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ENeKTpUYHi MalLvHK Ta anapaTu
YK 621.313.282

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

B.®. bontox, W.C. LLLykuH, J. Lasocki

BJIMAHVME HAYAJIbHOIO CMELWWEHNA OBMOTOK HA NMOKA3ATEJIN
SJIEKTPOMEXAHNYECKOIO NHAYKUMOHHOIO YCKOPUTEJIA
UNTNHOPNYECKOU KOHOUTYPALINIA

B enexmpomexaniunomy inOykyitinomy npuckopiosayi yuriHopuyHoi Kongizypayii Halbinebwa amnaimyoa cmpymy 6 oomomyi iHOyK-
mopa BUHUKAE NPU MAKCUMATLHOMY NOYAMKOBOMY 3CY6i, ane aMAIIMyoda cmpymy 8 oomMomyi aKops npu ybomy Havimenwa. Haiibi-
JbWaA 6eIUYUNHA CIPYMY 8 0OMOMYT AKOPS BUHUKAE NPU GIOCYMHOCHI HOUamKo8020 3¢y8y. Ilpu 36y0icenni 8i0 eMHICHO20 HaKONUYY-
6aua enepeii eneKMmpoOOUHAMIYHA CUA MINC OOMOMKAMU MAE NOYAMKO8Y NPUCKOPIOBANbHY | NOOAIbULY 2ANbMIGHY CKIA008I. Bracni-
00K Yb02O WEUOKICMb AKOPS. CNOYAMKY 3DOCMAE 00 MAKCUMANLHO BEAUYUHU, alle NOMIM 3MEHULYEMbCA 00 MOMEHMY 3aKIHYeHHS
enekmpomaznimnozo npoyecy. Ilpu 30yoxcenni npuckopiosaua 6io 0dicepena sminnoi nanpyeu ([[3H) mise cmpymamu 6 obmomrax
BUHUKAE (a308uUll 3CY8, WO NPU3EOOUMb 00 NOYEP20GOT 3SMIHU NPUCKOPIOGAILHUX | 2AIbMIGHUX CKIAOOBUX eNeKMPOOUHAMINHOT CUTU.
IIpuckopiosanvhi cK1a006i CUlU nepesasicaroms Hao 2anlbMiGHUMU CKIAO0BUMU, WO 3abe3neuye nepemiujens akops. Ipu yvacmomi
J3H 50 I'y amnaimyoa cmpymy 6 obmomuyi sikopsi meHuie, Hidic 8 06momyi inoykmopa. 3i 30invuennsm vacmomu /[3H ¢pazosuii 3cys
MIdIC CMPYMAMU 0OMOMOK 3MEHULYEMBCS, CMPYM 8 00MOmMYi IHOYKMOpa 3MEeHUYEMbCA, a 8 00Mmomyi axopsa 30inbuyemocsa. Ilpucko-
PIOBANIbHI CKAAO08I Uy 30LI6UWYI0MbCA, a 2anbMieHi — smenwyomocs. Ilpu niosuwenni yacmomu J{3H 0o 500 I'y winenicms cmpy-
MYy 8 00MOMYI SIKOPS NEPEBUULYE AHAN0TURY 8eluyuny 6 oomomyi inoykmopa. bibn. 19, puc. 9.

Knrouosi cnosa: eNeKTPOMEXaHiYHUIA iHAYKUiNHWIA NpYCKOpoBaY, UuniHApMYHa KOHMIrypaLisi, Mo4aTKOBWiA 3CyB 0OMOTOK,
EMHICHMI HaKoNUUyBaY eHeprii, [Kepesio 3MiHHOT Hanpyry, LWBUAKICTb SIKOPS.

B anexmpomexanuueckom uHOYKYUOHHOM YCKOpUmene YuruHOPU4eckoll KoHguaypayuu Hauborbuas amniumyoa moka 6 06Momxe
UHOYKMOPA 803HUKAEN NPU MAKCUMATILHOM HAYATGHOM CMEWeHUU, HO AMIIUMYOd MoKa 8 0OMOmKe AKOPs NPU SMOM HAUMEHbULAS.
Haubonvwiasn senuyuna moka 6 06Momke aKops 803HUKAem npu OMCymcmeul HaudaabHo2o cmewjerus. IIpu 6036yxcoenuu om emxo-
CMHO20 HAKONUMENS, SHEPSUU SNEKMPOOUHAMULECKAS. CULA MEICOY OOMOMKAMU UMeem HAYAbHYI0 YCKOPSIOWYIO U NOCIEOVIOUYIO
mopmo3awylo cocmasnaiowue. Benedcmeue smozo ckopocme AKops enauane gospacmaem 00 MAKCUMATLHO 6CAUHUNbL, HO 3amem
YMeHbULAem sl K MOMEHNY OKOHYAHUS INeKMPOMAHUMHO020 npoyecca. IIpu 6030yacoenuu ycKopumens om UCmoyHuKa nepemeHHo20
nanpsivicenus (MIIH) meacdy mokamu 6 06Momrax 603nuxaem pazoevlii cogue, npusoOAUIl K GO3HUKHOBEHUIO 4ePeOVIOWUXCS YCKO-
PAIOWUX U MOPMOZAUUX COCMABTAIOWUX INEKMPOOUHAMUYECKOU CUtbl. YCcKopaiowjue cocmasisiowjue cuivl npeobradarom Hao
MOPMOZAUUMU COCMABTAIOWUMU, 4mO obecneuusaem nepemewenue axops. Ipu wacmome MITH 50 I'y amnaumyoa moka 6 06mom-
Ke AKops MeHvule, vem 6 oomomke unoykmopa. C ysenuuenuem wacmomel UITH ¢hazosulii cogue medxncoy moxamu 0OMOMmMoOK yMeHb-
waemcs, MoK 8 0OMOmKe UHOYKMOPA YMEHbUAEMCs, d 8 0OMONKe AKOPA YBenUUUSAemcs. Yckopsanuwue cocmasanuue cuibl yee-
auNUSarOmcs, a mopmosswue ymenvuiaiomes. Ipu nogviwenuu yacmomor UITH 0o 500 'y niomnocms moxka 6 o6momke AKOps.
npeeviuiaem analo2uuHylo eeluduny 6 oomomke undykmopa. buén. 19, puc. 9.

Kntoueevie crosa: 3NEKTPOMEXaHNUECKNIA MHAYKLUMOHHBIV YCKOPUTESb, LMIMHAPMYECKAs KOH(UIypauus, HauaibHoe cMe-
LieHne 06MOTOK, €MKOCTHOW HaKonnTesNb JHEPI NN, NCTOYHMNK NEPEMEHHOI0 HaNPAXXeHUA, CKOPOCTb AKOPA.

BBefieHMe. DNEeKTPOMEXaHNYECKNE WNHAYKLMOHHbIE
yckoputenn  (AY) obecrneumBaloT pasroH MCMOMHU-
TeNbHOrO 3/1EMEHTA 0 BbICOKOW CKOPOCTM Ha KOPOTKOM
aKTMBHOM YyuacTke [1-5]. B 3TUX KoaKcWa/bHbIX YCKOPU-
Tensx HeMmoABMKHas 06MOTKa MHAYKTOpa, BO30Yy>kaaemast
MB0O OT eMKOCTHOro Hakonmutens sHeprum (EHJ), nnbo
OT UCTOYHMKA nepemeHHoro Hanpsbkenus (UMH) nHay-
uMpyeT TOK B 06MOTKe sikops. BsaumogeiicTBue Toka
06MOTKM SKOPS C MarHUTHBLIM M0/ieM 06MOTKM MHAYKTO-
pa NPUBOAMT K BO3HUKHOBEHWIO 3M1EKTPOAMHAMMWYECKON
cunbl. Tof geiicTBue akcManbHOM 3NEKTPOAMHAMUYECKON
CWbl 06MOTKa AKOpPSi BMECTE C UCMOMHWUTENbHLIM 3/1e-
MEHTOM COBEpLUAKT JIMHEAHOE MepeMeLeHne OTHOCHU-
TeNbHO O6GMOTKM WHAYKTOPa, YCKOPSACb A0 BbICOKOW
CKOpPOCTW. Bce 3neKTpOMarHWTHbIE U 3/1eKTPOMEXaHnye-
CKue npoueccol B QMY npoTekarT KPaTKOBPEMEHHO C
nokasaTtensMu, KOTopble 3HaUYUTESIbHO MPEBbILIAKT COOT-
BETCTBYIOLLME MNOKa3aTeNN MIMHENHbIX 3MEKTpOABUraTe-
Neit ¢ NPOAO/HKNTENbHBIM PEXMMOM PaboThl.

3MY uncnonb3yoTes BO MHOTUX Cepax Hayku u
TEXHWKU. Takue YCKOPUTENWN MPUMEHSIIOTCA B WCMbITa-
Te/lbHbIX YCTaHOBKax Ha YAapHble Harpysku, B OGbICTpO-
JENCTBYHOLMX 3/IEKTPUYECKMX anmnapaTax U KnarnaHHO-
KOMMYTaLUMOHHOI annapaType, B MyCKOBbIX YCTaHOBKax
n ap. [6-11] Tak, B paboTe [12] onvcaHa ycTaHOBKa A/
NCMNbITAHWIA 3NEKTPOHHON TEXHWKW MPY CTONKHOBEHWM C

NOABMXHbIM 06beKTOM. CTapTOBbIE MYCKOBbLIE YCTAHOBKU
MCNOMb3YHTCA TakKe AN MHOTUX KacCoB 6ECMMUIOTHBIX
netaTenbHbIX annapaToB [4, 13]. Ha ocHoBe 3MY pa3spa-
6aTbIBAOTCH CUCTEMbI aKTMBHOI 3alluTbl OGPOHMPOBAH-
HbIX YCTPOMCTB OT BPaXKeCKMX 0OBEKTOB Ha noanete [14].

OcobeHHOCTU 1 npobnembl ANY. ANY ¢ oceBoit
CYMMETPME 0BMOTOK MOTYT UMETb AMCKOBYHO UAW Ly-
NIVMHAPUYECKYIO KOHMrypaumio. B AMCKoBOM yckopuTe-
ne 0B6MOTKM WMHAYKTOpPa M SKOPS BbIMO/HEHbI B (hopMme
OTHOCUTE/NIbHO TOHKWX AWCKOB C MOAOGHBIMM paguanb-
HbIMU pa3mepamu. B MCXOAHOM MOMOXKEHWM AWCKOBbIE
06MOTKM yCTaHaB/MBAKOTCA Ha MWHUMA/IbHOM aKchasb-
HOM pacCTOsiHUM ApYT OT Apyra, Npu KOTOPOM MarHWTHas
CBA3b MakcyMaibHa. HO Mo mepe YCKOpeHus 06MOTKM
AKOPA MarHWTHas CBA3b MEXZy OOMOTKaMy Pe3ko CHU-
aetcs [15].

B uUMIMHApPUYECKOM ycKopuTese 06MOTKU BbIMON-
HEeHbI B (hopMe MONbIX LWIUHAPOB, aKCuasibHble pasmepbl
KOTOPbIX CYLLECTBEHHO MPEBLILLAIOT paguanbHy Tos-
WuHY 06MOTOK. B Takom yckopuTene 06MOTKa fKOpS
MOXET COBepLlaTb aKCUa/bHOE MepeMeLLeHNe BHYTPM
WU CHapy>Xn 0BMOTKM MHAYKTOpa. OTO AenaeT TaKyto
KOHCTPYKUMIO  MPEANOYTUTENbHOW,  MOCKOMbKY — Npu
60NbLIEM MEPEMELLEHNMN OOMOTKM SIKOPS, @ 3HA4YUT U
60nbLIEM BpEMEHW B3aMMOMENCTBUS 06ecrnevmBaeTcs
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3(hpeKTMBHAA MarHWTHas CBSi3b MeXAy obmoTkamu. Ha
puc. 1 npeacTtaBneHa cxema ANY UMAMHAPUYECKON KOH-
hurypaummn ¢ HemnofBMXHOW HapyXXHO OBMOTKOA WH-
AykTopa 1 1 yckopsieMoii BHYTpeHHel 06MOTKOI sikops 2.
Mo Mepe akCMasbHOrO MepemelLeHns 0BMOTKM AKOpA
BHYTPU 0OMOTKM MHAYKTOPa MarHWTHas CBfi3b, XapaKTe-
pusyemasi B3aIMHOI WHAYKTUBHOCTbIO My, Mexay 06-
MOTKaMW, COXpaHsieTcs Ha 6GONnblIeM pacCTOSHWKM MpK
nepeMeLLEHN 0BMOTKM SIKOpPSt MO CPaBHEHWIO C AMCKO-
BbIM yCKOpUTENEM. ITO [enaeT KOHCTPYKLMIO YCKopuTe-
NS UWNNHAPUYECKON KoHurypauun 6onee nepcrexkTuB-
HOWA MO CPaBHEHMIO C IUCKOBOI KOHAMIypaLyeil.

1.5

1.0

0.5

0 =
o] 10 20 30 Zp,rmmn 40

Puc. 1. 3aBUCUMOCTb B3aMHOWN UHAYKTUBHOCTM MeX 4y 06MOT-
KamMn My, 1 ee rpagueHTa dMy,/dz SMY oT HauanbHOro cMeLle-
HWs 06MOTOK: Zy 1 — 06MOTKa MHAYKTOpPa; 2 — 06MOTKa AKOpS

AKopb MOXXET 6bITb BbIMOMHEH B BUAE MHOFOBUTKO-
BO1 KOPOTKO3aMKHYTOW O6MOTKWU UK B BUAE MacCUBHO-
ro 3/71eKTPONPOBOAALLEr0 3neMeHTa. MaccuBHbI SKOpPb
KOHCTPYKTUBHO MpoLLe 1 06/1aAaeT MOBbILLEHHON HadeX-
HOCTbt. OfHaKO WHAYLMPOBaHHbIA TOK B MAacCHBHOM
SKOpe pacnpefenseTcs HepaBHOMEPHO MO 06beMy, 4TO
HeraTMBHO B/IMSIET Ha 3M1IEKTPOMEXaHUYECKME NMOKa3aTeun
3NY. B ni0THO HAMOTaHHOM MHOTOBUTKOBOM KOPOTKO-
3aMKHYTOM $IKOpe, MPOMNUTaHHOM W 3aMOHO/MYEHHOM
3MOKCUAHON CMOJONA, HECMOTPSA Ha 60Nee CNOXKHYHO KOH-
CTPYKLIMIO U MOHMKEHHYH HafeXXHOCTb, 06ecneymBaeTcs
paBHOMEPHOE pacnpejeneHne NHAYLMPOBaHHOIO TOKa Mo
obvemy [6]. OTO pfenaeT ero 6onee MEPCNEKTUBHBIM,
0C06EHHO Ana ANY LUANHAPVNYECKOWA KOH(UIypauun.

OfHako B 3UMY UMANHAPUYECKON KOH(Urypauum
BO3HMKAET Mpob6sieMa Bblbopa HavabHOMO0 CMELLEHUS Zg
06MOTKM SIKOPSt OTHOCUTENbHO 06MOTKM MHAYKTOpa. 3TO
CBSA3aHO C TEM, YTO MNPW OTCYTCTBUW YKA3aHHOIO CMeLLe-
HWS, KOrfa LeHTpasbHble M0CKOCT 0OMOTOK COoBMaja-
0T, MarHuUTHas CBfi3b MeXgy 06moTkamu 6yfeT Haw-
6onblueii. COOTBETCTBEHHO M WHAYLMPOBaHHbIA TOK B
06MOTKe AKops OyaeT Hambonblumm. OfHaKo akcuaibHas
3NeKTPoAUHAMMYECKas cuna

Mz (9),

(L) w®RO—

rae iy, i, — TOKM B 06MOTKax MHAYKTOPa 1 KOpsi COOTBET-
CTBEHHO,

npvBOAALLas 0O6MOTKY SIKOpsi B ABMXKEHWE, OYAeT OTCyT-
CTBOBaTb. JTO CBA3aHO C TeM, 4To cuna f, mponopuwo-
Ha/lbHa rPagueHTy B3aMMHOWM MHAYKTUBHOCTU B akCuab-

HOM HanpaeneHun dMy,/dz. o mepe yBenMyeHus Ha-
Ya/IbHOTO CMELLEeHUs Zo 0BMOTKM SIKOPS 2 OTHOCUTESTbHO
06MOTKM MHAYKTOpa 1 BEMYMHA B3aMMHOI NHAYKTUBHO-
cTn My, mexxay o6MoTKamm ocnabnsaeTtcs, B TO BpeMs Kak
rpagueHT B3aMMHOW MHAYKTUBHOCTY dMy,/dz nmeeT mak-
CUMYM NPV OMpPeAeNeHHON BEINUNHE Zo (puc. 1).

MoCcKoMbKY TOKU B 06MOTKax YCKOpUTENs MpoTeka-
0T KpPaTKOBPEMEHHO, TO BO3HMKAET BOMPOC O BbIGOpE
HaYa/IbHOTO CMELLIEHNS Zg 0OMOTKM SKOPS 2 OTHOCKTESb-
HO 0GMOTKM MHAYKTOpa 1, Npy KOTOpom 3AUY UMAnHA-
pVYECKOi KOHUrypaumm ob6ecrneymBaeT HanbOMbLUIYHO
CKOPOCTb OBMOTKM AKOPS BMECTE C WCMOHUTENTbHbIM
3/1EMEHTOM Ha BbIX0[e YCKOPUTENS Vyy.

Llenblo cTaTbyn fBnseTCs OnpegeneHve BAUSHUA
HaYa/IbHOrO CMeLLeHMs 0OMOTOK Ha MoKasaTenu 3nek-
TPOMEXaHNYECKOro MHAYKLUMOHHOTO YCKOPUTENS LUAVH-
JPVYECKOI KOH(MIrypauuy npu MMMynbCHOM BO36yXxae-
HWWM OT EMKOCTHOIO HaKOMUTE/St SHEPTMM M MPU KPaTKo-
BPEMEHHOM BO30Y)XXAEHUWN OT WCTOYHMKA MEPEMEHHOIO
HanpsHKeHus.

Matematnyeckas mogenb 3UNY. Paccmotpum
3N1EKTPOMEXAHNYECKNIA  MHAYKLNOHHBIA YCKOpUTENb, Y
KOTOPOro O6MOTKWM MIOTHO HaMOTaHbl MeAHbIM MPOBO-
[OM KPYrfioro CeYyeHUss U BbINOSIHEHbI MOHOMUTHBIMU
MyTeM MPOMMUTKU 3MOKCUAHOM CMO/ION C MOCNeLY LM
ee 3aTBepaeBaHueM. [N yyeTa B3aMMOCBA3aHHbIX 3/1eK-
TPWUYECKMX, MArHUTHBIX, MEXaHWYECKUX W TEMsoBbIX
MPOLIECCOB, a TakXKe psifia HeNMHelHbIX 3aBUCUMOCTEN,
HarnpyMep COMPOTMB/IEHUS OT TEMNEPaTypbl, UCMOb3yeM
COCpefOoTOYeHHbIE MapaMeTpbl OBMOTOK, a peLIeHus
YPaBHEHMWIA, ONMCbIBAKOLLMX YKa3aHHbIe MPOLECcChl, npeg-
CTaBMM B peKyppeHTHOM Buie [16]. MaremaTtunyeckas
Mogens 3UY yuuTbIBAET MEHSIOLLYOCA MarHUTHYHO
CBA3b MeXJy 06MOTKamMu B npouecce BO30YXaeHua 06-
MOTKM WHAYKTOpA.

Mpun pacueTe nokasaTeneil U XapaKTEPUCTUK YCKO-
puTens Mcnonb3yeTcs airopuTM LMKIMYECKOro AeicT-
BusA. [na atoro pabouuii mpouecc pa3duBaeTcs Ha pag
UYNCNIEHHO MaslblIX MHTEPBasioB BpeMeHn t = tyq — ty, B
npefenax KOTOpbIX BCe BEIMUMHBLI CUMTAOTCH HEU3MeH-
HbIMU. Ha k-OM UmMK/ie, MCnonb3ys B Ka4eCTBE HauasibHbIX
3Ha4YeHUli NapaMeTpbl, pacCUMTaHHbIE B MOMEHT BPEMEHM
t,, OCYLLECTBNAETCA pacyeT MapamMeTpoB B MOMEHT Bpe-
MEHW ty.1. 15 onpefeneHns TOKOB Ha MHTepBasle Bpeme-
HW At NCNONb3yeM JINHENHbIE YPaBHEHNS C HEU3MEHHbI-
MW 3Ha4YeHVAMM NapameTpoB. Manyto Be/IMUMHY pacyet-
HOro wara At Bbl6Mpaem Takum 06pa3oM, 4YTOObl OHa He
OKasblBajila CYLLECTBEHHOIO B/IMAHUA Ha Pesy/bTarhl
KOMMbIHOTEPHOrO pacyeTa, 06ecrneymsast Npu 3TOM Heob-
XO4UMYH TOYHOCTb.

3meHeHWe NpOCTPaHCTBEHHOrO MOMOXEHWs 006-
MOTKM SKOPS YUMTbIBAETCS M3MEHEHMEM MOTOKOCLene-
Hus Y mexxgy o6moTkamm [16]:

9 Mgpdn v, @i, Mz,
dt dt dz

roe n = 1, 2 — vHAeKcbl 06MOTOK WMHAYKTOpa W sAIKops

COOTBETCTBEHHO; V, — CKOPOCTb MepemeLLeHnst 06MOTKM

SIKOpS BO/b OCY Z.

Hava/ibHble yCnoBUs MaTEMaTUYECKOR MOAenn:
i,(0) = 0 — TOK n-0ii 0BMOTKW;
h,(0) = zo — nepemelLeHNe 0BMOTKY AKOPS;
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Ta(0) = Ty — Temnepatypa n-oii 06MOTKN;

uc(0) = Uy — HanpsixeHne EHJ;

u(0) = Uy, sin , — HanpsbxeHne UIMH;

v;(0) = 0 — cKopoCTb 06MOTKM SIKOPS BAO/b OCU Z,
rae Up, — aMnnTyaa HanpsixeHus;

=0 — HavanbHas asza HanpsHxkeHns UMH.

MaTtemaTnyeckass MOAENb 3MEKTPOMAarHUTHbIX Mpo-
ueccos ANY npu Bo3byxaeHnn oT EH3 npegctasneHa B
pabote [17], a npu BO36YyXaeHUn ot UIMH — B paborte
[18]. MexaHnueckne NpoLECChbl YCKOPUTENS YUNTbIBAKOT
Maccbl O6MOTKM SKOPA W WCMOSIHUTENIbHOTO 3/1EMEHTA,
MIHOBEHHOE MOJIOXKEHME OBMOTKM SKOpS, 3/7eKTPOAMHa-
MUYECKYIO CUNY MeXay OOMOTKaMM K aspogmHammye-
CKOe COMpOTMB/IEHNE BO3AYLIHON cpedbl [15]. Tennosble
MPOLECChI YCKOPUTENSA YYUTBIBAIOT YAENbHYIO TEnnoem-
KOCTb,  TEMMOMPOBOAHOCTb,  MAOTHOCTL  MaTtepuana,
YLeNbHOe COMPOTUBNEHWE W NAOTHOCTU TOKOB j, 06MO-
TOK. Ha oxnaxgatoLmx noBepxHOCTSX 06MOTOK WUCMOSb-
3ylOTCA TpaHuyHble YCMOBMS TPETLErO POfa, a Ha ocu
CYMMETPUM — FPaHNYHbIE YCI0BUS BTOPOro poga [19].

B KauecTBe OCHOBHbIX Nokaszateneii ANY ucnonb-
3yHOTCA aMnnTyfbl MIOTHOCTE TOKa B 0OMOTKAaX WH-
AYKTOPA jim W SKOPS jom, aMNUTYAA 3NEKTPOAMHAMMYE-
CKOI cUnbl Mexay o6MoTKamu f,,,, HanmbobLLas BeNNYK-
Ha CKOPOCTYU IKOPS V,m, CKOPOCTb AAKOPS Ha BbIXOAE YCKO-
PUTENS Vy, KOTAA 3aTyXaloT 3MeKTPOMarHUTHbIe npovec-
Cbl, W NPEBbILLEHUA TeMMNepaTypbl 06MOTOK UHAYKTOpPa 0;
1 aKops 0,.

MapameTpbl ANY. PacCMOTPUM 3N1eKTpOMeXaHUYe-
CKWi1 YCKOpUTE/b CO CNEAYHOLWMUMI NapaMeTpammn; 06MoT-
Ka WHAYKTOpa MMEET BHELWHWA anameTp Die=39 MM,
BHYTPEHHUIA guameTp Dyj=27 MM, akCuanbHyl BbICOTY
H;=45 mm, uncno ButkoB N;=120; 06MOTKa SIKOpS UMeeT
BHEWHWIA AnameTp Doe=26 MM, BHYTPEHHUIA AnameTp
D,in=20 MM, akcnanbHyto BbicoTy H,=30 MM, 4yMCNo BUT-
KoB N,=40. O6MOTKM HaMOTaHbl MefHbIM MPOBOLOM
KPYrnoro ceveHnst gmameTpom do=1,3 mm.

EHO umeet aHepruo Wo=625 K 1 peasimsyertcs B
OBYX BapuaHTax. BapuaHT EHO | — 3apagHoe Hanpse-
Hue Uy=500 B 1 emkocTb Cy=5000 MK® 1 BapnaHT EH3
Il — Uy=707 B, Cy=2500 MK®, koTOpble 06ecneymsatoT
PasIMYHYO A/INTENbHOCTb 3NEKTPUYECKNX NPOLLECCOB.

VICTOYHMK MEPEeMEHHOr0 HamnpsXKeHUs WUMEeT am-
nautyay Hanpskenmsa U,=100 B npu yactotax 50, 250 un
500 'y 1 NogKM4aeTcs K 0OMOTKE MHAYKTOpa Ha Ko-
poTKoe Bpems (t=45 mc).

