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MpencTaBneH KpaTkum 063op pusnHecKnx
NMPUHLUMNOB NOCTPOEHUS BOJIOKOHHO-ONTUYECKUX
TpaHCcPOpPMaTOpPOB 3/1eKTPUUYECKOrO TOKA Ha

ocHoBe 3¢ ekTa Papapes. Obcyxpaercs ero
npumMeHeHue Aas NoCTpPOeHUsl BOIOKOHHO-
onTUYeCKUX TpaHCPOpMaTopOB 3/IeKTPUYECKOro
Toka (BOTT). MNepBas 4yacTb BKAKOYAET aHaNuU3
CBOMCTB CNeLmasbHOro BOJIOKOHHOro cBeToBOAA A/S
YYBCTBUTEJ/IbHOIO 3J/1eMeHTa coBpeMmeHHoro BOTT.

BBEAEHWE

H3mepeHue 3JIeKTPHUYECKOTO TOKA [JjIS y4yeTa IIOTpe-
67151eMON 3JIeKTPO3HEPTUH, KOHTPOJIS U 3aI[UTHI
3JIeKTPHUUYECKUX CeTeH SIBJSeTCS OJHOM M3 OCHOB-
HBIX 33/1a4 CHJIOBOM 37eKTPOIHepreTUKHU. JIo HelaB-
HUX II0Op IIofoOHBle 3a/adyy pellajyuch HAa OCHOBE
TPagUILIMOHHBIX TPAaHCPOPMATOPOB, HCIIOIb3YIOIIMX
IPUHLHI 371eKTPOMAarHUTHON MHAYKIHH. DJIeKTPo-
MarHuTHbIe TpaHcopMaTopsl (9T), KOTOpble UHTEH-
CHBHO MCIIONB3YIOTCS yskKe OKojao 70 JjieT, oTahYa-
IOTCSI OTHOCUTEJBHOHM HaJeKHOCTBhIO, B YAaCTHOCTHU
B [OHaria3oHe Har{meeHI/Iﬁ 6-35 kB. 3T criocobHbl
paboTaThs B JOCTATOYHO >KeCTKHMX KIHMMATHUYeCKHX
yCJIOBHSIX. B TO >Ke BpeMs OIHUM H3 HeyCTPaHHUMBIX
HEeJOCTAaTKOB TPaAULMOHHBIX TPaHCHOPMaATOPOB
SIBJISIeTCSl HaCbhlIleHHe MaTrHHUTOIIPOBOJA aIllepHUOIM-
YeCKOH COCTaBJSIONIEN TOKa KOPOTKOTO 3aMBIKAHU S
M, KaK CJIe[ACTBHUE, OTCYTCTBHE Ilepefayd MHPoOpMa-
LMK O TOKe B JTMHUHU B IIepBOe BpeMs aBapHUHHOIO
npouecca. K mpobieMHBIM MOMEHTaM OTHOCHTCS
TaK>Ke HeJOCTATOYHA ST HaJe>KHOCTh BRICOKOBOJIBTHOM
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FIBER-OPTIC ELECTRIC CURRENT
TRANSFORMERS: PHYSICAL
BASES AND TECHNICAL
IMPLEMENTATION.

PART I

V.P.Cubin’?, N.L Starostin"2, Ya. V. Przhiyalkovskiy "2,
S.K.Morshnev'2 A.1.Sazonov'2, S. Yu. Otrokhov!
"Fryazino branch of the V. A. Kotelnikov Institute of Radio
Engineering and Electronics, RAS Fryazino; Moscow
region.

2JSC "Profotech", Moscow

A brief review of the physical principles of construction
of fiber-optic transformers of electric current based on
the Faraday effect is presented. Discusses its use for
the construction of fiber-optic transformers of electric
current (FOCT). The properties of a special optical fiber
for the sensitive element of modern FOCT are analyzed.
A description of the technical implementation of FOCT
is provided.

INTRODUCTION

Measurement of electric current for metering
of electricity consumed, control and protection
of electrical networks is one of the main tasks of
power electric power engineering. Until recently,
similar problems were solved based on traditional
transformers using the principle of electromagnetic
induction. Electromagnetic transformers (ET), which
have been intensively used for about 70 years, are
distinguished by relative reliability, in particular,
in the voltage range of 6-35 kV. ET able to work in
fairly severe climatic conditions. At the same time,
one of the unrecoverable drawbacks of traditional
transformers is the saturation of the magnetic circuit
of the aperiodic component of the short circuit current
and, as a result, the lack of transmission of current
information in the line during the first time of the
emergency process. The problem aspects also include
the lack of reliability of high-voltage insulation in
transformers for higher voltages (110-750 kV) and the
explosion and fire hazard of such devices [1].

Among the alternative methods for measuring
current a fiber-optic method for measuring current
using the Faraday effect in an optical fiber has
been actively developing for the last two decades
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M30/ISILUKU B TpaHcopMmaTopax Ha Oojiee BBICOKHE
HanpspokeHUs (110750 KB) 1 B3pPBIBO- K IIOXKApOOIIAC-
HOCTB ITOJ0OHBIX YCTPOMCTB [1].

Cpenu anpTePHATHUBHBIX CIIOCOOOB H3MepeHHS
TOKa IIOCeJHHEe [Ba JeCATUIeTHUS aKTHBHO Pa3BHU-
BaeTCs BOJIOKOHHO-ONTHYeCKHUI MeToJ H3MepeHUs
TOKa C MCIIOJb30BaHHEeM 3pdeKrTa Papazess B ONTH-
YeCKOM BOJIOKOHHOM CBeToBome [2-4]. Ha ocHoBe
3TOr0 METOAA CO3JaHBl BOJIOKOHHO-OIITHYECKHE
TpaHcopmaTopsl Toka (BOTT) [5,6] (B Poccuu B Tocy-
NapCTBEHHOM peecTpe CpeiCcTB H3MepeHHH 3TH
npubopsl Ha3BIBAIOTCS TPaHCPOpPMATOpPAaMH ToKa
371eKTPOHHO-OIITUYeCKHUMH). [laHHble ITPUOOPHI CBO-
OOmHBI OT BBIIIEYIIOMSIHYTBIX HeJOCTaTKOB, IIPUCY-
KX TPAAUILIMOHHBIM TPpaHChopMaTOpaM ToKa. OHU
obecrieqrBaIOT IOBBINIEHHE 0e30IIaCHOCTH 3KCILTya-
TaLUU IJIs1 0OCIy>KUBAIOIIEro IepcoHasna, TpedyioT
MEeHBIINX 3aTPaT Ha MOHTAXX U TeXHHUecKoe obciy-
JKrBaHHe. 110 TOUHOCTHBIM XapaKTepuUCcTUKam BOTT
He YCTYHaIOT K B psAZie Cay4yaeB Ja’ke IIPEBOCXOLSAT
TpPagULIMOHHBIE TpaHCcPopmaTopel Toka. Hemaro-
Ba’KHBIM IIPEUMYINECTBOM SBJISETCS TO, YTO BBIXO[-
Hble JaHHBIE O TOKe BBIAIOTCS HEIOCPeACTBeHHO
B LUOPOBOM BU]IE.

Ha HacTosIMK MOMEHT OCHOBHAasl 4acTh PbIHKA
BOJIOKOHHO-ONTUYECKHUX TPaHCOOPMATOPOB TOKaA
IIpefCcTaB/leHa TAKMMH BeAYIIMMU MHPOBEIMH KOM-
ma"HusMu, kak General Electric (GE), ABB, Arteche.
GE, B 4aCTHOCTH, IIOCTaBUJIA IIOTPEOUTEISIM OKOJIO
12000 ¢a3 omrTuyeckUx TpaHcPopmaTopoB. B Poc-
CHH Xe eMHCTBeHHBIM IIPOH3BOJUTE/IeM I10J06HBIX
npubopoB siBasgeTcss KoMnaHus [Ipodorexk.

Llenplo CTAThU SIB/ISIeTCS KPATKHUK 0630p dusmue-
CckuX ocHOB BOTT.

