 52755 ] 1.587 | 1] 1.068 | 3.84 0.178
D, | 64.963 | 6.596 | 7] 12.03 | 14.1 0.607 o000 T2a07 1513305 101 0301
Dy; | 72.625| 7209 | 6] 1221 | 126 0.643 12 : : : : :
Dy, | 73726 | 7.84 |5 6.419 | 11.1 0.606 Ta6mams 7
Dys | 75623 | 7.517 | 5] 6.59 1.1 0.601 3HaueHHs MapaMeTpiB 3aKoHy po3noairy Beibyina, a Takox
tgompu 20 °C PO3paxyHKOBI 1 KpUTHYHI 3Ha4eHHs kpuTepiiB [lipcona i Koi-
Dy, [ 0.1576 | 1.515 [ 4| 9.439 | 949 1.017 MoropoBa-CMHUPHOBA JIJ1s TOKA3HHUKIB Maciia HEMPUIATHOTO 10
Dy, [ 02103 | 1.569 [ 4 | 9.095 | 9.49 0.639 eKCIuTyaTailii B pancopmaropax Harpyroro 110 kB i aBToTpa-
tgs pu 70 °C HcdopmaTopiB Harpyroro 330 kB
Dy, | 03221 ] 1.491 [ 4] 5.079 | 9.49 0.697 3HauCHHS
Dy, | 0.6585 | 1.496 | 4| 6.465 | 9.49 0.673 g |Hapamerpu 3ako- | 3naueHHs kpute- | kpurepito Kou-
Di; [ 09478 | 1.562 | 4] 1.865 | 9.49 0.311 g | Hy posmomimy pito ITipcoma MOropoBa-
te S pu 90 °C = CMmupHOBa
Dy, ] 05327 | 1379 | 3| 2.296 | 7.82 0329 a | g f] Pac | Zei cale
Dy, | 0.6101 | 1.526 |3 | 1.173 | 7.82 0.275 Tpaucgopmaropu nanpyroko 110 B
Dy, | 1.6593 | 1432 |3 | 4.737 | 7.82 0.734 Bwmict B Maciii oprasiuHux Kucior
Dy, | 2.0442 | 1383 |3 | 2.764 | 7.82 0.383 Dy | 01911 | 607 6] 2.990 | 12.6 0.376
Konip wacra D, | 02901 | 2336 | 4| 1.843 | 9.49 0.265
D,, | 2.1334] 2.631 [3] 6.794 | 7.82 0.690 IIpobuBHa Hanpyra Macia
Dy, | 3.4054 | 1.772 | 4 | 8.456 | 9.49 0.739 D, [29459] 7311 [4] 3.162 | 9.49 | 0.228
Dy | 3453 | 2339 |3 ]| 6523 | 7.82 0.656 BwicT B Macii BOZOPO3YMHHUX KHCIIOT
BwMicT B Macyi BOTOPO3YMHHUX KHUCIOT D, | 0.0401 | 3.155 | 5 | -’f~009 | 11.1 | 0.420
D,; | 0.0049 [ 1.986 | 2] 2.765 | 5.99 0.449 Bonoroswmict macita
Dy, | 0.0062 | 2.365 | 6| 6383 | 12.6 0.446 D, [ 3998 [ 4059 [3] 1850 [ 782 [ 0338
Dy; | 0.0071 | 2.207 | 4| 1.468 | 9.49 0.288 AsTorpancdopmaropu nanpyrow 330 kB
Dy, | 0.0078 | 2.554 | 4| 3.736 | 9.49 0.378 Bwmict B Maciii oprasiuHux Kucior
Dys | 0.0086 | 3.112 |3 | 2.277 | 7.82 0344 D, [0.1445] 9955 [4] 7427 [ 949 |  0.704
BOHOFOBMiCT Maciia HpO6I/IBHa Hanpyra mMacja
Dy, [89923 | 2.239 [ 5] 2.137 | 111 0.279 D, [42576] 23.25 [4] 2763 [ 949 [ 0323
D, | 10478 | 2.176 | 7| 10.06 | 14.1 0.552 Bostorosmict macia
Dy, | 12.05 | 2.849 | 7| 8.763 | 14.1 0.385 D, [31.232] 7.196 [4] 2.690 [ 949 |  0.407
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2) AHani3yroud B3a€MHE PO3TAllyBaHHS MIUTLHOCTI
PO3MOALTY MOKA3HUKIB Macia, MPUAATHOTO O eKCIUTyarTa-
ii, 11 TparcopmaTopiB Hanpyroro 110 kB i aBToTpanc-
(opmaropi Hanpyroro 330 kB MO)KHA IPHIATH 10 BUCHOB-
Ky, IO JaHi PO3MOALTY Tak caMO 3MilIeHI OJHWH IIO0NO
onHO0r0. OCOOIMBO 11 MPOSBISETHCS B IUTHHOCTSX PO3IIO-
JIITy BMICTY B Macjli OpraHi4Hux KHCJIOT (puc. 3) 1 Bosoro-
BMicTy Macen (puc. 4). [Ipu npoMy, sIK BUAHO 3 PUCYHKIB,
IHTEHCHBHICTh OKHCJIEHHS TpaHC(OPMATOPHUX Macen B
aBrotpancopmaropax 330 kB Hmxkue, HiX B TpaHchop-
MaTtopax 110 kB, He3Baxawoum Ha Te, IO aHANi30BaHI
TpaHcHOpPMATOPH Malli HErepMETHYHE BUKOHAHHSL.
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Puc. 3. OyHKLil MIIIBHOCTI TEOPETHYHOTO PO3IOAITY BMICTY
B MacJIi OpraHiYHUX KUCIIOT I TpaHCc(HOpMATOPiB HAPYTOIO
110 B (a) i aBroTpancdopmaropis Hanpyroro 330 kB (6)
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Puc. 4. ®yHKIIT MITFHOCTI TEOPETUIHOTO POMNOILTY BOJIOTOB-
Mmicty mMacen st Tpancdopmaropis Hanpyroro 110 kB (a)
i aBToTpancopmaropis Hanpyroro 330 kB (6)

3) BukoHaHuii aHali3 MMOKa3aB HAsABHICTh ICTOTHOIO
3MILIEHHS] MDDK MaTeMaTHYHUMHU OYiKYBaHHSIMH PO3IO/Ii-
JiB Macja MPHIATHOTO i HEMPHUIATHOTO 10 eKCIUTyaTallii
(puc. 3-5). lle o3Hauae, M0 3aTUIIKOBUI pecypc Macel B
TpaHcdopMmaropax, 10 aHAI3yIOTECS, CYTTEBO Pi3HUTHCSI.
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Puc. 5. ©yHKUil MIIBHOCTI TEOPETHYHOTO PO3HNOALTY TPOOHBHOT
HaInpyrH Maceln 1uis Tpanchopmaropis Hanpyroio 110 kB (a)
i aBroTpancdopmaropis Hanpyroro 330 kB (6)

BucHoBkH. BrkoHanuii aHami3 3aKOHIB pO3MOIUTY TT0-
Ka3HUKIB TpaHC(HOPMATOPHHX MaceNl MOKa3aB, IO SK JUIs
MacIa, IPAIATHOTO JI0 eKCIUTyarTallii, TaK i JyI1 Maciia HeTpH-
JIATHOTO /IO €KCILTyaTarlii, PO3MOALT MOKa3HHIKIB Maclia MOXKe
OyTH ormcaro po3moiioM Beiibyia, mo 1o0pe y3romKyeTh-
Csl 3 pe3y/ibTaTaMHy PaHiliie ormyOIIiKOBaHUX JIOCIIPKEHb.

