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AHOTAIILA

Ilempenxo M.I1. BuznaueHHs npodiuIi0 COJICHOIIIB AJsi CTBOPEHHSI IMITYJIbCHUX
MarHiTHUX TIOJIIB 3a JOTIOMOTOI AaHAJITUYHUX PpO3B’SA3KIB 3ajad a”amizy. —
KBamidikariitna HayKoBa mpaiisi Ha MpaBax PyKOIUCY.

Hucepraliiss Ha 3100yTTS HAYKOBOTO CTymHeHs JokTopa dinocodii 3a
cnetiaynbHicTIO 141 — EnekTpoeHepreTrka, eJIeKTPOTEXHIKA Ta eleKkTpomexaHika (14
— Enextpuuna imxenepis). — HanioHanbHUN TEXHIYHUN YHIBEPCUTET «XapKiBChKHIA
MOTITEXHIYHUHN IHCTUTYT» MiHICTEpPCTBA OCBITH 1 HayKu Y Kpainu, Xapkis, 2020.

06’exkmom OocniddcenHs € IMITyJIbCHE MAarHiTHE IIOJIe, IO YTBOPIOETHCS
MAacCHMBHUMHU OJHOBUTKOBHUMH COJICHOIIAMHM TPH MAarHiTHO-IMITYJIbCHIM 00poOi1ii
METaJIEBUX 3aTOTOBOK.

IIpeomemom docnidxncenns € mpodisii MACUBHUX OJJHOBUTKOBUX COJICHOIIB, IO
3a0€3MeuyoTh 3aJlaHUil PO3MOJUT IMIYJbCHOTO MAarHiTHOTO IIOJISi Ha ITOBEpPXHI
00p0o0ITIOBaHOT METAJIEBOI 3aTOTOBKH.

B nucepraniiiniii poOoTi BHUpillieHa HAYKOBO-MPAaKTUYHA 3ajjaua BU3HAUYEHHS
npodigiB MacHBHUX OJIHOBUTKOBHMX COJICHOIIB 3a JOMOMOTOK aHaJITUYHUX
pPO3B’S3KIB 3a/lad aHali3y IMITyJIbCHOTO MAarHITHOTO TIOJsI, IO YTBOPIOETHCS
JDKepenaMu eJeMEeHTapHOI (hOpMH.

JlocmipkeHHST BUKOHAHO 3a JOMOMOTroK  (PyHIaMEHTAaIbHUX IMOJIOKEHb
TEOPETUYHO1 EJIEKTPOTEXHIKH, MaTEMaTHYHO1 (P13UKH, YNCETHbHUX METO/IIB aHATI3y Ta
CcydacHUX 1H(OpMaLIMHUX TEXHOJIOT1i.

VY BcTymi OOIPYHTOBAaHO aKTYallbHICTh TEMH JUCEPTaIlii, BU3HAYCHI 3ajadi
JOCITIJKEHHS, TOKa3aHO 3B’S30K POOOTH 3 HAYKOBUMH TNIpOrpaMamu, IJIaHaMH,
TeMaMH, HaBEJEHO JaHlI MPO HAYKOBY HOBHU3HY, MPAKTUYHE 3HAYEHHS, ampoOarlito
pe3ynbTaTiB Ta MyOJTiKaIii.

VY nepiroMy po3iii MPOBEACHO OIS KOHCTPYKIIH MOJICYTBOPIOIOUHUX CUCTEM
JIJIS. MAarHITHO-IMITYJIbCHOT OOPOOKHK MeTajiB Ta aHali3 BIJIOMUX METOJIB BU3HAUCHHS
ix popmu. JletanbHO PO3TIAIAIOTHCS BA MIIXOAH 0 BUPIeHH i€l 3anaygi. [Teprmii
0a3yeThcs HA ITEPATUBHOMY 200 aHAIITHYHOMY MHi00p1 mapamMeTpiB M0JICYyTBOPIOIOYOT

CUCTEMH, JIPYTHIl — Ha BUPIIICHHI 3aj[a4l MPOJOBKEHHS IMOJI 3 TPAHUYHOI TTOBEPXHI.
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OOTpyHTOBAaHO HEOOXIMHICTH PO3BUTKY METOJIB, 3aCHOBAHMX HA BUKOPHCTaHHI
AHATITHYHUX PO3B’S3KIB 3a7a4 aHAMI3y IS JKEPEN eJIeMEHTapHOo1 GopMu, oOpaHO
HaIpsMH JTOCIIKEHb, TOCTABJICHI OCHOBHI 3a/1a4l IUCEpTaIliiiHOT poOOTH.