PacCcMOTPUM BAWSHWE HAYa/IbHOrO CMeLLEeHns Zg
0OMOTKM SIKOPS OTHOCUTENIbHO OBMOTKM WHAYKTOpa Ha
XapaKTepucTukn ANY LUANHAPUYECKOW KOHDUTypaumu.
3ameTuM, 4TO ANA YCKOPUTENS C YKa3aHHbIMU reoMeTpu-
YeCKMMU napameTpaMun Habosbluas BeNnYMHa rpajueHTa
B3aMMHOA MHAYKTMBHOCTM dMj,/dz vMeeT MecTo npu
Zom=10 MM (puc. 1).

XapakTepuctnukm Y npu Bo30Y)KAEHUN OT em-
KOCTHOIO HaKOMWUTENS 3Hepruu. PaccmMoTpuM XapakTe-
PUCTVKWN YCKOPUTENS MPU OTCYTCTBUM Ha4asilbHOro CMe-
LeHmns (zo=0), Npy MakcMManbHOM CMeLLEeHN (Z;=20 MM)
N Npy NMPOMEXYTOYHOM CMELLEHUN, B KOTOpOM ob6ecne-
4MBaOTCA HaMbO/bLUME CKOPOCTU AKOPS Ha BbIXOge Yc-
KOPUTENS V.

Tokn B 06MOTKax 3WY uMeloT KonebaTtenbHO-
3aTyxaroLnin xapakTep (puc. 2,a).

1.5 :
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Puc. 2. SnekTpruyeckme (a) U MexaHuueckue (6) XapakTepucTuKu
3ANY npu C,=5000 Mk®P, Uy=500 B

Mpn mncnonb3oBaHUK BapuaHTa EHO | HambonbLuas
amnauMTyga nNAoOTHOCTM TOKa B 0OMOTKE WHAYKTOpa
jim=1,12 KA/MM® BO3HWKAET MPWU MaKCUMa/bHOM Haya/lb-
HOM CMeLLEeHUM, HO aMNAUTYAA MI0OTHOCTU TOKA B 0OMOTKE
AKOPA NP 3TOM  HauMeHblad — jo;m=0,2 KA/MM.
Hanbonbluas BenmymMHa NI0THOCTU TOKa — jom=1,4 KA/MM?
BO3HWKAET Mpy OTCYTCTBUM HayaNbHOro cMelleHus. OT-
METUM, 4YTO NpY NHOOOM HaY&/IbHOM CMELLEHNN Zg TOKW B
00MOTKax MPaKTMYeCcKK 3aTyxaroT vepes 10 mc.

AnekTpoguHammnyeckas cuna f, mexgy 06moTKamu
UMEET Haya/lbHY0 YCKOPSHOLLYIO (MONOXMTENBHYIO) W MO-
CNefytoLy0 TOPMO3ALLYIO (OTpMLATESbHYK) COCTaBASHO-
wme (puc. 2,6). YckopsitoLas cocTaBnatoLas Cusbl BO3HU-
KaeT Mpu NPOTUBOMOIOXHBIX NOMSAPHOCTAX TOKOB B OOMOT-
Kax, a TOpMO3ALLasA — NPy OAMHAKOBbIX MOJIAPHOCTAX TOKOB.
Mpy NPOMEXYTOUHOM Haya/lbHOM CMELLEHUN Z;=8 MM aM-
NAMTYAa YCKOPSIHOLLEA COCTaB/AOLWEN CWU/bl COCTaBNSET
f,m=1,64 kH. Bcnefctare Takoi 3akOHOMEPHOCTW M3MEHE-
HWS 3NEKTPOAMHAMMNYECKON CWMbl, CKOPOCTb AIKOPS BHaYa-
Nle BO3pacTaeT A0 MaKCUMa/lbHO BEINYMHBI V,,,=5,94 m/c,
a 3aTeM YMEHbLLAEeTCA K MOMEHTY OKOHYaHWS 3M1eKTpomar-
HWTHOro npouecca B 2,23 pasa. [epemMeLleHne 06MOTKM
fKops h, HeNMHENHO YBENUMBAETCS CO BPEMEHEM Ha aK-
TUBHOM YYaCTKe pa3roHa, Ha KOTOPOM MPOWCXOAMT 3/eK-
TPOAVMHAMMYECKOe B3aMMOAEACTBME MEXAY O0OMOTKaMM.
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OyeBWaHO, YTO BeNMYMHA MepemeLleHunst h, CyLecTBeHHO
BbILLIE NPV HAYa/IbHOM CMELLEHUN 0BMOTOK Zo=8 MM, Yem
npu ;=20 mMm. Mpn z,=0 MM MexaHWYecKue MokKasaTenun
3NY uMAVHAPUYECKOIA KOH(UIypaLmi paBHbl HyH0. Mpw
Zo=8 MM MpeBblLLEHWE TeMMepaTypbl 06MOTKN MHAYKTOpPa
coctasnsetr 0;=6,3 K, a npe.bileHVe TemnepaTypsbl
06MoTKM fkops — 6,=2,4 K.

Mpn ucnonb3oBaHWn BapuaHta EH3 Il amnantygpl
MNOTHOCTE TOKOB B 06MOTKax 3NY yBenMuMBatoTCS
(pnc. 3,a). Hanbonbluas aMnaMTyaa nNnoTHOCTM TOKa B 06-
MOTKE WHAYKTOpA BO3HWMKAET MPU MakCUMabHOM Hayaslb-
HOM CMeLLeHNn 2o=20 MM W COCTaBNseT ji,,=1,28 KA/MM.
AMNAUTYZA NI0THOCTU TOKa B 0OMOTKE AKOPS NPy 3TOM
MUHUMa/IbHA U COCTaBNAET jm=0,26 KA/MM?. Mpu oTCyT-
CTBUW CMeLLeHUs (zo=0 MM) NNOTHOCTb TOKA B 06MOTKE
AKOPSA MaKCUMasbHa 1 COCTaBNIAET jon=1,9 KA/MM,
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Puc. 3. AnekTpunyeckme (a) N MexaHUYeckue (6) XapaKTepuCTUKK
3ANY npu C,=2500 mk®P, Uy=707 B

AnekTpoauHammyeckaa cuna f, mexgy o6MoTKaMu
TaKKe UMEET HaYya/IbHYH YCKOPAIOLLYHO W MOCNEAYHOLLYIO
TOPMO3ALLYI0 cocTaBnswowume (puc. 3,6). Mpu npomexy-
TOYHOM Haya/lbHOM CMELLEHUM 0BMOTOK (2p=6 MM) am-
NANTYyAa YCKOPSIOLWE COCTaBNAOLWENA Cifbl yBEIMYMBa-
eTcs 40 BenmumHbl 2,9 KH. CKOpoCTb 0OMOTKM SIKOpS
nepBoHaYyaNbHO BO3PACTaeT [0 MaKCUMabHO BESIMYUHBI
V;n=7,91 M/C, a 3aTEM YMEHbLLAETCA K MOMEHTY OKOHYa-
HWA 3NEeKTPOMarHUTHOro npouecca B 1,54 pasa. [Mpu
Zo=6 MM MpeBbILLEHNE TEMNePaTypPbl 06MOTKU MHAYKTOPA

coctasnser 6;=5,9 K, a npeBbieHVe TeMmnepaTypsbl
006MOTKM sikops — 6,=5,0 K.

Takmum 06pa3omM, HECMOTPA Ha Gonee KOPOTKOE Cu-
NOBOE BO3AENCTBYME, NCMOMNb30BaHNe EH3 ¢ MOHMKeHHO
eMKOCTbi0 Cy M MOBbLILLIEHHBIM Hanps>keHnem U, obecne-
umBaeT 6osiee BbICOKME CKOPOCTHbIE MoKaszatenn 3NY
LWMHAPUYECKO KOH(Urypaumn. OfHaKo 3TO peanmsy-
€TCS MPW Pa3IMYHOM HaYa/lbHOM CMELLIEHM 0BOMOTOK Zq.

OUEHNTb BAMAHME HAYabHOIO CMELLEHNS 06MOTKM
AKOPA Zo Ha NOKas3aTenu yCKopuTens, BO36Y>KAaemoro ot
EH3, nossonger puc. 4. Hesasmucumo ot BapnaHta EHO
OCHOBHblE 3aBMCMMOCTM 3UY UMelT cregytowmii Xa-
pakrtep. NMpn ucnonb3oBaHuM BapnaHta EH3 | n yeenn-
YyeHun zo o1 0 go 20 MM amnauTyga naoTHOCTU TOKa B
06MOTKE WHAYKTOpa BO3pacTaeT He3HauuTebHO (Ha
11,2 %), a B 06MOTKE AKOPS YMEHbLUIAETCA 3HAYMTENbHO
(B 6,98 pa3). Bcnencteume aTOro npe.biLLeHWe TeMMepaTy-
pbl 06MOTKM MHAYKTOpa Bo3pacTaeT Ha 19,1 %, a npeBbI-
LeHWe TemnepaTypbl OOMOTKM SKOpPS YMEHbLUAETCA B
32,1 paza. OgHako amnAuTyga 31eKTPOAMHAMUYECKON
cunbl f,;, M CKOPOCTb Ha BbIXOAE YCKOPUTENS Vi UMEKT
BblpaXKeHHble MaKCUMYMbI B 3aBUCUMOCTU OT HAYaIbHOro
CMeLLeHMs 06MOTOK Zg. Hambonbluas amnantyga cunbl
fm=1,72 KH umeeT mMecTo npu zo=6 MM, a HambonbLUas
CKOPOCTb V,=2,66 M/C — Npn Zo=8 MM.
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Puc. 4. 3aBucmMocTb nokasareneli MY 0T Hauya/lbHOTO CMELLIEHUS
06MOTOK Npu BO30YxaeHUn oT EHS

Mpun BO36YXAeHUM SNY oT BapuaHTa EHO Il am-
MAUTYAbl NIOTHOCTEN TOKOB B 06MOTKax YBeMUMBAKOTCS,
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KaK ¥ npeBsbILeHWs ux Temnepatyp. OfHaKo HanbosbLas
CKOPOCTb V;=5,11 M/C MMeeT MecTo Npn 25=6,5 MM.
XapakTtepuctnkn 3NY npu Bo36YXAEHUN OT UC-
TOYHMKA MEPEMEHHOr0 HanpsXeHWs. PaccMOTpUM BO3-
6yxxgeHue SUNY UUAMHAPUYECKOW KOH(Urypaumum npw
BO30OYXKAEHWN OT MCTOYHMKA MEPEMEHHOIO HaMpsPKEHNS.
Ecnm UIMH umeet yactoTty v=50 L, TO Mexay TOKamMu B
06MOTKaxX MpW Ha4YalbHOM CMELLEHNN Zo=6 MM BO3HWKAET
3HAYUTE/bHbIN (ha30BbIV CABUT, MPUBOASLLIMIA K BO3HWKHO-
BEHVIO YepeLyHOLMXCA YCKOPAKOLWMX U TOPMO3SALLMX CO-
CTaBMSIIOLLMX SMEKTPOANHAMUYECKIMX cun (puc. 5).

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

U
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Puc. 5. SnekTpomexaHnyeckme xapakTepuctuku NY npu
B036y»aeHun ot UIMH ¢ yacTtoToii 50 My npu 2o=6 MM
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MMOCKONbKY YCKOPAIOLWWME COCTABNAKOLLME  CUSIbI
npeobnagatoT Hag TOPMO3ALLMMYK COCTaBASIOWMMA, TO
06MOTKa SIKOpS MepeMeLlaeTcsd OTHOCUTENIbHO 0BMOTKM
WHAYKTOpa Ha paccTosHue h, o cKopocTbio V4=0,51 m/c.
Mpn Takoii vactote WIMH amnanTyga Toka B 06MOTKe
SKOPA MPUMEPHO B 4 pa3a MeHblue, YeM B OOMOTKE WH-
JykTopa. MNpuyeM NIOTHOCTL TOKa B 0BMOTKE SIKOpS No
Mepe ee nepeMeLleHnst OTHOCUTENIbHO 06MOTKMN UHAYKTO-
pa yMeHbLLaeTcs.

MockonbKy ¢ yBenumuyeHnem yactoTbl VMH ¢a3oBbIii
CLOBWT MEXAY TOKaMM 0OMOTOK YMEHbLUAeTCsi, TO COOT-
BETCTBEHHO YMEHbLUIAETCA U TOPMO3ALLAA COCTaBNAOLLAA
3M1eKTPOAMHAMUYECKOW cuibl. Ha puc. 6 npegcTasneHbl
3/1EKTPOMEXAHNYECKME XapaKTEPUCTUKN YCKOPUTENS Mpw
B0O36Yy>aeHun oT UIMH c yactoToin 250 'y npu 25=8 M.
Mpn Takom BO36Y)XXAEHMW MO CPABHEHUIO C BO36Y)KAEHW-
em ¢ yactoToit 50 'ty TOK B 0OMOTKE UHAYKTOpa YMEHb-
LuaeTcs, a B 0OMOTKe AKOps yBenmumBaeTcs. B Hayaib-
HbIA Nepnog, BO36YX/AeHWst NIOTHOCTU TOKOB B 06MOTKax
CoM3MepuMbl. OfHaKO W3-3a YMEHbLUEHUS] MarHUTHOM
CBA3M MeXay O0OMOTKaMM M0THOCTb TOKa B OO6MOTKE
MHAYKTOpa BbIXOAWT Ha YCTaHOBMBLLEECS 3HaYeHuWe, a B
06MOTKE AKOpPA NPaKTUYeCKW MOJIHOCTbI0 3aTyxaeT K
OKOHYaHWI0 rnepuoa Bo30YXAeHNS.

Ho u3-3a 60/1bLUEr0 NepemMeLLeHnst 06MOTKM SKOpS
OTHOCMTENIbHO OOMOTKM MHAYKTOpa 3a OHO M TO XKe
BPEMS MarHWTHas CBA3b YMEHbLUAETCA ObICTpee, 4TO
NpUBOANT K 60nee CUIbHOMY 3aTyXaHWO 3/1eKTPOAMHa-
MWUYECKOIN CUNbl. 3Ta CUna 3aTyxaeT NpPakTUYeCcKn Yepes
30 mc. Ee yckopstowme cocTasamoLLMe YBENNYMBAKOTCH,
a TOPMO3ALLME YMEHBLLAKOTCS, YTO NPUBOAMT K BO/bLLEN
CKOPOCTY Ha BbIXOAEe YCKopuTens vy = 1,9 m/c, yem npm
yactote UIMH 50 Iy,
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Puc. 6. SnekTpomexaHnyeckue xapakrepuctukn ANY npu
B036y»aeHuu ot UMH ¢ yacTtoToii 250 My npu 2o=8 MM

Mpy MaKCMMarbHOM HayafilbHOM CMELLEHUN MexXay
06MOTKamu (zo=20 MM) MPOUCXOAAT CleaytoLLme N3MeHe-
HUA B 3/EKTPOMEXaHuueckux npoueccax (puc. 7). Mpu
MPaKTUYECKN HEM3MEHHO MIOTHOCTM TOKa B 0OMOTKe
WHAYKTOpa j; NNOTHOCTb TOKa B 0OMOTKe SKOps j, Ha Ha-
YaslbHOM 3Tane CYLEeCTBEHHO YMeHbLUAeTCH 13-3a 0cnab-
NEHHON MarHWTHOM cBsi3n. OAHaKo CO BpPeMeHeM TOK B
0OMOTKE SKOPS U 3M1EKTPOAMHAMMYECKAS CUMa 3aTyXaroT C
MEHbLLIE/ CKOpPOCTbI. 3TO 0OYCMOBMEHO TEM, YTO M3-3a
MOHVXEHHOM CKOPOCTU V, IKOPb NEPEMELLAeTCA Ha MEeHb-
LLIee PacCTosIHME OTHOCUTENbHO 0BMOTKM MHAYKTOpA.

Mpwu nosbiweHun yactotel UMH go 500 My, n3meHs-
€TCS COOTHOLLEHME MEXAY amMMTyLamMn TOKOB B 06MOT-
Kax Ha HadasibHoM 3Tane (puc. 8). BennumnHa nnoTHOCTU
TOKa B 0OMOTKE SKOPS MPEBbLILLAET aHa/IoOrMUHY0 Ben-
4MHYy B 06MOTKe MHAYKTopa. Mpy 3TOM (ha3oBbIi cABUT
MeXay 0OMOTKaMM eLle B 6OMbLUEA CTEMEHN YMEHbLLAET-
ca. BereAcTBMe 3TOro TOpMO3ALLMe COCTaB/AOLWME 3eK-
TPOANHAMMWYECKOW CU/bl YMEHBLLIAKOTCS, YTO NMPUBOANT K
YBE/IMYEHMIO CKOPOCTU SIKOPA Ha BbIXOAE YCKOPUTENs A0
BE/IMYUHBI V,=2,2 M/C, HECMOTPS Ha YMEHbLUEHWe YCKO-
PSAOLLMX COCTaBNSAKOLLUX CUSIbI.

OUEHNTb BAMAHME HaYalbHOTO CMELLEeHNS 06MOTKM
SKOpsl Ha nokaszatenu MY UunnMHAPMYecKon KoH(uUry-
pauun npu Bo36yxaeHun ot UIMH nossonset puc. 9.

MpW yBENUYEHUN HAYAIBHOTO CMELLEHUS 0BMOTKMU
AKopsA Zg 0T 0 o 20 MM Makc/MasibHas CKOPOCTb Ha Bbl-
X0[ie YCKOpUTEeNsA CU/bHO 3aBUCUT OT YacToTsbl NTMH.
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Puc. 7. SnekTpomexaHnyeckue xapaktepuctukn AUNY npu
B036YaeHumn ot UMH ¢ yacTtoToii 250 My, npu zo=20 MM
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Puc. 8. nekTpomexaHnyeckume xapakTepuctuku NY npu
B030y»aeHnUn oT UIMH ¢ yacTtoTtoit 500 My, npu 2;=4 Mm

Zp. 20

0 4 8 12
Puc. 9. 3aB1CMMOCTb NoKasaTeneir ANY oT HayanbHOro
CMeLLeHns 06MOTOK Npu Bo36yxaeHu oT UMH

Mpu yvactoTe 50 'y HamMbOMbLLIASA CKOPOCTb Ha Bbl-
xopfe yckoputens vz=0,5 M/c peanusyeTtcs npu zo=6,2 Mm,
npu yvactote 250 'y —v,=2,4 m/c npu 2,=3,1 MM, a npu
yactoTe 500 Iy —v,4=2,29 m/c npn z,=2,3 MMm. IMpn yBe-
nnyeHnn  yactoTtel WIMH npesbllieHne TemnepaTypsl
0OMOTKM MHAYKTOpa 6; YMeHbLUaeTcs, a NpeBbllIEHNe
TemnepaTypbl 06MOTKM ikops 6, yBenmymBaeTcs.

Mpu yacTtoTe 50 'y BennumMHa 6; MPaKTUYECKU He
38BMCUT OT Haya/lbHOro CMeLleHWs o6MOoToK. Ho npm
60nee BLICOKMX YacTOTax C YBENUYEHWEM HAYaIbHOIO
CMELLEHMS BeNMYMHA 07 He3HAuUTEeNIbHO YMEHbLLAETCS.
MpeBbilLEeHWe TeMNepaTypbl 0OMOTKU AKOpS 6, yMeHbLLa-
eTcsa B 60MbLUENA CTeNeHN OT BE/IMYUHBI Zy MO CPABHEHUIO
npeBbILLEHWEM TeMnepaTypbl 06MOTKM MHAYKTOPA.

Takum o6pa3om, npu Bo36yxaeHnun ANY ot EH3
Haya/lbHOe CMeLLeHne 0OMOTOK [JO/HKHO COCTaBNATb NpK-
MepHO 24=0,6Zyy, FA€ Zom PACCTOSIHME, HA KOTOPOM 06ec-
neunBaeTcsl Habonblias BennuuHa dMi./dz mexay 06-
MoTKamu. pwn Bo36yKaeHUn 3INY ot UIMH HavanbHoe
CMelLeHMe z, HeobXo4UMO BbIGMpaTh B 3aBUCUMOCTM OT
ero yactotbl: npu Yactote 50 Iy — z,=0,62z¢,, @ NpY yac-
ToTax 250 Ny v 500 Iy, — 29=0,2zg,.

BbiBObI.

Mpun BO36YXAeHUM SNY UMANHAPUYECKOA KOH(U-
rypauMm Hambonblias amnutyga Ma0THOCTM TOKa B
00MOTKe WHAYKTOpa BO3HUKAET MNpPU  MakKCUMasbHOM
Haya/lbHOM CMELLEHWUI, HO amnanTyaa NAOTHOCTM TOKa B
06MOTKE SIKOpA MpW 3TOM HavMeHbluasd. HambonbLuas
BE/MYMHA MIOTHOCTM TOKA B 0OMOTKE SIKOPS BO3HMKaeT
MpyY OTCYTCTBMM HAYa/IbHOTO CMELLEHUS.

Mpu BO36YXaeHMN oT EH3 anekTpoanHammyeckas
cuna Mexay obmMoTKamMuM UMEeT HauaslbHYH YCKOpsto-
WY W MOCNefyIoLyt0 TOPMO3ALLYHO COCTaBNAOLLME.
Bcnencreme 3TOro CKOPOCTb SIKOPS BHaYyasie BO3pacTaeT
[0 MakCUMaNbHO BENUYMHBI, HO YMEHBLLAETCA K KOHLY
3NeKTPOMArHUTHOr o MpoLecca.

Mpwn BO36YXAEHUM 3NY LUAMHAPUYECKOW KOHMU-
rypauumn ot UMH mexay Tokamy B 06MOTKax BO3HUKaeT
(ha30BbIA CABMI, MPUBOAALMIA K BO3HUKHOBEHWHO Yepe-
LYIOLMXCA YCKOPAOLWMX Y TOPMO3ALLMX COCTABAOLLMX
3NEKTPOAMHAMUYECKMX CWU. YCKOpSAIOLLMe COCTaBNso-
LMe cunbl NpeobnafatoT Hag TOPMO3ALLMMI COCTaBNAIO-
LMK, 4TO 0BecneynBaeT nepemeLLeHme SKops.

Mpw yactoTe UMH 50 'y amnamMTyaa Toka B 06MOT-
Ke SKopsl MeHbLUe, YeM B 06MOTKe MHAyKTopa. C yBenu-
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yeHneMm yacToTbl IMH o 250 My, ha3oBblii CABUT MEXaY
TOKamy 06MOTOK YMeHbLUaeTCs. TOK B 0OMOTKe MHAYK-
TOpa YMeHbLUAETCs, a B 0OMOTKe AKOPS YBE/IMUYMBAETCA.
YCcKopsloLme COCTaBfftOLLME CUMbI YBENNYMBAIOTCA, a
TOPMO3ALLMe YMeHbluatoTcA. Mpy NOBbILEHUN YacTOTbl
WMH go 500 Iy BeMYMHA MAOTHOCTM TOKA B OOMOTKe
SIKOPA MPEBbILIAET aHAIOTUYHYK0 BENNYMHY B OOMOTKE
nHaykTopa. Mpy 3ToM (ha3oBbIii CABUT MEXAY 0OMOTKa-
MW eLLe B 60/bLLENA CTENEHN YMEHbLLIAETCS.

Mpu vactote UMH 50 Iy Hambonblias CKOPOCTb
v;=0,5 m/C peann3yeTcs Npu Ha4asbHOM CMELLEHNUM 06-
MOTOK Z,=6,2 MM, npu YacTtoTe 250 'L, HambonbLLAas CKO-
pocTb Vx=2,4 M/c peanusyetcs npu zo=3,1 MM, a npu
yactoTte 500 Ny, HambonbLuas CKOPOCTb V;=2,29 M/C pea-
JIN3YeTCa Npu 2p=2,3 MM.

KOH(NMKT  WHTEepecoB. ABTOPbI
OTCYTCTBMU KOH(/IMKTA MHTEPECOB
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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 valuge, 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 z,=6.2 mm, at
a frequency of 250 Hz, the highest speed v;=2.4 m/s is realized at
2,=3.1 mm, and at a frequency of 500 Hz the highest speed v,=2.29
m/s is realized at z,=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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M.4. AHgpueHko, O.B. HembiknHa, A.A. AHApueHKo, P.3. MoxHau

NCCNEAOBAHNE PEXXNMOB PABOTbI TOKOINPOBOAOB B CUCTEMAX
NMUTAHNA KPAHOB C MHAYKUMOHHOW MOAMNUTKOWM C YUETOM B/IMAHNSA
BbICLUMNX TAPMOHWMK TOKA

Y cmammi euxnadena memoouxa po3paxyHxy po3nooiny cmpymy no cmpymonposoodam, GmMpam Hanpyeu i NOMYlCHOCMI 3 YpaxyeaH-
HAM SUWUX 2APMOHIK CIMPYMY 8 CUCMEMAX JHCUBTEHHS KDAHI8 3 IHOYKYIUHUM nioxcugiennam. Ompumari HeoOXiOHi ananimuyHi 3a-
JIeHCHOCMI, WO N0’ A3VI0Mb NAPAMEMPYU CMPYMONPOBO0i8 3 GiOHOCHUMU SHAYEHHAMU YACMOMU 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 2aPMOHIK, 3 PAXYHOK nepepos-
NoOLNy Yyux cmpymie i empam 6i0 HUX 8 WUHY NO0Aui, Wo MA€E NPAKMUYHO He3anedHCHUll 6i0 yacmomu akmusHutl onip. Ilokasano, wo
OCHOBHA YACMUHA 000AMKOBUX GMPAM BUSHAYAECMbC AMIAIMYOAMU 2apMOHIK 3 hopaokom N<({. Memoouxa modice 6ymu 3acmoco-
6aHa 071 CUCMEM JHCUBTICHHSL 3ANI3HUYHO20 MPAHCNOPMY | PO3NOOLIGHUX CUCTEM, BUKOHAHUX 3 3ACTOCYBAHHAM CIANEMIOHUX I cCma-
neanominiesux cmpymonpoeooie. bion. 13, Tabn. 4, puc. 6.

Knmiouosi crosa: cucTeMa iHAYKUIHOMO XXUB/EHHS, TPOJIEA, LUMHA YXMB/EHHS, PO3MOAIN CTPYMY, BTPATV MOTY)XXHOCTI Ta Hanpyru.