1. O®UN3NYECKME OCHOBDI
ONTUYECKOIo METOAA U3SMEPEHUSA
SJIEKTPUYECKOIO TOKA

¢ dekT Papages B KBapLEeBOM
BOJIOKOHHOM CBeTOBOAE
MarHuTtoontuvyecku 3¢dext dapanmes B gHUdIEK-
TPHYecKOl Cpelle, HAXOMsMIekCsl B MAaTHUTHOM IIOJle,
6b171 OTKPBIT M.®apanmeem B 1845 romy. Ha puc. 1
[I0Ka3aHa CXeMa OIIbITa, C IIOMOILBI0 KOTOPOTO
06BIYHO IeMOHCTPUPYIOT 3pderT Papases. Paccmo-
TPHUM PacIpoCTPaHeHHe CBeTOBOM BOJIHEI I10 OTPE3KY
KBapLIeBOr0 BOJIOKOHHOTO cBeToBoja (BC) mpu Hamu-
YUH BHeIIHero MarHUTHoro mosus H, HampabieH-
HOTO BZOIb LieHTpaabHOU ocu BC z (H112z). IlycTs
Ha Bxozie BC BoOJIHA, pacIpOCTPaHSIOMIASACS B I10JI10-
SKUTeTBHOM HallpaBJIeHUHU (BOTHOBOM BeKTOp k 11 2),
HaXONHUTCSl B COCTOSIHUM JIMHENHOH IONSPU3aLUU
C BEeKTOPOM 3jeKTpudyecKoro mons E;,, opueHTHpO-

1.1.
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[2-4]. Based on this method, fiber-optic current
transformers (FOCT) [5, 6] were created (in Russia,
in the State Register of Measuring Instruments,
these devices are referred to as the electro-optical
current transformers). These devices are free from the
aforementioned disadvantages inherent in traditional
current transformers. They provide increased
operational safety for service personnel, require less
installation and maintenance costs. According to
the accuracy characteristics, FOCT is not inferior
and in some cases even surpasses traditional current
transformers. An important advantage is that the
output data on the current are issued directly in
digital form.

Currently, the main part of the market of fiber-
optic current transformers is represented by such
leading global companies as General Electric (CE),
ABB, Arteche. CE, in particular, supplied about
12,000 optical transformer phases to consumers. In
Russia, the only manufacturer of such devices is
"Profotech”.

The purpose of the article is a brief overview of the
physical basis of FOCT.
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Puc. 1. BpaujeHue nAockocmu noAspu3auuu c6emosol 80AHbl
8 K8apuesom caemogode: a) — AUHelIHO NOASIPU30BAHHAS c8e-
moeas 80AHA pacnpocmpaxsiemcs 6 HanpasaeHuu eekmopa H
MazHUMHO020 noAs; b) = AUHeliHO noAsIpU308aHHAS cBemoaasl
80/HJ pAcNpoOCMpaxsemcsl NpoMu8onoAoXHo eekmopy H
MA2HUMHO020 NoAsl (CNAOLWHAS AUHUS — 8pdllleHUe NAOCKOCMU
noasipusauuu ecnedcmaue 3ppekma @apadesi, nyHKmup —
épaujeHue nA0CKOCMU NoAspu3auuu ecaedcmaue 83auMHoO20
Ipekma)

Fig. 1. Rotation of light wave polarization plane in a quartz
fiber: a) - a linear polarized light wave propagates in a
direction of a magnetic field H; b) - a linear polarized light
wave propagates in opposition to direction of a magnetic field
H (solid line - rotation as a result the Faraday effect; dotted
line - rotation as a result reciprocal effect)
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BaHHBIM BJ0/Ab ocu y (puc. 1la). Torma IJIOCKOCTb
IIOJISIPU3ALIM K cBeTa Ha Beixoze BC (BexTop mons E )
byneT moBepHyTa BciaeAcTBHe 3ddexTa Papazess Ha
yron Oy IpPOTHUB YaCOBOM CTpesku . IIpu obpaTHOM
HallpaB/AeHHUU PAaCIpPOCTPaHEHHSI TaKOH ke CBeTOo-
BOV BOJIHBI (BOTHOBOM BeKTOpP -K{12), T.e. IPOTUB
HallpaB/leHUsl BeKTOpa MarHutHoro mnons H, mio-
CKOCTH IIOJISIPHU3AL MU I10CTIe IPOXOoKAeHHUs BC byzmet
[I0OBepHyTa Ha TOT Xe II0 abCOTIOTHOM BelTHYHHE
yron -0 mmo 4acoBo cTpesnke (puc. 1b). Takum obpa-
30M, 3HaK yIJIa [I0BOPOTA IIIOCKOCTU IIOSPHU3aLlUU
3aBUCHUT OT B3aMMHON OPHUEHTAIIMU HaIlpaBleHUs
BeKTOpPa MarHHUTHOro nons H M HampaBiIeHHUS pac-
npoctpaHenus: cBeta {=k/|k|, 4To MoXHO oxapaxk-
TepH30BaTh CKAJSPHBIM IIpOM3BeJeHHeM [OaHHBIX
BEeKTOPOB. B pe3sysbraTe B C/lydae IIPSIMOIO CBETOBOAA
1 OZTHOPOJHOI'O I1POJO/IPHOT0 MarHUTHOIO I10JIsI YTOJI
[I0OBOPOTa IIJIOCKOCTH Honsipusaluu (yron Papapes)
0 onpenenseTcs BolpaskeHUEM:

0=VL(H-S), 69)

rae V - mocTosgsHHas Bepae matepuasna cepzlieBUHBI
BC, L - mnuHa oTtpe3ska BC. JlaHHOe IIPOCTOe COOT-
HomeHHe (1) MeXAy YIJIOM II0BOPOTa IIJIOCKOCTH
MOIAPHU3ALMY CBeTA M BEKTOPOM MarHUTHOIO I10JIs
Y JIeSKUT B OCHOBE M3MEPeHHU S IeKTPUYECKOT0 TOKA
ONITHYECKUM METOOM.

OTMeTHM, 4YTO mOJ0OHOe CBOMCTBO OITHYe-
ckoro 3¢pdexra Papajges - 3aBUCHMOCTb OT B3aUM-
HOM OpHeHTAallMM HallpaBleHMs paclpoCTpaHeHUs
CBeTa M BEKTOpPa MarHUTHOIO IO/, XapaKTepHO
IUIS. HEB3AUMHBIX ONITHYECKUX 3PPeKToB. g cpaB-
HeHHUS Ha pHUC. 1 MOKa3aHO BIHSIHHE Ha JIMHEHHO
MIOJIIPU30BAHHBIM CBeT [H3JIeKTPHYEeCKOM Cpelbl,
B KOTOPOM HMMeeT MeCTO aHaJIOTU4YHOe BpalleHHe
IIJIOCKOCTH MOSpU3alUU, 00yclI0BlIeHHOe, OLHAKO,
B3aMMHBIM ONTHYeCKUM 3PPeKToM (BEeKTOp 3/eK-
TpuYyeckoro monas E M yrom ImoBopoTa IIIOCKO-
CTH IONspU3aluu 0. IpencTaB/ieHbl MYHKTHPOM).
B maHHOM cjlydyae HaIlpaB/ieHHS IIOBOPOTA IIJIOCKO-
CTH IOJSPU3ALUK IIPU NPSIMOM K 06PaTHOM IIpoO-
XoJle U3JIy4eHHs 110 CBeTOBOAY MMeIOT OJHHAaKOBBIM
3HaK (Ha pUCyHKe - [10 YaCOBO CTPeJIKe). B3auMHbIe
ONTHYeCKHe 3PPeKThl MPOABIAIOTCSA, HAIIPUMeEp,
B CpefiaX C BHECeHHBIMH AedopMallUsIMH Pa3HOIO
pola, B 4YacTHOCTH B BC mpum ero csxaTuu, usrube

CECEEEEEEEEEEr e e e e e e e e e e e e e e e e e e e e e
m BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
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1. THE PHYSICAL BASIS OF THE OPTICAL
METHOD OF MEASURING ELECTRIC
CURRENT

1.1. Faraday effect in a quartz fiber

The magneto-optical Faraday effect in a dielectric

medium located in a magnetic field was discovered

by M.Faraday in 1845. Figure 1 shows the scheme
of the experiment, which usually demonstrates the

Faraday effect. Let’s consider the propagation of a

light wave along a segment of a quartz fiber (QF) in

the presence of an external magnetic field H directed
along the central axis of the QF z (H 11 z). Let the wave
propagating in the positive direction (wave vector
k11 2) be in the state of linear polarization with the
electric field vector E;, oriented along the y axis (Fig.
l1a). Then the plane of polarization of the light at the

QF output (field vector E ) will be rotated due to

the Faraday effect by the angle 8; counterclockwise’.

With the opposite direction of propagation of the

same light wave (wave vector -k z), i.e. against the

direction of the magnetic field vector H, the plane of
polarization after passing the QF will be rotated to
the same absolute angle -0, clockwise (Fig. 1b). Thus,
the sign of the angle of rotation of the polarization
plane depends on the reciprocal orientation of the
direction of the magnetic field vector H and the
direction of light propagation {=k/|k|, which can be
characterized by the scalar product of these vectors.

