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Heasb. [lonyuynTh HOBbIE aHATUTHYECKUE BBIPAXKEHUS Ul OIpPEJeSIeHUs] UHIYKTHUBHO-
CTH 3KUMaKHBIX JIEKTPOMATHUTOB TPAHCIIOPTHBIX JIEBUTALIMOHHBIX CUCTEM.

MeTtoabl. '1aBHast 0COOEHHOCTh PacYeTHONW MOJEIN OOPTOBBIX KaTYIIEK IO ompezese-
HUIO X WHIYKTUBHOCTH Ha IPUMEPE JIEKTPOMATHUTOB MPSMOYTOIbHON (OPMBI — JOITyIIIe-
HUE O MaJOW BEJIMYMHE BBICOTHI [0 CPABHEHHUIO C JPYTUMHU I'€OMETPUYECKHMHU pa3MepamH.
[TpuHATO Takke JOMYLIEHHE, YTO TOJIIMHA CKUH-CII0s IPOBOJHUKA CYILIECTBEHHO IIPEBOCXO-
JUT MIOTIEPEYHBIN pa3Mep IMPOBO/IA, COCTABIIAIOIIEIO KaTymKy. PaccMaTpuBaeTcs 0 JHOBUTKO-
Bas KaTyIIKa, UHAYKTUBHOCTh PEAJIbHOTO 3JIEKTPOMAarHuTa MpUHUMAETCs! IPOIOPLIUOHAIBHOM
KBaJpaTy 4ucia BUTKOB. IIpu pacdyere MHIYKTHUBHOCTH MCHOJNB3YIOTCS Oe3pa3MepHbIC BEIH-
4yuHbI. B KauecTBe HOPMUPOBKHU BBHIOpaHA YETBEPTh MEPUMETPA KATYIIKU 110 CPEeAHEN JTNHUM.
VYcnoBueM nonydeHust NpuOInKeHHOW GopMysbl pacueTa MHAYKTUBHOCTH IJIOCKOW MpsSMoO-
YTOJIbHOW KaTYIIKU SIBJISI€TCSI MEHbIIAs TOJIIMHA OOMOTKH 10 CPAaBHEHHIO C T€OMETPUUYECKU-
MU pa3MepaMu KaTyIIKH.

Pesyabrarsl. [lomydeHO TOYHOE aHANMTUYECKOE BBIPAXKEHUE Ul BEJIMYMHBI MHIYK-
TUBHOCTH «TOHKOT'0» UCTOYHHKA MarHUTHOTO TOJISl MPSIMOYTOJIbHON (pOpMBI B BUE airedpa-
MYECKOM CyMMBI 3JIeMEHTapHbIX (DyHKIMHA. Pe3ynbTaThl 4MCIEHHOrO aHalM3a MOKa3bIBAIOT
3aBUCHUMOCTb OTHOCUTEIBHON MHAYKTUBHOCTH IJIOCKOW KaTYIIKU MPSAMOYTOJIbHOW (POPMBI OT
OTHOLICHHUS TOJIIMHEI K €€ MUHUMAJIbHOMY pa3zMepy. MccnenoBaHo BIHUSHUE «BBITSHYTOCTHY
KaTyIIKU (OTHOIICHUS JJIUHBI K mKpUHE). OTMEUYEHO, YTO MHAYKTUBHOCTh YMEHBIIAETCS C
YMEHBILIEHUEM «BBITSHYTOCTH», a TAK)KE C YBEIMUYEHUEM OTHOLIEHMSI TONILMHBI K MUHUMAaJIb-
HOMY pas3Mepy.

IIpakTHyeckasi 3HAYUMOCTD. [TosryueHo mpUOIMKEHHOE BBIPAXKEHUE JJIS1 BBIYMCICHUS
3HaYeHUs] UHIYKTUBHOCTH, MOTPEHIHOCTh KOTOPOro He npesbimaeT 14 % B o0nacTu u3MeHe-
HUI BCEX F€OMETPUUECKUX MTaPAMETPOB JIEKTPOMArHUTA. Y CTAHOBJIEHBI TPAHULIBI TPAKTHYE-
CKOTO MPUMEHEHUS MOJTYYEHHBIX aHATIUTUYECKUX BBIPRKEHUN MPH MPUHATHIX JTOMYIICHUSX.
BriBeieHHBIE BBIpAaXKEHMSI OTHOCUTEIBHO IIPOCTHI IO CTPYKTYPE U JIETKO MPOrPaMMHUPYIOTCSI.