B cmamve usnodicena memoouka pacuéma moxopacnpeoenenus, no mokonposooOdM, NOMePb HANPSICEHUs U MOWHOCIU € YY4EMOM
BbICUIUX 2APMOHUK MOKA 8 CUCHEMAX NUMAHUA KPAHO8 ¢ UHOVKYUOHHOU noonumkou. ITonyuervt HeoOXo0umble aHAnumuyecKue
3a6UCUMOCIIU, CBAZVIOUWUE NAPAMEMPbl MOKONPOBOOOE C OMHOCUMENbHBIMU 3HAYEHUAMU YACHOMbL BLICUUX 2APMOHUYECKUX U ON-
peoenaouue ux ruAHUe Ha MOKOpAcnpeoeierue, nomepu Hanpaxicenus u mownocmu. Ilokazano, umo ¢ yeenuuenuem cevenus wun
NOONUMKU NPOUCXOOUI CHUNCEHUE NOMEPb HANPANHCEHUA, NOMEPL MOWHOCHU, 8 MOM HUCILe U OM MOKO8 BbICUUX 2APMOHUK, 3d
cuém nepepacnpeoenenus SMux moKoe u NOmepb Om HUX 8 WUHY HOONUMKU, 001adaloweli NPAKMu4ecKu He3agucUMbIM Om Yacmo-
Mbl aKMUBHLIM conpomueienuem. [Iokazano, ¥mo ocHO8HAs Yacnb 00DABOYHBIX NOMEPL ONPEOeNAeMCs AMIAUNYOAMU SAPMOHUK C
nopaokom N<I. Memoouxa npumenuma Onst CUCmem NUMAHUSL HCETe3HOOOPONCHOL0 MPAHCHOPMA U PACHPEOeTUMENbHbIX CUCHEM,
6bINOIHEHHBIX C NPUMEHEHUeM CIAIEMEOHbIX U CIALeATIOMUHUEEIX MOKONnpoeodos. bnbn. 13, Tabn. 4, puc. 6.

Kniouesvie cnosa: CUCTEMA UHAYKLUMOHHOW NOANUTKM, TPO/es, LUMHA NOANUTKK, TOKopacnpeaeneHne, NoTepy MOLLLHOCTU U

Harnps>xeHna.

BBefieHMe. 3HeprocbepeXxeHne B 3MEKTPUYECKMX
CETAX ABMSETCA NPUOPUTETHLIM HarpaBieHueM, Kak BO
BCeM Mupe, Tak 1 B YKpaviHe. LLInpokoe BHeapeHWe no-
NyNpPOBOAHUKOBbIX MpeobpasoBaTtenieil NPMBOANT K yBe-
JIMYEHMIO BbICLLMX FAPMOHUK TOKA W UCK&XKEHWMIO Hanps-
XEHWA, UTO YBENNYMBAET NOTEPW HANPSXKEHNUS U MOLLHO-
CTU B 3/IEKTPUYECKUX CETAX W MPUBOAUT K YXYLLIEHUIO
nokasaTeneil KauecTBa anekTposHeprum [1-3], a Takxke
OKa3bIBaeT CYLLECTBEHHOE B/IMAHWE HA PaboTy MNOAKIIO-
YeHHbIX K 3TUM ceTAM npeobpasosatenein [4]. Onpeaene-
HWe cocTaBa M aMNAUTYAbI BbICLUMX FApMOHUK TOKa OCY-
LECTBNAETCA PACUYETHbIMM, 3IKCNEPUMEHTabHbIMUA 1
MeTofaMn mogenuposaHus [5-9]. [Ona onpeaeneHus
BNSHMA BbICLLUMX FAPMOHMK TOKA HAa MWTaKOLWWY CeTb
HeoOX04MMO 3HaTb NapameTpbl CXeMbl 3amelleHus. A
HU3KOBO/IbTHBIX LIEXOBbIX CeTeli 3HauYeHUs aKTUBHbLIX U
WHAYKTWUBHBIX COMPOTUBEHWIA ONpesenstoTcs B OCHOB-
HOM aHaUTUYECKUM MEeTOfOM. [NA CNOXHbLIX MPOBOA-
HbIX CUCTEM TOKOMPOBOAOB, COAEPXKALLMX (heppoMarHuT-
Hble 371eMEeHTbl W 3alMTHblE 3KPaHbl aHaIUTUYECKUiA
PacyéT 3aTpyaHuTENeH. 19 3TUX ClyYaeB UCMOb3YHOTCA
MeTofbl MofenvposaHus [5, 10].

[na Hanbonee pacnpocTpaHEHHbIX N TUMOBbIX CXeM
NCMOMb3YETCA, Kak MNpaBuno, aHaiMTUYecKne MeTogbl
pacuéta noTepb HanpsXkeHus u MmolwHoctn [2, 11].
K TakuMm cxemam MOXHO OTHECTW KpPaHOBble YCTaHOBKM,
rfe WCMo/b3yKTCA YaCTOTHO-Perynvpyemble npuBoLa
(YPI) Npn MoaepHM3aLMM CTapbIX UM NPOEKTUPOBaHWN
HOBbIX. Vcnonb3osaHne YPIN ¢ nonynpoBOAHWMKOBLIMU
npeobpasosarensmy B CUCTEMAX MUTaHUA KPaHOB NPUBO-
OWT K 3HAUUTENBbHOMY COLEPXaHWI0 TOKOB BbICLUMX rap-
MOHWYECKMX B NWUTAIOLLEN CETW, KOTOPbIE YYUTbIBAKOTCA
KO3((PULMEHTOM HeNMHEeRHbIX uckaxeHuin (THD;) B
COOTBETCTBUM C TPebOBaHUAMU MEXAYHAPOAHbLIX CTaH-

paptos |EEE 519-1992, IEC 61000-3-12:2012 un IEC
61000-3-12:2004. TOKM BbICLLUMX FapPMOHUYECKNX MPUBO-
JAT K 06aBOYHbIM NOTEPSAIM HANPSXKEHWUS U MOLLHOCTY B
LiEX0BbIX ceTsx [6]. YKa3aHHOe 06CTOATENLCTBO MpUBIeE-
KaeT BCE 60/bLIee BHUMAHWE K UCCNEL0BaHNIO PEXMOB
paboTbl HEMWHEMHbIX Harpy3oK C YY4ETOM BbICLUMX rap-
MOHWK TOKa [4-9, 12, 13].

Peannsaums TpeboBaHWiA OrpaHWYeHUs reHepaumu
BbICLUMX TFapMOHUK B CeTb MOTPeboBasio NpoBeAeHMA
MCCNeAoBaHNA 1 Pa3paboToK CXEMHbIX peLLeHuii Npeob-
pasoBaTefieil, NacCMBHbIX aKTMBHbIX (unbTpos [1, 3].
C 3KOHOMMWYECKON TOUKM 3PEHUS KOMMEHCAUMA MOLLHO-
CTN UCKKEHWI OCYLLECTBNAETCS B Y3/1aX HAarpysKu: pac-
npeaennTenbHbIX YCTpoicTs 6, 10 kB nnm 0,4 kB. OpHa-
KO B LIEXOBbIX CETHAX, MUTAOLLMX 3NEKTPOMNPUEMHMKN C
npeobpasosarensmy BMAHUE BbICLUMX FAPMOHVK OKasbl-
BAETCS CYLLECTBEHHbIM [5] 1 TpebyeT CBOEro peLleHus.

B [6, 7] aBTOpamu 6bIN NpeanoXXeH METOA Mccnemo-
BaHWA BINAHUA BbICLLMX FrapMOHUK TOKa B CUCTEMAaX MuUTa-
HUS KPaHOBbIX YCTaHOBOK, WUCMO/b3YIOLWMX [ TOKOMpO-
BOZa CTa/ibHble TPOEN U a/IlOMUHMEBbIE LUMHOMPOBOAbI.
Moka3aHo, YTO HaMYMe BbICLUIMX FapMOHUK TOKa MPUBO-
OMT K YBENVYEHWUIO NOTEpU HanpsXeHus B 3,2-4 pasa w
notepy MowHoctu B 1,26-1,43 pasa No CpaBHEHUIO C CU-
HYCOMZ/IbHbIM TOKOM [/151 CTa/TbHbIX TPO//ENA.

B cucteme nuTaHMs KpaHOB GO/bLLIOW FPy30M0abEM-
HOCTU W OTHOCUTENbHO A/IMHHBIMW PabounMmn Nponéramm
N obecrneyeHns paboyero HanpsXkeHust B JOMYCTUMbIX
npefenax MCNonb3yeTcs MOANWTKa OCHOBHOWM TPOMNew.
HawbonbLuee pacnpocTpaHeHve noayyuia MHAYKUMOHHas
cucTeMa NOANUTKK, Kak HavMeHee 3aTpaTtHas. Mpy uHayK-
LIMOHHOI MOANMTKe NapannenbHoO TPOen NPOKagbIBaeT-
€A, KaK Npasun/o, antoMyHyeBas WwnHa [11].

© N.4. AHapreHko, O.B. HembikuHa, A.A. AHfpueHKo, P.3. MoxHay
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Hanuume BbICLUMX FrapMOHWK TOKa B CUCTEMaX Mu-
TaHWA KPaHOB MPUBOAMT K W3MEHEHMWIO MOJSHLIX COMpo-
TUBEHUIA OTAENbHBIX TOKOMPOBOAOB W, COOTBETCTBEHHO,
TOKOpacnpeaeneHuns B HUX.

Llenb cTaTbM — wcCnefoBaTb BAWSHWE BbICLLIMX
rapMOHVK TOKOB Ha TOKOpacnpeAeneHve, noTepu Hamps-
YKEHWS N MOLLHOCTM B TOKOMPOBOAAX CUCTEMbI MHAYKLU-
OHHOW NMOANWUTKU KPaHOB, 1 MPEAIOKMTb PEKOMEHAALNN
MO CHVDKEHMIO NOTEPb OT BbICLUNX FaPMOHUYECKNX.

OCHOBHOI MaTepu 1UccnefoBaHNiA.

McxopHble faHHble. CornacHo 0BLENpUHATON MeTo-
JVKe, TOK OCHOBHOIA rapMOHVKW Tponnein |, onpegensetcs
13 YCNoBWSA LOMYCTUMO NOTEpPU HanpsPKeHUs Ha pabouem
yyacTke paboTbl KpaHa, COrfiacHO COOTHOLLeHNs [6, 11]:

Umax Umax :
It Ut]_ \/§ It Rt Ccos 1 tg t1 Sin 1 (1)
IS Imax It'

rage AUpa, AUy — gonyctumas noveps HanpsxkeHus u
noTeps HanpskKeHus Ha 1 M [A/MHbI yvacTKa TPOsen,
COOTBETCTBEHHO, NP 3aaHHOM TOke Tponnew; |y — pabo-
yas AnvHa TpoNien; lyax, |s — MakcManbHbIA TOK cucTe-
Mbl W LUWHBI NOAMWUTKKN, COOTBETCTBEHHO; tgpy = Xu/Ry;
rae Xu, Ru — VHAYKTVBHOE M aKTUBHOE COMPOTWUBMEHME
TPONNen Ans OCHOBHOW rapMOHMKM 4YacToToin 50 Iu;
(1 — YTrON CABUIa OCHOBHOW rapMOHMNKM.

It

[ns obecneyeHnst 4ONYCTMMON NOTEPU HaMPSHKEHNS
AU £ 5 % Ha paboyem yyacTke paboTbl KpaHa napai-
NebHO TPOM/IEN MPOKIaAbIBaeTCs atOMUHMEBAA LUMHA.
TokopacnpefeneHme nNo TOKOMPOBO4aM B CUMCTeMe MOA-
MUTKW ONpegenseTcs OTHOLUEHWEM MOJHbIX CONPOTUBIE-
HWIA HA OCHOBHO rapmoHuke [11].

CoOTHOLLEHME TOKOB B TOKOMPOBOAAX, MCMO/b3ys Me-
TOZ, CyNeprosunLmn 1 COCTaBNSIOLLMX C TaPMOHMKOM N

2
Zsn Ren |1 197 ¢ @)
" Z, R z
tn tn {1 t9°
2 2
roe Zsin Riin Xstn — NOMHOe COMpOTUMBAEHME

COOTBETCTBYHOLLEETO TOKOMPOBOJA (S — LUMHbI, t — TpON-
nen) gng N rapMoHuKM; Xy Xin Xin Xns

Xsn  Xen  Xgn — MHOYKTMBHOE cOnpoTuBfeHne: X -

BHYTpeHHee; X — BHellHee; X  — COMNPOTUBMEHME
B3aUMOWHAYKTUBHOCTY TPOMEN U LUMHbI MOLNUTKM.

MapaveTpbl TOKONPOBOAOB Haubonee pacrpocTpa-
HEHHbIX CUCTEM WHAYKLUMOHHON NOANWTKM MPUBEAEHbI B
Tabn. 1, pna pacctosHua mexgy Tponnesmu 250 MM,
BbINO/IHEHHBLIMW YronkoM 50x50x5 mMM.

VHOYKTVBHOE COMPOTMBIEHNE TOKONPOBOLOB YKa-
3aHO C YYETOM B3aMMOUH/AYKTUBHOCTM TPOJSIIEN W LUWHBI
noanutku [11].

Tabnuua 1
MapameTpbl TOKOMNPOBOAOB CUCTEM NMOAMUTKM
Pa3mvep, MM MapameTpbl
o R'[lr X[ll lel th th ' th‘ tg o.e
CranbHoit yronok OM/KM OM/KM OM/Km OM/KM OM/KM Pu 71 O-€.
50%50%5 mm
1,65 1,263 2,08 0,339 0,924 0,765
Rsl: Xslv ZSl’
ANOMUHNEBASA LUINHA OM/KM OM/KM OM/KM — — t9ps1
20x3 0,513 0,277 0,583 — — 0,54 0,28
30x3 0,342 0,253 0,425 — — 0,74 0,204
40%3 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
Hanbonee pacnpocTpaH&HHbIMW UCTOYHUKAMM BbIC- R Ru: X X f
sn sls sn sl'n:
LWMX FAPMOHUK SIBAAKOTCA HeynpasnseMble (418 4acToT- (4)

HO-perynmMpyemMbIX NpPUBO/OB) 1 yrpaB/semble (418 Npu-
BOJOB MOCTOSHHOTO TOKa) BbINPAMUTENN. OTHOCUTENb-
Hble 3HAYeHUs raPMOHMK N-MOPsAKa BXOAHOIO TOKa MOC-
TOBOTO BbINPAMUTENS ONPEeAeNsoTcs N3 COOTHOLLEHNS:

* |
K g K = Kfi ©)
n
rae Ky — KOath(pmUUeHT, yUnTbIBAIOLWMIA OTHOLLEHNE aMm-
NAUTYAbl Nynbcauyn B peasbHOM BbINpsSIMUTENE K nae-
aslbHoMy [6] (Mpy MHAYKTMBHOCTU Ly B 3B€HE BbINpAMe-
HUs Lg = 0 K, = 1); I, Iy — 3HAa4eHMe TOKa rapmMoHWKU
N-nopsgka W OCHOBHOW FapMOHUKM B TOKOMPOBOAAX
COOTBETCTBEHHO; frf = f, /50 — oTHOCUTENbHAs YacToTa
rapMOHMKW N-NopsagKa.
B [6] 6bl10 NokasaHo, YTO COMPOTUBMEHUE /IOMU-
HWEBbIX LUMH CBA3AHO TakMMU COOTHOLUEHWSMW A1 n
rapMOHMYECKOI COCTaBNAOLLIEN OTHOCUTENIbHO OCHOBHOIA:

X *
19 sn R_sn t9 s1fn.
sn

ConpoTuBneHne CTasbHbIX YIOMKOB CBSI3aHO COOT-
HOLUEHUSMW [J11 N TAPMOHNYECKOI COCTaBNSAOLLENA OTHO-
CUTENIbHO OCHOBHOIA:

Rin Ruvfh: X Xao Xag Xu fns

— —~ )
n

Rin Ra
MakcMa/IbHbI TOK C YYETOM BbICLUMX FapMOHMK
onpesensaeTca COOTHOLUEHWEM [2, 6]

n 6k 12 “ n 6k 1 , 1
Imax Kn In Kn *9 1 (6)
k 0 k0 fy

rae k — pag uenbix uicen 1, 2, 3 u T.4. Mpun 3ToM nonara-
€M, YTO OCHOBHasl FapMOHMKA paBHa OCHOBHOI FapMOHMKe
CMHYCOMAANILHOTO TOKa TPO/Nen 6e3 NOAMUTKNA.
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PesynibTaTbl UCCNef0BaHNIA.

1. PacnpefeneHre TOKOB B TOKOMPOBOAAX MOA-
nNUTKW. Mpeobpasys BbipaxeHue (2) C y4eTOM paccmoT-
PEHHbIX COOTHOLLEHWIA (3) meeM:

2
Rs1 l 1 19 af (7
* 2 l
Ruy fn Xu 056Ry4/ fi Xg fo
2
Ri1

AHanm3 cooTHolleHus (7) ¢ YY4ETOM 3HayeHWin na-
pamMeTpOB pacyeTa TOKOMPOBOAOB CBeAEHHbIX B Tabn. 1
*
nokasan, 4to npu f, =7 cooTHoLleHve (7) C foCTaTOY-
HOW TOYHOCTBIO MOXET ObITb NPUBEAEHO K BULY:

xsl
p ——— (8)
0,56Ryy fr

Takum 06pa3oM, pacrpeenieHe TOKOB MO TOKOMPO-
BOJaM MPAKTUYECKM NPSIMO MPOMNOPLMOHANLHO WMH/YKTUB-
HOMY COMPOTMB/IEHMIO LLUMH MOANUTKM HA OCHOBHO rapmo-
HVIKe 11 06paTHO NPOMOPLMOHANLHO KOPHIO KBapaTHOMY OT

*
4acTOTbl fn , T.e. C yBE/IMYEHNEM YaCTOTbl y, MOHOTOHHO

y6bIBAET, UTO CBUAETENLCTBYET 06 YBEMMUEHWN BbICOKOUAC-
TOTHbIX COCTaBNAOLLMX B LLIMHE NOANUTKY (puc. 1).

0 0e.
20 3
\ 50 3
02 80 5
off - e T
i e T ——
| e r - e o o
oL fo, 0.
1 10 0 25

Puc. 1. 3aBucumocTm yy, = f( f:) [N CTa/IbHOT O Yro/Ka
50%50%5 MM, C LUMHOM nognuTkn 20%3, 50x3, 80x5 MM

He TpyaHO nokasaTb, UCMOMb3ys BTOPOE YpaBHEHNE
B BbIpaXeHun (1) 1 COOTHOLLeHMe (2), OTHOCUTE/NbHOE
3HaueHne ToKa LWnHbI |y, v Tposineu |y, ANs N rapMoHM-
YEeCKOI COCTaB/AOLLEN UMEET BUA;

ISf'l

" ©)

Ha puc. 2 npeacraeneHbl OTHOCUTE/IbHbIE 3HAYEHNA
TOKOB B CUCTEME WHAYKUMOHHOW MOANWUTKW: YrOMoK
50x50x5 MM C WKHON nognuTkn 80x5 Mm AN N rapmo-
HWYECKOW COCTaBNSAIOLLIEN.

I, 0.
) 0.08
: 0.06
06— NIy
Llsn 002 —
0.4 - 0 : o
0.2
! | .
g tn - A A o
:I : *
1 10 20 £, .08

Puc. 2. 3asucumocTy |, = f (') 418 cTanbHOro yronka
50x50x5 MM C LUMHOM NognuTky 805 MM

B Tabn. 2 npuBeAeHbl OTHOCUTE/bHbIE 3HAYEHWS TO-
KOB B TPO/EN BbIMOMHEHHON yronkom 50x50x5 mm ¢
LLIWHO MOAMUTKN.

Tabnuua 2
OTHOCUTENbHbIE 3HAYEHWS TOKOB
MapameTp
Pasmep * * * * * *
LIVHbI, MM ISl’ IS ’ lsn ’ Itl‘ It ’ |tn ’
0.e. 0.e. [n=5,0..| o.e. 0.e. |n=5,0.e.
20%3 0,78110,819| 0,024 |0,219|0,221| 0,026
50%3 0,87210,908 | 0,252 |0,128| 0,13 | 0,021
80x5 0,908 10,943 | 0,255 |0,092|0,094| 0,018

AHanm3 Tabn. 2 NoKasbiBaeT, YTO C YBE/MYEHMEM

o *
CeyeHus LNHbI MOANUTKY TOK TPOANen |y  CyLLecTBeHHO
YMEHbLLAETCA, B TOM YUCME YMEHbLUIAETCH BbICOKOYAC-

*
TOTHasa cocTaBnsowada |,

2. [NoTepun HanpsXeHus.

Tak Kak Tpon/en BbloMparoTes Mo JOMyCTUMON noTepe
HanpsbkeHWs Npu 3afaHHOM Toke (1), To NPoBePKY BANSHMA
BbICLUMX rapPMOHWNYECKUX MPOBOAUM /15 TPON/EN.

Mpn Ha/MuMK BbICLIMX TAPMOHWUK OTHOCUTE/bHOE
yBEIUYEHVe MNOTEPU HAMPSHKEHUA B TPOMNEW OTHOCK-
Te/IbHO MOTEPU HANPSHXKEHWS Ha OCHOBHON TFapMOHMKW
AUy, onpefensieTca ¢ y46ToM BbipaxkeHuit (1), (9):

Ug Ug Ugs [P .,
U; \/ U Ui 1
t1 kK 0
roe Utl \/Elthtllt COS 4 tg tlSin 1 100% :
UnOm
1 Tmax 1_1; 9 v Xug 056Ry Xy
1

Unom — HOMUHabHOE HanpsXXeHne Tpoanen.

2
n6k1* 1

k1

2 .2
1 Cosq tg yf,sin ¢

kil _n . (10)
f

1 n 1 Cos 4 tg tlSin 1

[nsa cnyyas wpeanbHOro HeynpasfisieMoro BbINps-
mutena K, = 1, cosp; = 1, 4TO COOTBETCTBYET BbINPAMMU-
Teno ¢ LC-gunbTpoM  (KOI(h(ULMEHT  UCKAXKEHWA
v = 0,955, uto cootBetcTBYeT THD, = 31,05 %)), noTeps
Harnps>XeHns:
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2 2
n 1 1

%
klfn]'n 1

n 6k 1
* 1
Uy 1

(11)

3aBMCMMOCTb OTHOCUTE/IbHBIX 3HAYEHWIA MOTepw
HanpsKeHUs B TPO//IEN C LUMHON NOANUTKA B (YHKLIMK
YacTOTbI f, MPUBEAEHbI Ha puc. 3.

OTHOCUTeNbHbIe 3HauYeHns AU 1 AUy coctasns-
HOT 0KONO 22 % 1 16 % OT noTepu HanpsXXeHUs Ha oc-

HOBHOIA FaPMOHWKE, @ OTHOCUTE/bHBIE 3HAYEHUS AUy 1
AUyps cocTaBnaoT 10 % 1 5 % coOTBETCTBEHHO.

U;] , oe
1 A 203
0.8 :HR i,
0.6f—% -
I 3
0.4 : l"-. cos =1
03—t
i -.*ﬁm
o= m 20 7, 0.

no
Puc. 3. 3aBucumoctn AUy, = f( f;) B TPOJI/IEN C LUMHOIA
noanuTkn 20x3, 50%3, 80x5 MMm; cosg; = 1

3aBMCMMOCTb OTHOCUTENbHBIX 3HAYEeHMWIA noTepun
HarnpsaXXeHna B TpOnen C LLIMHOWA NoANMUTKN OT YacTOTbl

f, MpUBEAEHbI Ha pUC. 4 Npy cosp; = 0,5.

Ugs 0.8
1.1
1
"'H, cos %:0,5
05— ————
e 20 3
0.8 —
! "\,_l 50 3
1,
0.7}, H. 80 5
0.6
1 10 20 %, oe.

Puc. 4. 3aBucumocTi AUy, = f( f. ) B TPO/NEN C LLIMHOVA
noanuTkmn 20x3, 50x3, 80x5 Mm; cosg; = 0,5

Kak crepyeT 13 puc. 4 OTHOCUTE/bHbIE 3HAEHNS NoTe-
py HanpsbkeHns AUy, ans n=5 rapMOHUYECKVX COCTaBAHO-
WX Npu cosp; = 0,5 CyLLIECTBEHHO BO3PACTaOT, YTO 0OBAC-
HAETCA B/MAHMEM COCTaBNAOLLEV (COSp1+gpy f, SiNgs)

B BblpwKeHun (10). OTMeuaeTcs ysennueHne AUy, ans
n=5 C yBENMYEHWEM CEYEHMS LUMHbI NOANUTKW, YTO Bbl-
3BaHO nepepacnpesenieHNeM COOTHOLLEHWUS OTHOCUTENb-
HbIX 3HAaUYeHW TOKOB OCHOBHOI rapMOHMKN Tponnen Iy,
M BbICOKOYACTOTHBIX COCTaBNAOWMX lypy”. 3TO COOTHO-
LUEHVE MO Mepe YMEHbLLEHUS CEYEHMS LUMHBI MOAMUTKM
BO3pacTaeT.

B Tabn. 3 nprBeaeHbl OTHOCWTESbHbIE 3HAYEHNS MO-
TepU HanpsbkeHus B TPOSIEWN MPW COSp; = var, BbIMON-
HEHHOI yronkom 50x50x5 MM [AnA HEKOTOpbIX CodveTa-

HUWA nognuTKy npu- £, <25,

Tabnuua 3
OTHOCMTENBbHOE 3HAUYEHWEe NOTEPY HaNpsKEHMUS

WHa, MM

c0sg; 20x3 50x3 80x5
1 1,051 1,033 1,025
0,9 1,36 1,63 2,081
0,8 1,54 1,91 2,31
0,7 1,69 2,16 2,53
0,6 1,853 2,39 2,83
0,5 2,022 2,65 3,14

AHann3 Tabn. 3 MoKasblBaeT, YTO OTHOCUTE/NbHOE
3HaYeHWe MoTepn HanpsKeHWA Yronka npu cosp; = 1
C WyHoM 20%3 MM yBenuumBaeTca Ha 5,1 %, a C LUMHOM
80x5 MM — Ha 2,5 %. OTHOCUTE/ILHOE 3HaYeHue noTepu
HanpsXXeHNs [OCTUraeT MakCUMaIbHOrO 3HayeHus npu
cosp; = 0,5: ¢ wuHoi 20x3 MM yBennumeaetca B 2,022
pasa, a ¢ WwuHoii 80x5 Mm — B 3,1 pasa. CnegoBaTenbHo,
AU B BblpakeHun (1) crneflyeT yMeHbLUMTb Ha COOT-
BETCTBYIOLLLYIO BENIUYNHY.