BcranosneHo, mo uis TpaHCGOPMATOPHOTO Macia,
MPUAATHOTO JI0 eKCIUTyaTarlii, sk JUisi TpaHchopMaTopiB
Harpyroro 110 kB, Tak 1 ans aBroTpancdopmaropiB Ha-
npyroto 330 kB, crocrepiraerbcst 3MILIEHHST MaTeMaTHY-
HHUX OYIKYBaHb IIUILHOCTI PO3MOJUIIB Uil PI3HUX MacH-
BiB OZIHOTO 1 TOTO X TOKa3HMKA, IO CBIAYUTH MPO Pi3HUIMA
CTYMiHBb CTapiHHS Macel, sika 00yMOBJIEHa Pi3HUM TepMi-
HOM eKCIUTyaralii Macia, pi3HUMH 3HaYCHHSIMH poOoYoi
TeMmepaTypu Tpanc(hopMaTopiB, a TAKOXK BIUIMBOM KOHC-
TPYKUIHHUX MaTepiamiB.

BcraHoBmeHo, 10 B aBTOTpaHC(OpPMATOpax HaIpyroko
330 kB okuciIOBabHI peakiii MpOTIKaITh 3 MEHIIIOK 1HTe-
HCHBHICTIO B OpiBHsIHHI 3 TpaHchopmaTopamu 110 kB. ITpo
1€ CBITYMTH HASBHICTh 3MIILICHHSI MXK [IUTLHOCTSMH PO3IO-
JIUTy JESIKUX TTOKA3HHKIB Maciia, MPUAATHOTO JI0 eKCILTyaTa-
uii, B Tpancdopmaropax Hanpyroto 110 xB i aBroTpancdo-
pmatopax Hampyroro 330 xB.

BcraHoBiieHO HaAsABHICTH ICTOTHOIO 3MIIEHHS MK
MaTeMaTHYHHMH OYiKYBaHHSMHU PO3MOJLIIB Macja mpuaa-
THOTO 1 HEMPHUIATHOTO N0 eKcruryaramii. Lle o3Hauae, mo
3AITMIIKOBUI pecypc Macel B TpaHC(opMaropax, IIo aHa-
J3YIOTBCA CYTTEBO Pi3HUTHCSA. OTpHMaHi 3HAYEHHS Iapa-
METpIB 3aKOHIB PO3MOALITY MOKA3HUKIB TpaHC(HOPMATOPHUX
Maceql MOXKyTh OyTH BUKOPHCTaHI IpH po3podiii Mojemnei
JUISL OLIIHKH BiZNTPAIlbOBAHOTO PECYPCY MAcel, a TaKOXK JUIs
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MPOTHO3YBaHHS Ta IUIAHYBAaHHS TEPMiHIB 0OCIyrOBYBaHHS
Ta PEMOHTY 00JIaJHaHHSI, 1[0 IaCTh MOXKJIUBICTh 3IHCHUTH
nepexiZi Ha TeXHiYHe OOCIyroBYBaHHS 3a peajlbHHM CTa-
HOM a He 3a KaJieHJapHHUM IuIaHoM. KpiMm Toro HasBHICTBH
3HAuYeHb MapaMeTPiB 3aKOHIB PO3IO/TY TIOKa3HUKIB Macia
3 PI3HHM CTaHOM JO3BOJIAIOTH BHKOHATH OLUHKY CTaHy
TpaHCHOPMATOPHUX Macell 3 BHKOPUCTAHHSIM BiTHOLICHB
TIPaBIONOAIOHOCTI, IO J103BOJISIE 3HAYHO 3HU3UTH PU3HKU
NPUHAHATTS HOMUJIKOBHX PillICHb.

Konguaikt inTepeciB. ABTOpH 3asBISIIOTH TIPO
BIJICYTHICTh KOH(QIIIKTY iHTEpPECIB.
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Analysis of distribution laws of transformer oil indicators

in 110-330 kV transformers.

Introduction. Ensuring the operational reliability of power
transformers is an urgent task for the power industry in Ukraine
and for most foreign countries. One of the ways to solve this
problem is the correction of maximum permissible values of
insulation parameters. However, such a correction is fundamen-
tally impossible without an analysis of the laws of distribution of
diagnostic indicators in the equipment with different states. The
purpose of the research is to analyse the laws of distribution of
the quality indicators of transformer oil with different states in
110 and 330 kV transformers. Novelty. It was found that both
330 kV autotransformers and 110 kV transformers have the
displacements between the mathematical expectations of the
distribution density of usable oil indicators. It caused by differ-
ent service life of the analysed transformers and different values
of load factors. This indicates the need to consider the influence
of these factors when correcting the maximum permissible values
of oil indicators. Also, the presence of displacement between the
distribution densities of some indicators of usable oil in 110 kV
transformers and 330 kV autotransformers has been revealed. It
indicates a different intensity of oxidation reactions in trans-
formers with different voltage class. In order to reduce the
heterogeneity of initial data the procedure of statistical process-
ing of in-service test results has been proposed as a method.
This procedure combines the use of a priori information about
the service life of equipment and values of load factors with the
elements of statistical hypothesis testing. The results of the
analysis of the distribution laws of transformer oil indicators
with different states have shown that for both usable and unus-
able oil the values of oil indicators obey the Weibull distribu-
tion. Values of the shape and scale parameters for each of the
obtained indices arrays have been obtained, as well as calcu-
lated and critical values of the goodness-of-fit criteria. Practical
value. Obtained values of the distribution law parameters of the
transformer oil indicators with different states, considering the
service life and operating conditions allow to perform the cor-
rection of the maximum permissible values of the indicators
using the statistical decision-making methods. References 38,
tables 7, figures 5.

Key words: transformer oil, oil indicators, operating time,
statistical analysis, distribution laws, goodness-of-fit criteria,
Weibull distribution, density functions.
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UDC 621.3

https://doi.org/10.20998/2074-272X.2021.5.08

H. Sahraoui, H. Mellah, S. Drid, L. Chrifi-Alaoui

ADAPTIVE MAXIMUM POWER POINT TRACKING USING NEURAL NETWORKS
FOR A PHOTOVOLTAIC SYSTEMS ACCORDING GRID

Introduction. This article deals with the optimization of the energy conversion of a grid-connected photovoltaic system. The novelty
is to develop an intelligent maximum power point tracking technique using artificial neural network algorithms. Purpose. Intelligent
maximum power point tracking technique is developed in order to improve the photovoltaic system performances under the
variations of the temperature and irradiation. Methods. This work is to calculate and follow the maximum power point for a
photovoltaic system operating according to the artificial intelligence mechanism is and the latter is used an adaptive modified
perturbation and observation maximum power point tracking algorithm based on function sign to generate an specify duty cycle
applied to DC-DC converter, where we use the feed forward artificial neural network type trained by Levenberg-Marquardt
backpropagation. Results. The photovoltaic system that we chose to simulate and apply this intelligent technique on it is a stand-
alone photovoltaic system. According to the results obtained from simulation of the photovoltaic system using adaptive modified
perturbation and observation — artificial neural network the efficiency and the quality of the production of energy from photovoltaic
is increased. Practical value. The proposed algorithm is validated by a dSPACE DS1104 for different operating conditions. All
practice results confirm the effectiveness of our proposed algorithm. References 37, table 1, figures 27.