Y nmpyromy po3aiuii 3alpoTiOHOBAHO METOJ| BH3HA4YEHHS (OPMU MACHUBHUX
OJIHOBUTKOBHUX COJICHOIJIIB JUIsl CTBOPEHHS 3aJaHOTO PO3MOAUTY a3uMyTalbHOL
CKJIaJIOBOI 1HAYKIII MAar”iTHOTO IIOJsi Ha TMOBEPXHI IWIHAPUYHOI Ta IIJIOCKO1
3arOTOBKHU, 1110 3aCHOBYETHCS HAa BUKOPUCTaHHI CHCTEM €JEMEHTapHHX JKEpen 3i
CTpyMaMH, KOTpl po3TallloBaHi MOOJU3Y LMX MOBEpXOHb. [Ipu 1iboMy cepenoBuiie
mo3a TMpPOBIIHUKAMU BBAXKA€TbCA HEMPOBIAHMM 1 HEMAarHiTHUM, a 3aroTOBKa
3aMIHIOETBCS 17C€TBHUM HAJMPOBIIHUKOM: HECKIHYEHHO JOBIHM IWIIHAPOM abo
MiBIIPOCTOPOM. PO3TIsatoThes TpH BUIMMAIKH. Y TIEPIIOMY €JIeMEHTapHI JpKepesia — 11e
KUTBIIS 31 CTpPyMaMH HECKIHYEHHO MaJIOro MEPEeTHHY, 110 PO3TAlIOBYIOThCS CITIBBICHO
BHYTPIIIHBOMY IWIIHIPY, Y APYroMy — TaKl >k CIIBBICHI KUJIbLSI, aje po3TalloBaH1
napajesbHO IJIOCKIM IpaHtIll HUKHBOTO MIBIPOCTOPY, Y TPETHOMY — OC1 31 CTpyMaMH,
pO3TalioBaHl TMapajelibHO HIKHBOMY TiBIpocTopy. HaBemeno dopmymu s
pPO3paxyHKy 1HAYKIli MarHiTHOrO IOJsi Ta MarHiTHOTO IMOTOKY, IO CTBOPIOIOTHCS
TaKUMH JDKepenamu. Bapiari€o TreoMeTpuyHUMHU TapaMeTpaMH eJIEMEHTApHUX
JUKEpeJl Ta CTpPyMaMu, 110 B HUX MPOTIKAIOTh JTIOCATHYTO BIJMOBIIHOCTI YTBOPEHOTO
MOBEPXHEBOI0 PO3MOAUTY 1HAYKIII Ta 3amaHoro. Jlimga migbopy onTUMadIbHUX
napameTpiB CHCTEMH 3aCTOCOBAHO METOJl TPAJIE€HTHOTO CIycKy. [ BU3HAYCHHS
IIYKaHOTO KOHTYpPY MNpoQUII0 MAaCUBHOTO COJ€HOiAa MOOYI0OBaHO CHJIOBI JIiHI1
MarHiTHOTO TIOJIS CHCTEM eJEMEHTapHHX JDKepes, 0 3a0e3NneuyioTh HaWMEHITy
noxXuOKy BIATBOPEHHS 3adaHOro po3nonaury. [IpaBuibHICTH BHU3HAYEHHS TOYHOTO
KOHTYpY NpodiJis COJICHOI1a MIATBEPHKYETHCS 3a TOMMOMOI'OK0 METOIy 1HTETpaIbHUX
PIBHSIHb.