NHAyKTUBHOCTH OOPTOBBIX DJIEKTPOMArHUTOB, IJIOCKAsl KATYIIKa, CKHH-CIIOW, YUCIICH-
HBII aHaIU3.

BBeneHue

Vcnosp30BaHne MHHOBAIMOHHBIX TEXHOJIOTHI KaK B MACCAKUPCKHUX, TaK U
B TPY30BBIX TPAaHCHOPTHBIX MEPEBO3KAaX HAa OCHOBE MAarHUTOJICBUTAI[MOHHBIX
TPAHCIIOPTHBIX CHCTEM CIIOCOOCTBYET IOBBIIICHUIO WX SKOHOMHYHOCTHA M KO-
jgoruaHocTH [1-3].
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OaHUM K3 BapUaHTOB MAarHUTHOTO TMOJABEIIMBAHUS SIBJISETCS KOMOUHHUPO-
BaHHAs CHCTEMa JICBUTAIIMH U TATH Ha 0HO(GA3HOM MepEMEHHOM ToKe. B Takom
clly4ae MUTAHUE BJIEKTPOMATrHUTOB MPOU3BOJUTCS OT CTATUYECKUX IMpeoOpa3o-
BaTesel 4acToThl. JlomycTrMble 3HaUEHUS HANPSDKCHHSI OTPAHUIUBAIOTCS TTapa-
METpaMH UCIOJIb3yEMbIX CHUJIOBBIX MOIYIPOBOIHUKOBBIX TIprOopoB (CII). V co-
BpemenHbIx CIT momyctumoe Hanpsbkerue coctariser 5000 B [4-6].

Benmnunna TpeOyemMoro HampsoKeHHS Ha AJIEKTPOMArHUTAX TMPOIOPIIHO-
HaJbHA UX UHAYKTUBHOCTH. [Ipy 3TOM TOUHOCTH YCTAaHOBJICHUSI UHAYKTUBHOCTH
BO MHOTOM ONPEJENSIECT JOCTOBEPHOCTh PE3YyIbTATOB HCCIIEIOBAHUMN 3IIEKTPO-
MEXaHUYECKUX CHCTEM.

PacueT MHAYKTHBHOCTH MPOBOISIINAX CUCTEM — KaK MPaBUJIO, TEXHUICCKU
CJIOXHAs TIPOIIeTypa, CBSI3aHHAS C TPOMO3JAKUMHU BBIYMCIICHUSIMH JTaKe VIS Ca-
MBIX MIPOCTBIX (POPM AIEKTPOMATHUTOB.

MHOXXECTBO CIPABOYHUKOB IO BBIYHCICHUIO YKa3aHHBIX BEIWYUH (CM.,
Hanpumep, oudauorpadpuio B [7-9]) coaepkuT B OCHOBHOM HaOOpPHI MPHOJIH-
KEHHBIX (OPMYII, Y KOTOPHIX TOYHOCTh M 30HBI UX MIPUMEHUMOCTH yYKa3aHBI J1a-
JIEKO HE BCEr/a.

JlaHHasi cTaThs MOCBSIIEHA YCTAHOBJICHUIO BEJIMYMHBI MHAYKTHUBHOCTH L
JUTST KaTYIIEK OMPEISTICHHOW KOH(PUTYpAIlMU, Y KOTOPBIX BEIIMYHWHA «BBICOTHD»
AJIIEKTPOMArHuTa MPeHeOPEKUMO MaJia 10 CPABHEHHUIO C JIPYTUMU T€OMETpUYe-
CKHUMH pa3MepaMH KaTyIIKH. Takue 3JIeKTpOMarHuThl OyaeM Ha3blBaTh OCCKO-
HEYHO TOHKUMH (TIJIOCKUMH ) UICTOYHUKAMH MarHUTHOTO TOJIS.

