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Ana yumuposanus

CyMMapHOe peakTHBHOE COMPOTHBIIEHUE paccesHus TpaHcopMmaTopa ¢ KOHIEHTPUYECKUMHU
HTHHIPUIECKMMH OOMOTKaMH 3aBUCUT OT TOJILHMH KAaTyIIeK M BEJIMYMHBI 3a30pa MEKIy
HUMH. CYIIECTBYIOIME METO/IBI HE TO3BOJISIIOT U3MEPSTh PEAKTUBHBIE COTIPOTHUBIICHHS paccestHus
KaKI0H OOMOTKHM TpaHcdopMaTopa B OTAENBHOCTH, MO3TOMY MOJIAraloT UX PaBHBIMHU APYT
Ipyry. B nelicTBUTENBHOCTH, TPUMEHUTEIBHO K pacCMaTpUBaeMOMY CIy4alo, OHHU
CyILIECTBEHHO He paBHBL PacueT MOTOKOCLEIUICHHsS BHEIIHeil OOMOTKHM TMOKa3bIBaeT, YTO ee
PEaKTHBHOE COIMpPOTUBIICHHE paccesHHs OoJblle CyMMapHOTO COMPOTHBIICHHUS paccesHUs
obenx 0OMOTOK. M3 3TOro BHITEKAlOT lBa OOCTOATENbCTBA: 1) BHYTPEeHHsAs OOMOTKa
TpaHcopMmaTopa TOMIOLIAET MArHUTHBIM TIOTOK B OOJBIIEN CTENeHW, YeM pacceruBaeT
(paccerBaeT CBOM MarHHTHBIM MOTOK, MOTJIONIACT OT BHEINHEH OOMOTKH); 2) ee (3KBHBAJCHTHOE)
pEaKTHBHOE COMpPOTUBIICHUE pPAacCcesHHs SBIIETCS €MKOCTHBIM. B mporecce uccienoBaHus
000CHOBaHa BO3MOXKHOCTBH OIpeNesieHHs PEaKTUBHBIX COMPOTHUBICHHN pacCesHUs Kakaou
0OMOTKH TpaHc(OpMaTopa B OTAETBHOCTH C TIOMOILBIO TPEX IKCIIEPUMEHTAIBHBIX METOJOB,
JAIOLINX YAOBJIETBOPHUTENBHOE COBMAJCHUE Pe3ybTaToB. [10UYTH MapagoKCaNbHBI pe3yybTar —
eMKOCTHBI XapakTep COMPOTHUBIICHUS paccesHHus BHYTpPEHHEH oOMOTKHM TpaHcdopmaropa —
TIOJTyYeH JIMIIb U1l KOHIEHTPHUYECKUX LIMIMHAPHIECKUX 0OMOTOK (0000IIaTh ero ¢ ApyruMu
TUIaM#i 0OMOTOK He clienyeT). [IpencraBiieHHble SKCIIepUMEHTATbHbIE METOIbI HE TIPUBSI3aHBI
K XapaKkTepy peaKTHBHOCTH CONpPOTHBJIIEHHH paccesHus. OHM YHHBEpCANBHBI M MPHUMEHHMBI
IUTSL JIIOOBIX THUMOB OOMOTOK. IToTyueHHbIe pe3yNibTaThl PEKOMEHIYEeTCs MCHONB30BaTh MPU
MIPOSKTUPOBAHKHU M MCCIIEI0BaHUH TPaHC(HOPMATOPOB.
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Abstract

The total leakage reactance of the transformer with concentric cylindrical windings depends on
the thickness of the coils and the gap between them. Existing methods do not allow measuring
reactance of scattering for each winding of a transformer separately, therefore, for simplicity
they are often considered equal to each other. In fact, in relation to the case under
consideration, they are essentially not equal. In fact, the calculation of the flux linkage of the
external winding shows that its reactive scattering resistance is greater than the total scattering
resistance of both windings. Two circumstances follow from this. First, the internal winding of
the transformer absorbs magnetic flux to a greater extent than it scatters (scatters its magnetic
flux, absorbs from the external winding). The second is that its (equivalent) scattering
reactance is capacitive. The purpose of the study is to justify the possibility of experimental
determination of the scattering reactance for each transformer winding separately. The relevance
of the work is due to the widespread distribution of transformers. The dissipation reactance of
each winding of the transformer individually can be determined by at least three experimental
methods that give satisfactory agreement between the results. An almost paradoxical result is
the capacitive nature of the scattering resistance of the inner winding of the transformer
obtained only for concentric cylindrical windings. It should not be generalized to other types
of windings. The presented experimental methods are not tied to the nature of the reactivity of
scattering resistances. They are universal and can be used with any type of windings. The
results obtained are recommended for use in the design and study of transformers.