Key words: artificial neural network, grid-connected, adaptive modified perturbation and observation, artificial neural
network-maximum power point tracking.

Bcemyn. 'Y cmammi tioemvca npo onmumizayilo nepemeopenus emepeii gpomoenrekmpuunoi cucmemu, niOKIOUEHoi 00 Mepesxci.
Hoesusna nonazae y po3pobyi memoouxu inmenekmyansHo20 8i0Cmedicetts MmoYoK MakCUMAaibHOi NOMY’CHOCHI 3 6UKOPUCTNAHHAM
aneopummie wmyuroi Helponroi mepedici. Mema. Memoouka inmenexmyaibHo20 I0CMeNCeHHs MOYOK MAKCUMATbHOI NOMYHCHOCTE
po3pobnena 3 Memoro NOANUEHHS XapaKmepucmux GomoeiekmpuiHoi cucmemu 8 yMo8ax 3minu memnepamypu ma onpoMiHeHHs.
Memoou. Poboma nonsecae 6 obuucienni ma giocmediceHni MoOYKU MAKCUMANbHOL NOMYylcHOCmi 0151 homoenekmpuyHoi cucmemu,
Wo mnpayioe 8iON0GIOHO 00 MeXAHi3MYy WMYYHO2O IHMENeKmy, I 6 OCMAHHIN BUKOPUCMOBYEMbCA AOANMUGHUL MOOUPIKOBAHUT
aneopumm 36ypenHss ma GIOCMEICEHHS. MOYOK MAKCUMANIbHOT NOMYNCHOCME HA OCHOGI 3HAKY QVHKYIL 0151 CMEOPeHHs. 3a0aH020
poboyozo yuxny cmocoeno DC-DC nepemsopiosaua, de Mu BUKOPUCIMOBYEMO WMYYHY HEUPOHHY MePedxtcy Muny «npamoi nooauiy,
Haguemy 360pomnomy po3noecioodicennio Jlegenbepea-Mapkeapoma. Pesynemamu. @omoenekmpuuna cucmema, Ky mMu 06panu ons
MOOenioeants ma 3acmocy6ants yici inmenexmyanbHoi Memoouxy, € agmoHOMHOI0 omoerekmpuynolo cucmemoro. Bionogiono oo
pe3yibmamis, OMpUMAHux npu MoOem08aHHi homoeneKmpuuHol cucmemy 3 BUKOPUCMAHHAM A0ANMUBHUX MOOUDIKosaHux 36ypeHs
Ma CNOCMepedtCents — WMy4Hoi HellpoHHOI Mepedici, e(heKmueHicms ma AKiCms 8UPOOHUYMBEA eHepeii 3 homoereKmpuyHoi enepeii
nioguwyemocs. Ilpakmuuna yinnicms. 3anpononosanuii ancopumm nepegipeno dSPACE DS1104 oas pisnux ymos pobomu. Yci
NPAKmMuyHi pe3yrbmamu niomeepodicyloms eheKmusHicnms 3anpononoeanozo Hamu areopummy. bion. 37, Tabmn. 1, puc. 27.

Knrouosi cnosa: mrydna HelipoHHA Mepeska, MiAKJII0YeHAa 10 Mepexi, atanTuBHe MoAn(pikoBaHe 30ypeHHS Ta CIIOCTEPeKeHHs,
LITY4YHA HeHPOHHA MepeKa-BiicTeskeHH TOYKH MAKCHMAJILHOI IOTYKHOCTI.

Introduction. Nowadays, the electric power depending on the economic situation [5]. The future

generation mainly uses fossil and fissile (nuclear) fuels.
The widespread use of fossil fuels, such as gasoline, coal
or natural gas, allows for low production prices. On the
other hand, their use results in a large release of
greenhouse gases and polluting gases. Electricity
production from fossil fuels has a great responsibility for
global CO, emissions, hence pollution, according to the
last International Energy Agency report [1]. Nuclear
power, which does not directly release carbon dioxide, the
risks of accident linked to their exploitation are very low
but the consequences of an accident would be disastrous.
Although the risks of accident linked to their exploitation
are very low, but the consequences of an accident would
be disastrous and we must not forget the Fukushima
Daiichi nuclear disaster in Japan. Furthermore, the
treatment of waste from this mode of production is very
expensive; the radioactivity of the treated products
remains high for many years [2], that’s what prompted to
the propose a nuclear plant waste management policies
and strategies [2], and some researcher suggests to build a
regional and global nuclear security system [3]. Finally,
uranium reserves are like those of limited oil [4].
Although the world is in surplus in electricity
production today, the future is therefore not promising on
fossil fuel resources whose reserves are constantly
decreasing and whose prices fluctuate enormously

preparations in the fields of energy production to satisfy
the humanity needs should be foreseen today, in order to
be able to gradually face the inevitable energy changes.

Each innovation and each breakthrough in research
will only have repercussions in about ten years at best, the
time to carry out the necessary tests and to consider
putting into production without risk for the user as much
for his own health than for its electrical installations, to
avoid the problems of pollution in the production of
electricity, alternative solutions can be photovoltaic (PV),
wind, or even hydroelectric sources [4, 5].

The use of PV solar energy seems to be a necessity
for the future. Indeed, solar radiation constitutes the most
abundant energy resource on earth. The amount of energy
released by the Sun, for one hour could be enough to
cover global energy needs for a year, for that we should
better exploit this energy and optimize its collection by
PV collectors [6].

The basic element of a PV system is the solar panel
which is made up of photosensitive cells connected to
each other. Each cell converts the rays from the Sun into
continuous type electricity. PV panels have a specific
highly non-linear electrical characteristic which appears
clearly in the current-voltage and power-voltage curves
[7]. Tts electrical characteristics have a particular point
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called Maximum Power Point (MPP). This point is the
optimal operating point for which the panel operates at its
maximum power, MPP is highly dependent on climatic
conditions and load, which makes the position of the MPP
variable over time and therefore difficult to locate [8].

A Maximum Power Point Tracking (MPPT) control
is associated with an intermediate adaptation stage,
allowing the PV to operate at the MPP so as to
continuously produce the maximum power of PV,
whatever the weather conditions (temperature and
irradiation), and whatever the charge. The converter
control places the system at MPP this point defined by
current I, and voltage V. There are several MPPT
techniques that aim to extract maximum power from the
solar cells outputs [9-12] the interested reader is referred
o [11] for more details. Classic techniques such as the
Incremental Conductance technique and Perturbation and
Observation (P&O) technique, these two methods are the
most used and easy to implement methods but have
drawbacks [10-13].