Y TperboMy PpO3AUII 3aNpPONOHOBAHO ANMPOKCHUMAIKD TOYHOTO KOHTYpPY
npo(diIl0 MACHBHOTO OJTHOBHUTKOBOTO COJIEHOiNa 0araTOKyTHHKOM, IIO JIO3BOJIHIIO
3HAYHO CHPOCTUTH HOTO MPOEKTYBAHHS 1 BUTOTOBJICHHS. J[OCHIJKEHO PpPO3MOIIIH
THYKIIT MarHiTHOTO MOJIs Ta iX po301KHOCTI 13 3aJaHUM JIJII COJICHOI/IIB TOYHOTO Ta

anpokcuMoBaHuX MpodiniB. Po3paxoBaHo Ta MOPIBHIHO IHIYKTUBHICTH CHUCTEMH
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COJICHOI 1 — UMITIHAP. [leTanbHO pO3MIIAHYTO PO3MOALIN MOBEPXHEBOI T'YCTUHU CTPYMY
Ha Kpaiikax almpOKCHMOBAHHUX COJICHOIAIB 1 BU3HAUCHO BILUIUB pajilyca CKPYTJICHHS Ta
BEJIMYMHU KyTa, IO CKPYTJIIOEThCA, HA 11 MakCUMallbHI 3Ha4yeHHs. Po3paxyHku
TPETHOTO PO3/1Ty BUKOHAHO 32 JOTIOMOTOI0 YHCEJIBHOTO PO3B’sI3aHHS 1HTETPaJIbHOTO
PIBHSIHHS BITHOCHO MTOBEPXHEBOI T'YCTHUHH CTPYMY.

VY deTBepTOMYy PO3/LII €KCHEPUMEHTAIBHO JOCIIKEHO PO3MOAUIA 1HIYKIIIT
IUIOCKOMEPUIIAHHOTO MAarHiTHOTO MOJIsA, U0 CTBOPIOETHCSI MACUBHUM OJHOBUTKOBUM
COJICHOTIOM MOOJIM3Y HIIIHAPUYHOI TOBEPXHI 3aroTOBKHU. JJIs 1IbOTO 13 JIaTyH1 OYJI0
BUTOTOBJICHO COJICHOI, KOHTYP MPO(LII0 KOTPOTO OTPUMAIIU 33 JOTIOMOTOI0 METOTY,
KU 3alpOIOHOBAHO B AucepTanii. TOuHUN KOHTYp Mpodiisi MACUBHOTO COJIEHOIa,
KOTpUI OTPUMAJIH 32 JOTIOMOTOI0 CUCTEMH JIEB’ ATH €JIEMEHTAPHUX KiTBIIEBHUX JKEPeE,
OyJ0 anmpoOKCMMOBAHO HIECTUKYTHUKOM. COJIEHOI]] pO3MIIyBaBCs Ha CIEUIaTbHOMY
CTEH/I1 CIIBBICHO 3 MiJTHOIO 00OJIOHKOIO, sIKa 1MITyBajia 3aroTOBKY. Y MPOMIKKY MIXK
COJICHOIIOM Ta OOOJIOHKOIO pO3TAlllOBYBAaBCS IHAYKIIMHUA TMEpeTBOpIOBad, 3a
JIOTIOMOTOI0 SIKOT'O BUMIPIOBAJIM BITHOCHY 1HAYKIIIIO B KOHTPOJIBHUX TOYKaX MOOIU3Y
NOBEpXHI 00OJOHKM. Yepe3 COJIEHOI[ MPOMyCKaJId IMIYJIbCH CTPYMYy Bij
HU3BKOBOJIBTHOTO TeHepaTopa, KOTpi Maimu ¢GopMy EKCIOHEHIHO 3Tracarydoro
cuHycoigu. YacTtora iMIysibCiB 3MiHIOBaiach B pdiamaszoni (40+225) k[ 3miHOIO
€MHOCTI OaTapei KOHAeHCAaTOPiB B reHepaTopi. HaBeaeHo BIAHOCHI pO301>KHOCTI MiX
BUMIPSHIUMH Ta 33JaHUMHU PO3MOJIIaMH, SKI MPH BCIX BaplaHTaxX IMIYJbCYy HE
MEPEBUIIYIOThH 6 BIJICOTKIB MO BCIH TOBXKKMHI 0OpPOOJIIOBAHOI TOBEPXHI.