Crnenyer 3aMeTUTh, YTO BEIIMYMHA WHIYKTUBHOCTU CYIICCTBEHHO 3aBHCHUT
OT YaCTOThI TPOTEKAIOIIETO MO KaTyIlIKe TOKa. bynem mpeamonarars, 9To TOK |,
OTIPEISIISIIONTNI MAarHUTHOE TI0JIE CHCTEMBI, CJIa00 MEHSAETCS, T. €. BEJIUYMHA
CKHUH-CJIOSI TIPOBOJIHWKA 3HAYUTENBHO MPEBOCXOAUT IOMEPEUHBIA pa3Mep Mpo-
BOJIa, COCTABJISIOIIETO KaTYIIKY.

MeTtoponorusa pac4yeTta

O6mas popmyna aJist onpeiesieHus] UHAYKTUBHOCTH TIJIOCKOTO MUCTOYHHUKA
MarHuTHOTO ToJist Lt 3amaercs cooTHomeHuem [7]

W? .
L, =“°ﬁfdpfdp’(hl')/|p—p’|, (1)

rone dp=dxdy, dp’=dx'dy’;

p—p=(x=x)" +{y-y)
(X, y) u (X, y) — moaxonsuye 1eKapTOBLI KOOPAUHATEL
i ¥ i — TMHEHHbIE TTIOTHOCTH TOKA,

S = S — TOKOHEeCyIIas IIOBEPXHOCTh KATYIIKHY;

W — 4nciio BUTKOB KaTyIIKH;

Lo =47m-10"" T'n/M — MArHUTHAs OCTOSIHHAS BAKyyMa.

2,
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PaccmoTpum ogHoBUTKOBYIO Katymiky (W =1), HHIYKTUBHOCTh peagbHOTO
AJIEKTPOMAarHuTa MpoIopIHOHalbHA KBaApaTy 4YMclia BUTKOB. B kaudecTBe wuc-

TOYHHMKA MArHUTHOTO TIOJISI PACCMOTPUM 3JIEKTPOMArHUT MPSIMOYTOJIBHON (op-
MbI (puc. 1).

2w

f—e——,—e—— — ) — — — — — ——————

X, X

1
|———<——09————

Puc. 1. PacueTHas cxema SKMIIaKHOTO 3JIE€KTPOMarHura

OTMeTHM, YTO Ha T€OMETPHUECKUE MapaMeTPhl JAHHOIO IUIOCKOIO 3JICK-
TPOMarHuTa HaKJIaJIbIBaeTCs €CTeCTBeHHOE orpanndeHue: 0 <w<min(a, b).

Jlnst paccmaTpuBaeMoil KOHPUTYpAIIM UCTOYHUKA MATHUTHOTO TOJIST MO-
AyJib JIMHEWHOM TUIOTHOCTH TOKa ompenensercs pasenctBoM i=1"=1/2w. Ile-

pexonst B (1) k Oe3pa3zMepHBIM KOOpAMHATAM W COBEpIas TaM K€ MEPBUYHOE
JIBYKPATHOE€ WHTETPUPOBAHUE, MOXKHO TOJYUUThH CIEIYIOIIEE BBIPAKECHUE IS
WHYKTUBHOCTH TIJIOCKOM KaTYIIKU MPSAMOYTOiIbHON (hopMBI L:

2
L= 2P (Lo) + L(B) - M (o, )~ M (0,0)). @
riue
15 8—|ul+v
L(v):EJdu j doT (U, ), v=a, B; 3)
-8 —8+uf+v
)
M (at, B) = [ du(3—[u)T (u+a, u+B); (a)
25T (U, v) =uln Y 4 oin Y g, (5)
m-u m-o

B paBenctBax (2)—(5) npuHsATE 0003HAUYCHUS:

a=a/p; B=b/p; d=w/p; p=a+b; m* =u*+v’. (6)
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B kauecTBe HOPMUPYIOIIETO MHOXKHUTENS NIPHU Nepexojae K O0e3pazMepHbIM
KoopJiuHaTaM B (2) BeiOpaHa BeIMYMHA 2P — MOJIYNEPUMETP KaTYUIKU MO Cpe/l-
HEW JIMHUMU.