New techniques based on artificial intelligence, such
as Fuzzy Logic Control [14, 15] Squirrel Search
Algorithm [16], Particle Swarm Optimization [17], Levy
Flight Optimization [12], Artificial Neural Networks
(ANN) [18, 19], and other propose a hybrid techniques
[20-23].

The methods based on ANN allow solving non-
linear problems and more complicated by a very fast way
since they are represented by non-linear mathematical
functions [24]. A different ANN-MPPT algorithm for
maximization of power PV production have been studied
in many research papers [18, 19, 25]. Messalti et al. in
[19] proposes with experimental validation two versions
of ANN-MPPT controllers either with fixed or variable
step. The aim of their works was to propose an optimal
MPPT controller based on neural network for used it in
the PV system. Different operating climatic conditions are
investigated in the ANN training step in order to improve,
tracking accuracy, response time and reduce a chattering.

Kumar et al. in [26] propose two Neural Networks
(NN) in the purpose of PV grid-connected with multi-
objective and distributed system; one is for assuring
MPPT and the other for the generation of reference
currents; the NN used for MPPT is based on hill climbing
learning algorithm, and use a NN version of a Power
Normalized Kernel Least Mean Fourth algorithm control
(PNKLMF-NN) to generate a reference currents.

Tavakoliel al. in [27] propose an intelligent method
for MPPT control in PV systems, this study establishes a
two-level adaptive control framework to increase its
efficiency by facilitating system control and efficiently
handling uncertainties and perturbations in PV systems
and the environment; where the ripple correlation control
is the first level of control and the second level is based
on an adaptive controller rule for the Model Reference
Adaptive Control system and is derived through the use of
a self-constructed Lyapunov neural network. However,
this approach did not been applied in the purpose of grid
connected PV system.

In [28] the authors have made a new technique — a
Adaptive Modified Perturbation and Observation
(AMPO), which reduces the MPP search steps this last

based on the function which widely used in sliding mode
control sign function, by this technique of reducing the
calculation time and the chattering; compared to classic
P&O technique.

Many authors study the issues of PV system grid
connection [26], [29-31]. Slama et al. in [29] offer a
clever algorithm for determining the best hours to switch
between battery and PVs, on the other hand, Belbachir et
al. in [30] seeks the optimal integration, both for
distributed PVs and for the batteries, other deal with the
management of electricity consumption [31].

In this paper, we propose an adaptive P&O
algorithm technique based on neural network with the PV
system to increase the power of PV and operate at MPP,
whatever the climatic variation such as the radiation and
the temperature, according a grid demand.

The main contribution of this work is to present an
Adaptive Modified Perturbation and Observation —
Artificial Neural Networks (AMPO-ANN) based on the
sign function which simplifies and reduces the step and
time of calculating MPPT point which allows minimizing
both the calculation time, the structure of the classic P&O
algorithm and the AMPO-ANN designing. Furthermore,
in the purpose of real-time application the major problem
in a neural network framework is the large size of the
created program who add a difficult to implant, especially
for the realization of a complex system with small time
constant.

We are mainly interested in the development of a
control system based on ANN which allows the
continuation of the MPP by simulation and experiments,
which allows increasing the performance of the neural
MPPT chart compared to the other maximization
methods. Figure 1 below presents a proposed system of
control.

LC Filter

Three —phase
Converter
DC-DC

J
0
o

Fig. 1. Schematic diagram of the PV system under study
with AMPO-ANN strategy

e 1]
v Inver \ ’

DC/AC Y Grid

AC Load

The goal of the paper is to develop a technique of
maximization power point tracking search based on the
function sign which simplifies and reduces the step size
and the computation time of the maximum power point
tracking point which minimize both calculation time.

Subject of investigations. This paper is valid power
maximization technique-based neurons networks by a test
bench with a dSPACE DS1104.

Description and modeling of proposed PV system.
Equation (1) describes the PV cell model, this model
(Fig. 2) can be definite by the application of standard data
given by the manufacturer. The equivalent circuit for PV
cell is presented as follow [32].

The typical equation for a single-diode of PV panel
is as follows:
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where 1, is the current generated by PV panel; I, is the
generated photo-current; /i is the current of saturation;
V, is the voltage of PV panel; R, is the array’s equivalent
series resistance; a is the constant of the ideal diode VD;
Vris the thermal voltage of PV (V7= KT/q, where K is the
Boltzmann’s constant; T is the temperature of PV; g is the
charge of an electron); Ry, is the array’s equivalent
parallel resistance.

I, R
PO :'_
I I
A
Lo :Z R, Vpy
VD

Fig. 2. The PV cell equivalent circuit

Figures 3 and 4 illustrate the PV panel’s
characteristics as they change; both temperatures between
25 to 75 °C and irradiation between 200 to 1000 W/m®
respectively.
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Fig. 3. Characteristics P = f{(V) of the PV panel under variation
of temperature
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Fig. 4. Characteristics P = f{V) of the PV panel under irradiation
variation

Buck converter modeling. The load is connected to
the DC bus via a DC-DC buck power converter [33]
(Fig. 5), which allows it to be controlled.

Q L iL IR
\
Iy

R Vou

Vin ZXVD C::

Fig. 5. Buck converter

To model the converter, state space average
equations are employed, as shown in the equation (2) [34]

{561 =kuVi, —kixy; )

Xy =kyxy —k3xz,
where u is duty cycle and ky = 1/L; k, =1/C; ks =1/RC.
The steady state is given by
[xl )Cz] = [lL Vuut]- (3)
e The DC/AC inverter model. Figure 6 presents the
structure of three-phase voltage source inverter (VSI).

K A K B KC
U‘
v + %

gﬁi

Fig. 6. Structure of a three-phase VSI

The switching function is C{i = 4, B, C} as
bellow[35]:
o if C;=1, then K; is OFF and K'; is ON;
o if C;=0, then K; is ON and K’; is OFF.
The outputs voltage of the inverter Uyp, Upc, Ucy
can be write as:

U =U 40 =Upo;
Upc =Upgo =Ucys “)
Uca =Uco =U 4o-
Since the phase voltages are star-connected to load
sum to zero, equation (4) can be written:

1
U an :E[UAB_UCA];

1

UBnZE[UBC_UAB]; Q)
1

Ucn =§[UCA ~Upc])

For the phase-to-neutral voltages of a star-connected
load obtain this model:

Usn +Upo =U 405

Upn+Upo =Upy; (6)
UCn + Uno = UC()'
and we conclude that:
1
Uy = E(UAO +Up, + UCO ) . (7
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For ideal switching can be obtained:
l]io = Ci'Uc - Uc /2; (8)
with
UAo = (CA - O:S)U(j;
Upo =(Cp =05 9
Uco =(Cc-0,5U¢-
Substitution of (6) into (7) obtain [30]:

2 1 1
U an :gUAo _EUBO _EUCm
2 1
UBn ___UAo +§UBO 3UCos (10)
1 1 2
Ucn :_EUAO _gUBo +=Uc-
Setting (9) with (10), obtain:
U4 ) 2 -1 -1|Cy
Ug, =§~Uc -1 2 -1|Cp| (11)
Ucy, -1 -1 2| C¢

The Conventional P&O Algorithm (CPOA). In
the P&O process the voltage is increased or decreased
with a defined step size in the direction of reaching the
MPP. The method is carried out again and again till the
MPP is attained. In steady condition the operational point
oscillates about the MPP, the oscillation is highly
dependent on step size, so that when using a small step
size, it can reduce volatility but can reduce system
dynamics as well. On the other hand, while using a large
step size it can improve system dynamics, but it can
increase volatility around MPP as well [36]. Figure 7
illustrates the flowchart of the CPOA algorithm.