As a result, in the case of a direct fiber and a uniform

longitudinal magnetic field, the angle of rotation of

the polarization plane (Faraday angle) 6, is determined
by the expression

8p=VL(H-S), @

where V is the Verde constant of the core material of
the QF, L is the length of the segment of the QF. This
simple relationship (1) between the angle of rotation
of the plane of polarization of light and the magnetic
field vector is the basis of measuring the electric
current by the optical method.

Note that this property of the optical Faraday effect,
the dependence on the reciprocal orientation of the
direction of propagation of light and the magnetic field
vector, is characteristic of nonreciprocal optical effects.
For comparison, Fig. 1 shows the effect on linearly
polarized light of a dielectric medium where a similar

CocTosiHMe Tonsipu3aluu (B YaCTHOCTH 3HAaK yIja IIOBOpPOTa
IIJIOCKOCTH TIOJISIPU3allMH) B JaHHOM 0630pe pacCMaTpHUBaeTCs
Ipu HablofleHUH BOJHBI HaBCTpedy. II0JOKUTEBHBIN Yo
II0BOPOTA COOTBETCTBYeT IIOBOPOTY IPOTHUB YaCOBOM CTPENIKH,

a OTPHLIB.TE}'II)HLII:I - I10 YaCOBOM CTpeJKe.
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Note: the state of polarization (in particular, the sign of the
angle of rotation of the polarization plane), is considered in this
review when observing a wave towards. A positive rotation angle
corresponds to a counterclockwise rotation, and a negative one -

to a clockwise rotation.
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HWJIHM 0CeBOM Kpy4deHHH. [pyrom IpHUMep IIPOsiBie-
HHS B3aUMHOI0 3¢ deKTa ~ 3BONOL U IIONSIPHU3aLUU
B Cpefie CO CIIMPa/JIbHOM aHU3O0TPOIIHEeN IoKa3aTens
npesoMJIeHHS (SpPUn-BoJIOKHO B caydae BC), koTopast
paccmaTrpuBaeTcs B pasgese 1.4.

Bnaromaps HeB3aMMHOMY XapakTepy sddekTa
dapazes mpu OBOMHOM IIpoxofe oTpe3ka BC c 3ep-
KaJIBHBIM OTpa’keHHeM CBeTa Ha ero KOHIIe YIoJ
[I0BOPOTA IJIOCKOCTH IIOJSIPU3ALIMUA yABaAWUBAETCS.
JelCTBUTENBbHO, IIOCJIe IIPSIMOIO IIPoXojJa HMeeM,
HanpuMep, Ha Bbixofe BC (puc. la) yron moBopoTa
0:>0. C yueToM BBIOpAHHOI BBIIIe CHCTEMBI HAbIIO-
JleHHsl II0CJIle OTpPa’keHHs OT 3epKajla IIOCKOCThb
IIOISIPU3ALIMH BOJMHBI OyneT rmoBepHyTa Ha yroa —6p.
ITocne obparHoro mpoxozma BC (puc. 1b) mmockocTh
MOISIPU3aLIMK [IoBepHeTcs cornacHo (1) Ha yrom -6,
TakKUM 06pa3oM pes3yJIbTUPYIOLIUI Yol IIOBOPOTA
OymeT paBeH —20p, 4UTO IO abCONIOTHOM BeJIHUYHHE
B IBa pa3a Oonblle, yeM IIpU OZHOM IIpoxome BC.
CiefyeT OTMETUTbh, YTO B C/ly4ae B3aHMHBIX 3Qdek-
TOB yIOJI IIOBOPOTA IIJIOCKOCTU IIOJSIPU3allMU I10CJIe
AHAJIOTUYHOTO PACIPOCTPAHEHUS CBeTa B 06paTHOM
HaIlpaBJIeHUHU IIOJIHOCTBIO CKOMIIeHCHpyeTcs. OTMe-
YeHHble 0COGEHHOCTH BBIIIEHA3BAHHBIX 3)PEKTOB
SIBJISIIOTCSI KJIIOUEBBIMM B OIITHUUYECKON CXeMe BOJIO-
KOHHO-OIITHYeCKOI0 TPAaHCPOPMATOpa TOKA.

CTporoe MaTeMaTH4ecKoe omHCaHHe 3dpdeKkTa
dapagess HOCTATOYHO CIOKHOe. B ocHoBe 3ddekxTa
JIeSKUT B3aHMOJEUCTBHE 3/1eKTPOMAarHHUTHOILO II0JISI
CBETOBOM BOJIHBI C 3JIeKTPOHAMH ATOMOB [JH3JIEK-
TPUYeCKOM Cpellbl, HaXOASIeNCsl BO BHEIIHEM Mar-
HUTHOM I1071e. YIIPOLIeHHO MOKHO CYUTaTh, YTO OCH
OpOHT 3/IeKTPOHOB OPHEHTHUPYIOTCS 10 MATHUTHOMY
TI0JI10, IIPUYEM BCJIeACTBHE CUJIbI JIOPeHIa 0CH OPOUT
BpalaioTcs (IpeLiecCHPyIOT) BOKPYI HaIlpaB/eHUs
IoJIs C YacTOTOM, IIPOIOPLIMOHANBHON BelHYHHE
oJisl, a HallpaB/leHHe BpallleHUs (IpellecCHU) oIlpe-
JleJisleTcsl HallpaB/leHHeM BeKTOpPa MAarHHTHOIO
nons. Ilpeneccuss opbUT aHAJOTMYHA IIpelecCHU
MeXaHHYeCKOro BOJI4Ka, OCb KOTOPOTO He COBIIAfaeT
C HaIlpaB/IeHHeM CHJIbl TSKeCTH. TeopHs ITOKa3bl-
BaeT, UTO IIPelecCHs 3IeKTPOHHBIX OpPOUT B aToMax
Cpelbl BIXseT Ha CKOPOCTb PACIIPOCTPAHEHHUS CBETO-
BOI BOJIHBI, HaXOAAIEHCS B COCTOSHUM LIUPKYISAP-
HOM MOJISIPU3aliiH.

1.2. deHOMeHO/NIOrMYecKkoe onucaHme
3¢pPekTa Dapanes

3HEKTPI/I‘-IECKOE roje JIMHEHNHO HOHHPHSOB&HHOﬁ

CBETOBOM BOJIHBI MOKHO npeacTaBUThb CYMMOI:I

onen OPTOTOHAJIPHBIX LHPKY/JISAPHO IIOJISAPH30BAH-

HBIX BOJIH. IIpy LHUPKY/ISPHOM IOASPHU3aLIMH KOHeIl

BEKTOpa 3/JeKTpHuuecKoro monss E CBeTOBOM BOJIHEI

i g

rotation of the polarization plane takes place, however,
due to the reciprocal optical effect (the electric field
vector E and the angle of rotation of the polarization
plane 6. are represented by a dotted line). In this case,
the directions of rotation of the polarization plane with
the forward and backward passage of radiation through
the fiber have the same sign (in the figure - clockwise).
Reciprocal optical effects are manifested, for example,
in the medium with various types of deformations,
in particular, in the QF in presence of compression,
bending or axial torsion. Another example of the
manifestation of a reciprocal effect is the evolution of
polarization in the medium with a spiral anisotropy of
the refractive index (spun fiber in the case of the QF),
which is discussed in Section 1.4.

Due to the non-reciprocal nature of the Faraday
effect with a double pass of a segment of the QF with
mirror reflection of light at its end, the angle of
rotation of the polarization plane is doubled. Indeed,
after a straight pass, for example, at the exit of
the QF we have (Fig. 1 (@)) a rotation angle of 6.>0.
Taking into account the observation system chosen
above, after reflection from the mirror, the plane of
polarization of the wave will be rotated through an
angle of -0;. After the backward pass through the QF
(Fig. 1), the polarization plane will rotate according
to (1) through an angle of - 6, so the resulting angle
of rotation will be - 26, which is twice as large in
absolute value as in one pass of the QF. It should
be noted that in the case of reciprocal effects, the
angle of rotation of the polarization plane after a
similar propagation of light in the opposite direction
is completely compensated. The noted features of the
above effects are key in the optical scheme of the
fiber-optic current transformer.