Popov, 1. P. 2019. Methods for determining the scattering of transformer windings individually.
Vestnik of MSTU, 22(4), pp. 513-520. (In Russ.) DOI: 10.21443/1560-9278-2019-22-4-513-520.
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[Nonoe U. 1. Metoasl onpeneneHus paccestHus 0OMOTOK TpaHcdopMaTopa Mo OTAENbHOCTH

BBegenne

AKTYaITbHOCTB TIPOOJIEMBI OTIpeIeTIeHHS paccestHrs 00MOTOK TpaHc(hopMaTopa Mo OTISTBHOCTH 00YCIIOBIICHA
TOW Ba)XKHOMW POJIbIO, KOTOPYIO UTPAIOT CONPOTHBIIEHNS PacCesiHUs B CHIIOBBIX TpaHc(opmaropax. B aBapuitHbix
peXUMaxX MHIYKTHBHOCTb PACCESHUS OTPaHUYKMBAET YPOBHU TOKOB KOPOTKUX 3aMbIKaHWI M MHTEHCUBHOCTH Harpesa
00MOTOK, CTIOCOOCTBYET YMEHBLIEHHIO SIIEKTPOTUHAMUYECKUX YCUIINi, ONlaroiapsi 4eMy CHIKAeTCs BEPOSTHOCTh
TIOBPEXKIEHHS CHJIOBOTO TpaHc(opMaTopa Mpu KOPOTKHX 3aMbIKaHMsIX (BHYTPEHHHUX U CKBO3HBIX). C PYroit CTOPOHBI,
C MHIYKTUBHOCTBIO PACCESHUS CBsI3aHbl 100aBOUHbIE MOTEPH B 3JIEMEHTaX KOHCTPYKIMHU TpaHc(opMaTopa, 4To
YMeHBIIIaeT ero noJie3Hyro MouHocTh, KI1JI, HanpsbkeHne Ha BTOPUYHBIX 0OMOTKaX M 00yCIIOBIMBAET MOTpedieHNe
peakTuBHOM MotHOCTH (Sima et al., 2019; Cenusanog u op., 2018).

CyMMapHOe peaKTHBHOE CONPOTHBIICHUE PaccesHUs TpaHc(hopMaTopa ¢ KOHUEHTPUIECKMMU MTHHAPHISCKUMH
00MOTKaMH paBHO

D 2
L OHmDW (al azj’ M

LR
rae ® — LMKJINYeckas 4acToTa TOKa; [l — MOCTOSIHHAs MarHuTHas; D — CpeiHuii 1naMeTp oOMOTKH; W — YHCIIO
BHUTKOB (TIpMBE/IeHHOE); / — BBICOTA OOMOTKH; dy — 3a30p MEXKIY KaTyIIKaMW, d;, d, — TOJIIMHBI KaTyIIeK
(Konwinos, 1986).

CyIecTBYIOIINE METOIBI HE TTO3BOJISFOT M3MEPSITh PEaKTUBHBIE COTMPOTUBIICHUS PACCESHUS U KaXkKIOu
OOMOTKM B OTHEHFHOCTH, TIO3TOMY TIOJIATalOT WX PaBHBIMHU TIOJIOBMHE BEJIMUWHBI, TOJMYYSHHOW TPHU pacdeTre Mo
thopmyne (1) (beponuxos, 2006, 2005).

B neiicTBUTENTEHOCTH, IPUMEHUTEBHO K pacCCMaTPUBAEMOMY CITY4Yal0, OHU CYIIECTBEHHO HE PaBHBI.