AMPO-ANN algorithm. Many MPPT approaches
have recently been created and developed. In terms of
accuracy, for real time implementation the P&O MPPT
method is more practical than other MPPTs because it is
easier to implement [38]. The P&O MPPT technique is
primarily based on the perturbation of the PV output
voltage V(f) and related output power P(f), which is
compared to the prior perturbation P(¢ +1). Keep the next
voltage shift in the same direction as the previous one if
the power increases.

: Initialisation values Vpy (K) Iy (K), Ppy(K) |A Return
Conventional steps W) I (K). (k) |4
‘ | Measurement Vpy (K+1) Ipy (K+1) |

Measurement Pepy (K+1)

Yes

Prv(K+1) > Pry(K)

Vey(K)=Vey(K+1)
Tpy(K)=Ipy(K+1)

Fig.7. Flowchart of the CPOA algorithm

Artificial intelligence is used in many areas of
research, and ANN is a bright and promising part of these
technologies, where process control and monitoring,
recognition of patterns, power electronics, finance and
economics, and medical diagnosis are only a few of the
applications where ANNSs have proven their worth [37].

In this paper, we will use two neural networks at the
same time; the first network whose role is to estimate the
output current which corresponds to the maximum power,
and the second is used to estimate the voltage which
corresponds to the maximum power too[28§].

However, if the steps of the algorithm are tracking
speed has been increased, as has the accuracy. and
rapidity are increased (dP,/dV,>0), but with high
increasing in the oscillation, resulting in comparatively
low performance and vice versa, In this paper, an AMPO
algorithm method is dedicated to find a simple
implantation in comparison with classical CPOA
algorithm, and the AMPO can be written as follows:

u(y) = Uy—1) + ysign(AP),
where yis fixed step and U, is the voltage control;
AP=P(y)—P(y—1),

if AP > 0 then increase U,, else AP <0 decrease U..

A power of the panel (P,,) sensor is connected to the
P&O algorithm unit in order to detect the power in state y
and compare it with next value (y+1). At a certain point,
when the difference between P,.(y) and P, (y +1) is AP,
then the algorithm will recognize that there is a powerful
change and the algorithm should start from the beginning
(). The value of u(y) (u is voltage control of P&O) is set
to depend on the value of y of the AP,, criteria and it is
different from irradiation values of PV, the AP, /AV,,
change value around at point MPP, the duty cycle follows
this change, view the duty cycle varying between values
positive, zeros, negative.

In this article, we replace this variation of power
u(y +1) show in equation (12) by function sign(P,,) play
the role of conventional step of algorithm P&O, with
rapidly responses, equation (13) can be written in the
following form:

(12)

L if P, >0
sign(P,,)=10 i P, =0; (13)
-1 if P, <0

The adding the variation of power (AP,) and
voltage (AV),) can be whiten equation (13) as follow:

L if APy, [AV,,>0;
sign(AP,, /AV,,)=10 if AP, /AV,, =0at MPP; (14)
~1 if AP, JAV,, <0,

Equation (14) can be written as follow:
5: sign{(va(;/) 7va(}’+1))(va(7) - va(}ﬁl_l))} (15)
To simplify the writing of equation (15) can be
written in the following form:
0=sign(AP,,-AV,,). (16)
State of the voltage control 6 of AMPO can be
summarized in Table 1.

60 ISSN 2074-272X. Enexmpomexnixa i Enekmpomexanixa, 2021, Ne 5



Table 1
Variation of MPP in algorithm

sign(AP, () | sign(AP,(y+1)) | §|u duty cycle| State of MPOA
-1

-1 —2 +1 Left MPP
-1 +1 0 0 at MPP
+1 -1 0 0 at MPP
+1 +1 +2 +1 Right MPP

The Table 1 presented the variation of MPP point in
algorithm by 4 cases:

e Case 1. If state of changing algorithm is
sign(AP,,() = —1, then sign(AP,(y+1)) =—1, and 6=-2,
the MPP moving to left; there for u = +1, to increase
power of PV (P,,).

e Case 2. If state of changing algorithm is
sign(AP,,() = +1, then sign(AP,,(y+1)) = -1, and 5= 0,
at point MPP; there for # = 0, no changing in the power of
PV (P,).

e Case 3. If state of changing algorithm is
sign(AP,,() = —1, then sign(AP,,(y+1)) = +1, and 5= 0,
at point MPP; there for u = 0, no changing in the power of
PV (P,).

e Case 4. If state of changing algorithm is
sign(AP,(») = +1, then sign(AP,,(y+1)) = +1, and 5= +2,

the MPP moving to right; there for u = +1, to decrease
power of PV (P,,).

After this case the variation of & and u can be
thought in AMPO-ANN for desired voltage regulation
(for regulate the desire voltage), as shown in Fig. 8.

The value of ¢ presented the variation of power of
panel AP, we can add to value of duty cycle u for adjust
at point MPP can be written as follow:

u(y) =u(y) + Su(y+1). (16)

After equations (15) — (17) can be designing the

flow chart of the MPOA algorithm modified shown in

Fig. 8 and presented a new step has determined by
previous equation.

<

Initialisation values

Ve D), I, Prid)

Measurement

Vev (7*'1)9 IPV(}A'I% Ppy (74'1)

0=sign(AVpy (7+1)-APpy(y+1))

e
/ = , V\ =
\d‘:/)%a
X 4// :

u(p)=u(y) + ou(yt1)

v

Ver(n) = Velytl)
Ip () = Ip¥+1)

Return

Fig.8. Flowchart of the adaptive ANN-AMPO

Simulation of proposed system. The simulation of
the Intelligent Maximum Power Point Tracking (IMPPT)
based on AMPO-ANN makes it possible to verify that
neural networks approach, after learning is effectively
capable of predicting the desired output for the values of
the data at the input which are not used during learning.
We should always compare the true exit from the
trajectory of neural networks with the trajectory of the
model of PV cells.

The simulations results given in Fig. 9 and represent
the electrical characteristics of the stand-alone PV system
controlled by AMPO-ANN under standard climatic
conditions (1000 W/m? and 25 °C). The powers obtained
from the proposed technique stabilize in a steady state
around the optimal values delivered by PV (Ppp, = 111 W,

Vipp = 26 'V and I, = 4.4 A); AMPO controller allows
us for parts per million (PPM) to be attained in 0.06 s,
whilst the ANN algorithm allows for PPM to be obtained
in 0.02 s only. In addition Fig. 9 shows that in steady state
the maximum power supplied by the PV system
controlled by the AMPO-ANN is more stable and closer
to the PPM compared to AMPO control; the AMPO
control give a power oscillates around the MPP which
resulting in power losses.