The strict mathematical description of the Faraday
effect is quite complex. The effect is based on the
interaction of the electromagnetic field of a light
wave with electrons of atoms of a dielectric medium
located in an external magnetic field. It can be
simplified to assume that the orbital axes of electrons
are oriented along a magnetic field, and due to the
Lorentz force, the orbit axes rotate (precess) around
the field direction with a frequency proportional to
the field, and the direction of rotation (precession)
is determined by the direction of the magnetic field
vector. The precession of the orbits is similar to the
precession of a mechanical whipping top, the axis of
which does not coincide with the direction of gravity.
The theory shows that the precession of electron
orbits in the atoms of the medium affects the speed
of propagation of a light wave that is in a state of
circular polarization.
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BpalllaeTcs 10 OKPY>KHOCTH C ONTHUYECKOH YaCTOTOM
o (mpaBasi, Ep) unu npoTtus (neBasi, E;) dacoBon
CTpenKu. /IS onpefe/leHHOCTH byneM CYHUTaTh, YTO
HaIlpaBJeHHe BpallleHUs BekTopa E ompenensercs
TeM >Ke IIPaBUJIOM, UTO M 3HAK II0BOPOTA IJIOCKOCTH
IOJIIPU3aLlUU JTHHENHO IIONSPHU30BAHHOIO CBeTa,
T.e. IIpH HabIIOIeHUU BOJHBI, UAyILIel HaBCTpedy
HabromaTeno (CM. CHOCKY BBIIIIe).

B IM371eKTpHUUeCKON Cpejle, HaXOASIIeNcsl B Mar-
HHUTHOM II0JIe, OPTOTOHAJIbHbIE LIMPKY/ISPHO IIOJS-
PH30BaHHBIe BOTHBI UMEIOT PasHble $pa30Bble CKOPO-
CTHU. [IpUUNHOMN 3TOTr0 SIBJISeTCs, Kak ObLJI0 OTMEeUeHO
BbILIle, BJIMSIHHME BHEIIHEro MarHHUTHOIO IIONS Ha
37IeKTPOHBI ATOMOB CPefibl, UTO IIPUBOJUT K Pa3auy-
HBIM KO3QPHULIMeHTaM 3PPeKTUBHOIO II0Ka3aTess
IIpeJIOMJIEHHSI N IJIS OPTOTOHAJBHBIX LIMPKYISPHO
IOJISIpPU30BaHHBIX BONH Ep v E;. ®U3HYecKUN Mexa-
HU3M 3TOTO BJIMSHHUS IIPOSIBISETCS I10-PA3HOMY [J1s1
BonH Ep 1 E|, IOCKOIBKY [J/I51 OLHOM M3 HUX HaIlpaB-
JeHHe BpallleHHs BekTopa E coBmazaer c Hampase-
HHUeM IIPeLlecCHH, a IJIsl APYTOH — IPOTHBOIIONIOKHO
eMy. EC/IM TO/IST HET, TO Ng=N; =11, ¥ BOJHBI IIPH pac-
IIPOCTPaHEHUHU B cpefie OyAyT mphobpeTaTh OJMHA-
KOBble pa30Bble CIBUIH; I, — He 3aBUCSIIAS OT Mar-
HUTHOTO IOJIS YacTb KO3GPUIIKeHTa MpeoMIeHHUs
cpenpl. [Ipy HaJIMYHUU BHEIIHET0 MarHUTHOIO 10/
KO3)PUIIHEeHTEI IIpe/IOMJ/IEHH S JIeBOK 1 IIPaBOH BOTH
CTaHOBSTCS PA3TUYHBIMH:

Ng=n,+0n (MeaIeHHas BOJIHA), (2a)
n, =n,-8n (6eicTpas BonHa), (2b)

rae Sn<<n, /s peasbHBIX MAaTHUTHBIX IT0JIeH. 3HaK
IIONPaBKH 0N, a 3HAYUT U TO, KaKas U3 BOIH OymeT
MeJJIeHHOM, a KaKas - 6bICTpoH, (B cllydae KOHKpeT-
HOM Cpefibl) 3aBUCHUT OT COOTHOLIeHH S HallpaBleHUH
pacrpocTpaHeHMs CBeTa M BeKTOPA MarHMTHOIO
II0J14L.

IIpy HaTUYKMKW MAaTHUTHOTO 110711 BOJIHBL Ex v E;
[ocjie IPOXOXKAEHHM IIPSIMOIO OTpe3Ka CBeTOBOJA
OIUHOKM L BIOMb HAIlpaB/leHHS MarHUTHOIO IIOJIS
npuobperyT, cornacHo (2a,2b), pa3Hble ¢a3oBble
COBUIH H3-3a 3¢ PexTa Papames:

Qr=2nLng /A=, +¢@g, (MegneHHas BonHa), (3a)

@ =2nLn; /A=¢@,~ @y, (BeicTpas BonHA), (3b)

roe @ =2nln, /A, a @z=0 =VLH, cormacHo COOTHO-
menuio (1), H, - mpoeKuus BeKTOpa MarHHTHOIO

II0JI Ha HAaIlpaBJieHHe PpaCIpOCTPaHeHHsS BOJIH.
Ilpn pacmpocTpaHeHHH BOJH B IIPOTHBOIIOIOKHOM
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1.2. Phenomenological description of the
Faraday effect

The electric field of a linearly polarized light wave
can be represented as a sum of fields of orthogonal
circularly polarized waves. With circular polarization,
the end of the electric field vector E of the light wave
rotates around a circle with an optical frequency
clockwise (right, Ey) or counterclockwise (left, E,). For
definiteness, we assume that the direction of rotation
of the vector E is determined by the same rule as
the sign of the rotation of the polarization plane of
linearly polarized light, i.e. when observing a wave
going towards the observer (see footnote above).

In a dielectric environment in a magnetic field,
orthogonal circularly polarized waves have different
phase velocities. The reason for this is, as noted
above, the influence of an external magnetic field
on the electrons of the atoms of the environment,
which leads to different coefficients of the effective
refractive index n for orthogonal circularly polarized
waves Ep and E;. The physical mechanism of this
effect manifests itself differently for the E; and
E, waves, since for one of them the direction of
rotation of the vector E coincides with the direction
of precession, and for the other it is opposite to it.
If there is no field, then ny=n;=n, and the waves,
when propagating in the environment, will acquire
the same phase shifts; n, is the part of the refractive
index of the environment that is independent of
the magnetic field. In the presence of an external
magnetic field, the refractive indices of the left and
right waves become different:

ng=n,+8n (slow wave), (2a)
n, = n,-n (fast wave), (2b)

where 8n<<n, for real magnetic fields. The sign of the
amendment &n, and therefore, which of the waves
will be slow and which is fast (in the case of a specific
medium) depends on the ratio of the directions of
propagation of light and the magnetic field vector.

In the presence of a magnetic field, the E; and
E; waves after passing through a direct fiber with a
length L along the direction of the magnetic field will
acquire, according to (2a, 2b), different phase shifts
due to the Faraday effect:

Qr=2nLng /A=@,+ @, (slow wave) (3a)

@ =2nLn; /A=y~ @, (fast wave) (3b)
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HaIlpaBJAeHUHU 3HaKHU Iepel @p B (3) MeHSIOTCS Ha
obpaTHbIe.

I[Ipu npsimoM mpoxofie obycnoBneHHas 3GdeKToM
dapanes pasHocTs das BonH Ep u E; (Ppa3oBbIi CABUT
dapazest) AQp=A@g,, OymeT paBHa

A(pF:LPR_('PL:A(PFfOIZZLPFZZVLHZ . (3C)

PaccMOTpUM Telepb CyMMapHBIN dapasleeBCKUI
$a30BBIM COABUT IIPHU ABOMHOM IIPOXOAe HM3/ly4eHHS
I10 CBETOBOJY C 3ePKaJIOM Ha ero KOHIIe.