JlanbHeiilee HHTErpupoBaHUe KBaAPaTyphl B (3) NPUBOAUT K OKOHYATEIb-
HOH hopmyIie st L(v):

ﬂ_| 1+_r__|n( +1)— (2+1)° -2
% € 3(1+r)

(7)

1++/2 r—ke
3\/_8 |<Z+1(1 +ke)'In 1+~/2)(1+ke)’

e rl=1+¢° e=98/v; (0<e<l).

Cnaraemoe B cymme u3 (7) mpu K =—1 u £=1 moomnpenensieTcss HyJIeBbIM
3HAYCHUEM.

Beipaxenue mist M (a, B) u3 (4) Takke MOXKET OBITh IMOJYYEHO IMOCTE CO-

OTBETCTBYIOIINX UHTErPATBHBIX MPEOOPA30BAHUIA:

M (o, B) = Z(Qk (a, B) = Qy (e, B))’ (8)

k=+1

rac

Q. (a, B)=Q(a,,By); v, =v+Kd;, v=0a,p. 9)
®dynkius Q(U, v) B (9) npeacrapisieT cOO0M CyMMY IATH CllaraeMbIX:

s*d u(m+u) sd®

25°Q(u,
QU o)== o) T 2
\fm+s 5d°, m+d s
In +=(uv-2d?)x 10
f|d| 12 " Jauo 6\ ) ()
In(m+u)(m+v)_2m
uo 3

(d? +uv),

rne S=Uu+v; d=u—-v=a—p.

Cnyuaiit U=0 (v=0) B (10) OTBe4aeT CUTyalUH, KOT/Ia «OKHO» KaTYIIKH
peaCcTaBiIsieT co00l 0ECKOHEYHO TOHKYIO IIeib, T. €. O = Mmin(a, B), dopmyna
(10) mpu 3TOM 1OOIPEAEISIETCS 110 HEMPEPHIBHOCTH:
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of 1 1 2
Q(u,0)=Q(0,u)=u (ﬁln(“ﬁj_gj' (11)

Bropoe ciaraemoe B (10) mpu oo =(d =0) paBHO HymHO.

[IpenenpHbIil BapuaHT, 3aJalONIUN TUIOCKUN JJIEKTpOMarHut B (Qopme
«MPOKOJIOTOTO» MO LIEHTPY KBaapara (a=B:6), IPUBOIUT K COOTHOIIEHUIO

Q(0,0)=0.
[Tockonpky mpu BbiBoje BoIpakeHus M (a, ) u3 (8) wucmoab30Baaoch
ycioBue o+ B =1 ¢opmyna qius M (0,0) HE MOXET OBITh OIpeJeseHa MoCpe-

cTtBOM paBeHCTB (8)—(10), a JoKHA BBIYUCISTHCS HEMOCPEICTBEHHO UHTETPH-
poBaHMeM KBaapaTypsl (4) ¢ yuetoM paBeHCTB o =[3 =0, npu 3Tom

20
M (0,0) :?(ln(1+ V2)-+/2). (12)
PaBenctBa (2)—(12) mOTHOCTHIO UCUYEPHIBIBAIOT 3a/lauyy OMPEACICHUS MOoYy-
Hot (PopMyJBl IO pacuery Kod(duimeHTa CaMOMHAYKIUN UIOCKOM KaTyIIKU
MPSIMOYTOJIbHON (DOPMBL.
Bripaxenue mis L npu Bemonnenun yenosus 8 << min(o, B) cylecTBeHHo

yrpomiaercs, U B pesyiabTare coepiieHus B (2)—~(11) mpeaensHoro mepexona
MO>KHO TIOJTyYUTh

_ 2P {In ZZB —aln(o+7)—

|6<<min(a,[3) T

_Bln(3+y)—%+2y+2—§(ﬁ—|n(1+ \/E))},

rae y2 = a? +B2.

HecMmoTps Ha HEKOTOpPYIO T'POMO3JKOCTh cooTHomeHui (2)—(11), Bxonas-
e B HUX (GOPMYIIbI dJIEMEHTAPHBI, JIETKO MPOTPAMMHUPYIOTCS U — YTO OYCHD
BAXKHO — MPEJCTABISAIOT COO0M MPOIeAypY BBIUUCICHUS MOYHO20 3HAUYEHUS UC-
KoMoro koddduimenta caMmouHAYyKIuu L.