3aBucumocTn AU, = f(cosp,) B Tponnen c LUMHOW
MOAMNUTKY NpuBefeHbl Ha puc. 5.

*
U, 08

4
20 3

50 3
80 5

Laa

b.i 0.6 0.7 0.3

Puc. 5. 3aucumocTit AU, = f(CoSp,) B TPOAEN C LLMHOM
nognutkm 20x3, 50%3, 80x5 MM

0Gcos i 1

AHanus 3asucumocT AU, = f(cospy) ans Tponnem ¢
LUMHOV MOANWUTKM MOKa3bIBaET, YTO C YMEHbLUEHNEM COSp;
3HauYeHNsi OTHOCUTEbHBIX NOTePb HaMPSHXKEHWS B TPOem
BO3PAaCTaloT C YBEIMYEHVEM CEUYEHUS LLIMHBI NOAMUTKM.

OTMEeTMM, 4YTO OTHOCWUTE/IbHOE 3HaueHue noTepu
HaMpsHKeHUs B TPOJI/IEN C LUIMHOM MOAMUTKA B 3aBUCUMO-
CTW OT COSp; HUXKe B TaKOM Xe Tponnen 6e3 WuHbl Nog-
MUTKW NPU HAIMYMMW BbICLLIMX FapMOHUK [6].

3. MoTepn MoLLHOCTMW.

MoTepy MOLLHOCTY B CUCTEME UHAYKLMOHHON Noj-
MUTKX UMEIOT [jBe COCTaB/IAOLLME: NOTepy B Tponen Py
W LUMHE NOAMUTKN  Ps, KOTOPbIE paBHbI COOTBETCTBEHHO:
n 6k 1 n 6k 1

Rtnlt% n Ps 3 Rsl|52n :

k0 k0

B OTHOCUTENbHBLIX eAWMHMLAX MNOTepM MOLLHOCTU
OMpefenstTea ¢ y4EToM BbipaxkeHuit (1), (5), (9):

* * * Pt Ps

R 3

PP B P
t S R]_
* 2 2 (12)
n 6k 12 fn n &n 6k 1 1 K%
n * %9 !
K 0 fn2 1, Ra 0 1, fn2

rae P 3R,1: —noTepw B Tponnesx 6e3 nognuTku.
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OTHOCUTE/bHbIE 3HAYeHWst MOTEPM MOLLHOCTM B
cucTeMe MHAYKLMOHHO NOANMTKY NpUBeeHb! Ha puc. 6.

— Py, 0.
: 0.04
- 0.03
0.0J p;n
. 0.02 -
o) \
0.2 | e . 0.01 g "
P P P
. D 4
0.01 N 1 2 4 6
AN
ol An ™S
1 10 20 f,. 08

PuC. 6. 3aBUCUMOCTU AP, = f( f) B TPO//IEV C LUIMHOV]
NOANMUTKN 80X5 MM
OTHOCUTE/IbHbIE 3HAYEHWst MOTEPb MOLLHOCTM B

TPONNEN C LUMHOW MOAMUTKW A/ MAea/lbHOro Heynpas-
nsemoro Bbinpamutens K, = 1 ceefieHbl B Ta6/1. 4.

Tabnuua 4
OTHOCUTENbHbIE 3HAYEHUSA NOTEPb MOLLLHOCTH

Pasmep MapameTp, 0.e.
LWNHbI «| P . . P . .
R Rl e e Rl R
MM tl ns5 t sl ns5 S
20x3 |0,048 | 0,0018 | 0,0498 |0,189| 0,012 | 0,2 |0,248
50x3 |0,016 | 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

AHanu3 Tabn. 4 nokasblBaeT, YTO OTHOCUTENbHO
NepBoli rapMOHUKM TOKa CUCTEMbl MOTEPU MOLLHOCTY B
cUCTEMAX MHAYKLMOHHOM NOANUTKNA AP” yMeHbLIAIOTCS B
3aBMCKMMOCTM OT CeYEHMUs WNH nognutkn B 4; 7,4 n 21,3
pasa COOTBETCTBEHHO. [pu 3TOM OTHOCUTESNbHbIE L06a-

BOYHble NoTepy MowHocTn (P, + P, ) cocTasnsioT

5,5+4,6 % OT NOMHbIX NOTepb.

AHa/IM3 NOoTepb OT BbICOKOYACTOTHLIX COCTaB/IAO-
WMX MOKa3blBAET, YTO OCHOBHYK [0/ [06aBOYHbIX
NnoTepb COCTaBAAOT MOTEPU OT FapMOHMK N<7. YYét

KO3(hpuLmeHTa K2, cornacHo [aHHbIM [6], NpmBOAUT K

YBE/NIMYEHNIO [06aBOYHbLIX NOTepb NpUMepHO B 1,5 pasa.
[MoaTomy pacyéT noTtepu crefyeT NPOU3BOAUTL C YHETOM
peafbHbIX 3HAYEHWIA BbLICLLUMX TAPMOHUK, MOMYYEHHbIX
OMbITHLIM NyTéM [8] 60 MoaennpoBaHuem [6].
OTMETUM, YTO NS CHYKEHUS MOTEPb HAMPSHXKEHWSA U
MOLLIHOCTW B CUCTEMAx C KPaHOBbIMY YCTaHOBKamMK, KOTO-
pble paboTaloT B TAXKENLIX peXumax C 60/bLLUMM YUCIOM
BK/IHOUEHWIA, MCMOMbL3YIOTCA OTHOCWTE/IbHO OPOrMe CUCTe-
Mbl 6e3bIHAYKUMOHHOW MOANMTKK, Y KOTOPbLIX LUMHA MOA-
MUTKA BbLIMOMHEHA &TFOMVHWEBLIMX NPOBOAAMM, MPOJIO-
YKeHHbIMU B Tpy6ax [11]. AHaIM3 JaHHbLIX CUCTEM MOLMUTKN
MOKa3bIBaeT, YTO MPU CeueHnn Nposogos 50-150 Mm* u ¢
KOMIMYECTBOM KW PaBHbIM 3, MHAYKTWBHbIE COMPOTYVBIE-
HUA YMEHbLUAIOTCA B 2-3 pasa. JTO NPUBOAUT, COI/aCHO
BblpaXeHMO (12), K YMeHbLUEHWIO A06aBOYHbIX MOTEPb
HanpsHXKeHWA 1N MOLLHOCTL B TPONNEAX. YKaszaHHOe 06CTos-
TeNbCTBO YaCTMYHO WM MOJSIHOCTBHIO KOMMEHCUMPYET nep-
BUYHbIE KanuTa/lbHble 3aTpaTtbl Ha MOCTPOEHWE CUCTEMBI
6e3bIHAYKLUMOHHOW  MOANWTKY, KOTOpble  OrpesenstoTcs
TEXHUKO-3KOHOMUYECKUM PacyeToM.

MpennoxeHHas METOAMKa pacyéTta noTepb Hampske-
HUSA 1 MOLLIHOCTY MOXET 6bITb UCMO/b30BaHa NPy PacyéTe
MOTepb HamnpsXeHWs 1 MOLLHOCTU B CTajleMefHbIX U CTa-
NeantoMMHMEBBIX MPOBOAAX, NMPUMEHSEMbIX B XKene3Hom0-
POXHOM TPaHCMOPTE U pacnpeaenuTenbHbIX CeTAX.

OC06eHHOCTLHO CUCTEM MUTAHUSA MepeMeHHbIM TOKOM
Ha Xe/Ie3HOLO0POXKHOM TPaHCTIOPTE AB/IAETCA CYLLECTBEHHAsA
Be/INYMHA TOKOB 3 U 5 rapmMOHUK, KOTOpble JOCTUraloT COo-
0TBeTCTBEHHO 60 1 30 % OT ocHOBHOM [13], uTO CyLlecT-
BEHHO B/IMSIET Ha pacrpesenieHne TOKOB W BennumnHy fo6a-
BOYHbIX NOTEPb MOLLHOCTY M NOTEPU HaMpsHKeHW.

BbiBOAbI.

Pe3ynbTaThl MCCefOBaHWIA MOKA3bIBAOT, YTO B CUCTe-
Max UHAYKUMOHHOM NognuTKy 6narofaps nepepacnpeaene-
HUIO TOKOB BbICLUMX FAPMOHWYECKMX MEXAY LUMHOW nog-
MUTKMW 1 TPO/INIE NPOMCXOANT YMEHbLLEHVE NOTEPU Hanps-
YXEHUS, OCHOBHbIX 1 J06aBOYHbIX NOTEPb MOLLHOCTY.

Mpu onpefeneHWn [ONYCTUMOW NOTEPW Hanpse-
HWUA CreflyeT WCMob30BaTh KOI(MPULMEHT CHUXKEHUA
3Ha4YeHUs JOMyCTUMO NnoTepy HanpskeHns 1,051+1,025,
n 2,022+3,14 B 3aBUCUMOCTU OT U3MEHEHNS KO3(puLum-
eHTa MOLLUHOCTU B npegenax cosp; = 1,0+0,5 n B 3aBuCK-
MOCTW OT CEYEHMA LLINH NOANUTKWN, COOTBETCTBEHHO.

cnonb3oBaHWe cUCTEMbI MHAYKLMOHHON NOAMUTKN
MO3BOJIAET CHU3UTL MOJHbLIE MOTEPU MOLLHOCTU B 4+21,3
pasa B 3aBWCUMOCTW OT CEYeHUs, Mpu 3TOM OTHOCUTESb-
Hble [006aBOYHble MOTEPU MOLLHOCTM COCTaB/IAIOT He
6onee 5,5 % OT NOMHBIX NOTEPb MOLLHOCTY.

MpeonoXxeHHass MeToAMKa pacyérta ToKopacrpege-
NeHNsl, NOTEPU HAMPSHXKEHUS U MOTEPU MOLLHOCTU MOXKET
ObITb UCMONb30BAHA W ANA pacyéra PeXXMMOB CTaneanto-
MWHEBbIX 1 CTa/IEMEfHbIX TOKOMPOBO/OB.
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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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Z.A. Gulshan, M.Z.H. Ali, M.S. Shah, D. Nouman, M. Anwar, M.F. Ullah

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.

BcTyn. Besninomui nimaneui anapamu, maxi sAx Keaopokonmepu, 080pOMOPHI anapamu, anapamu 3 HepyXOMUMU Kpuiamu ma
2enikonmepu cb0200HI BUKOPUCHOBYIOMbCA Y Oazamvox cgepax 3acmocyéanna. Y aimepamypi nogiooMisemsvcs npo nioxoou 0o
KepyeanHs, 3aCmoco8ani Ha Keéaopoxkonmepi nicia 6i0’cOHanHa Mmooeni ado OKpemo2o KOHMPOAI0 GUCOMU MA BI0CMENHCeHHs
mpaexmopii. Haoiinuil ainitinutl peeynsmop H  6ye pospobnenuil sax 0ns KOHmMpOo sucomu, max i 0 6i0CMENCEHHs KPY208oi
mpackmopii na nompioniti eucomi. pobnema. 3d0amuicme KeadpokONMepHOi cucmemu 3a8Ucamu HA NeeHill 6Ucomi ma
siocmesicysamu 0yOb-Ky Oadcany mpackmopiio pobums ix 3acmocy8ants MOJNCIUBUM y 6a2amvox chepax 5K y ilCbKOGUX, MAK i 6
yuginbhux yinax. Pospobnenuil xonmponep moogice ne niompumysamu 6adicani Xapakmepucmuku y peanrbHux ymoeax, mobmo 3a
nasignocmi nopusie eimpy. OPUTIHANBHICTb. V yill pobomi npedcmagnena cmpamezis KepysauHs, KA 3a0e3neuye ik KOHMpPOLb
eucomu, max i 8i0cmedicents Mpackmopii 3a 00nomozoi0 00Hoz2o koumponaepa. MeTa. Oouax icnye nompeba 8 €OuHomy
Koumponepi, AKuil 3a6e3neuye K KOHMpoab eucomu, max i giocmedcenns mpaekmopii. HOBU3HA. V yili cmammi npedcmaeneno
Haoitinutl pecynamop H 0Ona xommponio eucomu ma 6i0CmediceHHs mpaekmopii 0 wecmu CMyneHie c800600u 6e3niiomHux
nimanvnux anapamis. MeTOR0NONIA. na keadpoxkonmepa 3anpononosano 6a2amoexionuti 6a2amosuxionuti HaAOHUN KOHMpoJep
H ons xommponio eucomu ma eiocmesicenns Oasicanozco Kypcy. s nepesipku KoHmponepa po3poonsiemvbcs cepedoguiye
MOOeNo8aAnHs, 8 AKOMY MPUBUMIPHA MPAEKMOPIs GIOCMENCYEMbCS 30 3ANPONOHOBANOIO MemOo00N02icl0 Kepysanns. Pe3ynbTaTu.
Pesynemamu mooeniosanns nokazyioms, wo KOHmMponep € 00CUmMs eQeKmueHUM 015 O0CASHEHHs OANCAHOT Memu Npu MiHIMATLHUX
sycunnsx  kowmpomio. TpaKTUYHA LUIHHICTb. o6 nepexonamucs, wo 3anpononosanuti nioxio 30amuuil 3a6e3nevumu
cmabinbHicmy, KOHMPONb BUCOMU MA BIOCMEJICEHHs MPAECKMOPIL 8 peanbHux CUMyayisax, napamempu 3anponoHo8aH020 KOHMPOIo
nepesipsAiomspCcsl 34 HAAGHOCMI Nopugie eimpy. 30ammuicmes KoOWmpoaepa ycyeamu HOPYUIEHHS NPOMAOM KITbKOX CeKVHO i
niompumyeamu K nepexioni, max i cmadinbHi NoKasHuku 00600ums egexkmuesnicms konmponepa. bién. 16, Tabn. 1, puc. 9.
Knmiouoei cnosa: H ~ KOHTPOSep, KBaApOKOMNTEP 3 LWICTbMa CTyreHsAMW CBOGOAM, Ge3nifioTHWIA NiTanbHWA anapar,
peryntoBaHHA No3uuii, HeniHiiHa ccTema, HagiiHe KepyBaHHS.

1. Introduction. Unmanned Arial Vehicles (UAV)
like fixed wing crafts, quadcopters, and helicopters have

hover control. In [4], four independent proportional—
integral-derivative (PID) controllers with independent

found applications in several domains [1]. Amongst these,
quadcopters and helicopters are commonly used as UAVsS
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.,

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:

a MIMO H
model;

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
guadrotor. 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.

controller design for the quadrotor

Ze

Fig. 1. Inertial reference frame of a quadrotor
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Rotor angular positions of the motors can be denoted
by ; 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

1 and ,, thus generate the thruster torques , and
respectively. While motors 2 and 3 rotate in clock-wise-
direction generating torques s and 4.

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  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].

100 0 0 O
0100 0 0
001 0 0 0

x 000 A 0 0

y 000 0 A 0 vy

z 000 0 0 A 7 "
0o o0
0 0
0o 0 F
0 0 m
0 0
g 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]

X\ Xo; 2

2 2
%, Tk & 2. 3)

X3 Xq; 4)
LI ©
yy
X5 Xg: (6)
b ? F F i
X6 = - (7
X7 Xg; 8
Xg  AyXy; 9)
X9 X0 (10)
X0 AyXs; (11)
X1 X2 (12)

X2 AXs g %12 505 i @
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 lyy and 1, 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:

0 1 0 0 0 0O0O0OOOTOOO
0 0 0 0O O OOOOOOTGQO
0 0 0 0O 0O OOOOOODO
0 0 01 0 00O0O0ODOCOTG O
0 0 0 0O 100O0OO0OBOODO
0 0 0O 0O O OOOOOOGQ
A ; (14)

0 0 0 00O 0O0O1O0O0OO0CO
Ac, 0O O OO 0OO0OOOOTO OO
0 0 0 00O 0OO0OOOI1IO0OQO
0o 0A0 OO O0COOOOOO
0 0 0 0O 0O OO0OOOOTGOZ1
0 0 0O 0OA, OO0OOOOOO

0 0 0 0
0 Lk/lye 0 1K/l

0 0 0 0

I k/ly 0  1k/l, 0

0 0 0 0

B b/13 b/12, b/12, b/12,  (15)

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

K k k k
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1000000000O0O0O
001000000O0TO0O
0000100000TO00O0
C . (16)
000000100000
000000O0O0TI1O00O00O0
000000O0O0O0O0TILO

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

T
TR S B (17)
X X X y Yy z z T ; (18)
y Xy z T (19)

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

- Kpna N
! J
where V; is the input voltage for the i" motor and
i = i, rest of the parameters and their corresponding
values are given in Table 1.

Vi, (20)

Table 1
Parameters of the quadrotor

Parameter Value Parameter Value
Ax Iy, kg m?
Ay 0,45 lyy, kg m? 0,357 10°°
A, I, kg m*
k 2,98 10° m, kg 1,316

g, 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]:

z w
Ps
v u
; (21)
Pus Pos w,
PZl S P22 S u '
u Ks v. (22)
The linear fractional transformation is
z R P,Kw, (23)
where
FPK Py PoK1I PoK Py, (29)

3.1.H controller.
The H optimal control problem is to find all
stabilizing controllers K that minimize [15]
I/ PK| max~FHPK j (25)

w
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(j ), K(j )). 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
min D€ the minimum value of overall stabilizing controllers
K. Then the H sub-optimal control problem is: given a
> nin, find all stabilizing controllers K such that

I/ P.K]| (26)

If we desire a controller that achieves i, to within

a specified tolerance, then we can perform a bisection on

until its value is sufficiently accurate. The above result
provides a test for each value of to determine whether it
is less than i, or greater than .

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.

Tracking in X-axis

15 T

Reference
Output

N
N

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

Tracking in Y-axis

1
2

Reference
Output

1 L 1 L 1 Il Il 1 L t7 S
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

1

Reference
Output

-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.

12 Z,m Altitude Control
1 Reference
/ 2 2 Output
10 - \
1
8 N
6 i
4t N
2 N
t,s

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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2 Output
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4
2 - |
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5 . e 0 X, m
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Fig. 7. Tracking of 3D trajectory
05 Angular positions of the quad rotor
¢
0.4 0
"
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Fig. 8. Attitudes of quadrotor

Motor angular velocities
T T T T T

500

450

1

2
400 wy |

4

200 b

150 fi J

100 | 1

50 | 1 (\ 1

‘ t,s
0 L_M | T T Y — ————
0 1 2 3 4 5 6 7 8 9 10
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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B.l. Kuznetsov, T.B. Nikitina, .V. Bovdui, V.V. Kolomiets, B.B. Kobylianskiy

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.

MeTa. Posenanymo sHudicenHs iHOYKYIT MAZHIMHO20 NOJiA 00 PIBHS CYYACHUX CAHIMAPHUX HOPM 30 PAXYHOK AKMUBHO20 eKPAHYBAHHA 8
2HCUMIOBUX OYOUHKAX cmapoi 3a0y006U, PO3MAUIO8AHUX NOOIU3Y ICHYIOYUX MUNOBUX NOBIMPAHUX NIl erekmponepedayi. Poszenanymo
aKmueHe eKpaHy8antsi MASHIMHO20 NOJIS 6CepeOUHi 0OHON0BEPX08020 | bazamonosepxoo2o Oyourky. Ilpu npoexmysanHi eusHauaIUCs
KinbKicmy, KoHQi2ypayis, npocmopose pPO3MAULYBAHHS eKPAHYIOUUX O0OMOMOK, d MAKOJNC CMPYMU 6 eKPAHVIOUUX OOMOMKAX.
MeTopgonorisi. 3asdanns npoexmyeanns cucmemu AKMUGHO20 eKPAHYB8AHHS 3600UMbCSL 00 GUDIUEHHSL 3a0a4i MIHIMAKCHOI 6eKMOPHOT
onmumizayii. Bekmop yinbooi yHkyii 6 yiti MiHiMakcHil 3a0aui obuucmoemvcsi Ha ocHogl 3akony bio-Casapa. Bupiwenns yici
npobaemu epyHmMyemvCa Ha aneopummax bazamoazenmuoi onmumizayii. Pe3ynbTaTW. Ilpeocmasneni pesynvmamu meopemuyHux i
EKCNEPUMEHMANbHUX O00CTIONCEHb CUCeEM AKMUBHO20 eKPAHYBAHHA MAZHIMHO20 NONA, WO CMEOPIOEMbCA DIHUMU NOGIMPAHUMU
JUHIAMU elekmponepedadi 6cepeduni 0OHO- [ bazamonosepxogozo Oyounky. OPUrIHANBHICTb. [lokazana MOMCIUGICIb 3HUICEHHSL
IHOYKYIT NOYamMK06020 MAZHIMHO20 NOJISL 6CEPEOUHI NPOCIOPY, WO eKPAHYEMbCSL, 00 piHst canimaphux Hopm. NMPaKTUYHA LiHHICTb. 3
MOUKU 30py NpakmuyHoi peanizayii npeocmaeineni pexomenoayi 01 002PYHMOBAHO2O0 GUOOPY KITbKOCMI [ NpPOCmOpo8o2o
PO3MAULYBAHHSA EKPAHYIOYUX 0OMOMOK CUCHEM AKMUBHO2O eKPAHYBAHHS MASHIMHO20 NOJIsL, WO CMEOPHOEMbCS PIZHUMU NOBIMPIHUMU
JUHIAMU enekmponepeoay cepeouni JHcumuosux 0younkie pisnoi nosepxosocmi. bién. 47, puc. 7.

Kniouosi crosa: NOBITPSAHA MiHIA enekTponepefadi, MarHiTHe Mosie, cUCTeMa aKTUBHOIO eKpaHyBaHHS, KOMM’lOTepHe
MOZeNOBaHHS, eKCrepUMeHTaNIbHI JOCNIKEHHS.

Introduction. Existing high-voltage overhead power  a threat to the health of hundreds of thousands of people
lines, located in residential areas of most developed living closer than 100 m from overhead power lines.
countries, are the main sources of magnetic field of Moreover, often residential old buildings are
industrial frequency, which has a massive effect on the  generally located near power lines, as it is shown in Fig. 1.
population and is more dangerous to health than the P
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 pT 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. . e 5SS

Thusl as Shown by the Calculatlons and results Of Flg 1. Location of residential old bUIldIngS near power lines
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

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

exceeded by more than an order of magnitude. This poses ™ ¢ Kuznetsov, T.8. Nikitina, 1V. Bovelui, V.V Kolomiets, B.B. Kobylianskiy
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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;, Io(t), t)
of the initial magnetic field [22-28] in the form of the sum
of the vector inductions By(P;, I)(t)) generated by all L
currents Iy(t) in the conductors | of the power transmission
line at a point P; at a time t is based on the Biot-Savart
law in the following form
L

Bo R II T, 1)
1
here a vector of power transmission line currents Io(t) is
introduced, the components of which are the currents I(t)
in | current conductors of the power transmission line
lo(t) = {1i(t)}

The shielding magnetic field induction By(P;, 1(t), t)
generated by M control windings can be calculated
similarly as the sum of the inductions Bym(Pi, lym(t), t)
generated by the m currents I,(t) of the shielding windings
at a point P; at a time t in the following form
M

BmPolmt,t, (2

m1

By P.lIgt,t

B, R.1, t.t

here the vector 1,(t) of currents of the shielding windings
is introduced, the components of which are Ii(t) the
currents in m shielding windings 1,(t) = {l,m()}.

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;, 1,(t), t) at the point P; of the
considered space, with the help of which the induction
Bo(Pi, 1o(t), t) of initial magnetic field in the point P; of
considered space is compensated, so that the induction
B(Pi, 1o(t), 1,(t), t) of the total magnetic field generated by
currents lo(t) of wires of power lines and currents 1(t) of
control windings at all points P;, of the considered space

BR,Ipt,I,t,t 3)
Bo Rlgt,t B, R.I,tt,

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 I,(t) 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 Y of the spatial
arrangement of the compensating windings, as well as the
currents of the I (t) in these windings. Then, for a given
value of the M quantity and the coordinates of the X and Y
of the spatial arrangement of the compensating windings,
as well as the I,(t) currents in these windings, the
mathematical model of the induction B,(P;, 1,(t), 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.

I

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 uT.
The induction of the total magnetic field in the shielding
zone practically does not exceed the level of sanitary
standards.

N I S S S N N S S S L.
0 105 N 115 12 1258 13 135 14 145 15

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 yTt0 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

+
0.5 Feeveeee i ey * d ¥y
___Fleld;aﬂ_tj:_r u
o e N
27 37 il
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
formulas 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.