[NoTokocueneHne BHEIIHeW 00MOTKH OmpeeseTcs o Gpopmyrie

D a a, a, . DWZ
@, 28D % e famder [ 22 x 2 “_(_ _j
Ly o« 0 0o h 4 l 2 3

rone i — HpI/IBeI[eHHHﬁ TOK, a W, =W, =W (I/IHZ[CKCLI MOKa3aHbl 1JIs1 HaArJIAOHOCTHU I/IHTel"pI/IpOBaHI/IH)

(Mapreapom, 1935). OTcroa peakTHBHOE COTIPOTUBIICHNE PACCESHUS BHETTHEW 0OMOTKH PaBHO

_ op,nDw’ (ﬂ

x, 1 +a, +ﬁ} @)

2 3

BblunTaHue ero 3HaueHUsl U3 BEIMYMHbI, MOJYyYeHHOU Npu pacyere mo ¢opmyse (1), qaetT peakTUBHOE
COTIPOTHBIIEHHE PACCESHUS BHYTPEHHEN 0OMOTKH

op,tDW q
X = 3)
/ 6

Ortot pesynbTar nonydeH E. . MapkBaparom (Mapxeapom, 1938), HO OH He UMeN MpU3HAHMA H3-3a
OTCYTCTBHS YKCMIEPUMEHTATIbHON MPOBEPKHU.

3Hak "-" B BblpakeHUM (3) yka3blBaeT Ha [1Ba OOCTOATENbCTBA: 1) BHYTpeHHssl OOMOTKa MOrJoLaeT
MarHuTHbI NOTOK (Zhao et al., 2019; Ilonos, 2009) B 6onblueil cTeNeHH, YeM paccerBaeT (paccerBaeT CBOMA,
MOIJIONIAeT OT BHELIHel 0OMOTKM); 2) ee (3KBUBAJIEHTHOE) PEaKTUBHOE COMPOTHBIEHHE PACCESHUS ABJIAETCS
€MKOCTHBIM.

JpyruMu clioBamy, paccesiHie MarHUTHOTO MOTOKA TMOPOXKAAET MHAYKTUBHOE COMPOTHBIIEHNUE, CIe0BATEIbHO,
MPOTHBOTIONOKHBIH MPOLIECC — MOTJIOMEHNe MarHUTHOTO TIOTOKA — MOPOXKIAeT MPOTHBOTOJIOKHOE TI0 XapakTepy
€MKOCTHO€ PeaKTHBHOE COTIPOTHBIICHHUE.

[MoTokocueruieHNe BHyTPEeHHE OOMOTKH ¢ COOCTBEHHBIM TTOTOKOM (B 00JIaCTH d) UIMEET BUJ

in,mDw’ a,
AR

T. €. paCcCE€UBACT MOTOK. Ee e moTokoclerieHre ¢ MOTOKOM BHEIIIHEeH 0OMOTKH (B obnactu al) paBHO

. 2
in,mDw” a
JlaHHbI OTOK MPOTUBOMONOXEH, CE0BATENIbHO, BHYTPEHHSS OOMOTKA €r0 He PacCcenBaeT, a MOIJIOIIAeT,

M 3TOT TIOTOK 1O aOCONIOTHOU BeMIWHE OOJbIIe TepBOT0. TakmMm 00pa3oM, CyMMapHOE MOTOKOCLETUICHHE
OTPUIIATEILHOE U PEAKTHBHOE COTIPOTUBIICHUE PacCesHUs BHYTPEHHE! OOMOTKH SIBIISICTCS €MKOCTHBIM.
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W3 BeIpaxenwuit (2) u (3) ciemyet

w,nDw’ (a a,
=2 A g v 4
2 ] (2 0t “
6!
G = 2 2 ©)
o p,mDW a,

[pn sKcrieprMeHTaIbHOM OTpeeIeHNH AKTUBHBIX COTIPOTHBICHUH R| 1 R, 0OMOTOK HEe BO3HMKAET HUKAKUX
npoonem ([Janunun u op., 2016).
PeakTuBHOE COMPOTHBIICHNE PaCCESTHUS JIFO00M 0OMOTKH OTpeneisieTcs u3 (POpMYJTbI

x=~z>—r2.