[Ipy 06paTHOM PaCHpPOCTPAaHEHUU LIHUPKYISIPHO
[IOJISIPU30BAHHOL BOJIHBL IIOC/Ie ee 3epKa/IbHOIo
OTpa’keHHUSsI Ha KoHIle BC cymecTByeT nBa pakTopa,
Ka’KJBIM M3 KOTOPHIX MeHseT 3HaK (papazeeBCKOro
dasosoro cpBura. Bo-mepBEIX, IIPH OTPa’kKeHUU
LMPKy/ASpHAas IOASpU3allds MeHSeTCsl Ha OpPTOro-
HaJIBHYI0. 9TO 00yC/IOBIEHO CMEHOM HaIlpaBIeHHUS
pacIpocTpaHeHHs BOJIH, a 3HAYUT K HaIllpaB/eHUS
B3I/Isifa HabmmomaTenss Ha BOJHY, Ha IIPOTHBOIIO-
NokHOe (JaHHBIM 3PPeKT MOXKHO IPOMJIIIOCTPUPO-
BaTb KaK CMeHYy HaIlpaB/IeHHS BpallleHHS CTPelIKHU
YJacoB IIpU B3I/Isfe Ha nudpepbrat ¢ obpaTHOM CTO-
POHBI). Bo-BTOpBIX, IIOC/Ie 3epKabHOI'O OTPa’keHUs
MeHsIeTCS B3aHMMHasl OpPHeHTAllMsl HallpaBeHHs
pacrnpocTpaHeHHsI CBeTa M BeKTOPa MarHHUTHOIO
nonsi. B pesyneTare AeHCTBUS 060UX paKTOPOB 3HAK
da3oBoro caBUra Nnpu o6PAaTHOM IPOXOZE COXPAHS-
eTcd, TaK 4TO0 A@p,=2VLH,, a cymmapHBE da3o-
BBIM CIIBUT paBeH

A(PF:A('PFfor+A(PFbacl<:4(‘PF:4 VLHZ . (3d)

CooTHomeHus: (3a-3d) mpeacTaBnsaoT 3ddPerT
dapages B TepMHHaX Ppa30BbIX CABUIOB LIMPKYISIPHO
[IOJISIPU30BAHHBIX CBEeTOBBLIX BOJIH.

dazoBeiil caBUT dapasess Ay IIOTHOCTBIO OIpe-
JernseT yroa Op MoBopoTa IJIOCKOCTH IOSPH3aALUU
JIMHENHO OIS pU30BaHHOU BOJHBI, KaK 3TO ClefyeT
U3 CcoOoTHOImeHUHU (3a-3c). I[IoSICHUM 3TO Ha BEKTOP-
HOM AUarpaMMe Ha PHUC. 2. 37ech IIOKa3aHO II0JI0-
skeHHe BeKTopoB Imoner Ep u E; mpaBoM U JeBOMU
LIMPKY/ISIPHO IOJSIPH30BAHHBIX BOJIH Ha BXxofe (a)
u Beixoze (b) oTpe3ka BC, HaxonsIerocsi B IIpoJoiIb-
HOM MAarHUTHOM IIOjIe. 3aMeTUM, YTO H3MeHeHUIO
yI/la IIOBOPOTA 3THUX BEKTOPOB COOTBETCTBYeT H3Me-
HeHHe TeKyller a3l BOJIH; B YaCTHOCTH, IIOJHAA
OKPY>KHOCTb COOTBETCTBYeT M3MeHeHHIO $pa3bl Ha 2T.
Ilycte Ex - MepnjeHHas BonHa, E; - 6pIcTpas BOIHA.
[IpenmonosKUMm, 4TO Ha Bxome BC BOTHEI MMEIOT paB-
Hble HayajabHBIe ¢a3bl — BeKTOpHl E; U E; opueHTH-
POBaHBI BOOAb IMHUK A-A (pHc. 2a). Ha Brixome BC
OpHEeHTAIHs BeKTOPOB BOJIH OyfeT UMeThb BU[, ITOKa-

i g

where @,=2nLn,/A, and @z=6.=VLH, according to
relation (1), H, is the projection of the magnetic vector
field in the direction of wave propagation. When
waves propagate in the opposite direction, the signs
in front of ¢ in (3) are reversed.

With a direct pass, the phase difference of the Ey
and E; waves due to the Faraday effect (Faraday phase
shift) Agp=A@g,, will be equal to

AQp=Pr=@QL=AQrf; =2 =2VLH, . (3¢

Let’s now consider the total Faraday phase shift
with a double passage of radiation through a fiber
with a mirror at its end.

During the reverse propagation of a circularly
polarized wave after its specular reflection at
the end of the QF, there are two factors, each of

which changes the sign of the Faraday phase shift.

First, during reflection, the circular polarization
changes to orthogonal. This is due to the change in
the direction of wave propagation, and hence the
direction of the observer’s look on the wave, to the
opposite (this effect can be illustrated as a change in
the direction of rotation of the clock when looking at
the dial on the reverse side). Secondly, after specular
reflection, the reciprocal orientation of the direction
of propagation of light and the magnetic field vector

z=0 z=L
A
7 - o N
/ N
/ E.|E \
/ S \
I \
| ! |
\ ! I
\ ! /
\ ! /
N | -
A 5. % TA
E +Eg
! N B
A A
a) b)
Puc. 2. MosicHeHue 3¢pekma Papades ¢ UCN0Ab30BAHUEM
8eKMopHoU 0uazpammbl
Fig .2. An explanation of the Faraday effect using vector
diagram
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3aHHBIN Ha puc. 2b. Bektopsl E; u E;, cornacHo (3a,
3b), moBOpauMBaIOTCS HA pa3HbIe YITIBL Qg+ @p> Py~ Pr
COOTBETCTBEHHO (BeKTOpHl, 0603HaueHHBIe TOYey-
HBIMHU JTMHUSAMH, II0KA3bIBAIOT I0JI0KeHHe Ep 1 E;
B C/y4ae OTCYyTCTBUSI MAarHHUTHOIO IO @p=0).
Mesky BeKTOpaMH IIoJell B COOTBeTCTBHU C (3¢)
BO3HUKHeT Pa3HOCTb da3 A@p=2¢ (da30BBIH CABUT
®dapages). buccekTprca B-B yria Mexxay BeKTOpaMH
Eg u E|. SBISIOMAsCS CYMMOM LIUPKYJISPHO IIOISIPH-
30BaHHBIX BOJIH, COOTBETCTBYeT OPHEHTALMH IIJI0-
CKOCTH MOJSPHU3aLUHA JIMHEHHO IIOJISPH30BaHHOM
BOJIHBI Ha BhIxoZe BC. Yroys moBopoTa IIJIOCKOCTH
MOJISIPU3aLIM M IPU 9TOM paBeH Op=A@g/2.

I[Ipy NOPOTHUBOIIOJIOKHOM HaIlpaBJIeHUH Bek-
TOpa MarHUTHOTrO 1o, Koraa Ey - 6pIcTpast BOTHA,
E, - Me[JleHHas BOJIHA, IIJIOCKOCTh IIOJISAPH3aLHHU
IoBepHeTCsI Ha yroia Op=-A@p/2. 3aMeTHM, YTO
$a3el BOJIH M yroj IIOBOPOTA IIJIOCKOCTH IIOSIpH3a-
LIMK BBIPA’KAIOTCSA B OAMHAKOBBIX eIUHULIAX (Pafu-
aHax) U uU3MepeHHe JI060ro M3 3TUX IMapaMeTpPOB
[I03BOJISeT IMOAYUYUTh HHPOPMALHIO O BeJIHUYHHe
MarHMTHOTO IIOJISL TOKA M, KaK CJIeCTBHE, CaMOU
BeJIMYMHe ToKa. Huke faJlpHEeNIINU MaTepHUal MBI
byoeM H371araTh B TepMHHaX dapajeeBCKUX dpa3o-
BBIX CABHMIOB OPTOTOHA/IbHBIX LIMPKY/ISIPHEIX BOJIH,
IIOCKOJIbBKY Ha IIPaKTHKe BBICOKOTOYHOE H3Me-
peHue 3JeKTPUUYeCKOr0 TOKa Jjierdye peaju30BaTh
yepe3 M3MepeHHe MMEeHHO OTHOCHUTEJIbHOro $aso-
BOI'O CABHIA MEXXIY OPTOrOHAJIBHBIMH CBETOBBIMU
BOJIHAMH.

1.3. Teopema o LUPKYAALUMN MArHUTHOIO
NnoJss No 3aMKHYTOMY KOHTYpY

s monydeHHsT MHGOPMALIUMU O BelHUYHHE H3Me-
psieMOro TOKa OIITHYecKoe BOJOKHO HaMaTblBaeTCs
BOKPYT LIKMHBI C TOKOM. Ha IpaKkTHKe MMEHHO BOJIO-
KOHHBIH KOHTYP SIBJISIETCS OCHOBOI UyBCTBUTE/IBHOTO
37IeMeHTa peajbHOro ONTHUYeCKOro TpaHchopMarTopa.
JlJ11 BBICOKOTOYHOIO HM3MepeHHSI BOJOKOHHBIM KOH-
TYP IO/IKeH OBITh 3AMKHYTHIM (Ha4yasio U KOHeL| KOH-
Typa AOJIKHBI OBITH IPOCTPAHCTBEHHO COBMEILEHBI).
9To TpeboBaHMe OCHOBAHO Ha QyHIAMEHTAIbHOM
3aKOHe IPHUPOJBI, BbIPa’kaeMOro OJHUM H3 ypaBHe-
HUH MakcBe/lia, a UMeHHO TeopeMOM O LIUPKY/Is-
LIMM BeKTOpa HAIPS’)KeHHOCTH MarHUTHOIO IIONS
[0 IPOM3BOJIPHOMY 3aMKHYTOMY KOHTYpy. JTOT
3aKOH GOpMyIHPpyeTCs ClefyIImUM obpa3om: IUP-
Kyl1siius (IMHeHMHBIM HHTerpal) BeKTOpa HaIps-
>KeHHOCTH MarHMTHOTO II0Jis, BO36y>K/laeMoro Men-
JIeHHO MeHSIOIMMHUCS 371eKTPUYeCKMMU TOKaMHU
BJI0JIb 3AMKHYTOT'0 KOHTYpa L Ipor3BOIbHOI POPMBI,
paBHa anrebpamyeckoyl CymMMe TOKOB I, oXBaTbIBae-
MBIX 5THUM KOHTYPOM:
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changes. As a result of both factors, the sign of the
phase shift during the back pass is preserved, so that
AQp,k=2VLH,, and the total phase shift is equal
to

AQr=AQror + APpy,a i =49p=4 VLH,, Gd)

The relations (3a-3d) represent the Faraday effect
in terms of phase shifts of circularly polarized light
waves.