Bemnunny L nenecoobpa3Ho paccuMThiBaTh B Oe3pa3MepHOM Bujie. B ka-
yecTBe 0a30BOM BbIOEPEM BEIMYMHY WMHIAYKTMBHOCTH IUIOCKOW KaTymiku Ly,

MIPEICTABIIAIONICH cOO0M KBaapar C «IpPOKOJOTHIM» IeHTpoM. [locie cooTBert-
CTBYIOIINX BhIYUCICHUH 10 hopmymnam (2)—(12) mpu o= =0 MOXKHO 3amucarh

1P 2 1+In(1++2)

~2,078-107"P, 13
T 3 1++/2 =

I_D
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rie P =4p — nepumMerp KBaJipaTHOM KaTYyIIKHU MO CPEAHEH JIMHUU.
Pe3ynbTaThl YMCIEHHOrO aHalln3a, MOKAa3bIBAIOIIETO 3aBUCUMOCTb OTHOCH-
TenpHOM mEAYKTHBHOCTH L /Lo OT mapamerpa € mpu pasnu4HbBIX 3HAYEHUSX

«BBITSHYTOCTH» KATYIIKU G, TPEACTABICHBI HA pHC. 2 (YHCIa Y KPUBBIX COOTBET-
CTBYIOT 3HAUCHHSAM  «BBITIHYTOCTH»  Karyimiku). Ilapamerpel € u ¢
e=w/min(a,b), ¢=max(a,b)/min(a,b). IlynkTupHas JWMHUSA OTBEYaeT IpPH-

OmmKeHHOH Qopmyre L| s<<min(ap) / L, mpu ¢=1. B pacuerax nepuMeTp KaTylIKH

1o cpenHei mann P = 4 p npuHnMaercst moctosiHEbM, L onpenenero B (13).

1,0
\\ 1L
4L,
N

0,5 <

[EEN
/
/
/
/
/
/

0 0,5 1,0

Puc. 2. 3aBucMMOCTh OTHOCUTENBHON MHAYKTUBHOCTH IUIOCKON KATYIIKH
npsiMoyTroibHOH (opmbl L1/Lp ot mapamerpa e

3aknro4yeHue

[TomryueHO TOYHOE AHATUTUYECKOE BBIPAXKCHHE IS BEIMYWHBI WHAYKIIUU
«TOHKOT0» MCTOYHUKAa MArHUTHOTO TOJISI MPSMOYTOJbHOW (POpMBI B BHUJAE all-
reOpanyecKkoil CyMMbI 3JIEMEHTAPHBIX (YHKITHIA.

BriBenena npubnmkenHas Gopmyna sl BeIYUCIeHHs KoddduimenTa ca-
MOMHJIYKIIUH, TOTPEUIHOCTh KOTOPOil He mpeBbimaeT 14 % B obmactu u3MeHe-
HUI BCEX T€OMETPUUYECKUX MAPAMETPOB AIEKTPOMATrHUTA.

[Tomryuenusie popMysIbI OTHOCUTENBHO MPOCTHI IO CTPYKTYPE U JIETKO MPO-
IPaMMHUPYIOTCA.
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Objective. Of the work consists in receiving new analytic expressions for determination
of inductance of vehicular electromagnets of transport levitation systems.

Methods. The key feature of calculation model of onboard coils in accordance with
their inductance on the example of squared electromagnets lies an assumption about a small-
ness of the size «heights» in comparison with its other geometrical sizes. There is also an as-
sumption that thickness of a skin layer of the conductor significantly surpasses cross sectional
size of the wire making the coil. The single-turn coil is considered, inductance of an actual
electromagnet is accepted proportional to a square of the number of turns. When calculating
inductance the dimensionless quantities are used. As an absolute, a quarter of perimeter of the
coil on the centerline is chosen. The condition of obtaining the approximate formula for calcu-
lation of inductance of the flat rectangular coil is the small thickness of a winding in compari-
son with the geometrical sizes of the coil.