[MonHOE COMPOTHBIIEHHUE z, Ka3al0Ch Obl, MOKHO OTIPENETIUTh B COOTBETCTBUH C 3akOHOM OMa JUIsl ydacTka
nenu. OZ[HaKO TIpU KOPOTKOM 3aMbIKaHWH, KOI'Ja NMPUHATO U3MEPATH PCAKTUBHOEC COMNPOTHUBIICHUE PACCEIHUA,
HamnpspDKeHUe Ha BTOPUYHOM 0OMOTKE PaBHO HYJIFO, YTO SIBJISIETCS MPUUMHOMN, HE TIO3BOJIIOIICH Pa3ebHO U3MEPSThH
paccessHusI 00MOTOK. J[aHHYIO TIp0OIIeMy MOYKHO PEIHNTh, HCIIONB3YsI HECKOIBKO CITOCOOO0B.

Llenbio HACTOSILETO MCCIIENOBaHMS SBISUIOCH 000CHOBaHME BO3MOYKHOCTH DKCTIEPHMMEHTAIILHOTO OTpEIeiieHHs
PCAaKTUBHBIX COHpOTI/IBJ'IeHI/Iﬁ pacceaHua oI Ka)K,HOfI 00OMOTKHU B OTACJIBbHOCTU U, B 4aCTHOCTH, BepI/I(I)I/IKaLII/II/I
BbIpaxkeHuit (2)—(5).

MeToasbl ucciieIoBaHUsI

B npouecce wuccnenoBaHWs —TPUMEHSIIUCH  DJIEKTpOTeXHWUeckre  pacueThl.  CyllecTByrOIINe
M3MepHTeNbHbIE KOMILIEKCHI TIO3BOJISIIOT OTPEENsATh NeHCTBYIOINE 3HAYECHHS AIEKTPUIECKUX BETUIMH U (ha3Hble
CHIBUTH MEXJIy HUMHU TPaKTUUECKW C 00O 3aqaHHOM TOYHOCThIO. OJHAKO MPH MOOYEPEAHBIX H3MEPEHHSX
BEJIMYHH BBICOKAsi TOYHOCTh KaKJOTO M3MEPEHHUsS] HE MMeeT OOJIBIIOro 3HAUeHHs, MOCKOJIbKY CaMi M3MepsieMble
BEJIMIMHBI HecTaOWIbHBI. [Ipn onpeneneHny peakTUBHBIX COTMPOTHBIICHNH BaXKHBI HE CTOJIBKO BEIMUWHBI TOKOB U
HarnpsKeHUH, CKOJIbKO COOTHOLIEHUS MeKay HUMH. [IpobieMa ¢ X HeCTaOMIbHOCTBIO pelIeHa 0THOMOMEHTHO
perucTpanueii HeoOXOIMMBIX IMApaMeTpOB, OCYIIECTBISIEMON MNPOLECCOPOM, UYTO oOecreuynBaeT TOYHOCTh
BBIYHCIISIEMBIX BEJIMUWH, COTIOCTABUMYIO C TOUHOCTBIO €IMHUIHOTO U3MEPEHUS.

Pe3yabTaThl U 00cyxkaeHue
Buicokxomounwiii Memoo xonocmozao xooda

W3 cxeMbl 3amelieHus Tpanchopmatopa (puc. 1) ciemyer, 4To MpUBEASHHOE HAMPSHKEHUE HA BTOPUYHOM
00MOTKE paBHO

OTcrona

Puc. 1. Cxema 3amemienus TpaHcopmartopa
Fig. 1. Transformer equivalent circuit
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[Nonoe U. 1. Metoasl onpeneneHus paccestHus 0OMOTOK TpaHcdopMaTopa Mo OTAENbHOCTH

U3 obpaTmMocTy TpaHchopMaTopa cieayeT

, 2U2!_ 2U]

LE——
’

]2

3,[[3(3]) n pajee BerHI/Iﬁ JIEBBI MHAEKC 2 YKa3bIBa€T, YTO BE€JIMYHMHA MOJIyY€Ha BO BTOPOM (O6paTI/IMOM)

JKCTIEPUMEHTE.
IIpumep 1. OmnpenennuTb COMPOTHUBIEHUS paccesHust 0OMOToK TpaHchopmaropa OCM-1.00, ncrnons3ys