From Fig. 9,a we observe that P,, takes 0.02 s in
transient state to stabilize at a steady — state value which
is MPP in the neighborhood of 111 W.

Figure 9,b summarizes a comparison between the
MPPT of PV output power controlled by AMPO and
AMPO-ANN. We see that the power generalized based
on AMPO algorithm has more pikes and is more oscillate
compared to the improved technique based on ANN.
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Fig. 9. a — power of PV (AMPO-ANN);
b — zoom power of PV (AMPO-ANN)

From Fig. 10 we observe the during the period from
0 s to 0.05 s the voltage decreases with significant
oscillations, then it stabilizes at the maximum value 26 V.

Figure 11 shows the load current curve based on
AMPO-ANN techniques, we note that its value in steady
state stabilizes around 4.4 A.
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In order to verify the robustness and the reliability of
the proposed method, we will test the performance of
AMPO-ANN by performing separately under climate
condition variation, we make variations on solar
irradiation and we assume that the temperature is a
constant equal to 25 °C, where we suppose that the
irradiation drops from 500 to 1000 W/m?, at 0.5 s.

According Fig. 12 we note that the maximum power
delivered by the PV varies proportionally with irradiation.
When the irradiation is 500 W the P, stabilizes around 38 W.
But when the sun goes from 500 to 1000 W/m? the P,
risesto 111 W.

In addition, the simulation result presented by Fig. 9,
shows that the AMPO-ANN represent better
performances compared to AMPO; since they converge
quickly towards the new P,,,, with reduced the chattering.
Figures 13, 14 show current and voltage of PV based on
AMPO-ANN techniques respectively.
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Fig. 12. Power of PV (AMPO-ANN)
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Fig. 13. Current of PV (AMPO-ANN)
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Fig. 14. Voltage of PV (AMPO-ANN)

We will test the performances of the AMPO-ANN
algorithm previously developed with the purpose of the
grid connection and the climatic conditions are fixed in
standard conditions, then connect the PV system to the
electrical networks. Figure 15 shows the simulation
results. We observe better results for I, (current
measured by the network), I, (load current) also the

three- phase currents 1, I, 1. (Fig. 16).
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Fig. 15. a — three-phase currents (AMPO-ANN);
b — zoom three-phase currents (AMPO-ANN).
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Fig. 16. a — current Iy, and I;,.s (AMPO-ANN);
b — zoom current I, and /.., (AMPO-ANN)
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The results confirm the correct functioning of the
two controllers AMPO and AMPO-ANN, but also show a
better functioning of the AMPO-ANN. The latter has
proven to have better performance, fast response time and
very low, steady state error, and it is robust to variations
in atmospheric conditions.

Experimental results. The proposed AMPO-ANN
controller has been put to the test in order to improve its
performance. Instead of a solar panel, an experimental
setup of a system made of a PV emulator coupled to a
DC-DC converter is shown in Fig. 17. LA-25NP and
LV-25P are sensors of the current /,, and voltage V,,,. The
proposed control is implemented on the dSPACE
DS1104.

Voltage & current sensors

Load

AC-DC & DC-DC
Converter

Irradiation ~ Temperature

Voltage & current sensors
; (LEM)

Interface f ¥
Software Model of —DAC— g W
PV-Array Emulator control | = 9
24 N
o U1

PV Array Emulator

DS1104 dSPACE
Master :  Power PC 604e

5o ) Slave: DSPTMS320F240

Fig. 17. Structure of the laboratory setup

In the simulation part we assume that all
components are perfect (simplifying assumptions, losses
and switching phenomena are ignored), so the DC-DC &
AC-DC converters has an almost perfect operation.

On the other hand, the tests which we carried out in
the laboratory take into account the saturation of the used
components and the switching phenomena, these tests
consist to validating the proposed technique which
applied to a DC-DC converter then connected to an
AC-DC converter (inverter).

From Fig. 18-20 we observe that P,, takes 0 s in
transient state to stabilize at a steady — state value which
is MPP in the neighborhood of 100 W, current and

voltage also taken point MPP at values 3.4 A and 29 V.
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Fig. 18. Power of PV (AMPO-ANN)
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Fig. 20. Voltage of PV (AMPO-ANN)

We will test the performances of the AMPO-ANN
algorithm previously developed with the purpose of the
grid connection and the climatic conditions are fixed in
standard conditions, then connect the PV system to the
electrical networks. Figures 21, 22 show the experimental
results. We observe better results for / (current measured
by the network), Vac (load voltage), also single phase of
current and voltage.
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Fig. 21. Voltage of AC bus (AMPO-ANN)
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Fig. 22. Current of AC bus (AMPO-ANN)

The Figures 23-27 show the results of realizing the
output power of the PV, its operating voltage and current,
and the duty cycle (at the frequency of 3000 Hz) for the
AMPO-ANN and the conventional disturbance and
observation (P&0O) AMPO-ANN using a converter and
inverter environmental conditions. It is clearly seen how
the AMPO-ANN algorithm reduces the response time of
the PV system. Obviously, the system with AMPO has a
great loss of energy in the transient state, that when the
increase in power is the result of the increase in
illumination in sinusoidal form between 500 W/m® and
1000 W/m?, the reversal of the direction of illumination
produced by the AMPO-ANN algorithm causes the
increase of the power at the MPP point to 101 W and at
the same time the output voltage of the inverter, the
output voltage Vac is 28 V and current at 0.15 A are
illuminate also the harmonics in grid connected, the MPP
starts close to the operating point, but the P&O algorithm
detects that and moves the operating point in the right
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direction. The AMPO-ANN algorithm gives a better
result than the classic algorithm AMPO.

P, W

pvs

100 Mo

50F ~ == NR S AGASASA T T

40

regulated by an maximum power point tracking
command, to control maximum power point tracking of a
photovoltaic system based on neural networks were
presented and its architecture of neural networks was
used. The simulation and validation results show that this
system can adapt the maximum operating point for
variations in external disturbances.

We can say that artificial neural networks are
efficient and powerful modeling tools, their robustness
lies in the possibility of predicting the output of the
network even if the relationship with the input is not
linear.

The purpose of the modified algorithm adaptive
modified perturbation and observation — artificial neural
network is to reduce oscillation and achieve a high
response of the output power in response to changing
weather conditions and parameter variations. All of the
results show that the proposed technique control and our
improved maximum power point tracking approach are
effective.
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METHOD OF INTEGRO-DIFFERENTIAL EQUATIONS FOR INTERPRETING
THE RESULTS OF VERTICAL ELECTRICAL SOUNDING OF THE SOIL

The paper is devoted to the problem of determining the geoelectric structure of the soil within the procedure of testing the grounding
arrangements of existing power plants and substations to the required depth in conditions of dense development. To solve the
problem, it was proposed to use the Schlumbergers method , which has a greater sounding depth compared to the Wenner electrode
array. The purpose of the work is to develop a mathematical model for interpreting the results of soil sounding by the Schlumberger
method in the form of a four-layer geoelectric structure. Methodology. To construct a mathematical model, it is proposed to use the
solution of a particular problem about the field of a point current source, which, like the observation point, is located in the first
layer of a four-layer soil. Based on this expressions, a system of linear algebraic equations of the 7-th order with respect to the
unknown coefficients a; and b; was compiled. On the basis of its analytical solution, an expression for the potential of the electric
field was obtained for conducting VES (the point current source and the observation point are located only on the soil surface).
Results. Comparison of the results of soil sounding by the Schlumberger installation and the interpretation of its results for the same
points shows a sufficient degree of approximation: the maximum relative error does not exceed 9.7 % (for the second point), and the
average relative error is 3.6 %. Originality. Based on the obtained expression, a test version of the program was implemented in
Visual Basic for Applications to interpret the results of VES by the Schlumberger method. To check the obtained expressions, the
interpretation of the VES results was carried out on the territory of a 150 kV substation of one of the mining and processing plants in
the city of Kriviy Rih. Practical significance. The developed mathematical model will make it possible to increase the sounding
depth, and, consequently, the accuracy of determining the standardized parameters of the grounding arrangements of power stations
and substations. References 13, figures 3.