BeTyn. V waw uac enexmpuuna emepeia € He3aMiHHOW O HPOMUCIOBUX, NPOMIdCHUX 1 nodymogux npunadie. Oouwax Ha it
ehexmugnicms  GNIUBAE HAAGHICMb NOPYUIEHb, WO GUHUKAIOMb 6 el1eKMPUYHUX Mepedicax, MAaKux sK 2apMOHiKu, oucobananuc,
nposucanHslpo30yxanHs, mepexminna mowo. [illcHo, nNOpyuweHHs SUKITUKAIOMb 3MEHUEHHS KOeQIYIEHMAa NOnysjcHocmi ma 30i1bueHHs.
empam nomyosicnocmi. YV yiti pob6omi po3ensinymo 2apMOHIUHI NOPYUWEHHS. Ma 3ACMOCO8AHO 3-PIGHesULl WYHMYIOUULl Qitbmp akmueHoi
ROMYJICHOCE 3 JHCUBTEHHAM IO 2IOPUOHO20 NANUGHO20 enemenmalakymMynsimopa nOCmittHo2o cmpymy Onsl ROM'SKUIEHHS. CIPYMOGUX
2APMOHIYHUX KOMNOHEHMIB 3 eIeKMPONOCmaiaHHAM 6i0 enekmpuunozo gioepa. MeTa. Jocriosxcenna enepeoedexmueHocmi cucmemu
HA OCHOBI 3-pi6HE6020 WYHMYIOU020 AKMUBHO20 (QINbMpa 3 JHCUBNEHHAM 6I0 2iOPUOHOI WUHU NOCMITHO20 CMPYMY 3 NATUGHUM
enemenmomlaxymynsimopom. MeToguKa. I[lompibno 3uaiimu  6iOnoGiOHI opmyau, SKi eupajdcaioms eQexmueHicms ma GiOHOCHI
empamu  ROMYIACHOCHI Y 8iONOGIOHOCMI 00 Koeiyichma Haganmadicennss (Ye GIOHOWEHHsT AKMUGHOI NOMYICHOCHE KOPOMKO20
SAMUKAHHA MA AKMUBHOT NOMYHCHOCI HABAHMANCEHHS) MA KOeiyieHma nomyxcnocmi Hasanmagicenus. Enepeis wunu nocmitino2o
CMpyMy KOHMPONIOEMbCA 3d OONOMO20I0 ANOPUMMY YNPAGTIHHS eHep2i€lo, AKUL CHpUAE opMYBAHHIO HEOOXIOHUX ONOPHUX BXIOHUX
CmpyMmie ma 6UXIOHUX HAnpye NamsHo2o enemenma u axymyasmopa. Cxemu ynpasninna DCIDC nepemeoprosauamu euxonyromocs y
3AMKHEHOMY KOHMYPI 30 OONOMO20I0 pe2ynbosanux pobouux yuxiie. Pe3ynbTaTW. Pesyiomamu MOOeno8aHHs, NPOBEOEHO20
cepeoosuwyi MATLAB/Simulink, noxasyiome kpawy sixicme ginempayii' y nopiensnni 3 6unaokom ynpasiinis 3 GiOKpUMUM KOHMYPOM
DC/DC nepemeoprosauisc ma menuti GiOMIHHOCIE MidiC NOMYNCHICIIO NATUGHUX ENEMEHMIB, NOMYNCHICIIO aKYMYIIMopa ma ix
6i0n06i0H0I0 nopisnanbHol nomyscuicmio. [llo cmocyembcs enepeoeghexmugnocmi, pesyavmamu nokazyioms, wo oinewuti KK/ ma
MeHwi 8IOHOCHI 8MPAMU NOMYACHOCIE MONHCHA 0ocsAemu auue mooi, Kou 00cA2aromsves Oibluull KoeQiyichm HagaHmagiceHHs ma
Koeghiyicnm nomyosrcnocmi Hasanmagicents. Tomy Komnencyoua cucmema KoeQiyicHma nOMy*HcHoCmi 0yce 8axciuéa O Nio8UUeHHs
enepeoeghexmusnocmi. bibn. 13, Tabn. 1, puc. 14.

Knouosi cnosa: 3-piBHEBUN LUYHTYHOUMI (DISIbTP aKTUBHOT MOTY)XXHOCTI, FibpyaHa WyHA NOCTiAHOro CTPyMy 3 Ma/IMBHUM
e/1leMeHTOM/aKyMyNsITOPOM, eHeproeteKTUBHICTb, AKICTb enlekTpoeHeprii, KK/, BigHOCHI BTpaTU NOTYXHOCTI.

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.

Supply

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 Rs, Ly impedance, and its current is)
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 Ry, Ly, C;
and its upstream filter Ry, L,) which DC bus (including
the filtering capacity Cg4. with its shunt resistor Ry) is
fed with a DC voltage Vg 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.

Non-Linear Load

Tlabe y/n +
€s Rs > L g A Rl
—e=w-" | L2
! B
W+ u
C -
y/7)
777
3-Level Ifabe
e DC/DC Converters VSINPC VSI - V_Oltagte
i source inverter
L L
V¥ | Hybrid bC 2 N 1z A< EC»P ”
<] Fomatters | ¥ v, A v, 2 T: I3 _|('¥* qu/ R LIf
DC b B|| 2 w».f"'].,
T S ity LA s
* o 23
SOC - state-of-charge "™ * = %E & l s I I
| - T T T TV Gating
S0C__,| Energy P I Signals
| Puem Management| p¥*, . I esabe Phase-Shifted . )
= System Vsahe Carrier-based PWM - pulse-width modulation
sal
| . Vobuck * Viem | o I ] Efficiency g PWM
V¥
| VB Duty | pe | e Ifabc* *fahe
T¥*max C C‘Vdfl f t SRF Algorithm SRF - synchronous reference frame
| —p| Controller | Tponc Rs FoL

DC/DC Converters Control Circuit

Ilabe AV*dc  Vsabe

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 Iy, Pl correctors to regulate
the input DC voltage Vg and the output AC current I, and
a phase-shifted carrier-based modulator for gating signals
generation. The PI correctors coefficients of the voltage

regulator (Kgvae, Kivac) and the current regulator (Ko, Kir)
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
OLTFyq(p) and the AC current OLTF«(p).

3.2. Vg regulator

Koy, a
OLTR, (p) 1 ﬁs /Kiv s?; 1)
dc dc
where
a CdC Vdc; (2)
3Vsrms
KiV 2
KdeC ldc ’ KinC a 0; (3)
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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 wy,
w, are the particular frequencies of the Bode diagram.
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Fig. 2. SAPF topology
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Fig. 3. SAPF control strategy

3.3. I regulator

K

pl¢ b
OLTF,, (p) 1 S s, (6)
! Ki, Kir,
where

20A, L

Pt ™)
Vic

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

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

3.4. 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 I,

using regulated duty cycles a*boosta a*buck and the

efficiencies 7poost, 77buck Obtained from a 2-D look-up table
which data is provided by the manufacturer BRUSA [12]

Vi* @ ;oost ) Vos (8)

lo  boost@  boost) lis )
where V;, |; are the voltage and current at the low voltage
side; V,, |, 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

a
L
+
| To
C_l_ Vo
O

+ 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*boost is regulated
starting from V*dc while a*buck can be regulated from

*

Viatt-

Current I
Vo limiter O*FCBoost
Viie Voltage Current Eﬁli\:l'em}
v ‘g regulator I ap [ NFCBoost
ulator —»| Boost [
[01] Mode

Current Ti

Ve Vo, limiter 0*BatBoost
2 l "
% C ‘ Efficiency
T _|"\'_’é" Voltage e et Map | nBattBoost
regulator] & I Boost [

0 |
0 [01] Mode
T¥imax
Current
VEiBatt vi imiter
n Current % Efficiency|
It X
>0 V? tage regulator| o Map manck
— regulator —»  Buck

01 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:

dr

LE Vi @ ;oost) Vo; (10)
dv *
Cd_to boost(l boost) Ii Io- (11)
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This gives the inductor current and capacitor voltage
in Laplace domain as:

1; () Vi @ ;oost) Vo;

12
s (12)
1T poost) i |
V. (s boost( boost/ i o; 13
0(s) C s (13)
v,
boost 7 I| I0
0 14)
V, (s
0(s) C s (
Then, the open loop transfer functions are given by:
OLTF () ~pis Ku 1. (15)
S Ls
Kpys Ky 1
OLTRy (s ; 16
Fv () S e (16)

where the proportional gains Kp,, Kpy and integral gains
Ky, Ky are determined knowing the regulator response
times as [13]:

Kpp 2 nLKy il (17)
Ky 2 wCKy &G (18)
where
In 0.05y1 2
NI ; 19)
Tri
In 0.05(1 2
Trv

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. Tg, is chosen to be one tenth of Tgy.

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

Vo l:uck Vi*; (21)

= |;

Io | *bUCk . (22)
buck

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

NPAVARRY
Io(s) buckL |S 0 : (23)
| V—' l;
0 buck v i
Vo(s) c s 2 (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 n depending on the load factor K, and the
load power factor Pg [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;:

KL P/R; (25)
where Py 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:

17

P el (t)R, leg (t)dt;
0
where e is the vector of the instantaneous values of the
source voltage:

(26)

€qq (1)
esp(t) ;
esc (t)
where R is the matrix of resistance losses in the cables of
the power system:

es(t) (@7)

R, 0 O
R¢ 0 Rg 0 ; (28)
0 0 R
where P, is the load power formulated by:
T
1
A= Ve OnOd; (29)
0

where V,, |, are the respective vectors of instantaneous
values of common coupling point voltage and load
current:

Vsa (t) IIa (t)
Vs(t)  Vgp() . hi(t)  Tp(); (30)
Vsc t) IIc ®

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

T T

S \/% Vd RV ()t 1] (RI(t)dt;  (31)
0 0

where | is the vector of instantaneous values of the

source current:

lsa(t)
s ) .
s (1)

The power losses AP are the difference between the
source power P given by:

I(t) (32)

17
Ps — es(®)ls(t)dt; (33)
T 0
and Py

P P R; (34)

on the other hand AP can be expressed by:

17 52
P = 1T @RI (t)dt T . (35)

° TV ORN 0at
0
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T
The term % VST (t)Rg ]’\/S (t)dt corresponds to the
0
useful power at the common coupling point P:

;
1
Po = Vs (ORNVs (tt

0
1T
R &) Rl R es(t) Rols(t)dt
0
T T
L OR et = 17 ORR, s 0
TO TO
1! 1’
= el ORs'RyIs()dt = 1] (ORsR'RyIs()dt  (36)
TO TO
1! 1’
= e ORTes(dt = 1] (e (t)at
T T
0 0
T T
= e MIs(dt = 1] (RsIs ()t
0 0
R P P, P R P P P R
P R P R

The efficiency 7 is the ratio between the load power
and the source power:

h_A L @
P R P 1 P
R
From Pe=P//S, one can conclude that:
2 2
p 3= ZP' ; (38)
PU PF F)u
1
; (39)
I B
PE(Ry Py R)
2 2 2
PERy PERs PER A (40)
PP, PEP, PER O;
Péi PFZE P2
P " P " (41)
P22 p2-s p? o
R
21 (PE(KL 1) PEKL PE 0. (42)
The determinant of (42) is given by:
KZ 4K, 4P? 4P? O (43)
2
o Ki Ko 1 iz 0
) i (44)
Pe

PeKL (KL 2)%PZ 4

1
2 — P=(K, 1
b F(KL D)

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

1oox Ly
1 X
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.

(45)

(46)

Table 1
Simulation parameters
Parameter Value
Pscnoms Pbatmax 24 KW, 21 kW

1.6452 kW, 13.348 kW
3162 W, 80.1%

Vyiimax = 400V, f=50 Hz
lgmax = 60.01 A
R.=05414Q, L;=17mH
R=840Q, L =50mH
Rr=2.063Q, L=1mH, C;=30 uF
R,=042Q, L,=41563mH
Viomax = 1694V, Cgc = 617.18 JF,

Preiows Prenigh
Pfcid|e, initial SOC

AC supply voltage,

Maximum source current

Supply impedance

Rectifier load

Output filter impedance

Upstream impedance

DC-bus Ree=60Q, Ly =0.5mH
P1 voltage fovae = 20 Hz,  @evge = 89.9°
PI current for = 10 kHz, ¢ = 89.9°

Figure 6 present the imposed values of the state-of-
charge SOC (Fig. 6,a) and the regulated duty cycles o FeBoost
* * -
@ BattBoost AN & BattBuck (Flg- 6,b)

100

-
T

Duty cycle
e
v

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

34
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FC enters in operation, & satsoost IS SUPENIOr 0 & rcpoost.
Then, the two duty cycles become superimposed in their
evolution once the FC is operational. For the case of

a*samauck, one can observe that it is null all the time except
when the battery is in the charging mode (case of
Pfcidle<Pdem<Pfclow and SOC<80 %, and Pdem>PfcIow and

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

Now, which concerns the different considered
powers (Pgem, Pre, Poatt), 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 Py 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).

e

dem dem
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x10 x10% Piom = = Pdem
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Ay | e
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o N &
PW)
[SS

0

0 2 4 0 2 4 6 '(5)8 10 12 14

6 ys)8 10 12 14

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 | i, the FC input measured li. and the measured
output current .. Notably, I is perfectly following its

reference | i.. Which concerns |y, it is all time inferior to
li. 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 g, in the DC bus
which is the sum of Iy and oy Similar remarks can be
given for the different input/output voltages (Fig. 8,e to
Fig. 8,9), 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].

0 2 4 6 (c) 8 10 12 14 0 2 4 6 (g) 8 10 12 14
Yom V; = = Vaem
30 H
1500
= 2
% ! 1000 __’_f_rl-—r,"
=% wammmimnd > 500
-10 0
0 2 4 6 8 10 12 14 0 2 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.

100

R— Ilﬂ — Ilb S— Ilc
T T T T T
— A
| | . | L | | |
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-100
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t(s)

I L L I
9 9.01 9.02 9.03 9.04 9.05 9.06 9.07 9.08 9.09 9.1

Fig. 9. Results after inserting the SAPF:
a — 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%
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Fig. 10. Harmonic spectrum of: a — 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", = 1694 V:
a — the APF current |; 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 Vg
and Vg, are presented. One can observe that they evolve

in an opposite manner around VEel2 (the case of

V¥ = 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 Pr 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/Pg)) is satisfied all-time.
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Fig. 13. The instantaneous: a — short-circuit power;
b — load power; c — load factor; d — load power factor;
e — K and 2+(2/Pg)

Figure 14 concerns the results about the relative
power losses X and the efficiency #. As shown in
Fig. 14,a presenting X vs. Pr for different values of K,
the relative power losses X decrease when both P 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 7, one can observe that it increases when Pg
and K_ increase as portrayed in Fig. 14,c (3 vs. Pg for
different values of K) and Fig. 14,d (n vs. K for different
values of Pg).

1

K =15 = = =K =25 mememK =35 r—v—vi

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 (PEHSs) 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.

BcTyn. Bioomi memoou 360py eibpayiiinoi enepeii suxopucmogyromuv 0dcepeno 6ibpayii 0ns 300py enekmpuyHoi euepeii.
IT e30enexmpuunuii Mamepian npayioc sk 4ymauguil eleMenni, nepemsopiolovy Mmexaniyny emepeiio (8ibpayin) 6 erexmpuyny
enepeio (erexmpuune none). Icuyroui npucmpoi 360py n’ezoenexmpuunoi enepeii (3IIE) maiomb HU3bKY 4ymausicmo, HU3bke
nepemeopenus enepeii i many cmyey nponyckauna. HOBU3HA sanpononosanoi pobomu noaszae 6 npoexmyeanni koncmpyxyii 3[1E. ¥V
KOHCMPYKYIi peanizoeana nogimpana nopodlcHuna, AKa po3mauio8ana nio 4ymaueoi memobpanoio ona nioguwennus wymausocmi. Lje
00UH eneMenm HOBU3HU NONA2AE 8 KOHCMPYKYIL, 8 AKIll gueuHUCma Memopana po3mauiosana y 6epxuiti yacmuni eiekmpoois. Tpems
HOBU3HA - Ye HOB8A KOHCMpYKYia Opykoeanoi naamu. MeTa 3anpononosanoi koncmpykyii - 30inbuumu Mexamiyny nanpyey Misxc
kpasmu 3IIE i nidsuwumu nepemsopenns emepeii. 3ag0saku Hogiti KoHcmpykyii Opykoeanoi niamu 6ona Oyde npaylosamu 5K
niOKIaoKa, KA NO2IUHAE HABKONUWHIO eHepeiio éibpayii | nepedae it Ha yymausuil enemenm. MeTO4N. Tpu memoou Oyau ycniuno
suxopucmani ons npoexmysannsi 3IIE, i 6ionogiono nazeawni eucomoeneni 3IIE A, 3[IE b i 3I[IE B 6ymu onucani 0éoma
eKCnepuMeHmanbHUMy Xapakmepucmukamu: Ha6aHmadicents i eiopayis. B excnepumenmi 3 HA8AHMAICEHHAM GUMIPIOBABC MUCK
nasanmaxcenns na 311E, 6 mou uac Ak 6 excnepumenmi 3 gibpayicio gumiproganacs mexaniuna nanpyea na 3I1E. PesynbTaTw. 311E
B mae naiisuwy inoykosamny nanpyay ons eaeu 5,2 ke npu yacmomi 50 I'y i nausuwgy 36epesceny nanpyey npomsicom 4 xeunun. Tpu
Memoou, wo 3acmocogyromscsa 0as 3I1E, nokasanu noainwenns wymaueocmi nepemeopiosaya i nepemsopenns enepeii. [pakTUYHa
WiHHICTb. B excnepumermi 6uKOpUCmosy8ascs n’€30eleKMpUtHUl aKyCIMUuyHul 2eHepamop Os NOPIGHAHHA XAPAKMEPUCTUK
pospobnenoco 3IIE 3 docmynuumu Ha punky n’e€3oerekmpuunumu nepemeopiogavamu. Hoea emyuxa membpana npayrosana sk
YYMAUBULl enemMerm, wo npedcmagisng coboio KOHCoabHy baika. B saxocmi yymaugozo enemenma 6uKopucmos8y8ascs nonisininioen
@dmopuo 3a60aKU SHYYKOCMI NOIMEPHO20 MAMEPIANy, AKUL, AK O4IKYEMbCA, NOMINUUMb YYMAUGICMb | poOOYy cMy2y NPONYCKAHHA.
bi6n. 21, Tabn. 6, puc. 19.

Kniouosi crosa: 36Mpad 1n’e30e/1eKTPUYHOT eHEPrii, MOBITPsIHA NOPOXHWHA, BUTMHUCTa MeMbpaHa.

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 (EEHSs) [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 PEHSs generated an average power
of 25 pW 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

/' circuit

Copper, Cu

[ rre
Finger
gap,
We
a

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

Finger }

widith.

e

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?
Wy, mm Wy, 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

D33 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 dz; 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 ds; 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 d;; 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 e 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
Fig. 4. Schematic diagram of stress occurring inside PVDF
during the movement of the cantilever beam

Cavity

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 pH, 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¢(t). Diodes D1 to D4 worked as full-wave rectifiers to
rectify all AC to DC.

O

o %3 v

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

ISSN 2074-272X. EnekTpoTexHika i EnekTpomexaHika, 2021, Ne 5 41



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. lllustration 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 =f/A, 1)
where f is the gravitational force; and A 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 \

I | circuit O —
/Qe gnd +ve gnd O gnd +ve
PEH

a

C

Fig. 10. Load experiment setup: (a) 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
/
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, % f/A, N/m?
0.2 0.202 5 1401.43
1.2 0.402 6 8408.57
2.2 0.607 3 15415.71
3.2 0.810 4 22422.86
4.2 1.097 5 29430
52 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.

[}
I—

Output saturated

°
@

ofp voltage (mV)

Significant output

1401.428571

8408.571429

15415.71429 22422.85714 29430
Pressure (N/m?)

36437.14286

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

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, % fIA, 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.

Significant output
voltage

$97.9405034

5387.643021

9877345538 14367.04805 1885675057 23346.45309

Pressure (N/m?)

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, % /A, N/m?
0.2 0.702 3 529.55
1.2 0.903 4 3177.33
2.2 1.199 3 5825.10
3.2 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.

’ I I

n

n

Low pressure with high
induced voltage
More sensitive

Meano/p voltage (mV)

e
n

| >
| |
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, % f/A, 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 |

Meanolp voltage (mV)

Piezoelectric acoustic
generator less sensitive

due to high pressure for
low generated voltage

|
I
I
02 I
|
I
I
|

= =

6248.408 37490.45 68732.48

Pressure (N/m?)
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 t0 0.28 mV.

0.4

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.

Generated voltage from
0.25mV to 0.52 mV

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

50
Frequency (Hz)

Fig. 18. Generated output voltage versus input frequency
forPEH 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.

Ouput voltage versus period of time
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Period of time (min)
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Fig. 19. Generated voltage stored versus period of time

4 —Piezoelectric acoustic generator

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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have no conflicts of interest.

44 ISSN 2074-272X. EnekTpoTexHika i EnekTpomexaHika, 2021, Ne 5



REFERENCES
1. Zhao L., Tang L., Liang J., Yang Y. Synergy of wind energy
harvesting and synchronized switch harvesting interface circuit.
IEEE/ASME Transactions on Mechatronics, 2017, vol. 22, no. 2,
pp. 1093-1103. doi: https://doi.org/10.1109/tmech.2016.2630732.
2. Shekhar A., Kumaravel V.K., Klerks S., De Wit S,
Venugopal P., Narayan N., Bauer P., Isabella O., Zeman M.
Harvesting roadway solar energy — performance of the installed
infrastructure integrated PV bike path. IEEE Journal of
Photovoltaics, 2018, vol. 8, no. 4, pp. 1066-1073. doi:
https://doi.org/10.1109/jphotov.2018.2820998.
3. Camboim M.M., Oliveira V.S., Villarim M.R., Villarim
A.W.R., Catunda S.Y.C., Baiocchi O.R., De Souza C.P. An
online remote verification system of thermal sources for energy
harvesting application. IEEE Transactions on Instrumentation
and Measurement, 2020, vol. 69, no. 10, pp. 7962-7973. doi:
https://doi.org/10.1109/tim.2020.2986105.
4. He W., Zhang J., Yuan S., Yang A., Qu C. A three-
dimensional magneto-electric vibration energy harvester based
on magnetic levitation. IEEE Magnetics Letters, 2017, vol. 8,
pp. 1-3, art no. 6104703. doi:
https://doi.org/10.1109/Imag.2017.2669300.
5. Todaro M.T., Guido F., Algieri L., Mastronardi V.M.,
Desmaele D., Epifani G., De Vittorio M. Biocompatible,
flexible, and compliant energy harvesters based on piezoelectric
thin films. IEEE Transactions on Nanotechnology, 2018, vol.
17, no. 2, pp. 220-230. doi:
https://doi.org/10.1109/TNANO.2017.2789300.
6. Khan F.U., Igbal M. Electromagnetic bridge energy
harvester utilizing bridge’s vibrations and ambient wind for
wireless sensor node application. Journal of Sensors, 2018, vol.
2018, art. no. 3849683. doi:
https://doi.org/10.1155/2018/3849683.
7. Chaudhuri D., Kundu S. MEMS piezoelectric energy
harvester to power wireless sensor nodes for machine
monitoring application. 2017 Devices for Integrated Circuit
(DevIC), 2017, pp. 584-588. doi:
https://doi.org/10.1109/devic.2017.8074018.
8. Shin A., Radhakrishna U., Yang Y., Zhang Q., Gu L., Riehl
P., Chandrakasan A.P., Lang J.H. A MEMS magnetic-based
vibration energy harvester. Journal of Physics: Conference
Series, 2018, vol. 1052, p. 012082. doi:
https://doi.org/10.1088/1742-6596/1052/1/012082.
9. Rodriguez J.C., Nico V., Punch J. A vibration energy
harvester and power management solution for battery-free
operation of wireless sensor nodes. Sensors, 2019, vol. 19, no.
17, p. 3776. doi: https://doi.org/10.3390/s19173776.
10. Correia D., Ferreira A. Energy harvesting on airport
pavements: state-of-the-art. Sustainability, 2021, vol. 13, no. 11,
p. 5893. doi: https://doi.org/10.3390/5u13115893.
11. Hosseinkhani A., Younesian D., Eghbali P., Moayedizadeh
A., Fassih A. Sound and vibration energy harvesting for railway
applications: A review on linear and nonlinear techniques.
Energy Reports, 2021, wvol. 7, pp. 852-874. doi:
https://doi.org/10.1016/j.eqyr.2021.01.087.
12. Lee H., Noh M.D., Park Y. Optimal Design of Electromagnetic
Energy Harvester Using Analytic Equations. IEEE Transactions on
Magnetics, 2017, vol. 53, no. 11, pp. 1-5, art no. 8207605. doi:
https://doi.org/10.1109/TMAG.2017.2708130.
13. Cai M., Liao W.-H. Design, modeling, and experiments of
electromagnetic energy harvester embedded in smart watch and
wristband as power source. IEEE/ASME Transactions on
Mechatronics, 2021, vol. 26, no. 4, pp. 2104-2114. doi:
https://doi.org/10.1109/tmech.2020.3032536.

14. Nabavi S., Zhang L. Nonlinear multi-mode wideband
piezoelectric MEMS vibration energy harvester. IEEE Sensors
Journal, 2019, vol. 19, no. 13, pp. 4837-4848. doi:
https://doi.org/10.1109/jsen.2019.2904025.

15. Koven R., Mills M., Gale R., Aksak B. Low-frequency and
broadband vibration energy harvesting using base-mounted
piezoelectric transducers. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, 2017, vol. 64, no. 11, pp.
1735-1743. doi: https://doi.org/10.1109/TUFFC.2017.2739745.
16. Subbaramaiah R., Al-Jufout S.A., Ahmed A., Mozumdar
M.M. Design of vibration-sourced piezoelectric harvester for
battery-powered smart road sensor systems. IEEE Sensors
Journal, 2020, vol. 20, no. 23, pp. 13940-13949. doi:
https://doi.org/10.1109/JSEN.2020.3000489.

17. Abasian A., Tabesh A., Rezaei-Hosseinabadi N., Nezhad
A.Z., Bongiorno M., Khajehoddin S.A. Vacuum-packaged
piezoelectric energy harvester for powering smart grid
monitoring devices. IEEE Transactions on Industrial
Electronics, 2019, vol. 66, no. 6, pp. 4447-4456. doi:
https://doi.org/10.1109/T1E.2018.2860557.

18. Nabavi S., Zhang L. Nonlinear multi-mode wideband
piezoelectric MEMS vibration energy harvester. IEEE Sensors
Journal, 2019, vol. 19, no. 13, pp. 4837-4848. doi:
https://doi.org/10.1109/JSEN.2019.2904025.

19. Naval S., Sinha P.K., Das N.K., Anand A., Kundu S.
Bandwidth increment of piezoelectric energy harvester using
multi-beam structure. 2019 Devices for Integrated Circuit
(DevIC), 2019, pp. 370-373. doi:
https://doi.org/10.1109/devic.2019.8783724.