U3MEPEHHBIE C BLICOKOH TOUHOCTBIO BEIMYMHBI (Ul =219,138 B; Uz’ =219,054¢’°* B; jl =0,819¢/%1%° A;

W1 =218,825B; U, =218,343¢/° B; I =0,817¢ /> A):

: _ o _ j0,23° .
=U1 U, =219,138 219,054e ~1,075¢ 7% Om,

4 i 0,819¢ /1%
1 =1,072 Om,
x, =—0,081 Owm,
| |

= = =0,039 @,
2nfx, 2m-50-0,081

=0,601¢/7" Om,

, UL-U,  218,825-218,343¢7%
EZ = = 0,8176_180’320

I
r, =0,2110Mm,
X, = 0,562 Om,
po % 0562 560,107 T,
2nf  2m-50

Ipumep 2. OnpenenuTb CONMPOTUBICHUS paccesHust 0OMOoTok TpaHchopmaropa OCM-1.00, ucrnons3ys

BEJIMYMHBI, M3MEpPEeHHbIe C TOYHOCTBIO, yMeHbIIeHHoW Ha mopsnok (U, =219,14B; U, = 219,05¢°* B;

[ =082 A):

L U-U, 219,14-219,05¢/°"

Z, S
= ] 0,82¢ /%!

1

=1,44¢”"" Owm,
rn =1,10m,
x, =+0,92 Om.

Kak mokasbIBatoT pacyeTbl, IOHIKEHUE TOUHOCTH Ha MOPSIOK Mo CKa3aloCh Ha OMpeAeeHH aKTUBHOTO
COIPOTUB/IEHUs] BHYTPEeHHEH 0OMOTKY, OJJHAKO MPUBEJIO K COBEPIIEHHO HEJOCTOBEPHOMY 3HAUEHUIO PEaKTUBHOIO
COIPOTUBJIEHHUS, BKIIIOUAsl CMEHY €ro 3HaKa.

Takum 06pa3om, TOUHOCTh U3MepeHHuit B puMepe 1 (a Takxe 3 u 4) sABIsSeTCS MUHUMAIBLHO HEOOXOMMOIA.

Buvicoxomounwiii Memoo kopomioco 3ameikanus
W3 cxeMbl 3ameneHus TpaHcdhopmaropa Cieiyet, 4To

— — ’ ’
U,=1yz,=1, z,,

Zy=—"5.
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[TonHoe COMMPOTHUBJICHUE TPU KOPOTKOM 3aMbIKaHWA PABHO

' 'r : 12 ‘/ .I ‘I
z,Z. I/I z I I I
z=z+ P 2= =gz =z+1z,
Lt 54 1;/1();2'@2’ L+1, L+1-1, I,
. !
Ul [2 ’
Z=—"T=45+75%.
[1 [l
Otcrona
-
UL
4 == R
Il ]1

U3 obpatmocTu TpaHcdopmartopa cienyeT

2r 7t 2
ZI_ U2_ Il z
L = . . “»

27 271

[2 12

U LU L U _ LU, L7
z =——-z |=F— =+ ———Z
= . . . X

VA AT (A AT

Pt ) e

1N

L U L
11 2]2' ]1 11 2]2'
UL-CULL

Z >

[2L-1,°0
, ULL-UCHL
L=
1, 212'—12' 2I1
IIpumep 3. OmnpenenuTb COMPOTHUBIEHUS paccesHust 0OMOToK TpaHchopmaropa OCM-1.00, ncrnons3ys

M3MEPEHHbIE C BBICOKOH TOuHOCTBIO BenwumHbl (U, =5,513B; 1, =4,025¢ " A; I} =4,016¢ /2" A;

U, =5,572B; 21, = 4,061 A; I, =5,660¢ % A ):

LUCL-ULTL 5,513-4,061¢/7" —5,572-4,016¢ 7+

z=—132—% - =1,072¢7**" Om,
L2L-1%1  4,025¢7°% .4,061e7" —4,016¢ /2" . 5,660e """
7, =1,069 Om,
x, =—0,080 Om,
2z = 2{]2’ '1'.—(.}1 2"11 _ 5,572.4,025e"12°'5°° -5,513-5,660e /%" —0.597¢/"% O,
I2L-17L 402577 4,061~ 4,016¢ /*** - 5,660e />
) =0,210 Om,
x, =0,559 Om.
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[Nonoe U. 1. Metoasl onpeneneHus paccestHus 0OMOTOK TpaHcdopMaTopa Mo OTAENbHOCTH