Key words: electrical substation, grounding arrangements, vertical electrical sounding, Schlumberger method, method of
integro-differential equations.

Poboma npucsesuena npobremamuyi 6USHAUEHHS 2e0eNeKMPULHOT CIMPYKMYPU TPYHIY 8 MeXHCaX 8UNpoOy8aHHs 3A3eMII08ANbHUX
npucmpoig Oirouux eneKmpudHux Cmauyit ma niocmanyiil Ha HeoOXIOHY 2AUOUHY 8 YMO8aX WiNbHOT 3a0Y008uU. [{na eupiuieHHs
npodieMu 3anponoHosaHo eukopucmamu ycmanosky ILlnombepoce, axka mae Oinvuly 2nubuHy 30HOYEAHHSA Y NOPIGHAHHI 3
ycmanogkolo Bennepa. 3a 0onomozoio memoodie inmezpo-ougepenyitinux pigHsaHb OY10 OMPUMAHO AHATIMUYHI GUPA3U O
inmepnpemayii pesyrbmamie 30HOy6anus IpyHmy ycmanoekolo I[Llniombepoce y eunaoky uwomupuwiapoeo2o ipyumy. [us
nepesipKku ompumanux eupasie 6y1a npogeedena inmepnpemayis pe3yibmamie GepPMUKANILHOZ0 eleKMPUYHO20 30HOYBAHHA HA
mepumopii niocmanyii 150 kB 00Ho2o0 3 2ipHuu0-36a2a4y8aibHUX KOMOIHAMIE: MAKCUMATbHA 8i0HOCHA NOXUOKA He Nnepesuyye
9,7 %, a cepeonsi — 3,6 %. bibun. 13, puc. 3.

Knrwouosi cnosa: eneKTpM4YHA MiACTAHLIfA, 323eMJIIOBAJIbLHMII NPHCTPIiii, BepTHKAJIbHE eJeKTPHYHE 30HAYBAHHS, YCTAHOBKA
nrom0Oep:ke, MeTox iHTerpo-1udepeHuiiiHux piBHAHD.

coefficient of installation. For the Wenner installation,
k=2nL, where L — distance between the electrodes.

Formulation of the problem. The procedure for
determining the soil resistivity as a component of testing
of the grounding arrangement (GA) for power stations
and substations is regulated in the IEEE standards [1, 2].
In this case, it is recommended to use the Wenner
installation for conducting vertical electrical sounding
(VES) of the soil. Although, in the general case, the soil is
a multilayer structure with many anisotropic inclusions,
the expressions to interpret VES curves in the form of a
two-layer geoelectric space with plane-parallel interfaces
between layers are mainly used. The quality of VES and
the interpretation of its results significantly affect the
accuracy of calculating the parameters of GA, and,
consequently, on the electrical safety of personnel and the
reliability of the substation equipment.

VES is carried out by injecting a test current by a
generator between current electrodes A and B and
measuring the voltage drop at a certain area of the soil
surface at potential electrodes M and N. The value of the
apparent resistivity is equal to the product of the ratio of
the measured voltage and current by the geometric factor
of the installation [3]:

U
:—k’ 1
Pic 7 (1)

where U is the voltage drop across the potential electrodes
M and N (see Fig. 1); [ is the current flowing through the
current electrodes A and B; &k is the geometrical

Fig. 1. The principle of conducting VES

The ratio of the spacing lengths of the current and
potential electrodes depends on the choice of the VES
installation, and the maximum distance between the
current electrodes is determined by the required sounding
depth. For the Wenner installation, the sounding depth is
equal to 1/3 of the spacing length of the current electrodes
[3]. Its advantages include:

e poor sensitivity to profile inclusions;
o direct relationship between electrode spacing and
sounding depth;

© D.G. Koliushko, S.S. Rudenko, A.N. Saliba
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e relatively simple expressions for calculating the
apparent resistivity due to the equality of the interelectrode
spacing between the current and potential electrodes.

In [4], based on the analysis of the experimental
VES curves in the locations of more than 600 energy
objects in Ukraine, it was shown that the vast majority of
soils at the locations of power stations and substations
have a three-layer structure (72,7 %), and another part
(19 %) has more than three layers (usually four).
Therefore, it is relevant to use interpretation tools with at
least four layers, this will cover more than 90 % of energy
objects in Ukraine. The authors in [5] based on the
solution of the basic problem of the field of a point
current source in a four-layer conducting half-space,
expressions were obtained for interpreting the results of
soil sounding by the Wenner installation. However,
carrying out of VES for operating substations, as a rule,
has to be performed in conditions of dense industrial or
urban development, which does not allow providing the
required sounding depth, which is several times greater
than the largest diagonal of the GA [6]. Analysis of the
literature shows that in the world, as a rule, models for the
interpretation of VES curves built on numerical methods
[7, 8] or using the method of images model [9] have
found application. It was shown in [10] that the
calculation error using such models can reach 20 %.

One of the ways to increase the sounding depth
while maintaining the spacing of the current electrodes
can be the use of a symmetric Schlumberger installation,
which is a common case of the Wenner installation.
However, a significant drawback is the lack of analytical
expressions for interpreting the sounding results.

The purpose of the work is to develop a
mathematical model for interpreting the results of soil
sounding by the Schlumberger method in the form of a
four-layer geoelectric structure.

Research materials. Interpretation of VES results is
an inverse problem of electrical prospecting and, in the
general case, is an ill-posed problem with many existing
solutions that differ from the true one [5]. In this case, the
relationship between the measured values of the apparent
resistivity and the parameters of this model is expressed
by integral equations.

To construct a mathematical model, it is proposed to
use the solution of a particular problem about the field of
a point current source, which, like the observation point,
is located in the first layer of a four-layer soil [5]. When
solving the problem, the following assumptions were
made: the current does not pass through the boundary of
the earth and the atmosphere, the interfaces between the
layers are plane-parallel, and within each of them the
electrical resistivity p; is uniform. It was assumed that a
point current source j is located in the first layer of a four-
layer conducting half-space with plane-parallel interfaces
(see Fig. 2). The electrical resistances of the first, second,
third and fourth layers are denoted by pi, py, p; and py,
respectively. The depths of the interfaces of the first and
second layers — /1, the second and third — /,, the third and
fourth — 7;.