The Faraday phase shift Agp completely
determines the angle 6; of the rotation of the
polarization plane of a linearly polarized wave, as
follows from relations (3a-3c). Let us explain this
in the vector diagram in fig. 2. This shows the
position of the field vectors E; and E; of the right
and left circularly polarized waves at the input (@)
and output (b) of the segment of the QF thatisin a
longitudinal magnetic field. Note that a change in
the angle of rotation of these vectors corresponds
to a change in the current phase of the waves; in
particular, the full circle corresponds to a phase
change of 2mt. Let E is a slow wave, E, is a fast wave.
Suppose that, at the QF input, the waves have equal
initial phases - the E; and E; vectors are oriented
along the A - A line (Fig. 2a). At the QF output, the
orientation of the wave vectors will have the form
shown in Figure 2b. The E; and E, vectors, according
to (3a, 3b), rotate at different angles @, + ¢ > ¢, -
@p, respectively (vectors denoted by dotted lines
indicate the position of E; and E; in the absence of
a magnetic field ¢=0). A phase difference A, = 2¢;
(Faraday phase shift) will arise between the field
vectors in accordance with (3c). The B-B bisector
between the E; and E; vectors, which is the sum
of circularly polarized waves, corresponds to the
orientation of the polarization plane of a linearly
polarized wave at the QF output. The angle of
rotation of the polarization plane is 6p = Apg/2.

With the opposite direction of the magnetic
field vector, when E; is a fast wave, E; is a slow
wave, the polarization plane will turn through the
angle 0 = -A@g/2. Note that the phase of the waves
and the angle of rotation of the polarization plane
are expressed in the same units (radians) and the
measurement of any of these parameters allows you
to get information about the magnetic field of the
current and, as a consequence, the current itself.
Below, we will present further material in terms of
the Faraday phase shifts of orthogonal circular waves,
since in practice, it is easier to implement a highly
accurate measurement of the electric current through
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gSHdl:I. @)

Ecniy 3aMKHYTBIM KOHTYP COCTOMT M3 N BHUTKOB
[IPOM3BOJIBHON (QOPMBI, OXBATBIBAIOIIUX TOKH, TO
06x0[, Ka>K[I0ro BUTKa KOHTypa byneT maBaTb BKJIAJ
[ B pe3ynbTaT MHTEIPUPOBaHUS, I03ToMy (4) bymeT
HMeTb BH/[I:

g}}Hdl:NI. (5)

®a3oBbIl cABUT Papajies IPHU IIPOXOLe LIUPKYISP-
HBIMH CBETOBBIMH BOTHAMHU 3/IeMEHTaPHOI0 y4acTKa
cBeroBosa dl, cormacuo (3c), 6ymeT HMMeTb BHUJ
d@p=2VHdl. BeimonHsSsS HHTerpUpoBaHHE IO 3aM-
KHYTOMY KOHTYPy L c ydeToMm (5) (mpeamonaras ogHo-
POIHYI0 MarHHUTOONTHYECKYI0 YYBCTBUTEIBHOCTD
II0 BCeH JJIMHe KOHTYpa), II0oJyuyaeM COOTHOLIEHHe,
cBsi3piBarolee $as3oBblil cABUT dapasies C HU3Mepsie-
MBIM TOKOM:

29, =2VHd1=2VNI.
L

B cnydae 3epKaZbHOIO OTpPaskeHHUsI Ha KOHIIe
cBeToBOnA (T.H. OTPaskaTeJbHBIH THII OIITHYECKOH
CXeMBI), H3JlyudeHHe IIPOXOAUT KOHTYpP HBa’KIBI,
B IpPSIMOM KU OOpPaTHOM HAIIpaBlIeHHIX. [103ToMy
aHanoru4Ho (3d) cymmapHbI# caBUT Papajest TakKe
yIOBaKBaeTCs:

Ag. =4VNI . ©)

B 3aKk/ioueHHe MOJ4YepPKHEM, YTO, KaK Hermocpes-
CTBEHHO C/le[lyeT M3 TeopeMbl O LIUPKYISLUH Mar-
HUTHOIO IIOJISI, IIPY 3aMKHYTOM KOHTYype IIpOu3-
BOJIBHOI GpOPMBI TOKH COCEIHUX LIMH He JAIOT BKJIA[
B MHTerpai (5); He BIMSET Ha pe3yJbTaT TakKe I10JI0-
>KeHHe IIMHBl BHYTPHU KOHTypa. II03ToMy ycioBHe
3aMKHYTOCTH KOHTYpa SB/SIeTCS OGHUM H3 KJIoue-
BBIX TPe6OBaHU M, HEOOXOAMMBIX /IJISI BHICOKOTOYHOTO
M3MepeHH S 3/IeKTPUYeCcKoro ToKa.

1.4. MarHuTo4yyBCTBUTE/IbHbIEe CBETOBO/bI
ANS ONTUYECKUX TpaHcpopmaTopoB
TOKa
1 Toro 4TobBl H3TydyeHHe MOIVIO 3PPeKTHBHO
HaKaIIMBaTh (a3oBeIM caBUr Papagesi, 06ycaoB-
JIEHHBIM MAarHUTHBIM II0JIeM 3/eKTPHUYeCKOro ToKa,
OIITHYECKUI BOJIOKOHHBIF CBETOBOI JOJIKeH o06ia-
JIATh CBOMCTBOM COXPAHSTh LIUPKY/ISIPHOE UIH OIH3-
Koe K HeMY COCTOSIHMe IIOJISIPHU3alluM M3/1y4YeHU s
(TakMe CBeTOBOABI HA3BIBAIOT MAaTHHUTOYYBCTBUTE/Ib-
HBIMH). OO6BIUHBIE OLHOMOJOBHE ('H30TpPOIHBIE")
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the measurement of the relative phase shift between
orthogonal light waves.

1.3. Theorem on the circulation of
a magnetic field in a closed loop

To obtain information on the magnitude of the
measured current, the optical fiber is wound around
a current bus. In practice, it is the fiber coil that is
the basis of the sensing element of a real optical
transformer. For high-precision measurement, the
fiber loop must be closed (the beginning and end of
the loop must be spatially aligned). This requirement
is based on the fundamental law of nature, expressed
by one of the Maxwell equations, namely, circuital
law. This law is formulated as follows: the circulation
(linear integral) of the magnetic field strength vector,
excited by slowly varying electric currents along a
closed loop L of an arbitrary shape, is equal to the
algebraic sum of the currents I circuital law by this
loop:

$Hdi=1. @)
L
If a closed loop consists of N windings of arbitrary
shape covering the currents, then bypassing each turn
of the loop will contribute I to the result of integration,
therefore (4) will be expressed as follows:

<j>Hdl=NI. (5)

The Faraday phase shift during the passage of
circular polarized light waves of the elementary part
of the fiber dl, according to (3c), will have the form
dgp=2VHd]. Performing integration over a closed
contour L with regard to (5) (assuming a uniform
magneto-optical sensitivity along the entire length
of the contour), we obtain the relation connecting
Faraday phase shift with the measured current:

29, =2V$Hd1=2VNI.
L

In the case of specular reflection at the end of
the fiber (the so-called reflective type of the optical
scheme), the radiation passes the loop twice, in the
forward and reverse directions. Therefore, similarly to
(3d), the total Faraday shift also doubles:

Ag, =4VNI. ©)
In conclusion, we emphasize that, as follows
directly from the circuital law, with a closed loop of

an arbitrary shape, the currents of adjacent buses do
not contribute to integral (5); the position of the bar
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BOJIOKHA, HCIIO/Nb3yeMble B JTUHHUSX CBSI3H, He oba-
JAIOT B IIOJIHOM Mepe JaHHBIM CBOKMCTBOM B CHIIY
HaBOJUMOTO JBYyaydernpenomiaerus ([JIII), obycios-
JIEHHOIO0 BHEIIHHMH MeXaHHUYeCKHMH BO3[eHCTBH-
SMH, a TaK>Ke HaJIMYHeM OCTAaTOYHOTO BHYTPEeHHEero
ABYy4YelpeJoMIeHHs, B YaCTHOCTH K3-3a HeuJe-
aJIBHOCTH MCXOJHOM 3aTOTOBKH CBETOBOJA.