Results. Accurate analytical expression for inductance of a «thin» source of square-
shaped magnetic field as the algebraic sum of elementary functions has been received. Results
of a numerical analysis show dependence of the relative inductance of the square-shaped flat
coil on thickness relation to its minimum size. Influence of «elongation» of the coil (relation
of length to width) is investigated. It is noted that inductance decreases with decrease of
«elongationy, and also with increase in the relation of thickness to the minimum size.

Practical importance. The approximate formula for calculation of value of inductance
has been obtained. Its uncertainty does not exceed 14 % in the areas of changes of all geomet-
rical parameters of an electromagnet is output. Borders of practical application of the received
analytic expressions at the accepted assumptions have been set.

The received expressions are fairly simple structurally and are easily programmed

Inductance of onboard electromagnets, flat coil, skin layer, numerical analysis.

Introduction

Application of innovative technologies in transportation of both passengers
and cargo on the basis of maglev transport systems facilitates increase of effi-
ciency and sustainability of the above systems [1-3].

One of the options of magnetic suspension is a combined system of levita-
tion and traction with a single-phase alternating current. In this case, electro-
magnets are powered by stationary frequency converters. Permissible values of
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voltage are limited by parameters of power semiconductor devices (PS) being
used. The today’s PSes have a permissible voltage of 5000 V [4-6].

The value of the required voltage in electromagnets is proportionate to their
inductance. In this case, the accuracy of determination of inductance largely dic-
tates the reliability of the results, obtained during researches of electromechani-
cal systems.

Calculation of inductance of different conductor systems represents, as a
rule, quite a sophisticated technical procedure, associated with awkward calcula-
tions even for simple forms of electromagnets.

A large number of referential books on calculation of the above values (see
in, for example, Reference [7-9]) contain, mainly, sets of approximate formulae,
whose accuracy and zones of application are far from being always specified.

The very article is devoted to determination of value of inductance L for
coils of a specific configuration, in which value of “height” of electromagnet is
negligibly low, compared to other geometrical sizes of the coil. Such electro-
magnets are hereafter referred to as infinitely thin (flat) sources of magnetic
field.

It needs to be pointed out, that value of inductance is significantly depend-
ent on frequency of the current running in a coil. Let us surmise, that current I,
determining magnetic field of the system, changes slightly, namely, value of
skin layer of a conductor significantly surpasses cross-sectional size of the wire,
constituting the coil.

Methodology of Calculation

The common formula for determination of inductance of a flat source of
magnetic field Ly is given by the following relation [7]:

_M W2 {3y ' !
lﬁ-—izlzldpldp(hl)ﬂp—pL €

where dp =dxdy, dp'=dx'dy’;

12 "2 "2

o= =(x=x)"+(y-y)";

(X, y) u (X, y) — suitable Cartesian system coordinates;

i mi — linear current densities;

S = S current-carrying surface of a coil,

W — number of turns of a coil;

Lo = 4m-10~" H/m — vacuum permeability.

In this case, single-turn (W = 1) coil is considered, inductance of a real
electromagnet is proportionate to the square of the number of turns. As a source
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of electromagnetic field, let us consider a square-shaped electromagnet. Its
calculation scheme is seen from the fig. 1.

2w

e ——e———————  —  — ———

X, X'

r—+4b9————

Fig. 1. Calculation scheme of vehicle electromagnet

It is to be pointed out, that natural limit are put on geometrical parameters
of this flat electromagnet: 0 <w<min(a, b).

For the configuration of the source of magnetic field being considered,
module of linear current density is defined by equationi=i"=1/2w. Proceeding

to the point (1) of dimensionless coordinates and committing there a primary
double integration, one may obtain the following expression for inductance of a
flat square-shaped coil L:

2
L= 2P (L0o+ LOB—M (o) ~M (0,0)). @
where
15 8—Ju[+v
L(v):EIdu j doT (u,0), v =a.B; 3)
-5 =8+uj+v
)
M (ct,B) = [ du(3—[ul) T(u+ot, u+B); (a)
25T (u,0) =uln Y 4 oin ™Y g, (5)
m-—u m-o

In equations (2)—(5) the following notation is accepted:

a=a/p; B=b/p; d=w/p; p=a+b; m* =u*+v’. (6)
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As a normalising factor for transition to dimensionless coordinates in (2)
the value 2p has been chosen — semiperimeter of a coil at the medium line.
Further integration of quadrature in (3) leads to the final formula for L(v):

L0 ol Lpen -0 =2
% € € 3(1+r) -
1+\/§r—k8
3fg kzﬂ(l ke)'In (1+~/2)(1+ke)’

where ré =1+¢%; £=8/v; (0<e<1).