The formulation of the problem under consideration
consists of the Laplace equation and additional
conditions. The electric field of a point current source in a

four-layer medium has axial symmetry, and the potential
does not depend on the y~coordinate; therefore, the
Laplace equation in a curvilinear orthogonal cylindrical
coordinate system takes the form:

2 2
6¢+16_¢7+6(p:0. 2)
zr ror g2
0 r
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Fig. 2. A point current source j located in the first layer
of the four-layer structure; P; (r}, z;) — observation point

Solution (2) is found by the Fourier method for
separation of variables [11]:

o0
o(r,z) = jJO(/lr)-(a,- ¥ +b, e_’&)d/i, 3)
0
where a; and b; are constants determined by soil
parameters, coordinates of a point current source and
observation point; A is a separation parameter of variables;
Jo 1s a zero-order Bessel function of the first kind.

The form of function (3) is common for all layers of
the conducting half-space. However, in each layer,
depending on the relative position of the point current
source and the observation point, the constants take on
their particular values. To find the constants a; and b; in
the first layer, we use the additional conditions:

e with an unlimited increase in the z-coordinate the
potential ¢ tends to zero, therefore
a4 =0; @
e in accordance with the principle of electric current
continuity at the interface between the i-th and (i+1)-th
layers the normal components of the vectors of the
electric current density are equal to each other:

100 1 09
pi O pig Oz
e from the condition of equality of the tangential
components of the electric field strength vector at the
boundaries of adjacent layers, at the interface between the
i-th and (i+1)-th the potentials are equal:
@i = Pisl; (6)
e the condition on the boundary of the conducting
half-space has the form

(6))

09
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Based on expressions (4) — (7), a system of linear
algebraic equations of the 7-th order with respect to the
unknown coefficients @; and b; was compiled. On the
basis of its analytical solution, an expression for the
potential of the electric field was obtained in [5].
Considering that when conducting VES, the point current
source and the observation point are located only on the
soil surface (i.e. z = 0 and # = 0), this expression will take
the form:

1 K
@11 (r 0)—ﬂ —+2K212 =
2z n=0y/r% +(2h + H,)?

+2K322 Kn +
n=04/7 +(2h2+H)

®)

+2K43Z Kn
n=04/7 +(2h3+H)

where K4, is the coefficient of soil heterogeneity equal

and H, are the coefficients

P +Pi
obtained as a result of the expansion of the function
characterizing the multilayer medium; » is the number of
the term of the series; m is the number of terms of the
series.

The values of K, and H, are found by the least
squares method [12] when approximating the function
F4(1), which characterizes a four-layer soil at A — co:

to Ky, =LH—li g,

1
Fy(2)= : ©)
Fz(2)
where F7 (4) is
FZ (/,L):l—K 1@722/11 —K3,2€721h2 —K4,3€_2/1h3 +
+K2,1K3, i(hZ hl) +K K ﬂ‘(h?a hl)

+ K3,2K4,3€7M(h3 ~ha) _ K2,1K3,2K4,3672/1(h3 “ha=h),

Thus, a basic expression was obtained for the
development of a mathematical model for interpreting the
VES results in the form of a four-layer geoelectric structure.

To develop a model that allows us to interpret the
results obtained using the Schlumberger method, we will
use the expression for determining the apparent resistivity
(1), the geometric configuration of the installation itself
(see Fig. 1) and the expression for determining the
potential on the soil surface (8).

Based on the principle of superposition, the voltage
at the potential electrodes M and N will be determined as
(10), where @uv, ¢y, @4y and gy are the values of
potential at electrodes M and N, induced from current
electrodes A and B, respectively.

Substituting the expression for potential (8) into (10)
and taking into account the symmetry of the
Schlumberger installation, the voltage drop will have the
form (11).

Taking into account (11), the geometric coefficient
of installation and transformations, we obtain expression
(1) in the following form (12).

U=0y —onN =| Puum, —@BuM, —| Pan, — @3y, 5 (10)
r:LAM r=Lpym r=LgN )':LBN
1 ul K m K
_dp| 1 +2ZK1+11 > L - L , an
2 | Lam LAN in1 nzoﬁAM2 +(2h; + hy)? n=0\/LAN2 +(2h; + hy)?
LyL n K " K
P V1L L I D) : - z (12)
Ly =Lan) | Lave Lav 5 O Ly ® + Qb+ hy)E ALy + Qb + )

Based on the obtained expression, a test version of
the program was implemented in Visual Basic for
Applications to interpret the results of VES by the
Schlumberger method. To check the obtained expressions,

the interpretation of the VES results (see Table 1) was
carried out on the territory of a 150 kV substation of one
of the mining and processing plants in the city of Kriviy
Rih (see Fig. 3).

Table 1
The results of experimental measurements by the Schlumberger method

Lyn/2, m 0,1 0,13 0,17 0,22 0,27 0,33 0,4 0,5 0,6 0,8 1
L/2, m 0,3 0,39 0,51 0,66 0,81 0,99 1,2 1,5 1,8 2,4 3

U/l Q 56,01 49,03 34,69 2791 23,07 19,72 16,39 13,53 11,87 9,491 8,231
P, Qm 70,38 80,1 74,11 77,16 78,27 81,78 82,39 85,01 89,5 95,41 103,43
Lyn/2, m 1,3 1,7 2,2 2,7 33 4 5 6 8 9
L/2,m 3,9 5,1 6,6 8,1 9,9 12 15 18 24 27

U/l Q 6,834 5,199 4,046 3,342 2,861 2,162 1,539 1,176 0,658 0,537
Pr, Q'm 111,64 111,07 111,86 113,39 118,64 108,67 96,7 88,67 66,15 60,73

Comparison of the results of soil sounding by the
Schlumberger installation and the interpretation of its
results for the same points shows a sufficient degree of

approximation (see Fig. 3): the maximum relative error
does not exceed 9.7 % (for the second point), and the
average relative error is 3.6 %. The results obtained can
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be used to determine the electrical properties of the soil,
including the propagation of an electromagnetic wave
with a short front, created by a special generator [13] that
simulates the lightning current.

4. Koliushko D.G., Rudenko S.S., Koliushko G.M. Analysis of
electrophysical characteristics of grounds in the vicinity
electrical substation of Ukraine. Electrical Engineering &
Electromechanics, 2015, no. 3, pp. 67-72. (Rus). doi:
https://doi.org/10.20998/2074-272x.2015.3.10.
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Fig. 3. Interpretation of VES results obtained by the
Schlumberger method

Conclusions.

1. Based on the analytical solution of the problem of
the field of a point current source located in the first layer
of a four-layer geoelectric structure, a mathematical
model has been developed for interpreting the results of
soil sounding by the Schlumberger installation in the form
of a four-layer geoelectric structure.

2.Based on experimental studies carried out at the
existing 150 kV substation, the correctness of the developed
mathematical model was confirmed. A test computer
program has been developed for the interpretation of soil
sounding results in an interactive mode.

3. The developed mathematical model will make it
possible to increase the sounding depth, and,
consequently, the accuracy of determining the
standardized parameters of the grounding arrangements of
power stations and substations.
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