Pesynbraty qociipKeHb J03BOJIMIN OTPUMATH HU3KY HAYKOBHUX PE3yJIbTATIB:

- ymepiue Juis BU3Ha4eHHs (JOpMH OJHOBUTKOBOTO MAacHBHOIO COJIEHOIAA, IO
3abe3reuye 3aaHUi PO3MOAUT IMITYJCHOIO MArHITHOTO MOJs Ha IUIIHAPUYHIN
MOBEPXHI METAJEBOi 3arOTOBKH MPH MAarHiTHO-IMIYJLCHIA 0OpOOIl, 3aCTOCOBAHO
¢dbynkuito I'pina;

- ynepuie 3alpornoHOBaHO alPOKCUMAIII0 CKJIAIHOTO KPUBOIIHIHHOTO KOHTYPY
npo(iIF0 MacCUBHOTO COJICHOIZ]a KOHTYPOM OaraTOKyTHHKA, IO JO3BOJIHIIO CyTTEBO

CIIPOCTUTH Horo IMPOEKTYBAHHA Ta BUT'OTOBJICHHA,
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- OTpUMAJIO TOAANBIIMM PO3BUTOK 3acTocyBaHHA GyHKIiH ['piHa s
BU3HAYEHHS MPOQLIIB MAaCUBHUX COJICHOIMIB, 110 3a0e3MeuyloTh 3aJaHuil PO3MOIiI
MJIOCKOMEPH/IIaHHOTO Ta ITIOCKOIapalieIbHOI0 MAarHITHOTO MOJIsl Ha TJIOCKIM MOBEPXHI
METAaJIEBO1 3arOTOBKH,

- IOCTOBIPHICTb TEOPETUYHUX PE3yJbTaTIB, OTPUMAHUX Yy JHUCEpTallii,
M1ITBEP,PKEHO BUMIPIOBAHHAMU BITHOCHUX PO3IO/I1I1B 1HIYKIII1 MArHITHOTO IOJIS, 110
CTBOPIOETHCS MACUBHUM COJICHOTOM, MMOOJIN3Y MOBEPXHI HMIIHAPUIHOT 3aTOTOBKHU HA
cTeH/I1 /U (P13UYHOTO MOJICTIOBAHHS;

- Pegynbratn nocmimxenp BukopuctaHo B HTY «XIII» npu BukoHaHHI
HAYKOBO-0CITHUX poOIT Ha Kadeapi IHKEHEPHOT eeKTPOPI3UKH.

Knrwouosi  cnosa: MacuBHUM  COJIEHOI[, MAarHITHO-IMIYJbCHA 0OOpoOKa,
ontuMizaiis popmu, pyHkuis ['piHa, IMITyIbCHE MAarHiTHE MOJIE, P13KUI MOBEPXHEBUN

eeKT.
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SUMMARY

Petrenko M.P. Solenoid shape determination for generating pulsed magnetic
fields by using analytical solutions of analysis problems. — Manuscript.

The thesis is submitted to obtain a scientific degree of Doctor of Philosophy,
specialty 141 — Electricity, electronics and electrical engineering (14 — Electrical
engineering). — National Technical University “Kharkiv Polytechnic Institute” of the
Ministry of Education and Science of Ukraine, Kharkiv, 2020.

The object of research is the pulsed electromagnetic field, which is created using
massive single-turn solenoid in the process of electromagnetic forming of metal
workpieces.

The subject of research are profiles of massive single-turn solenoids which
generate a given distribution of magnetic field at the surface of a metal workpiece.

The scientific and practical task of determining the massive single-turn solenoid
profiles is solved using analytical solutions of analysis problems for pulsed magnetic
field which is created by elementary sources.

The problems of scientific research were solved using fundamental concepts of
theoretical electrical engineering, mathematical physics, numerical methods of
analysis and modern informational technologies.

The introduction substantiates the relevance of research tasks showing
connection between the work and scientific programs, plans, themes. The information
on the scientific novelty and practical value the obtained results are stated.