The summand in the sum of (7) with k=-1 and ¢ =1 is further defined by
zero value.

Expression for M (a, B) from (4) may also be obtained after corresponding

integral transformations are conducted:

M (0 B) = 2 (Qc(o B) = Qu (e, B)) (8)
where h
Q (o, B)=Q(a,, B,): v, =v+kd;, v=a,p. (9)

Function Q(u,) in (9) represents an addition of five summands:

s*d u(m+u) sd®

25°Q(u,
Qo)== o)t 2
\/_m+s 5d° m+d s
In +=(uv-2d?)x 10
\/_|d| 12" 2w 6 ) )
Ir](m+u)(m+v)_2m
uo 3

(d? +uo),

where s=u+v; d=u—-v=0-J.

The case u=0 (v=0) in (10) meets the situation when “the window” of a
coil is an infinitively thin slot, that is& = min(a,), formula (10), in its turn, is
further defined by continuity:

of 1 1 2
Q(u,0)=Q(0,u)=u (ﬁlr(“ﬁ)_gj' (11)
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The second summand in (10) with o =p(d =0) equals zero.

The limiting variant, defining a flat electromagnet as a “pierced” in the cen-
tre square (o.=p=29) leads to relation Q(0, 0) =0.

Since during deriving the expressionM (o, ) form (8) the condition
a + B =1was used, the formula for M (0,0) cannot be defined by means of equa-

tions (8)—(10), but should be calculated directly by integrating quadrature (4)
taking into account equations o= =0, thus

20
M (0, 0) :?(In(1+ V2)-+2). (12)

Equations (2)—(12) completely exhaust the problem of determination of an
accurate formula for calculation of coefficient of self-inductance of a flat

square-shaped coil.
Expression for L by completing the condition 6 << min(c, ) is significant-

ly simplified, and in the result of completion in (2)—(11) of a corresponding
maximum transition, one can obtain

_21P {In 29B _ in(ac+7) -
T 3

|8<<min(oc,[3)

_Bln(B+y)—%+2y+2—§(\/§—|n(l+ J2) )}

where y% = a? + 2.

Despite some awkwardness of the relations (2)—(11), the formulae consti-
tuting them are elementary, are easy programmed and, which is very important,
they represent themselves a procedure of calculation of an accurate value of the
required self-inductance coefficient L.

It is advisable to conduct calculation of the value L in a dimensionless
form. As a basic value, let us choose a value of inductance of a flat coil Lo, hav-
ing a form of square, “pierced” in the centre. After calculations according to
formulae (2)—(12) with o =B =35 we can write down

1P 2 1+In(1++/2)

L
P T 3 1++/2

~2,078-107"P, (13)

where P =4p — perimeter of a square coil on the medium line.
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The results of a numerical analysis, showing the dependence of relative in-
ductance L; /L from the parameter e at different values of “elongation™ of coil

G, are represented in the fig. 2 (figures on the curves correspond to the values of
“elongation” of coil). Parameters e and ¢, respectively, are equal:
e=w/min(a,b), ¢=max(a,b)/min(a,b). The dashed line corresponds to the

approximate formula L|6<<min( B)/LD with¢=1. In calculations, perimeter of a

o,

coil along the medium line P =4p is view as constant, L is defined in (13).

1,0

N
AN

[ERN
/)
/
/
/
/
/

0 0,5 1,0

Fig. 2. Dependence of relative inductance of a flat square-shaped coil
Lt/Lp from the parameter e

Conclusion

The accurate analytical expression for value of inductance of a “thin”
source of a square-shaped magnetic field in the form of algebraic sum of ele-
mentary functions was obtained.

The approximate formula for calculation of value of inductance has been
obtained. Its uncertainty does not exceed 14 % in the areas of changes of all ge-
ometrical parameters of an electromagnet is output.

The obtained expressions are fairly simple structurally and are easily pro-
grammed.
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