20. Rubes O., Hadas Z. Design and simulation of bistable
piezoceramic cantilever for energy harvesting from slow
swinging movement. 2018 IEEE 18th International Power
Electronics and Motion Control Conference (PEMC), 2018, pp.
663-668. doi: https://doi.org/10.1109/EPEPEMC.2018.8521846.
21. Lu S., Boussaid F., Law M. Efficient parallel-SSHI interface
circuit for piezoelectric energy harvesting. 2013 IEEE 11th
International New Circuits and Systems Conference (NEWCAS),
2013, pp. 1-4. doi: https:/doi.org/10.1109/NEWCAS.2013.6573658.

Received 15.08.2021
Accepted 21.09.2021
Published 26.10.2021

Ahmad Azrul Mohamad Yusoff!, MS,
Khairul Azman Ahmad?, Senior Lecturer,
Siti Noraini Sulaiman®, Associate Professor,
Zakaria Hussain®, Associate Professor,
Noramalina Abdullah?, Senior Lecturer,

! School of Electrical Engineering, College of Engineering,
Universiti Teknologi MARA,

Cawangan Pulau Pinang, Permatang Pauh,
13500 Pulau Pinang, Malaysia

e-mail: bnc_azrol@yahoo.com.my,
azman062@uitm.edu.my,
sitinoraini@uitm.edu.my,
zakarial83@uitm.edu.my,

2School of Electric and Electronic Engineering,
Engineering Campus, Universiti Sains Malaysia,
14300, Nibong Tebal, Pulau Pinang, Malaysia
e-mail: eenora@usm.my (Corresponding author)

ISSN 2074-272X. EnekTpoTexHika i EnekTpomexaHika, 2021, Ne 5 45



EnekTpoisonsuiiHa Ta kabenbHa TexHika
YK 621.315.615.2

https://doi.org/10.20998/2074-272X.2021.5.07

O.B. WyTeHko, C.I". NoHomapeHKO

AHAJI3 3AKOHIB PO3IMoAl/1y NoOKA3HUKIB TPAHC®OPMATOPHNX MACE/]
B TPAHC®OPMATOPAX 110-330 kKB

Y ecmammi nagedeno pezynomamu ananizy 3aKowie po3noodiny nokasHukie mpancgopmamopuux macen y mparcgopmamopax 110 i 330
KB. Bcmanoaneno, wo po3nooin NoKasHukie 018 Macia K npuoamHo2o, max i HenpuoamHo2o 00 eKChiyamayii, He3anexcHo 6i0 Kiacy
Hanpyau mpancgopmamopie nionopsaoKo8yrmsCs 3aKoHy po3nodiny Betibyna. Bukonanuil ananiz nokazas, wjo i 6 asmompancgopma-
mopax uanpyeoio 330 B, i ¢ mpancghopmamopax nanpyeoro 110 kB mae micye 3mingerss Midc MamemMamuyHUMU OYIKY8aHHAMU Wilb-
HOCMI PO3n00INY NOKA3HUKIE Macel npuoamiozo 00 excnayamayii. Hasenicms 0ano2o smiujeHHs: 0036051€ GUKOPUCTIO8YEAMU OMPU-
MQHHI 3 YPAXYEAHHAM YMO8 eKCIIyamayii 3HAUeHHs Napamempis 3aKOHi6 PO3NoOiLy Ok OYIHKU GIONPAYbOSaAHO20 Pecypcy macel, d
MAKoNC OIS NPOSHO3YEAHHS MA NIAHYE8AHHSL MEPMINIE 00CTY208y8anHs ma pemounty obnaonanns. bi6n. 38, Tabn. 7, puc. 5.

Kniouosi crosa: TpaHC(OpPMaTOpHE Mac/o, MOKasHUKK Macen, TPUBaNiCTb eKcnayaTauyil, CTaTUCTUYHWIA aHani3, 3aKOHW Po3-
noginy, Kputepii 3roaum, po3nogin Belidyna, hyHKLUIT WiNbHOCTI po3noginy.

B cmamve npusedensi pesyrbmampl aHausa 3aKOH08 pacnpedeienus nokazamenell mpanc@hopmMamopHoix macei 6 mpancgopma-
mopax 110 u 330 kB. Yemanoesneno, umo pacnpedenenue noxazameneil Kax 0Jisi MAcia 200HO20, MAK U HE200HO20 K IKCRLYAMAayuu,
6HE 3ABUCUMOCINU OM KIACCA HANPAXCEHUS MPAHCHOPMAMOPOS NOOYUHAIOMCS 3aKOHY pacnpedenenus Beiibyina. Buinonnennwiii
aHaauz nokasau, ymo u & asmompancgopmamopax nanpsixcenuem 330 kB, u 6 mpancopmamopax nanpsiscenuem 110 kB umeem
Mecmo cmewjeHue Mexcoy MamemMamudecKumy OHCUOAHUAMU NIOMHOCMel pacnpedenenuss nokasamenei macei 200H020 K 3KCHLya-
mayuu. Hanuuue 0anno2o cmewjenus no3eonsem ucnoib3068ams NOLYUEHHbLE ¢ YYemoM YCI08Ull IKCHAYAMAYUL, 3HAYEHUs napamem-
P08 3aKOH08 pacnpedenenust O OYeHKU OMPAbOMAanHHO20 pecypca Macel, a maKice O RPOSHO3UPOBAHUSL U NIAHUPOBAHUSL CPOKOB
obcenyscusanus u pemonma obopyoosanusi. bubn. 38, Tabn. 7, puc. 5.

Knrouesvie crosa: TpaHC(*)OpMaTOpHOE Macsio, nokasaTtenn macesn, onNTeNbHOCTb 3KcnayaTaunu, CTATUCTMYECKUIA aHanu3,

3aKOHbI pacrpeenieHnsi, KouTepum cornacus, pacnpegeneHue Beitbynna, gyHKLMM NIOTHOCTM pacrpeaenieHus.

BcTyn. AsapiliHe NOLUKOMKEHHSI BUCOKOBO/IbTHUX
CWUMOBMX TpaHCOPMATOPIB CYMPOBOMKYETHCA 3HAYHUM
€KOHOMIYHUM 36UTKOM i, B pALi BUNaAKiB, MOXe MaTu
[oCUTb BaXKKi Hacnigku [1]. BpaxoBytoum icTOTHe cTa-
PIHHS MapKy BMCOKOBO/IbTHWMX CWMOBMX TpaHcthopmaro-
piB fIK B YKpaiHi, TaK i B 6ifbLIOCTI 3apybiXHMX KpaiH, a
TakoXX BKpail HM3bKI TEMMM 3aMiHW 00MafHaHHs, Lo
BifNpautoBano CBiil pecypc, 3abe3neyeHHs ekcnnyarta-
LiiHOT HaAiMHOCTI TpaHChopMaTOopiB € BaXKIMBUM HayKO-
BO-MPaKTUYHUM 3aBAAHHAM. OLHWUM 3 efleMeHTIB i3onauii
BMCOKOBO/IbTHUX CWI0BUX TpaHCHopMaTopiB € HaghToBI
i3onauiiHi macna. Sk mokasaHo B [2, 3], iCTOTHY posb B
3abe3neyeHHi ekcnnyaTayiiHoi HaaiiHOCTI TpaHcthopMma-
TOPIB Bigirpae ctaH TpaHchopmaTtopHUx Macen. Mpoayk-
TU OKUC/EHHS Macna YWHATb HEraTUBHWIA BNNB HE Tifb-
KN Ha eNneKTpUYHY MiLHICTb pigKoT i3onsuii, ane i cnpu-
ATb 3MEHLUEHHIO MeXaHiYHOT MiLHOCTI  LetoNo3HoT
i3014UiT, WO NPWU3BOAUTL [0 3HWKEHHSI pecypcy TpaHC-
(hopmatopiB. Y 3B’I3KY 3 LM YAOCKOHA/IEHHS MeTOofiB
OLiHKM CTaHy TpaHCOpMaTOpPHMX Macen € aKTyasbHUM
3aBfaHHAM. PilleHHA [aHOro 3aBfaHHA LO3BOAWUTL Mif-
BULLMTU eKCrIyaTauiiiHy HafiliHiCTb BMCOKOBO/IbTHUX
CWNOBKX TpaHC(OPMATOpIB i NPOLOBXUTH TX pecypc.

AHani3 nybnikauiin i noctaHoBKa 3aBaaHb A0CAi-
MKeHb. B gaHwid yac nNMTaHHAM YA0CKOHaNeHHs MeTOAiB
AIarHOCTVKWN CTaHy TpaHCopPMaTOpHMX Macen MpucBsye-
HO Be/MKY KiNIbKICTb AocnigkeHb. Npy UbOMY YAOCKOHa-
JIEHHS! BMKOHYETLCA 3a ABOMAa OCHOBHMMMW HamnpsmMamy —
BMKOPUCTaHHA HOBMX METOAIB BMMIpHOBaHb (HampuKiag,
[4-8]) i yaOCKOHaneHHs METOAIB NMPUAHATTA pilleHb. Ha-
npuknag, B [9-12] ana miarHOCTUKM CTaHy i MPOrHO3yBaH-
HS 3Ha4YeHb MOKA3HWUKIB TPAHCHOPMATOPHMX Macen 3arpo-
MOHOBAHO BWKOPUCTOBYBATW HEWPOHHI Mepexi pisHoT
KOHirypauii. ¥ [13, 14] ouiHKa cTaHy Mace/ BUKOHYBa-
Nnaca 3 BUKOPUCTAHHAM MapKOBCbKMX Mepex. Y [15, 16]
3aCTOCOBYBABCS anapar HediTKoT noriku, a B [17-19] Buko-
PUCTOBYBA/INCA PerpeciiiHi mogeni. Bpaxosytouu, L0 B

YMOBax peasibHOI eKcryaTaLii oOLiHKa cTaHy maces BUKO-
HYETbCS HA OCHOBI MOPIBHAHHSA BUMIPSHWX 3HaYeHb MOKa-
3HVKIB 3 rPaHUYHO JONYCTUMUMMU 3HaYeHHAMU (MA3), AKi
PerfaMeHTYOTLCA  MiXKHapOAHMMM ab0  HauioHaIbHUMM
cTaHfaptamu [20, 21], B [22-24] BUKOHAHO KOPWryBaHHS
A3 nokasHvKiB TpaHcqopmaTopHUx macen. OfHaK B
[laHnx poboTax ans kopurysaHHs '3 BUKOPUCTOBYBa/IN-
cs iHTerpanbHi yHKUiT po3noginy, a cami 3aKOHM He aHa-
nisyBanuca. Mpu UboMy, K NokasaHo B [25, 26] Bukopuc-
TaHHs METOAIB CTaTUCTUYHMX PilleHb, 3 YypaxyBaHHAM
3aKOHIB po3MoAiny AiarHOCTUYHMX MOKA3HWKIB, NPY KOpU-
rysaHHi ['[13 [03BONSA€E ICTOTHO 3HM3WUTW PU3VKW B NOpIB-
HSAHHI 3 METOAOM IHTerpanbHMX (yHKUIA. Kpim Toro na-
paMeTpy 3aKOHIB PO3MNOoAiny LUMPOKO BMKOPMUCTOBYHOTHCS
npv po3po0bLi mMoaeneid 41 NPOrHo3yBaHHS 3a/IMLLKOBOI0
pecypcy obnagHaHHs, Hanpuknag [27]. B Toin e uac,
BMKOHaHWIN aHai3 MOKasag, L0 MUTaHHS aHalisy 3aKOHIB
po3MoAiny MOKasHUKIB TpaHC(HOPMATOPHMX Macen He
3HalLLAM [0CTaTHLO MOBHOMO BUCBITNIEHHS B MiTEpaTypi.
BWHATOK CTaHOBNATb AOCMIMKEHHS, BUKOHaHI B [28], 3ria-
HO 3 AKMMM TaKi NMOKasHWKW Macen K BMICT opraHiyHux
KNCMOT, MpobuBHA Hampyra, KoedilieHT MOBEPXHEBOrO
HaTsry, NUTOMMUIA 06’€EMHWIA onip macna i BMICT B machi
BOAM MOXYTb OYTW onmmcaHi po3noginom Beiibyna. Mpw
LibOMY, IK CTBEPKYIOTb aBTOPU, BIAMIHHOCTI B 3HAYEHHAX
napameTpiB po3nogifly macen, OTPUMaHUX A0 3a/IMBKW, i
3iCTapPEHNX Macen € He3HaYHUMM, L0 BUMarae [OAATKOBOI
NepeBipKU. Y 3B’A3KYy 3 UMM B AaHiil CTaTTi NPeAcTaBeHi
pesy/nbTaT aHani3y 3akKOHIB Po3nofiniB Ans BCbOro KOM-
MNEKCY MOKAa3HMKIB TpaHCopMaTOpHMX Macen B 6akax
TpaHcthopmatopie 110 kB i aBToTpaHcthopmatopis 330 kB.

MeTolo poboTK € aHani3 3aKoHiB po3Mnofiny nokas-
HUKIB SIKOCTI TpaHCHOPMATOPHOro Macna 3 pisHUM cTa-
HoM Yy TpaHcopmatopax 110 i 330 kB.

CtatnctnyHa 00pobKa pe3ynbTaTiB Mepiogny-
HUX BUNPObyBaHb. B AKOCTI BUXiAHUX JaHUX 6yiu Bu-
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KOpUCTaHi pe3y/ibTaTy NepioAnyHOro KOHTPO/IKO Npobus-
HOI Hanpyry TpaHcopMaTopHUX Macen no 231 TpaHcgo-
pmaTopy Hanpyroto 110 kB i 49 aBTOTpaHC(opmaTopam
Hanpyroto 330 KB. 3aranbHuii 06¢car aHanizoBaHol BMGIp-
K1 cknaB 21062 3HaueHHs, 3 akux 17408 oTpumaHi ans
TpaHcopmatopis Hanpyroto 110 kB, a 3654 — ans asTo-
TpaHcopmatopis Hanpyroto 330 KB. MNepenik nokasHu-
KiB TpaHC(OPMAaTOPHMX Macen i 06¢Ar BUOIPKOBMX 3Ha-

YeHb N0 KOXXHOMY NMOKa3HWKY HaBefleHo B Tabn. 1.
Tabnuys 1

Mepenik NOKa3HUKIB TpaHCHOPMATOPHUX Macen

Ta 0bcar BVI6ipKOBVIX 3Ha4yeHb 3a KOXXHUM MOKa3HUKOM

O6car BU6IPKOBMX 3HaYeHb

No| [MokasHMK SKOCTi Macna KinbkKicTb KinbkicTb

TpaHcopMaTopiB| 3HauyeHb

TpaHcthopmaTopu Hanpyrow 110 KB
1 |TemnepaTypa cnanaxy 230 3746
2 |KnucnotHe yucno 231 3741
3 |Mpo6usHa Hanpyra 231 3723
4tg npmu20 C 31 268
5/tg npu70 C 50 426
6|tg npu90 C 60 570
7 |Konip macna 121 2108
8 | BMICT BOAOPO3YNHHUX KACOT 46 1191
9 |Bonorosmict 73 1635
ABTOTpaHchopmaTopu Hanpyrow 330 KB

1 |TemnepaTypa cnanaxy 49 887
2 |KncnoTHe yucno 48 850
3 |Mpo6uBHa Hanpyra 49 852
4|tg npn90 C 45 543
5 |Bonorosmict 30 400
6 |BMICT MeXaHiYHUX JOMILLIOK 20 122

MpeacTaeneHa B Tabs. 1 BMBipKa € HEOAHOPIAHOK K
3a KifbKICTIO TpaHC(opMaTopiB, TaK i 3a 3ara/ibHO Kifb-
KICTHO 3HauyeHb O3HaK. Taka HeoAHOPIAHICTb 06yMOBMEHa
JeKinbkoMa (haktopamu. Hanpuknag, and Takoro nokas-
HMKa K KOMip TpaHC(OPMATOpHOro Mmacna, AilounMM B
YKpaiHi HOpPMaTMBHUMMK [JOKYMeHTOM [21], rpaHW4HO
[OMNYCTUMI 3HAYEHHS PernameHTOBaHI TisIbKW A4fis CBIXKOro
macna, a 0Cb A9 eKCryaTaliiHOro KOHTPO/o Taki 3Ha-
UeHHSi He HOPMOBaHi, ane MOBWHHI BPaxoBYBATUCA MpU
OUjiHLI cTaHy Macen. [laHa 06CTaBMHA € OAHIEHD 3 MPUYMH
TOro, L0 KOMip Macen KOHTPONKOETLCS He B YCIX eHepre-
TUYHUX KOMMaHIAX YKpaiHu. HesHauHi 06¢Arn BMGipKoBmx
3Ha4YeHb AN TakMX MOKA3HUKIB IK BMICT BOGOPO3YUHHMX
KWCMOT, MeXaHIYHNX AOMILIOK i BONOroBMICTY 06ymoBne-
HO TUM, WO ANA BU3HAYEHHS 3HAYEHb AaHMX MOKa3HVKIB
Jil0YUMU  HOPMATMBHUMU  [OKYMEHTaMu  [OMyCcKanocs
BUKOPUCTaHHS AEKiNIbKOX METOAIB: iHAMKATOPHMX (BiaCyT-
Hi ab0 MPUCYTHI) i KifbKiCHUX (BU3HAYanmcs KifbKiCHWiA
BMICT faHux nokasHukis B Mr KOH/r a6o r/1). Ockinbku
JjarHo3 «BifiICYTHi» NpW BUKOPUCTaHHI IHAWKATOPHUX
METOAIB HEeKBIBa/IEHTHMIA 3HAYEHHAM AaHUX MOKAa3HUKIB
PIBHUX HYMHO, TO A8 MOAA/ILLLOIO aHasi3y BUKOPUCTOBY-
B/I1CA BUK/FOYHO Pe3yNbTaTy KisIbKICHUX METOLIB.

OcKinbky pesynbTaTyi BUNPOOYBaHb OTPUMaHi B pis-
HMX NabopaTopisix, a aHani3oBaHi TpaHC(opMaTopy MarTb
PI3HWIA TEPMIH CNYXXOM, EKCMNYaTYHTbCA 3 PI3HMM 3aBaH-
TaKEHHSIM | 3aUTi Pi3HMK COpTamMM Macen, TO OYEBUAHO,
L0 iHTEHCMBHICTb CTapiHHS Macna B aHafi30BaHWX TpaHC-
(hopmaTopax iCTOTHO PisHWUTLCA. TOOTO BUXiAHI AaHi € CTa-
TUCTUYHO HEOAHOPIAHUMU. FAK NpuKiag, Ha puc. l.a Hase-

[leHa 3a/IeXHICTb TaHreHca KyTa [JiefleKTpUYHMX BTpaT tg
TpaHchopMaTopHUX Macen, BuMipsHoro npu 90 °C ans as-
ToTpaHcdopmatopis Hanpyroto 330 KB. Ak BuaHO 3 puc. 1,
HEOLHOPIAHICTb BUXIAHWX faHWMX 0BYMOB/IEHO AK BigMiHHO-
CTAMU B AKOCTi Macna, WO 3a1MBaETbCs (BiAHOCHO BWCOKI
3HayeHHs tg  BUMipsHoro npu 90 °C Ha No4aTKoBOMY eTani
ekcnnyarauir), TaK i BigMiHHOCTAMM B yMOBaxX eKcryatavii
(HV3bKi 3HAYeHHA JAHOro MokasHWKa Bynn OTpUMaHi npu
[OCUTb BENIMKOMY TEpMiHI cnyk6u). Kpim Toro, mMae micue
HasBHICTb MOXMOOK B pe3ynbTaTax BUNpobyBaHb. HeogHo-
PifHICTb BUXIOHWUX JaHUX MPU3BOAUTL [0 CrOTBOPEHHS
rictorpamMu emnipuyHoOro posnoginy (puc. 1,6), wo He go-
3BOMISIE BMKOHATU OLLIHKY 3aKOHIB pO3Mofinly MOKa3HMKIB
TpaHC(blczopmaTopme macer.

tg npm90 C, %

v, pOKiB
30

025
o1 o O ©

6
Puc. 1. 3anexHicTb tg TpaHchopMaTopHUX Macen, BUMIPSAHOro
npu TemnepaTtypi 90 C, B aBTOTpaHC(opmMaTopax Hanpyrow
330 kB Big TpMBanocTi ekcrnyarauii (a) AN BUXiAHOro MacuBy
JaHviX i BifnosigHa i rictorpama emnipuyHOro posnoginy (6)

Y 3B’A3KY 3 UMM BUHWKAE 3aBAaHHA (HOPMYBaHHSA
OfHOPIAHMX MacVBIB MOKA3HWKIB TPaHC(HOPMATOPHUX
Macesl. Ha nepluomy eTani AoCNifKeHb 3 BUXiAHOro Ma-
CUBY JaHMX Oynn BUAiNEHI 3HAYEHHS MOKa3HUKIB, L0
BUXOAATb 3a 06nactb '3, pernaMeHToBaHUX YUHHUM B
YKpaiHi HOpMaTMBHUM [OKyMeHTOM [21]. Bukopucrto-
BYHOUM OCHOBHI TEPMiHM 3 TEOPiT TEXHIYHOT AiarHOCTMKM
[29], no3HauMmo MacvMBM JaHWX, WO CKMafakThes 3 pe-
3ynbTaTiB BUNPOOYBaHb A1 Macna, NPUAaTHOro o eKc-
nayatauii, 3a 3Ha4YeHHAMW MOKasHWUKiB sk D;. Macus
[aHuX, WO CKNajaeTbeca 3 pesy/bTaTiB BUNpobyBaHb Ans
mac/a, HenpuaaTHoro Ao ekcnyarawii, Ak D,.

Mpw opMyBaHHi OAHOPIAHUX MACMBIB MOKA3HUKIB
BMKOPWCTOBYIOTBCS ABa Nigxoau. Mepmid nigxig 3acHo-
BaHWIA Ha BUKOPWUCTaHHI MaTeMaTU4HMX MOfenel gucne-
pciiHoro aHanisy i, sk nokasaHo B [30, 31], po3BONsE
OTpUMATK JOCUTL KOPEKTHI IHTerpasbHi QyHKUiT po3no-
[Ny AiarHOCTUYHMX 03HaK. ICTOTHMM OBMEXEHHAM Mmpu
BMKOPWCTaHHI TaKoro nigxody € obMeXeHicTb iHdopma-
Ui’ npo pexxumn poboTn TpaHcopmaTopis, 0CO6AMBOCTI
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TX KOHCTPYKLUii, BUKOPUCTOBYBaHNX Matepianax. Lle mo-
e CTaTV MPUYMHOI0 MOMUIKOBMX BWCHOBKIB. [pyruii
NigxiJ 3aCHOBaHW Ha BUKOPUCTaHHI MEeTOAIB MepeBipKu
CTaTUCTUYHUX TiNOTe3 i, AK MokasaHo B [32], go3Bonse
BMKOHATW OLiHKY 3aKOHiB pO3MOAiNny AiarHOCTUYHUX
03HaK. Hefonikom Takoro nigxofy € CKIagHOCTI npu
BCTAHOB/IEHHI 3B’A3KY MDX MapaMeTpaMu 3aKOHiB po3no-
[iny [iarHOCTUYHUX NMOKA3HWKIB i pakTopamm, Lo BMu-
BatOTb Ha IHTEHCMBHICTb CTapiHHS.