The first chapter provides an overview of known systems for generating
electromagnetic pulsed field and methods which are used to determine its shape. Two
different approaches are emphasized. The former i1s based on iterative or analytical
adjustment of field-generating system parameters. The latter is the use of the solution
of the problem of field continuation from boundary surface. The further development
of the methods which are based on analytical solutions of analysis problems for
elementary field sources is justified, the direction of research is chosen and objectives

are formulated.
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The second chapter presents the method aimed to determine the shape of massive
single-turn solenoids which generates a given distribution of tangent component of
magnetic induction at the surfaces of cylindrical or sheet metal workpieces in the
process of electromagnetic forming. The method is based on using the solutions of
analysis problems for systems which consist of current carrying conductors of
elementary shape that are placed near the boundary surfaces, whereas environment
outside the conductors is supposed to be nonconducting and nonmagnetic. The ideal
skin-effect approximation is used, according to which we suppose that currents flow
within the infinitely thin surface layers. With accordance to the approximation the
cylindrical workpiece is replaced by ideal superconductive cylinder of infinite length,
the flat workpiece is replaced by superconductive half-space. There are three cases
described. In the first case elementary sources is represented by annular current
carrying conductors which are places axially with the inner cylinder. The cross section
of the annular conductors is infinitely small. In the second case there are the same
annular axisymmetric conductors but placed above the flat boundary of
superconducting half-space and are parallel to it. In the third case elementary sources
are straight current carrying axes which are parallel to each other and to the lower
superconducting half-space. The formulas for magnetic induction and magnetic flux
for that systems are stated. Compliance with given boundary distribution of magnetic
induction is achieved by varying of system parameters using gradient descent
optimization method. Field lines for the system of elementary sources, that provides
the smallest differences between given and obtained induction distributions, were built
and used to determine the exact profile of massive single-turn solenoid that generate
given magnetic induction distribution. The correctness of exact profile was verified
using the method of integral equations.

In the third chapter approximation of exact massive single-turn solenoid profile,
which significantly simplify its design and manufacturing, is proposed. Magnetic
induction distributions, which are generated by the solenoids, are calculated and errors
due to the approximation are investigated. Inductance of the solenoid-cylinder system

1s compared for different accuracy of approximation and different outer radius of the
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solenoid. Surface current density distributions at the solenoid contour are shown. An
influence of radius of rounding of sharp edges is considered and relation between the
angle of rounded edge corner and maximum surface current density is described.
Calculations of the third chapter were performed using a numerical solution of the
integral equation with respect to surface current density.

In the fourth chapter an experimental research on relative induction distributions
of axisymmetric magnetic field that is created using brass massive single-turn solenoid
at the surface of cylindrical workpiece is stated, whereas the shape of the solenoid was
determined according to the method which is described in the thesis. The exact profile
contour was chosen by one of the field lines which cover the system of nine annular
conductors. With accordance to the approximation method the exact profile contour
was replaced by six-sided polygon. The solenoid is placed at the special installation
axially with a cylindrical copper shell. Induction sensor is placed into the gap between
the solenoid and the shell to measure relative induction at reference points near the
shell boundary. The solenoid is connected to low voltage pulse generator which creates
the pulses of exponentially damped sine wave. The frequency of the pulses is changed
in the range of (40+225) kHz varying the capacitance of the generator battery. Relative
differences between measured and given induction distributions are shown and do not
exceed 6 percent at all reference points within working area for every variant of pulse
frequency.

The research results have allowed obtaining a number of scientific results:

- for the first time, an approach which is based on the use of Green’s function to
determine a shape of massive single-turn solenoid for generating a given magnetic
induction distribution at cylindrical workpiece surface is proposed for electromagnetic
forming;

- for the first time, approximation of curvilinear contour of massive single-turn
solenoid profile by a polygon, which allow to significantly simplify its design and

manufacturing, is researched;
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- the use of Green’s functions is developed for determining of massive single-
turn solenoids which generates given distribution of axisymmetric or plane-parallel
magnetic field at the flat surface of sheet metal workpiece;

- theoretical results obtained in the dissertation are confirmed by measurements
of relative distributions of magnetic induction which is created by massive single-turn
solenoid at the cylindrical boundary of metal workpiece using the installation for
physical modeling;

- the results of the research were used for research work at Engineering
electrophysics department of National Technical University “Kharkiv Polytechnic
Institute”.

Keywords: massive solenoid, electromagnetic forming, shape optimization,

Green’s function, pulsed magnetic field, sharp skin effect.
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