Tpubnudicennvlii Memoo KOPOMKO20 3aMbIKAHUSL NPU NOCTIe008AMETbHOM COCOUHEHUU
V IBYX WACHTHIHBIX TPaHC(HOPMATOPOB TOCIIEIOBATEIHHO COSIMHIIOTCS KaK MIEPBUYHBIE, TAK U BTOPIUIHEIC
00MOTKH. B pe3ynbrare cxema npruHUMAET BUJI, MPEICTaBIECHHBIN Ha puc. 2.

!
4 a Z

O ® O

c
Pnc. 2. Cxema 3amenieHns 119 OCIEI0BATENLHOTO COETUHEHMS

Fig. 2. Series equivalent circuit

BBI/IZ[y TOT'O, YTO BECJIMYMHBI Z, )4 Z, 3HAYUTCIIbHO MEHbBIIIC Zys CIpaBE€AJIMBO COOTHOLLIEHHNE
U, ~0,5U,,.

Ho U, =U_,, cnenosarensHo,

z2°

2U

Zz ,bc
1

2

Bennuunsl 1, Iy, X, =X +X, ONPEACIAOTCSA U3BECTHBIMU DKCIIEPUMEHTAJIbHBIMA METOIAMU:

X, =4 Th

X =X, —X,.

Kpome Toro, nocienHuii pe3yabTaT MOXKET ObITh MOJTy4YeH C MCTOJIb30BaHHEM 00paTUMOCTH TpaHchopmMaTopa:

2°U,,
z, = 2
1
_ (.22
X, =4z =K.
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IIpumep 4. JIBa upenTHuHbIX TpaHchopmaropa OCM-1.00 coenrHeHbI O cXeMe B COOTBETCTBHHU C puC. 2.
OmnpeenTh CONPOTHBICHUS PACCESTHNAS, FICTIONE3Ys M3MepeHHble Bemmauesl (U, =1,2B; 1) =3,9A; r, = 1,1 Om;

r, =0,20m; x, =0,52 Om):
, 20, 2-1,2

2=k 222 0,62 0m,
I 39

X =222 =1 =40,62° —0,2* = 0,59 Om,
X, =x, —x, =0,52-0,59 =—0,07 Owm.

BeiBoabl

PeakTrBHOE CONMpPOTHBIIEHNE paccesHUs Kax[oi oOMOTKM TpaHc(hopmaTopa B OTAEIbHOCTH MOXET ObITh
onpereNeHo Mo KpaiiHeli Mepe TpeMs SKCIepUMEHTATbHBIMU METOaMH, JAIOIMMHU YOBJIETBOPUTENBHOE COBIAACHHE
pe3yJIbTaToB.

[Moutn mapamokcanbHBIN pe3yibTaT — €MKOCTHBIN XapaKTep COMPOTHBIEHUS PAaCCEesTHUS BHYTpEHHEH
00MOTKM — TOJTyY€eH JIAIIb TSI KOHIEHTPUUYECKNX LIMITMHAPUIECKHX 00MOTOK. O000IIaTh ero ¢ ApyruMy THIaMu
00MOTOK He ciemyet. Hanpumep, B oqrO(a3sHOM TpaHChOpMaTOpe, 0OMOTKH KOTOPOTO PACTIONIOKEHBI Ha Pa3HBIX
CTEPKHSIX, 00a COMPOTUBIICHHS PACCESHUS ABIAIOTCS WHIYKTUBHBIMU.

[pencraBeHHbIe SKCTIEpHIMEHTATIBHBIE METO/IbI HE TIPUBSI3aHbI K XapaKTepy PeakTUBHOCTH COMPOTHBICHHH
paccesHus. X MOXHO Mcnonb30BaTh Ui TpaHchopmaropoB ¢ T-o6pa3Hoii cxemoit 3amerueHus. [lomyvyeHHble
pe3yJibTaThl PEKOMEHIYeTCs CTIOJIb30BaTh MPH UCCIIeIOBaHUH TPaHC(HOPMATOPOB.
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