Bigomo [33], 110 OCHOBHUMM (haKTOpamu, LLLO BAAN-
BatOTb Ha IHTEHCMBHICTb OKMCMIEHHSI Mac/a, € Temnepary-
pa, BMIiCT KWUCHIO NOBITPS, TPUBaNICTb OKWUC/EHHS, a Ta-
KOX BM/IMB AESKUX KOHCTPYKUINHMX Matepianis (Mifb,
NaKOTKaHWHW, HECTiiKa O Macna ryma Toulo). 3 ornsagy
Ha Te, WO A1 KOXHOrO 3 aHani3oBaHWX TpaHcgopmarto-
piB BifoMa fata 3aiMBKWM Macna, To 061iK TpWBaioCTi
CTapiHHS He npegcTaBnse 0cobnmBmMX CknagHowis. Of-
HMM i3 (JaKTOpIB, L0 MOXE BUK/INKATV CKNAAHOLLi, € TOM
(bakT, WO B MpoLueci TpMBAIOi ekcnyaTauii MoXe 3ami-
HIOBaTUCA CUAiKareb, Macno MOXe niggasatucs cyuiui,
pereHepauii, 4onMBLi Ta 3aMiHi. Lle npn3soauTb A0 cno-
TBOPEHHS 3a1EXXHOCTEl NOKA3HWUKIB Bif TPMBANOCTi eKc-
nnyatayii. [ns yCyHeHHs fgaHoi nmpobnemMu Ha nonepe-
AHbOMY eTani CTaTUCTMYHOI 06pO6KM pesynbTaTh nepi-
OAMYHUX BUNPOOYBaHb 3a TakMMK TpaHcdopmaTopamm
po36uBaiuca Ha Kifbka rpyn (Hanpuknag, 3 MOMEHTY
3IMBKM Macna i Ao faTh pereHepadii, i 3 MOMeHTY pere-
Hepawii 4O faTW OCTaHHLOro BWUNPOOYBaHHS). Temmnepa-
Typa i3onauii cunoBux TpaHcopmaropis [34, 35] 3ane-
XWUTb AK Bif, CTPYMIB HaBaHTaXEHHS, TaK i Bifj Temnepa-
TYpV HaBKO/MLLIHBOTO CEPEAOBNLLA, & TaKOX Bif CMCTEMM
OXOMOMKEHHS TpaHCthopmaTopiB. AHani3oBaHi TpaHcdo-
pMaToOpU eKCMyaTytoTbCs B OAHIA KNiMaTWYHIA 30HI 3
6/13bKUMM 3HAYEHHAMM CepeiHb04060BMX TemnepaTtyp, i
MaloTb IfEHTUYHY CUCTEMY OXONOMKEHHS (3 AYTTAM i
NPYPOLHOI0 LMPKYNALIE0 Macna And TpaHchopmaTopis
Hanpyroto 110 kB, i 3 AyTTAM i NPUMYCOBOIO LMPKYNALLi-
€10 Macna Ana aBToTpaHcopmaTopis Hanpyroto 330 KB).
Y 3B°A3KY 3 UMM, IOFiYHO NPUMNYCTUTH, WO BiAMIHHOCTI B
IHTEHCMBHOCTI OKWUC/NEHHA Maces, BUKIUKaHi PisHUMU
poboumMmn Temnepatypamu, sKi 06yMOB/EHI BigMiHHOC-
TAMW B CTpyMax HaBaHTaXeHHs [36]. B ymoBax, Konu
iHthopMmaLisi PO HaBaHTAaXXEHHs TpaHcdopmaTtopis npea-
CTaB/eHa YaCTKOBO, AN JOpMyBaHHS OAHOPIAHMX Macu-
BiB MOKa3HWKiB OyB BMKOPWUCTaHWI Migxid, 3aCHOBaHWIA
Ha nepe.ipLyi CTaTUCTUYHMX TFiNOTE3.

dPopmyBaHHA MacuBiB 3 OAHOPIgHUMU pe3ynbTaTa-
MU MepioguyHNX BUNPOOYBaHb BUKOHYBANOCS LUISAXOM
BUKOPUCTaHHS TPbOX CTATUCTUUHKX KpUTepiiB [32]:

1) paneosuii nenapamempuunuii Kpumepii Binkox-
cona (W) — ona nepesipku CTATUCTUYHOT FiNoTe3n Npo
CXOXICTb 3aKOHIB pO3nojiny ABOX He3aneXHUX BUBIpOK:

n
W st @
il
A€ Fi — paHru AiarHoCTUYHMX 03HaK B 3aralbHOMYy Bapia-
uitHomy psgy; s(r;) — ogHa 3 moxnmeux N! nepectaHOBOK
paHry r;.
2) Z xpumepii (Z) — LNA NEPEBIPKN CTATUCTUYHOT
rinoTesy nNpo PiBHICTb MaTeMaTUYHWX OYiKyBaHb [BOX
He3a/1eXHUX BUBIPOK:

X X

of o
n m

Je X; Ta X, — BMOIpKOBe CepefiHE AiarHOCTUYHOT 03Ha-
Kv, po3paxoBaHe 3a pesy/ibTaTtamy BUNpobyBaHb MepLuo-
ro Ta Apyroro TpaHctopmaTopa BifmnoBigHo; 512 Ta 622 -
BMOIpPKOBa AuMcnepcis AiarHOCTUYHOI 03HaKK, po3paxoBa-
Ha 3a pe3ynbTaTaMy BUNPOGYBaHb MepLUoro Ta Apyroro
TpaHcopmaropa BifNoBiAHO; N — YACNO CMOCTEPEXEeHb
[iarHOCTUYHOT 03HaKW 415 NepLIoro TpaHcgopmaropa; m
— YNCIIO CMOCTEPEXEHb AiarHOCTUYHOT 03HaKW Ans apy-
roro TpaHcgopmartopa.

3) kpumepiti @iwepa-Credexopa (F) LNA NepeBipKu
CTATMCTUYHOI TiNoTe3n MpO PIBHICTb AMCNEpCiiA ABOX
HE3a/IeXXHMX BUOIPOK.

z obs 2

2
Fobs "an ' (3)
min

Jil:] r%ax Ta r%in — 3HaYeHHA MaKCUMasibHOI Ta MiHiMa-

NbHOT BMGIPKOBOT Ancnepcir.

[Bi He3anexHi BMOIpKM BBaXXanMcs OAHOPIAHUMM,
AKLLO 3a pesy/ibTaTamMu TEeCTYBaHHS Npu 3afaHOMy PiBHI
3HauywocTi = 0,05 He BigKmaanMcs HacTyMHi cTaTuc-
TUYHI rinoTesm:

1. Mpo CX0XiCTb 3aKOHIB pO3Moiny ABOX He3aneXHUX
BM6IPOK (W1 Wiy, n2, 0025, W2 Whg, n2, 0975)5

2. Mpo piBHiICTb MaTeMaTUYHMX QUiKyBaHb [BOX He3a-
NEXHNX BUOIPOK (Zops Zerit, 0,95);

3. Mpo piBHiCTb AMcNepciii ABOX He3aneXHuUX BUBIpOK
(Fobs Fn1-1), (n2-1), 0,95)-

HasefeHuiA anroputm CTaTucTU4HOT 06po6kM pe-
3ynbTaTiB BUMPoOyBaHb, OyB peani3oBaHWii y BUrNAAI
aBTopcbkoi nporpamu «Odnorodn» [37], sika [03BONsE
iCTOTHO CKOPOTUTM 4ac, HEOOXiAHWIA 4Nl CTaTUCTUYHOI
06p0o6KM BMXIAHUX AaHWX. BrukopucTaHHS gaHoi nporpa-
MW CTOCOBHO aHasli30BaHOi BUOGIPKM [aHUX [O3BONMIO
chopMyBaTU Kifbka MacuBiB MOKA3HWUKIB 3 G/M3bKUMU
3HAYEHHAMUN BUBIPKOBUX CepefHiX, BUOIPKOBUX AMcCnep-
Ciii i mofibHMMK 3akoHammK po3noginis. O6car BMBIpKo-
BMX 3HayeHb (N), 3HaueHHs BUOIpKOBUX cepedHix (M),
BUGipKoBMX aucnepciit (Dy), koedilieHTiB acumeTpil (js) i
KoedivjieHTa ekcuecy (jx) 4N BUXIAHMX MACUBIB AaHUX
(Dyo) i mMacuBiB, OTPUMaHWX B pesy/bTaTi CTaTUCTUYHOT
06p0o6ku (Dy;-Dyn) MOKa3HUKIB Macna, NpuaaTHoro fJo
ekcnnyaTtayii, Ana TpaHcgopmaTopis Hanpyrowo 110 kB,
HaBefeHi B Tabsn. 2, a 4na aBTOTPaHC(OpMaTopiB Hamnpy-
roto 330 kB — B Tabs1. 3.

MopiBHIOKOYM CTATUCTUYHI XapaKTEPUCTUKN BUXIi-
HMX MacuBIB MOKa3HWMKIB Macen 3 aHa/oriyHUMK Xapak-
TEPUCTMKaMM MOKa3HWKIB 3 MacuBiB, OTPMMaHMX B pe-
3ynbTaTi CTaTUCTUYHOT 06PO6KM, Nerko nobaynTu, WO
BUKOPUCTOBYBaHa npoLuegypa CTaTUCTUYHOI 06pOoOKM
[03BOMMNA ICTOTHO 3HU3UTWU 3HAYEeHHs Aucnepcii, a Ta-
KOX 3HaYeHHs KOeiLlieHTiB aCUMETPIT i eKcLecy npakTu-
YHO [A/19 BCIX MOKA3HWKIB. AHAMI3YOuM CTaTUCTUYHI
XapaKTepuUCTUKM MacuBiB MOKAa3HUKIB, OTPUMaHUX B
pesy/bTaTi CTaTUCTUYHOI 00pO6KM, CAif 3a3HaunTy, Lo
3HAYEHHA MaTeMaTUYHUX O4iKyBaHb MOKAa3HMKIB Macna,
NpUAATHOrO A0 eKcnyaTauii, 3Ha4yHO Bifpi3HAOTLCSA. Lle
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CBIAUNTb AIK MPO Pi3HY SKICTb TPaHC(OPMATOPHOro Mac-
na, Tak i Npo Pi3Hy IHTEHCUBHICTb CTapiHHA Macen, To6To
BiAMIHHOCTE/ B peXxumax ekcrnsyartauii TpaHcgopmaro-
piB. AK BUAHO 3 Tabn. 2 i 3 Bif’eMHI 3HaYeHHs KoediLie-
HTIB acMMeTpIi («40oBra YacTuHa» KpyBOT po3noginy pos-
TalloBaHa 3niBa Biff MaTeMaTUYHOro O4iKyBaHHS) OTpU-
MaHi B OCHOBHOMY /151 MOKAa3HWKIB, 3HAYEHHS SAKMX 3HU-
XYIOTbCA B Mpoueci cTapiHHA (Temnepatypa cnaiaxy i
npo6uBHa Hampyra macen).

[N NokasHWKIB Macen, 3Ha4YeHHs SKMX 30inbLuy-
HOTbCS B Mipy CTapiHHSA Macna (BMICT B Macni OpraHivyHmnx
i BOLOPO3UYMHHUX KUC/OT, TAHFEHC KyTa LieNeKTPUUHUX
BTpaT, KOMip Maces, BONOrOBMICT, BMICT MeXaHi4YHUX
[OMILLOK), B 6iNbLLOCTI OTPMMaHWX MacuBIB criocTepira-
HOTbCA [OAATHI 3HAYeHHA KoedilieHTa acumeTpii («4oBra
yacTWHa» KPUBOI PO3NOAiNy po3TalloBaHa NpaBopyd Bif
MaTemMaTU4HOro 04iKyBaHHs).

HasBHiCTb Bifl’€MHOT acUMeTPIT 419 AeSKMX MacuBiB
JaHUX TMOKa3HWKIB CBIYMTb MNP0 MOTipWeHnidi CTaH
TpaHcopMaToOpHOro macna, Mae Micue Ginblia KifbKicTb
«BUCOKMX 3HAY€Hb» MOKA3HWKIB B MOPIBHSHHI 3 HN3bKU-
MU, FK BUAHO 3 Tabnmub, A4S BCiX MAacMBIB MOKa3HUKIB
Ma€e Micle AoAaTHI 3HauyeHHsI KoeqilliieHTa ekcuecy, Lo
roBOPWTbL NPO Te, LLLO KPMBA PO3NOoLiNny mMae 6i/bLl BUCOKY
i «rocTpy» BepLUMHY, HDK KprBa HOPMASIbHOMO 3aKOHY.
OTpuMaHi eMNipuyHi 3Ha4YeHHA KoegiLieHTIB acUMeTIT i
eKcLiecy nobiyHO cBigyaTth NpPo Te, WO PO3no4ian nokas-
HWKIB Macna, NpuaaTHOro 40 ekcrayaTauii, MoXyTb Big-
Pi3HATUCSA Bif, HOPMa/IbHOIO 3aKOHY.

BuKoHaHW aHani3, NoKasas, L0 OTPMMaHi 0fgHOpI-
AHI MacuBK CHOpMOBaHi 3a pesynbTaTamy BUMPOGyBaHb
TpaHcopmaTopiB, O MatOTb BM3bKI TEPMIHK eKcnnya-
Tauii i CXOXIi 3HAaYeHHS KoeqiliEHTIB HaBaHTaXXEHHs. Lle
[03BONWI0 B MOAATbLIOMY BCTAHOBUTU OfHO3HAYHWIA
3B’A30K MiDXXK YMOBaMW eKkcnayatauii TpaHchopmaTopiB i
3HAYEHHAMM NapameTpiB 3aKOHIB po3noainy.

O6pobKa pesynbTaTiB NepioguyHMX BUNPOOYBaHb
MoKa3HWKIB Macen, Wo BuiALLAK 3a obnacte A3 (Macno
HempugaTHe A0 eKcrayaTtauil), BUKOHYBa/0CS B HacTym-
Hili nocnigoBHoCTI. CnoyaTKy 6ynm ChopMOBaHi MacvBu
JaHUX MO KOXXHOMY 3 MOKa3HWKIB, Ans AKMX 6yno 3adik-
COBAHO MOripLUEHHS 3HayeHb B MOPiBHAHHI 3 [A3. Mpu
LbOMY A5151 3a6e3MeyYeHHs] «PiBHOMNPABHOCTI» MiXK Pi3HU-
MW TpaHcqopmaTopamun A1l KOXKHOIO 3 MOKa3HUKIB Bif-
6rpanacsi cTporo hikcoBaHa KinbKiCTb CMOCTEPEXKeHb MO
KOXXHOMY 3 TpaHcthopmaTopiB.

3a aHanorieto 3 [32] 4ns NoganbLUOi 06PO6KM 3HAYEHb
MOKA3HWKIB Macna, HEMpUAaTHOro 0 ekcniyatauii, 6yB
BMKOPUCTAHWIA Migxif, 3acHOBaHWA Ha BUAINEHHI Tpyoumx
MOXMBOK 3 YMCa OfHOTUMHUX BUMIPHOBaHb. 18 Lmx Linelt
6yB BUKOpPUCTaHUIA KpuTepili IpBiHa, AKMIA MOXe 3aCTOCOBY-
BaTMCA AN BUAMAAKY, KOMM 3aKOH PO3Moginy BUMagKoBOT
BEMIMYMHMN HEBIZOMUIA ab0 BifPI3HAETHCA Bif HOPMa/IbHOTO.
[ns upx uinein 3HaueHHS NOKasHKKIB Macen 6ynn BigcopTo-
BaHi 3a CrmagaHHsM, MiCMs Yoro OUiHKBaIMCS «Migo3pini»
3HA4YeHHs1 MPOOMBHOI HAaNPYTX NO Kpasix BapiauiiHoro psgy.
3HaueHHs KpUTepito IpBiHa BU3HAYANIOCH SIK:

X Xk prev
calc T' 4)

fie X — «Mif03pine» 3HaYeHHSA; Xy prev — MOMEPEAHE 3Ha-
UeHHA B BapiaLiiHomy psgi.

Tabnuus 2
CTaTUCTUYHI XapaKTePUCTVKN OLHOPIAHWUX MacKBIB NOKa3HUKIB
Macna, NpuaaTHOro 4o ekcnayaTalii B TpaHcgopmatopax 110 kB

Macvs | N | Mx | Dx | js | jk
Temnepatypa cnanaxy macia
Dy |3746| 143579418 | 13,06904 | 0,809 | 4,281
Dy; | 284 | 140,059859 | 2,866135 |-0,346| 3,693
Dy, | 364 | 142,931319 | 2,030997 |-0,385| 4,521
D3 | 185 | 144,535135 | 3,600117 |-0,144| 2,361
Dy, | 188 | 146,930851 | 15,968623 |-0,088 | 3,404
Dys | 280 | 149,089286 | 9,988457 |-0,172| 3,308
BmicT B Macni opraHiyHMX K1cnot
Dy |3339| 0,034848 0,000592 | 0,817 | 2,685
Dy; | 218 | 0,015311 0,000087 | 0,587 | 2,472
Dy, | 198 | 0,027884 0,00007 0,711 | 3,303
Dz | 250 | 0,045944 0,000395 | 0,175 | 2,262
Dy, | 129 | 0,046434 0,000192 |-0,175| 2,907
Dys | 156 | 0,051679 0,000446 | 0,224 | 2,462
Dy | 361 | 0,045917 0,000500 | 0,807 | 3,988
D;; | 333 | 0,064655 0,001557 | 0,690 | 2,978
MpobuBHa Hanpyra mMacna
Dy |3435| 58,262667 | 116,058219 | 0,109 | 2,627
Dy; | 135 | 49,038519 | 44,673183 |0,0748 | 2,423
Dy, | 609 | 60,654351 | 115,838869 | -0,249 | 2,468
Dy;; | 360 | 68,110833 | 123,619522 | -0,350 | 2,620
Dy | 286 | 69,421678 | 109,698341 | -0,524 | 2,902
Dys | 204 | 71,066176 | 124,016356 | -0,657 | 3,038
tg npn 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
tg npu70 C
Dy | 426 | 0,917268 2,170500 | 7,513 | 82,291
Dy; | 112 | 0,290446 0,038860 | 0,951 | 3,284
Dy, | 161 | 0,593634 0,162197 | 1,051 | 3,892
Dy;; | 140 | 0,850321 0,306149 | 0,991 | 4,229
tg npu90 C
Dy | 570 | 1,297158 12,095330 | 13,686 | 219,667
Dy | 148 | 0,485811 0,126923 | 1,189 | 4,664
Dy, | 159 | 0,548679 0,133394 | 1,071 | 4,527
D3 | 152 | 1,504605 1,133087 | 0,793 | 3,119
Dy 99 1,863737 1,848464 | 0,893 | 3,297
Konip macna
Dy |2108| 2,574953 1,769050 | 0,822 | 2,870
Dy;; | 650 | 1,896923 0,597837 | 0,391 | 2,606
Dy, | 484 | 3,026860 3,096386 | 0,587 | 2,354
Dz | 657 | 3,060122 1,917618 | 0,128 | 2,131
BMmicCT B Macni BOAOPO3YNMHHUX KUCNOT
Dy, [1191| 0,006106 0,000281 | 11,835 | 257,889
Dy;; | 108 | 0,004359 0,000005 | 1,452 | 6,673
Dy, | 231 | 0,005529 0,000006 | 0,025 | 2,611
D13 92 0,006315 0,000009 | 0,194 | 2,655
Dy, | 116 | 0,006892 0,000008 | 0,182 | 2,301
Dys 91 0,007679 0,000007 |-0,120| 2,684
Bonorosmict macna
Dy, |1635| 14,381787 | 116,663877 | 2,723 | 10,436
Dy; | 284 7,963 13,993306 | 0,511 | 2,773
Dy, | 546 9,2768 20,054587 | 0,469 | 2,375
Dy;; | 520 10,748 16,643352 | 0,028 | 2,363

OTpumMaHe po3paxyHKOBe 3HaYeHHA KpuTepito IpBi-
Ha MOpPIBHIOBANOCA 3 TABANUHUM 7pie. AKLWO Heare > Atavler
TOAI PO3rNAfacTbCca 3HAYEHHA BigKuaanocs i nepesipsiio-
€A HacTynHe. lMepeBipka TpuBana, NoKu He Byno oTprMa-

HO 7caic < Htable-
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Tabnuys 3
CTaTUCTWYHI XapaKTepUCTUKIN OAHOPIAHNX MacVBiB MOKa3HMKIB
macna, NPMUAATHOrO A0 eKcnyaTalii B asToTpaHcthopmaropax 330 KB

Macvs | N | My | Dy | Js | Jk
Temneparypa cnanaxy macna
Dy, |856| 141,848131 | 10,217590 | 0,471 | 3,210
Dy |174| 148,063218 | 4,358072 | -0,481 | 3,198
D, |[131| 146,122137 | 2,534701 | -0,495| 2,794
D;3 241 144,792531 | 1,873969 |-0,282 | 4,092
Dy, [100] 139,360000 | 2,590400 |-0,408 | 2,882
BmicT B Mac/i opraHiyHuXx Kucnot
Dy, |850| 0,015665 0,000662 | 15,882 | 356,965
D;y [180] 0,007010 0,000007 | 0,253 | 3,007
Dy, | 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
Dis |206| 0,019877 0,000140 | 0,794 | 3,373
MpobusHa Hampyra Macna
Dy, |852| 68,995188 | 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
tg npn 90 C
Dy, [543| 0,836640 2,408043 | 6,572 | 62,575
Dy [162] 0,212093 0,018112 | 0,986 | 3,825
D, | 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 Macni MexaHiYH1X JOMILLOK
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
BonorosmicT macna
Dy, |400| 10,123280 | 30,923324 | 1,702 | 11,803
Dy | 95| 4,725653 9,111732 | 1,987 | 8,985
Dy, |155| 9,543226 17576746 | 0,227 | 2,332

3a aHanorieto 3 Tabn. 2 i 3, B Tabn. 4 nokasaHi Ti X
aTpubyTun Ana HabopiB AaHUX, OTPUMaHUX B XOfi CTaTuc-
TUYHOT 06pO6KM 3HAYeHb HenmpuAaTHOro Mmacna A
TpaHchopmatopis 110 kB. Y Tabn. 4 macus Dy, chopmo-
BaHWIA 3a pe3ynbTaTaMu BUNPOGYBaHb TpaHC(opMaTopis,
TEPMIH CNy>X6um siknx MeHwwe 20 pokiB, a macuB Dy, — ans
TpaHcjopmaTopiB, TePMiH CnyX6u skux noHag 20 pokiB.

Tabnuus 4
CTaTUCTUYHI XapaKTePUCTUKM OAHOPIAHUX MACcKBIB MOKa3HUKIB
Macna, He MpuAaTHOro Ao ekcnayataull
Macws [ N | M [ Do [ o | i
TpaHcopmaTopn Hanpyrow 110 kB
BmicT B Mac/i opraHi4yHuUX KUcnoT

Dy [303] 0.177673 | 0.001155 [ -0.176 [ 2.421
Dy, [141] 0.283191 | 0.000225 [ -0.092 [ 2.402
Mpo6mBHa Hanpyra mMacna
D, [275] 27647 | 19.814 | -0.653 | 3.083

BmicT Bonoru macna
D, [192] 0.035904 | 0.000154 | 0.550 [ 3.040
BmicT B Mac/ni BOAOPO3YMHHUNX KNCIOT
D, [164] 36.333659 | 100.10887 | 0.505 [ 3.097
ABTOTpaHcopmaTopu Hanpyrot 330 kKB
BmicT B Mac/i opraHi4yHuUX KUcnoT
D, [136] 0.137456 | 0.000273 | —0.0113 | 3.200
Mpo6uBHa Hanpyra Macna
D, [123] 41.550894 | 4.880138 | —0.666 | 2.875
BmicT Bonoru macna
D, [132] 29.287879 | 22.728261 | —0.0120 | 2.237

MOpiBHIOKOYM CTATUCTUYHI XapaKTEPUCTUKK A1s1 Bif-
MOBIAHMX MOKA3HWUKIB /19 Macna NpuaaTHoro i Henpuaar-
HOro A0 ekcnayaTauii MOXHa mo6aynTy, L0 OCHOBHOH)
BIMIHHICTIO MiX HUMM € 3HAYEHHSA BUGIPKOBMX CepesHiX.

AHarni3 3aKOHIB po3nofisly noKasHUKIB TpaHcgo-
pmMaTopHUX maces. [ns nepesipku rinoTesun npo Bifnosi-
[HICTb TEOPETUYHOro 3aKOHY pPO3MNoginy eMnipuyHum
JaHuM Byna BYKOpUCTaHa nporpama «ZR», po3pob/ieHa Ha
Kadeapi «[Mepepaua enekTpuyHOi eHeprii» HTY «XMI»
[37]. Mporpama go3Bonsie pPo36UTK AianasoH 3MiHW BUMaf-
KOBOT BE/IMYMHW Ha iHTEpBai, 419 HOrO 3a 3aMOBYYBaHHAM
BUKOPUCTOBYETLCA (hopmyna CTepapkeca:

L 1 3322 IgN, (5)
fe N — 06’em BUBIPKOBMX 3HAYEHD.

Y pasi Heo6XigHOCTI KOPUCTYBay MOXE Cam 3afaTh
HeobxifgHe uncno iHTepeanis. Jani 6ygyeTbea rictorpama
emnipnyHoro posnoginy. [Micnd uoro 3a BWGIPKOBUM
3HAYEeHHAM BWKOHYETLCA OLiHKa NapameTpiB A1 Takux
3aKOHIB po3noginy — HopMmanbHWiA po3nogin, 6eTa-
po3noain, eKCMOHEHUIHWIA po3Mnofdin, eKCTpPeMasbHWiA
posnogin, ramma-po3nogin, posnogin Jlannaca, norictu-
YHWIA PO3MOAiN, NorapugMiYHUiA HopManbHUIA po3nogin,
po3nogin Penes, posnogin Beibyna, posnogin MapeTo.
[na KoHOTO 3 11 3aKOHIB pO3N0AiNy BUKOHYETLCA Nepe-
BipKa BiAMOBIAHOCTI TEOPETUYHOro 3aKOoHy po3noginy
emMnipuyHUM fgaHuM. 15 uboro BUKOpPUCTOBYBa/IMCA ABa
CTaTUCTUYHUX KpuTepii [38]:

1) Kpumepiii Ilipcona:

k 2
2 N N

N;

, (6)
il

Je N — 3HaYeHHA eMMipUYHMX YacToT; N; — 3HAYEHHH

TEOPETUYHUX YacTOT; K — KiNbKICTb iHTepBaiB.

[nsa nepeBipKM OCHOBHOT TiMOTE3V 0BYMCNIOETLCS
BUBIPKOBE 3HAUEHHS KPUTEPID i 3a TaBNNLIEI0 KPUTK-
YHUX TOYOK PO3MOAiINY KpWUTepito, 3a 3afaHuUM piBHEM
3HAYYLLOCTi | YncnoM CTyneHiB cBo6oau f BU3HAYAETb-
cA KpUTuuHa Touka e ; ).

Uucno cryneHiB cBoboan f BM3Ha4aeTbeca K
f=k-1-r, ge k—uncno rpyn (4aCTKOBUX iHTepBasiB)
BMOIPKM; I — YACNO NapameTpis nepeabayyBaHOro posno-
[iny, SKi OLjiHEHI 3a JaHUMK BUOIPKM.

AKLLO PO3PaxyHKOBE 3HAYEHHS KPUTEPID 2 MeHLLe
KPUTUYHOrO, TO OCHOBHa rinoTe3a (reHepanbHa CyKyn-
HICTb PO3MOAiNeHa 3a LMM 3aKOHOM) He BiAKMAAETLCS.
SIKWO pO3paxyHKOBE 3HAYEHHs KpUTepito 2 Ginblue
KPUTUYHOIO, TO OCHOBHA FinoTe3a BiKWAAETLCA.

2) Kpumepiii Koamozopoea-Cmupnosa.
Dy sup|F(x) F(x)], ()
X

ne Fq(x) — emnipnyHa dyHKuia posnoginy; F(x) — Teope-
TUYHa hyHKLis po3noginy.
OcHoBHa rinotesa (reHepaibHa CYKYNHICTb PO3Mogi-

NeHa 3a LM 3aKOHOM) BiKMAAETLCA, AKLLO Jn D, nepe-

BULLYE KBaHTW/b Po3Moginly K 3a4aHoro piBHS 3HauyLLO-
CTi , i He BigKMAaEeTLCA B iHLLIOMY BUNaaky [38].
BrKoHaHWiA 3a 4OMNOMOrOK0 MporpamMi aHani3 Nokasas,
L0 3HaYeHHs MOKa3HWKIB Macna SiK NpuAaTHoOro, Tak i He-
MPUAATHOrO 0 eKcnnyaTtauii MOoXyTb BT onucaHi po3no-
pinom Beibyna. LLLinbHICTL posnoginy Beiibyna mae Burnsg;
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B

Q| x

ﬁﬂ x/1e , (8)

a

e i — napaMeTpu 3aKOHYy po3noginy, iHTepnpeToBaHi

BIZNOBIAHO AK NapameTp MacLiTaby i napameTp Gopmu.
3HayeHHa napameTpa i BM3HA4anoCa AK:

M)

104278 1) B2

P X;a; B

N
% Xi M(x)2
0465 i1
5 M(x)
N 1282 M) - 07
N 2
L M2
N i1l

Ae N — obcar BubipkoBux 3HaveHb; M, — BUGIpKOBe cepe-
OHE; X; — 3HAYEHHS NOKa3HMKa.