B HacTosIee BpeMsi OJHHMM M3 Haubosee Ipu-
BJIEKATEeJIbHBIX CBETOBOAOB [JI HM3MEpPeHHs TOKa
SBJISIeTCST Spun-cBeToBof, [2-4]. Spun-cBeTOBOABI
[I0JIy4alOT M3 3arOTOBKM C CHUJIBHBIM BCTPOEHHBIM
nuHeMHBIM [JIII, KOTOPyIO IPH BBITSIKKe OBICTPO
BpamaioT. IlogyepkHeM, YTO TeXHOJOTHS BBITSIKKHU
IpejIonaraeT OTCyTCTBHe KaKUX-TTH60 yIIpyrux Kpy-
THJIbHBIX HAIIpSIKEHUH B CBeToBoJe. KiroueBoe Ipe-
MMYIIEeCTBO TAKHUX CBETOBOJOB COCTOMT B COYeTAHUHU
BBICOKOM YYBCTBHUTEIBHOCTHU K 3pPeKkTy Papanes c ee
OTHOCHTEJIbHOK YCTOMYKMBOCTbIO K BHEUIHHUM MeXa-
HUYeCKUM BO3[eHCTBHUAM. JTH CBOMCTBA B 3HAYH-
TeJIbHOM Mepe OIpeJle/IU/IN IIHPOKoe IIpHMeHeHHe
Spun-CBeTOBOJOB B IIPOMBILIIEHHBIX BOJOKOHHO-
OIITHYECKUX TpaHCHopmMaTopax TOKa.

JIJAHHBIM THUII CBETOBOMOB HMeeT Psifi 0COOEHHO-
CTell, 0 KOTOPBIX IIOKAeT peub HUXKe. BceAcTBUe Bpa-
IIeHMs 3arOTOBKHU IIPH BBITSKKE OCH BCTPOEHHOIO
nuHerHoro JJIIT spun-cBeTOBOAA HMMeEIOT CIIHpasb-
HYIO CTPYKTYypy, IO3TOMY IIOJSIPU3alLlMOHHbIE CBOM-
CTBa SPuUn-CBeTOBOJOB OILpPeNe/IsdioTCsS OBYMS OCHOB-
HBIMHU IIapaMeTpaMU: JJIUHON OMeHUN BCTPOEHHOTO
nuHerHoro JJIIT L, ¥ Iarom CIHPaJbHOM CTPYK-
Typbl L,.Takasi CTpyKTypa obnafaeT CIoCOOHOCTBIO
COXpaHATh I[epBOHA4Ya/IbHOe HaIllpaB/eHHe Bpalle-
HUS BEKTOPa 37IeKTPHUYECKOTO0 I10/Is BOJIHEI, T. €. IIOA-
Ilep>KHBaTh B CBeTOBOze (B CpelHEM) /IIUIITUYECKOoe
COCTOSIHHE IOISpPU3ALMM, YTO obecrieduBaeT HAKO-
mieHue ¢asosoro casura Papanges mpu pacrpocTpa-
HeHHH H3/Iy4yeHHUs 10 CBeToBoAY. C APYyroH CTOPOHHI,
CriupanbpHas CTpyKkTypa [JIII B ompeneneHHON Mepe
obecrieyrBaeT MoAaBieHHe JTUHeHHbIX [JIII, HaBo-
OUMBIX BHEITHUMH BO3AEeHCTBHUSIMH Ha BOJIOKHO.

OCHOBHBIe MOJSPHU3aLMOHHBIE CBOMCTBA Spun-
CBETOBOZlA XapaKTepHU3yIOTCd oJ-llapameTrpom [7]:
0=L,/(2L). Tak, mpu 0<<l CBeTOBOI HMeeT MaJioe
JJIIT v/ MU Masbli Mar CIMPaId M 3JUIMITHYHOCTD
IIOAAeP>)KUBAEMOTO II0JIIPHU3ALHOHHOIO COCTOSHUS
(IIC) 6nm3ka K enuHULEe (KBAa3UIUPKYISIPHOE COCTO-
SHUe IOJSpHU3aLNM), a IpU 021 - cunpHoe [JIII
y/unu 607BIION WIAT CIKMPANH, SUIUITHYHOCTD
CpeflHeH IO CIIeKTPY IIOASIPH3aLHUHU CYIIeCTBEHHO
MeHBIIIe eIUHHUIIBL.

Manas 31IUOTAYHOCTh (MeHee eMHHUIIBI) II0/IS-
PHU3aLIMOHHOTO COCTOSHUS MPUBOIUT K CHHKEHHUIO
MarHMTOONTHYECKOM UYBCTBUTEJIBHOCTH Spun-
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inside the contour does not affect the result either.
Therefore, the condition of closed loop is one of the
key requirements for high-precision measurement of
electric current.

1.4. Magnetic sensors for optical current
transformers

In order for radiation to effectively accumulate
Faraday’s phase shift due to the magnetic field of an
electric current, an optical fiber must have the ability
to maintain a circular or similar state of polarization
of radiation (such fibers are called magnetooptically
sensitive). Conventional single-mode ("isotropic")
fibers used in communication lines do not fully possess
this property due to induced birefringence due to
external mechanical effects, as well as the presence of
residual internal birefringence, in particular, because
of the non-ideal initial preform fiber.

Currently, one of the most attractive fibers for
current measurement is the spun fiber [2-4]. Spun
fibers are obtained from a preform with a strong built
in linear birefringence, which is rapidly rotated when
drawing. We emphasize that the drawing technology
assumes the absence of any elastic torsional stresses
in the fiber. The key advantage of such fibers is the
combination of high sensitivity to the Faraday effect
with its relative resistance to external mechanical
influences. These properties have largely determined
the widespread use of spun fibers in industrial fiber-
optic current transformers.

This type of optical fibers has a number of features,
which will be discussed below. Due to the rotation of
the preform when drawing, the axis of the embedded
linear birefringence of the spun fiber have a spiral
structure, therefore the polarization properties of the
spun fibers are determined by two main parameters:
the beat length of the embedded linear birefringence
Ly, and the pitch structure L. Such a structure has the
ability to maintain the original direction of rotation of
the vector of the electric field of the wave, to maintain
in the fiber (on average) an elliptical polarization
state, which ensures the accumulation of the Faraday
phase shift when radiation propagates through the
fiber. On the other hand, the spiral structure of
the birefringence provides, to a certain extent, the
suppression of linear birefringence induced by external
influences on the fiber.

The main polarization properties of a spun fiber
are characterized by a ¢ parameter [7]: ¢ = L,/(2L).
Thus, for o << 1, the fiber has a small birefringence
and/or a small pitch of the spiral and the ellipticity
of the polarization state (PS) is close to unity (quasi-
circular polarization state), and for o > 1 - a strong
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CBETOBOJA. JTO MOKHO KayeCTBeHHO IIOHATH, IIpej-
CTaBJIssl BOJHY C 3/UIMIITHYecKUM IIC B BUAE CyMMBI
OPTOTOHA/IPHBIX LIUPKY/IAPHO IIONSIPU30BAHHBIX KOM-
[IOHeHT C Pa3HbIMHM BeCaMM: KOMIIOHEHTa C MeHb-
IIMM BeCOM HaKaIlJIMBaeT CABUTI ¢pa3 Papanes c mpo-
THBOIIOJIOKHBIM 3HaKOM, CHH>Kas TeM CaMbIM BKJIa[,
OCHOBHOM KOMIIOHEHTHI B Pe3y/IbTHPYIOIIUH COBUTL
Ag@p. JlaHHBIe TIONSPHU3aLlMOHHBIE CBOMCTBA YYHTBHI-
BaroTCs B popmyiie (6) anst casura das dapanest yMHO-
SKeHHeM Ha Ko3douiuenT S=1/1+02)Y2 [4,7]:

A@p=4SVNI. (6a)

J1s THUIIOBBIX SPUN-CBETOBOJOB, MCIIOJb3YeMBIX
B OIITHYECKHUX TpaHchopMaTopax ToKa, Ly~8-10 MM
(A=1550 HM) u L,~3 MM, UTO O3HayaeT 0<<l, T.e.
COCTOSIHUE TIO/ISIPU3ALIHUY HU3/Ty4deHUs 6IM3K0 K LIHP-
KYJISIPHOMY M COITIaCHO (6a) CHUKeHHe YyBCTBUTE/Ib-
HOCTH HeBeJIMKO.