OfHak, B npoveci aHanisy Ang Aeskux MacuBiB OCHO-
BHa rinoTtesa He Bifkuaanacs AN LeKiNbKOX 3aKOHIB po3-
nofiny. Tak, Ans po3nOLiNiB 3 [LOAATHOK acUMETPIELD,
Kpim po3noginy Beiibyna, mana micue BignoBigHICTb eMni-
PUYHUX JaHUX NOrapumidyHO HOpMasbHOMY 3aKOHY, ram-
Ma-po3noginy i posnoginy Penesi. Ak npuknag, Ha puc. 2
HaBefleHO rictorpamy emnipuyHOro pos3noginy Ta Teope-
TUYHI PYHKLIT ryCTUH AaHUX PO3MoAinis Ans BOSOroBMicC-
Ty Macna 3 MacuBy Dy, aBTOTpaHchopmatopis 330 KB.

[na BiJHOCHO CUMETPUYHMX PO3NOAiNiB, KPiM po3-
noginy Beibyna, ans AesKnx MacuBiB BUSIB/IEHO BiAMoBi-
[HICTb eMNIPUYHMX JaHUX HOPMaSIbHOMY i IOFiCTUYHOMY
3aKoHaM. OfHakK [na 6araTbOX MacuBiB 3 Bif’€MHOMO
acUMETpIE €AMHUM 3aKOHOM pO3Mofiny, BiAMOBIAHWM
emMnipuYHMM JaHnM, 6yB 3aKOH posnoginy Belibyna.

3HaueHHs napamMeTpiB 3akoHy posnoginy Belibyna,
a TaKOX PO3PaxyHKOBi i KPUTMYHI 3HaYeHHsI KpuTepiiB
MipcoHa i Konmoroposa-CMmupHOBa, ANs1 MOKa3HWKIB
macna, NpuaaTHoOro Ao ekcnayarauii, B TpaHcgopmaro-
pax Hanpyroto 110 KB HaBefeHi B Tabn. 5, a gns aBTo-
TpaHchopmatopis Hanpyroto 330 kB — B Tabn. 6.

3HaueHHs1 MapaMeTpiB 3aKOHy po3noginy Beibyna, a
TaKOX PO3PaxXYHKOBI i KPUTWYHI 3HAYEHHA KPUTEPIiB
MipcoHa i Konmoroposa-CMMpHOBa /151 MOKa3HWKIB Macna,
HemnpuaaTHOro [0 ekcrnyatauii, B TpaHcjopmaTtopax Ha-
npyroto 110 kB i aBTOTpaHcdopmaTopax Hanpyroto 330 kB
HaBefeHi B Tabn. 7. [Ana HaBeaeHVX Aani TabnuLp 3HaAYeHHS
KpuTepito Konmoroposa-CMV1pHOBa CKNAfae it = 1,36.

AK BUAHO 3 Ta6/. 6 i 7 po3paxyHKOBI 3HAUYEHHS KpuTe-
piiB 3rogn Ans BCiX 6€3 BUHATKY MOKa3HWKIB TpaHchopMa-
TOPHUX MaceNl He NepeBULLYIOTb KPUTUYHI 3HAYeHHs npu
piBHI 3HauyLlocTi a = 0,05 i BigNoBigHOMY 3HaueHHI CTyne-
HiB cBo60aN. Lle He f03BONSE BiAKMHYTK FinoTe3y Npo npu-
MHATHICTb  PO3MOAINTY EeMMipUYHMX 3HaueHb MOKA3HUKIB
TpaHC(hopMaToOpHUX Macen 3aKoHy po3noginy Belibyna.

AHani3 oTpUMaHMX pesynbTaTiB. 3a aHanoriew 3
[32] 6yB BWKOHaHWI1 aHani3 B3aEMHOIO pO3TallyBaHHS
TEOPETUYHUX LUiNbHOCTI PO3MOAINY MOKA3HWKIB TpaHC-
(hopmaTopHMX Macen NpuaaTHUX i HeNpUaaTHUX [0 eKc-
nnyaTauii B TpaHchopmatopax Hanpyroto 110 i 330 kB.

<g6><LogHormal>(x;1.3540.579)

o] mon] [5) [en]

a
<95><Rayleigh>{x;3.965)

os 0
6
<95><Gammax(x;1.610;2.935)
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
m

@

Puc. 2. lictorpammn emnipuyHoro po3noginy 1a TEOPeTUYHi
(OYHKUIT r'yCTUH fesKMX po3roginis 4ns BONOroBMIicTy macna
3 macuBy D11 aBToTpaHcopmaTopis 330 KB:

a — norapumivyHO HopManbHWIA 3aKOH; 6 — po3nogin Penes;
6 — raMMa-po3nogin; z — po3nogin Beiibyna

Ak npuknag Ha puc. 3-5 HaBefeHO LLiNIbHOCTI TEOpeTnyY-
HWUX PO3NOAINIB AN TakMX MOKa3HWKIB AK BMICT y Macni
opraHiuyHunx kucnot (puc. 3), BonoroeMmicT macen (puc. 4)
i Npo6yBHa Hanpyra mMacna (pwc. 5).

AHanisytouy B3aEMHe po3TallyBaHHA TEOPETUYHUX
rYCTWH PO3MNOAiaYy NOKa3HWKIB TpaHCHOPMaTOpPHMX Macen
3p06UTK psf, BXKTNBUX BUCHOBKIB:
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1) Ons TpaHcopmMaTopHOro macna, NpUaaTHoro Ao
eKkcnnyartauii, SK gna TpaHcgopmaTopis Hanpyrow 110 kB,
TaK i gns asToTpaHcqopmaTopis Hanpyrowo 330 kB, cnocTe-
PIraeTbCa 3MILLIEHHA MaTeEMAaTUYHMX OYiKyBaHb LUiIbHOCTI
po3noginis Ang pisHUX MacuBiB OJHOIO i TOrO XX NMOKAa3HMKa.

Tabnuus 6

3HayeHHs NapameTpiB 3aKOHY po3noginy Beiibyna, a Takox
PO3paxyHKOBI | KPUTWYHI 3HaYeHHs KpuTepiis MipcoHa i Kon-
mMoroposa-CMUPHOBA AN MOKa3HWKIB Macna npuaaTHoro 4o
ekcnnyarauii B aBToTpaHcopmaTopax Hanpyroto 330 kB

' L . L 3HayeHHsA
Lle CB"D'LMT.b npo pBHM!/I CTynIHb CTapIHH.s Macern, ;u_(a 06y- @ |MapameTpy 3aKo- | 3HayeHHs Kpute- | kpuTepito Kon-
MOB/IeHa PIsHM TEpMIiHOM eKcnyaTauii macna, pisHMM 3 HY PO3NOAiNY pito Mipcora MOropoBa-
3Ha4YeHHAMM PO6OYOI Temreparypu Tpal-_lccpopmaTopls, a S CMupHoBa
TaKOXX BMNMBOM KOHCTPYKLIVHMX MaTepianis. | 1 % | 2

calc crit calc
) ) . Tabnmuga 5 TemnepaTypa cnanaxy Macna
3HaueHHs NapameTpis 3aKOHy Po3ropiny Beiibyna, a Takox Dy, | 149.16 | 89.71 | 4| 8.848 | 9.49 0672
p03paxyHKOB(I:I KPUTUUHI 3Ha4eHHs KpuTepiis Mipcona i Kon- D, | 146.09 | 1161 |4 | 9.330 | 9.49 0556
e o Wirs oo "Dyt 1043 |3 [ 7510 | 162 | oon
A yarail B TpaHcpopmarop Py Dy | 140.23 | 109.2 | 4 | 8.678 | 9.49 0.671
o M 3 3Haq_eHT<ﬂ BMmicCT B Macni opraHiyHux K1cnot
g [Momern | s i owmnio on| o, Tooms ['ass T2 00 556 | 0z
g | "V posnoAny pito TP CMVIF?HOBa D, | 0.0085 | 2.766 | 4 | 5.851 | 9.49 0.586
| f | 5 | 7 D3 | 0.0094 | 2812 | 5| 9.364 | 11.1 0.693
TemERATyDA cn$;xy —— cale Dy, | 0.0096 | 2.986 | 3 | 1.939 | 7.82 0.401
Dy | 140.96 | 104.9 [3] 747 [ 782 0.711 Dys | 00223 T_fi‘sza H:r;g“fa M;ﬁg 0.699
Dy, | 14371 | 1275 | 4| 859 | 9.49 1.194 P by
Dy | 77523 | 11.48 | 3| 5.235 | 7.82 0.890
D3 | 14554 | 96.44 | 3| 7.47 7.82 0.338
Dy, | 71.499 | 11.24 | 4| 8.207 | 9.49 0.893
Dy, | 14891 | 46.2 |4 | 8.26 9.49 0.694
D 15069 | 5957 131 627 | 782 1044 D3 | 70319 | 9612 |4 | 2.768 | 9.49 0.260
15 - — - — - - Dy, | 69.855 | 8.038 | 4| 9.229 | 9.49 0.754
BMIiCT B Mac/li opraHidHnX KMcnot tg npn90 C
Dy, | 0.0172 | 1.682 | 6 | 10.47 | 12.6 0.711 Dy, | 0237 | 1.605 | 3| 1485 | 7.82 0459
Dy, | 0.0308 | 3.706 | 5| 21.26 | 11.1 1.001
Dy, | 0.7926 | 2.055 |2 | 2.710 | 5.99 0.509
Dy; | 0.0518 | 2454 | 6| 8.54 12.6 0.654
Dy; | 09018 | 1.283 | 3| 7.286 | 7.82 0.760
Dy, | 0.0514 | 3.702 | 4| 7.92 9.49 0.674 D 190017 | 1745 |2 | 0.685 | 9.49 0.181
Dys | 0.0581 | 2611 | 5| 10.68 | 11.1 0.800 14 - Bui - - — —— -
Dy | 00510 | 2.154 | 4| 6.074 | 9.49 0.545 MICT B Mac/li MexaHiYH1X JOMiLLOK
Dy, | 0.0725 | 1679 | 6| 10.96 | 12.6 0.760 Dy, 181592 | 2457 12 | 3024 | 599 0.709
vl ' ' ' ' Dy, | 11.018 [ 1.309 [1] 1.052 | 3.84 0.335
Mpo6KBHa Hanpyra macsa BOnoroBMICT MacTa
Dy | 51.833 | 8.704 | 4| 8.942 | 9.49 0.711
Dy, | 5.2755 | 1587 | 1| 1.068 | 3.84 0.178
Dy, | 64963 | 6596 | 7| 12.03 | 14.1 0.607 D 10762 | 2407 151 3305 | 111 0301
Dy | 72625 | 7.209 | 6| 1221 | 12.6 0.643 12 - - - - -
Dy | 73726 | 7.84 |5]| 6.419 | 11.1 0.606 Tabnnusa 7
Djs | 75623 | 7517 |5] 659 | 111 0.601 3HaueHHs NapameTpiB 3aKOHy po3noginy Beiibyna, a Takox
tg npm20 C pO3paxyHKOBI | KPUTUYHI 3Ha4eHHA KpuTepiis MipcoHa i Kon-
Dy, | 01576 | 1.515 | 4| 9.439 | 9.49 1.017 MoropoBa-CMMpPHOBA A/151 MOKa3HKKIB Macna HenpuaaTHoOro 4o
Dy, | 0.2103 | 1.569 | 4 | 9.095 | 9.49 0.639 ekcnyatauii B TpaHcopmatopax Hanpyroto 110 kB i aBToTpa-
tg npu70 C HchopmaTopis Hanpyroto 330 kB
Dy, | 0.3221 | 1491 | 4| 5.079 | 9.49 0.697 3HayeHHs
Dy, | 0.6585 | 1.496 | 4 | 6.465 | 9.49 0.673 @ |MapameTpy 3aKo-| 3HaueHHs KpuTe- | kpuTepito Kon-
Dy; | 09478 | 1.562 [ 4| 1.865 | 9.49 0.311 & | Hy posnoginy pito MipcoHa MOropoBa-
tg npn90 C = CMupHOBa
Dy, | 05327 | 1.379 | 3] 2.29 | 7.82 0.329 | Pl % | ot cale
Dy, | 0.6101 | 1.526 |3 | 1.173 | 7.82 0.275 TpaHcgopmaTtopu Hanpyroto 110 kB
Dy; | 1.6593 | 1.432 | 3 | 4.737 | 7.82 0.734 BmicT B Macni opraHiyHMX K1cnot
Dy, | 2.0442 | 1.383 [3] 2.764 | 7.82 0.383 Dy | 01911 6.07 |6 ] 2990 | 126 0.376
Konip macna D,, [ 0.2901 | 23.36 |4 | 1.843 | 9.49 0.265
Dy | 21334 | 2631 | 3| 6.794 | 7.82 0.690 Mpo6uBHa Hanpyra macna
Dy, | 3.4054 | 1.772 | 4 | 8.456 | 9.49 0.739 D, [29459 | 7311 [4] 3162 [ 949 |  0.228
D5 | 3453 | 2.339 | 3| 6523 | 7.82 0.656 BmicCT B Macni BOAOPO3YNHHUX KUCNOT
BMiCT B Macni BOZOPO3UMHHIX KNCTOT D, [00401 [ 3.155 [5] 3009 | 11.1 [  0.420
Dy, [ 0.0049 | 1986 | 2| 2.765 | 5.99 0.449 Bonorosmict Macna
Dy, | 0.0062 | 2.365 | 6| 6.383 | 12.6 0.446 D, | 39.98 [ 4059 [3] 1.850 [ 7.82 [  0.338
D3 | 0.0071 | 2.207 |4 | 1.468 | 9.49 0.288 ABTOTpaHcdopmMaTopu Hanpyroto 330 KB
Dy, | 0.0078 | 2.554 | 4 | 3.736 | 9.49 0.378 BmicT B Macni opraHiyHMX K1cnot
Dys | 0.0086 | 3.112 | 3| 2277 | 7.82 0.344 D, [01445[ 9955 [ 4] 7.427 [ 949 | 0704
Bo/IOroBMicT Mac/na MpobvBHa Hanpyra mMacna
Dy, [ 89923 [ 2.239 | 5] 2437 | 111 0.279 D, [42576 [ 2325 [4] 2.763 [ 949 [  0.323
Dy, | 10478 | 2.176 | 7| 10.06 | 14.1 0.552 Bonorosmict macna
Dy | 12.05 | 2.849 | 7] 8.763 | 14.1 0.385 D, [31232] 7196 [4] 2690 [ 9.49 [ 0407
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2) AHanizytoun B3aEMHE PO3TalllyBaHHS LUiNbHOCTI
po3noginy NOKasHUKIB Macna, NpuaaTHoOro Ao ekcnnyara-
Lii, ana TpaHctopmartopis Hanpyroto 110 kB i aBToTpaHc-
thopmaTtopiB Hanpyroto 330 KB MOXHa NPUIATA A0 BUCHOB-
Ky, L0 AaHi po3nofify Tak camo 3MilleHi OfvH LWofo
oaHoro. OcobMBO Lie NPOSIBASETLCA B LWiILHOCTAX PO3MO-
Jiny BMIiCTy B Mac/li opraHiuyHux Kucnot (puc. 3) i Bosnoro-
BMiCTy Macen (puc. 4). Mpu LboMy, AK BUAHO 3 PUCYHKIB,
IHTEHCMBHICTb OKWC/IEHHS TPaHC(OPMATOpHUX Maces B
aBToTpaHctopmaTopax 330 KB Hmue, HXK B TpaHchop-
maTopax 110 KB, He3Baxalum Ha Te, WO aHani3oBaHi
TpaHchopMaTopyu Masn HerepmMeTUYHe BUKOHAHHS.
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Puc. 3. ®yHKUT WiNbHOCTI TEOPETUYHOIO PO3MNOAiNTY BMICTY
B Mac/i opraHiyHux KUCMOT A1 TPaHC(OPMATOopiB Hanpyro
110 kB (a) i aBToTpaHcthopmatopis Hanpyroto 330 kB (6)
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Puc. 4. ®yHKUT LWiNbHOCTI TEOPETUYHOIO PO3MOLiYy BOMOrOB-
MicTy macen ans TpaHcgopmatopis Hanpyroto 110 kB (a)
i aBToTpaHcthopmatopis Hanpyroto 330 kB (6)

3) BuKoHaHWIA aHani3 nokasaB HasiBHICTb iCTOTHOIO
3MILLIEHHA MiXK MaTeMaTUYHUMKM OYiKyBaHHSIMW Po3nogi-
NiB Macna NpuaaTHOro i HeMpMAATHOro 40 ekcrayaTauil
(puc. 3-5). Lle o03Hauae, L0 3a/IULLIKOBUIA pecypc Macen B
TpaHcgopmaTopax, Lo aHai3yTbCA, CYTTEBO PI3HUTLCA.
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Puc. 5. PYHKUIT LWiNbHOCTI TEOPETUYHOIO PO3NOAiNY NPOo6UBHOI
Hanpyrv macen gns TpaHcgopmartopis Hanpyrow 110 kB (a)
i aBTOTpaHchopmatopis Hanpyroto 330 kB (6)

BricHOBKW. B1KOHaHWIA aHani3 3aKOHIB po3noginy ro-
Ka3HWKIB TPaHC(OPMATOPHMX Macen MoKasas, Lo AK /1S
macna, NpuaaTHOro A0 eKcrnyartawii, Tak i Ans Macna Henpu-
[IaTHOro A0 eKcnyarauii, po3noAin NMoKasHWUKIB Macia MoXe
6yTV onucaHo posnoginom Beiibyna, Lo A06pe Y3romKyeTb-
€A 3 pe3y/ibTaTaMy paHiLle ony6iKoBaHUX JOCIKEHD.

BcTaHOB/MEHO, WO ANA TPaHC(OPMaToOpHOro macna,
NpUAATHOrO [0 eKcnayatauii, Ak And TpaHchopmaTopis
Hanpyroto 110 kB, Tak i gna aBTOTpaHchopmaTopis Ha-
npyroto 330 KB, crnocTepiraeTbCca 3MilLleHHA MaTemaTuny-
HUX O4iKyBaHb LLiSILHOCTI PO3MOAinis AN PisHUX macu-
BiB OfHOIO i TOr0 XK MOKa3HWUKa, L0 CBIgYUTb MPO Pi3HKI
CTYMiHb CTapiHHA Macen, ska 06ymMoBieHa Pi3HUM TepMi-
HOM eKcnayaTauii macna, PisHUMMW 3Ha4YeHHAMK PoBoYOT
TemnepaTypu TpaHchopmaTopiB, a TakoX BM/IMBOM KOHC-
TPYKLUiAHMX MaTepianis.

BcTaHoB/EHO, WO B aBTOTPaHChopMaTopax Hanpyrow
330 KB okucntoBasnbHi peakLil NPOTiKatoTb 3 MEHLLIOK) iHTe-
HCMBHICTHO B NOPIBHsHHI 3 TpaHcopmaTopamm 110 kB. IMpo
Lie CBiAUNTb HasiBHICTb 3MILLEHHS! MiXK LL{ISIHOCTSIMM PO3M0o-
[iny [esknx nokasHWKIB Macna, NPUaaTHOro Ao ekcnyara-
Lii, B TpaHcopmaropax Hanpyroto 110 kB i aBToTpaHcdo-
pmaropax Hanpyroto 330 kB.

BcTaHOBNEHO HasiBHICTb ICTOTHOIO 3MILLEHHS MiXK
MaTeMaTUYHVMK OYiKyBaHHAMW PO3MOAINIB Macna npuja-
THOrO i HeMpWMAaTHOro A0 ekcnyatauii. Lle o3Havae, Lo
3a/IMLLKOBUIA pecypc Macen B TpaHcdopMaTopax, L0 aHa-
Ni3yrOTbCA CYTTEBO Pi3HUTLCA. OTPMMaHI 3HaYeHHs napa-
METPIB 3aKOHIB PO3NOAiNYy NOKasHMKIB TpaHCHOPMaTOPHMX
Macefn MoXyTb ByTW BMKOPUCTaHI Npy po3pobLi Moaenel
[N19 OLIHKW BiiNpaLb0BaHOro pecypey Macen, a TakoxX A
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MPOrHO3YBaHHA Ta NiaHyBaHHSA TepMiHiB 06C/1yroByBaHHS
Ta PEMOHTY 06/1afHaHHS, L0 AacTb MOX/IMBICTb 34iACHATY
rnepexif Ha TexHiYHe O6C/YroByBaHHS 3a peasbHUM CTa-
HOM a He 3a KafleHZapHUM nnaHoM. Kpim Toro HasBHICTb
3HaYeHb NapameTpiB 3aKOHIB PO3MoAiny NokKasHUKIB Macna
3 pi3HWM CTaHOM [03BO/IAIOTb BUMKOHATM OLHKY CTaHy
TpaHC(hopMaTOpHUX Macen 3 BUKOPUCTAHHAM BifHOLLEHb
NpaBLoNoAI6HOCTI, L0 A03BOMSE 3HAYHO 3HM3UTU PUSKKU
NPUIAHATTS MOMUIKOBUX PilLIEHb.

KOH(NIKT iHTepeciB. ABTOpW 3asBAAOTb NP0
BIICYTHICTb KOH(IKTY iHTepeciB.
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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 ail 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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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 eneKmpudHuUx Cmauyit ma niocmanyil Ha HeoOXIOHY 2AUOUHY 8 YMO8aX WiNbHOI 3a0y008u. [na eupiuieHHs
npodiemMu 3anponoHO8aHo eukopucmamu ycmanosky ILlnombepoce, axka mae Oinvuly 2nubuHy 30HOYEAHHS 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 00nozo 3 cipnuuo-36azauysanbuux KOMOIHAMIE: MAKCUMANbHA 8iOHOCHA NOXUOKA He nepesuuye
9,7 %, a cepeons — 3,6 %. bi6n. 13, puc. 3.

Knmiouosi cnosa: eneKTpUYHa NiacTaHUis, 3a3eMI0Ba/IbHUIA MPUCTPIlA, BEPTUKa/IbHE e/TeKTPUYHE 30HAYBaHHS, YCTaHOBKaA
LLIntombepike, MeTog iHTErpo-andepeHLiiHnX PiBHSHb.

coefficient of installation. For the Wenner installation,
k = 2zL, 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

Fig. 1. The principle of conducting VES

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]:

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

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:

poor sensitivity to profile inclusions;

direct relationship between electrode spacing and
sounding depth;

© D.G. Koliushko, S.S. Rudenko, A.N. Saliba
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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 p1, pa2, p3 and py,
respectively. The depths of the interfaces of the first and
second layers — hy, the second and third — h,, the third and
fourth — h,.

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 -coordinate; therefore, the
Laplace equation in a curvilinear orthogonal cylindrical
coordinate system takes the form:

2 2
I o, 2
0 r
YIIIId T T il i
o ] i(0,m) .Pl(rl,Zl) P
Y
7 Vo Vit N 7 .
P2
\
777, 7, 777, 777, .
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77 7 7 7 /]
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Z

\

Fig. 2. A point current source j located in the first layer
of the four-layer structure; P, (ry, z;) — observation point

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

Jo(r) ae? be *d, (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 is 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:

with an unlimited increase in the z-coordinate the
potential ¢ tends to zero, therefore

ds 0 ; (4)

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:

i i 1 il ; (5)

i Z g1 Z

(r.2)

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 (6)
the condition on the boundary of the conducting
half-space has the form

1 0. 7)
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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 a; 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:

Kn

(8)

“noyfr? (@hy Hy)?
where K., is the coefficient of soil heterogeneity equal

to Kjqy; —+—L; K, and H, are the coefficients
i1
obtained as a result of the expansion of the function
characterizing the multilayer medium; n 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

1
F , 9
4 = )
where F; () is
FZ 1 szle 2 hy K3’ze 2 h, K4’3e 2 hy
Ko1Kz o€ 2 Mty Ko1Ky 3 2 hs 1y
K3 2Ky 3e 2 hs Ko1Kz Ky ze 2 hs e by

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 @am, @sm, @an and ggy 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

F.( ), which characterizes a four-layer soil at - oo: (1) in the following form (12).
U m N AM BM AN BN : (10)
‘r Lam r Lem " LaN " Len
1, 1 1 4 m K, m K
v 2 L L 2 Kiai 2 2 2 2 ()
o Lan g noyLaw? @0 hy)? noyLa? @ hy)
Lam Lan 1 1, ! K. " Kn " Kn 12
(Lam  Lan) L L . 2 2 2 ; - @2
av o Lan) Lav Lan g noyLaw? @0 hp)? noyLan? @ hy)

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

Lvn/2, m 0,1 0,13 0,17 0,22 0,27 0,33 0,4 0,5 0,6 0,8 1
Lag/2, m 0,3 0,39 0,51 0,66 0,81 0,99 1,2 15 1,8 2,4 3

u/l, 56,01 49,03 34,69 27,91 23,07 19,72 16,39 13,53 11,87 9,491 8,231
P M 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 3,3 4 5 6 8 9
Lag/2, m 3,9 51 6,6 8,1 9,9 12 15 18 24 27

ul/l, 6,834 5,199 4,046 3,342 2,861 2,162 1,539 1,176 0,658 0,537
P 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 soail,
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.

1000,00
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Interpretation curve with parameters:
p1=72 Ohm'm; /,;=1,0 m; p,=150 Ohm'm; /,=4,0 m:
p5=120 Ohm'm; /;=10.0 m; py=28 Ohm'm m

10,00

0,1 1 10 100
Lam, m

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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