CinemyeT OTMETHTD, YTO Ha Pa3sHOCTh a3 pacmpo-
CTPAHSAIOIIMXCA 10 SPUN-CBETOBOLY OPTOrOHAIBHBIX
LUPKYASIpHO (3IMNOTHYECKH) IO PU30BAHHBIX
CBETOBBIX BOJIH BJIMseT He TOJIbKO MAarHHUTHOeE II0jIe
usMmepsiemoro Toka (3¢dext Papanest), HO U CIIUPAIb
Has CTPYKTypa ocei nuHernHoro JJIII [8]. B ciyuae
0<<1 BeIMUMHA pa3HOCTU da3 Ay, npuobperaemas

i g

birefringence and/or large pitch of the helix,
ellipticity of polarization averaged over the spectrum
is substantially less than unity.

The small ellipticity (less than unity) of the
polarization state leads to a decrease in the magneto-
optical sensitivity of the spun fiber. This can be
qualitatively understood by representing a wave with
an elliptical PS as a sum of orthogonal circularly
polarized components with different weights: a
component with lower weight accumulates a Faraday
phase shift with the opposite sign, thereby reducing
the contribution of the main component to the
resulting shift A . These polarization properties are
considered in the formula (6) for the Faraday phase shift
by multiplying by the coefficient S=1/(1+d?)'? (4, 7]:

A@p=4SVNI. (6a)

For typical spun fibers used in optical transformers
current, L, ~ 8 ... 10 mm (A = 1550 nm) and L3 mm,
which means o << 1, i.e. the state of polarization of
radiation is close to circular one and, according to (6a),
the sensitivity decreases slightly.

It should be noted that the phase difference
of orthogonal circularly (elliptically) polarized
light waves propagating through the spun fiber is
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KBa3ULIUPKY/ISIPHO IOTSPHU30BAHHBIMU CBETOBBIMU
BOJTHAMM IIPH HMX PaCOpPOCTPaHEHUH B CTPYKType
Spun-cBeTOBO/Ia OIpefiessieTCsl COOTHOIeHHeM

A@ ~moL/L,, )

rie L - gnuHa cBeToBoda. PU3MYeCKUH MeXaHH3M
BAMSHHUS CIOHUPAJbHOM CTPYKTyphl Ha Ppas3HOCTb
da3 CBeTOBBIX BOJIH CBS3aH C HaJM4YHeM pPa3HBIX
$a30BBIX CKOPOCTEH [JIsi OPTOrOHAJBHBIX LIHUPKY-
JISIPHO IOJISIPU30BAaHHBIX BOJIH: [JISI OJHOK BOJIHBI
HallpaBjeHHe BPallleHHsI BeKTOpa 3/1eKTPHUYecKOro
[I0JIS1 COBIIaZlaeT C 3aKPYTKOM CIIMPaJIbHOH CTPYK-
TYPBI, [JIs1 OpPTOTOHAJIBHOK BOJIHBI 3TH HaIlpaB/IeHHUs
IIPOTHBOIIO/IOKHBIL.

BakHO 3aMeTHTb, YTO CIIMpaJbHAsl CTPYKTypa
IUIII cuMMeTpHUYHa OTHOCHUTEJIBHO HAIlpaB/IIeHUS
pacrnpocTpaHeHHUsl CBeTa (B OTIMYHe OT IIPOLOJIb-
HOM KOMIIOHEHTHl BeKTOpa MarHUTHOIO II0/s), U ee
BO3/IelICTBHE Ha CBETOBYIO BOJIHY IIPOSIB/ISETCS KakK
B3aMMHBIN 39dekT. [103TOMy HPH ABOMHOM IIPO-
X0Jle BOJIH CBeTa II0 SPUn-CBeTOBOAY C 3epKajioM Ha
ero KOHIle, IIPU OTPakeHUH OT KOTOPOIro LIUPKYISP-
Hble II0JISpHU3allil BOJH IepexolsiT B OPTOrOHa/lb-
Hble, CyMMapHas pa3HoCTb ¢a3 A@. obycioBieH-
Hasl CIHUPabHOM CTPYKTYPOM, CTAHOBUTCS PaBHOM
HyII0 (KOMIIeHCHpyeTcs). JlaHHBIM (aKT SBIsSeTCS
6e3yCI0BHO [TOCTOMHCTBOM YYBCTBHUTEIBHOIO BOJIO-
KOHHOI'0 KOHTYPa C ABOMHBIM IIPOXOA0M HU3/1yUeHU s
(oTpaskaTe/lbHBIH BAapHAHT), IIOCKOAbKY B 3TOM CIIy-
yae pa3HOCTb Ppa3 Mexxkay pabouruMU BOTHAMHU OIpe-
JensieTcs TOJIbKO MarHUTHBIM II0JIeM H3MepseMOro
TOKa.

Kpome Toro, B ciydae INpHMeHEHHS IIHPOKOIIO-
JIOCHOTO HCTOYHHKA CBeTa BO3HHKHOBEHHE Pa3HO-
cTu das3 (7) Mexxay KBAa3sHULMHPKYISPHBIMH BOJTHaMU
CBeTa BC/Ie[CTBHeE BIHSHUS CIIMPalbHOU CTPYKTYPHL
JJII1 B spun-cBeTOBOjle IIPUBOAMT K II0Tepe KOTrepeHT-
HOCTHU MeXKAy BOTHaMH ([emossipu3aliiu) Mo Mepe
pacIpocTpaHeHHs IO BOJOKHY. KpuTepHeM 3TOro
Ipoliecca siBJIsieTCs AJIMHA AeloNspU3aluu Ly, KoTo-
pasi ompefessieTcsl apaMeTpaMH SpUn-CBeTOBOAA
M IIMPOKOIIOJIOCHOIO M3/1y4eHus. [IJIsl CIleKTpa IIpsi-
MOYTOJIBHOK GOPMBI OHa paBHa [7]:

Ly=(L,/2) [(@1)/2/ 02 (\/ AN), ®)

rfe A - LeHTpalbHAs AJIMHA BOJTHBI UCTOYHHKA, AN -
IIMPUHA CIIeKTPa. SIBleHHUe [emosspU3alliu CBeTa
HUTIpaeT BasKHYIO poib B pabote BOTT u bymeT 0bcysk-
IaThCsl BO BTOPOM YacTH 0630pa.

O TeXHHYEeCKON peanH3allMd MEeTOAA Pa3roBOp
oM leT BO BTOPOH YaCTH CTAThH.
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influenced not only by the magnetic field of the
measured current (Faraday effect), but also by
the spiral the structure of the axes of the linear
birefringence [8]. In the case of o << 1, the phase
difference A, acquired by quasi-circularly polarized
light waves when they propagate in the spun fiber is
determined by the ratio

A ~ToL/L, @)

where L is the fiber length. The physical mechanism
of the influence of the spiral structure on the phase
difference of light waves is associated with the
presence of different phase velocities for orthogonal
circularly polarized waves: for one wave, the direction
of rotation of the electric field vector coincides with
the direction of birefringence axis rotation, for
orthogonal waves these directions are opposite.

It is important to note that the spiral structure of
the birefringence is symmetric about the direction
of light propagation (as opposed to the longitudinal
component of the magnetic field vector), and its effect
on the light wave manifests itself as a reciprocal
effect. Therefore, when the circularly polarizated
light waves pass through a spun fiber with mirror at
its end, where after reflection waves exchange their
polarization states, the total phase shift A¢pc between
them due to the birefringence axis spiral structure
becomes equal to zero (compensated). This fact is
undoubtedly an advantage of a sensitive fiber coil
with a double radiation path (reflective version), since
in this case the phase difference between the working
wave is determined only by the magnetic field of the
current being measured.

Furthermore, if a wide-band light source is used
the phase shift (7), appeared between the quasi-circular
light waves due to the birefringence axis spiral structure
of the spun fiber, leads to a loss of coherence between
the waves (depolarization) during their propogation
through the fiber. The criterion for this process is the
depolarization length L,, which is determined by the
parameters of the spun fiber and broadband radiation.
For a rectangular spectrum, it is equal to [7]:

Ly=(L,/2) [(@+1)2/ 02 (\/ AN), ®)

where A is the central wavelength of the source, A\ is
the width of the spectrum. The phenomenon of the
depolarization of light plays an important role in the
operation of FOCT and will be discussed in the second
part of the review.

The technical implementation of the method will
be discussed in the second part of the article.
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