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BOJIOKOHHO-ONTUYECKUE
TPAHC®OPMATOPDI
SNNEKTPUYECKOIO TOKA:
OU3UYECKUE OCHOBDI

W TEXHWYECKHWE PEAIU3ALIUN.
YACTD II

B.IL.Tybun'?, H. . Cmapocmun'?, 5I. B. IIpskusAkoscKk
uit’?,C.K.Mopwnes'?, A. K. Casonos"* C. 0. Ompoxos'
'®pasuHckuil puauaa Uncmumyma paduomexHuku

u 3nekmporuku um. B. A. Komeavtukosa PAH 2. Opa-
3uHo; Mockosckas 6.

A0 "TIpodpomex”, 2. Mockea

DleKTpOMarHuUTHble TpaHcpopmaTopbl, paboTalouime Ha
NpUHLMNE 31eKTPOMArHUTHOW MHAYKLUW, TPAAULIMOHHO
MCNONb3YIOTCS B CUI0BOM 3/1eKTPO3HEpreTuke npu
M3MepEeHUM 3/1eKTPUYECKOro Toka. Ho, K coxxaneHuto,
BbICOKOBOJ/IbTHas U3011LMS KNacCUYeCckux
TpaHCcopMaTopoB He 06/1apaeT f0CTaTOYHON
HaAeXHOCTbIO NpU HanpsXeHusax nopsaka 110-750

KB, 1 Takme TpaHcpopmMaTOpbl CKJIOHHbI K CO34aHUI0
B3PbIBO- M MOXXAPOONACHOCHbIX CUTyaLuii. B nepson
YacTmn 063opa 06cyXaANUCh GUsNYecKne NPUHLUMDI
OMTUYECKOro MeTOoAa N3MepeHUsl TOKA Ha OCHOBe
3adpdekTa Papages. Mx TexXHN4eCckomn peanmsauum

B BU/J,e BO/IOKOHHO-ONTUYECKUX TpaHCcPopmMaTopoB
3/1eKTPUYECKOoro Toka NocesieHa BTopas 4acTb 0630pa.

2. TEXHUYECKUE PEAJIMU3ALLIUN
BOJ/IOKOHHO-OIMTUYECKUNX
TPAHCO®OPMATOPOB TOKA

Knaccudeckye TpaHCcPopMmaTopsl He 061afar0T HOCTa-

TOYHOM HaJeXKHOCTBIO IIPH HAIPSUKEHHMSIX IOpsAKa

110-750 kB ¥ CKJIOHHBI K CO3AAHUIO B3PHIBO- U IIOXKAPO-

OIIACHOCHBIX CUTyauui [1]. IIo3ToMy aKTHBHO pa3BHBa-

eTCsl BOJIOKOHHO-ONTHYeCKHI MeToJ, M3MepeHHs TOKa

C MCII0Nb30BaHHEM 3¢pdekTa Papajes B ONTHYCCKOM

BOJIOKOHHOM CBeTOBoZe [2-4]. OCHOBHAsl 4acCThb phIHKA

BOJIOKOHHO-ONTHYECKHUX TPaHCPOPMATOPOB TOKa IIpel-

cTaBleHa MHUpPOBRIMH nunepaMu Ceneral Electric (CE),

ABB u Arteche. B Poccuu ToMbKO KoMIaHHS "TIpodo-

TeK IPOU3BOAUT IOA0OHBIe IpUOOPhL. Mx dr3HuecKkue

OCHOBBI OBITH PaCCMOTPEHBI B II€PBOK YacTH 0630pa [5-8].

PacCMOTPUM TeXHHYECKyI0 peajiM3alidi0 BOJIOKOHHO-

OIITHYeCKUX TPAaHCHOPMATOPOB TOKA.
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FIBER-OPTIC ELECTRIC CURRENT
TRANSFORMERS: PHYSICAL
BASES AND TECHNICAL
IMPLEMENTATION.
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Radio Engineering and Electronics, RAS Fryazino;
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?JSC "Profotech”, Moscow

Electromagnetic transformers are traditionally used
in power electric engineering for electric current
measuring. But, unfortunately, the high-voltage
insulation of classical transformers does not have
sufficient reliability at voltages 110-750 kV, and such
transformers are prone to creating explosive and
fire-dangerous situations. In the first part of the
review, the physical principle of the optical method of
current measuring based on the Faraday effect were
discussed. The second part of the review is devoted to
the technical implementation of this method.

2. TECHNICAL IMPLEMENTATION

OF FIBER-OPTIC CURRENT

TRANSFORMERS
The classical transformers does not have sufficient
reliability at voltages 110-750 kV, and they are prone
to creating explosive and fire-dangerous situations
(1]. So a fiber-optic method for measuring current
using the Faraday effect in an optical fiber has
been actively developing [2-4]. The main part of the
market of fiber-optic current transformers (FOCT)
is represented by such leading global companies as
General Electric (GE), ABB, Arteche. In Russia, only
"Profotech” manufactures such devices. Their operating
principles were considered in the first part of the review
[5-8]. Let’s look at the technical implementation of fiber-
optic current transformers.

2.1. FOCT measuring fiber interferometer

As follows from the first part of the review, optical
measurement of the current is reduced to measuring the
Faraday phase shift Ag; between orthogonal circularly
(elliptically) polarized waves or the angle of rotation 6
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2.1. WsmepuTenbHbIN
BOJIOKOHHbI
uHTepdpepometrp BOTT 3
Kak crmepyeT M3 IepBOM YacTH
ob3opa, HM3MepeHHe TOKa OIITHYe-
CKUM MeTOJIOM CBOAHTCS K H3Mepe-
HHIO das3oBoro casura Papanes A@g
MeXK/ly OPTOrOHa/IbHBIMM LIMPKY- 1
JISIPHO (SJUIMIITUYECKH) IIONISIPHU30-

BAaHHBIMH BOJIHAMH HJIH YIJIa TI0BO- '
poTa 6y IJIOCKOCTH IIOJSIPU3aLIUHU
JIMHENHO IIOISIPU30BAHHOIO CBeTa.
B coBpeMeHHBIX 3/1eKTPOHHO-OIITH-
YecKHMX TpaHcpopMaTropax ToOKa
Haubosee YaCTO HCIIOIB3YIOTCS

45° 4 0° 5 0° 5a 45° 6

Puc. 3. BonokoHHbIU uHmMepgpepomemp 0As usmepeHust moka: 1— 80A0KOHHbIU
UCMOYHUK U3Ay4eHUs, 2 — 80A0OKOHHbIU HANPABAEHHbIL 0meemaumenb, 3 — 6010-
KOHHBbIL noAsipu3amop, 4 —nNbe3080A0KOHHbII Modyrsmop, 5 — PM 80A10KOHHaAs
AUHUS 3a0epXXKuU, 5a — PM 8010KOHHAS COEOUHUMEAbHAS AUHUS, 6 — B0N0KOHHAS!
4emeepmbBOAH08ASI NAACMUHKA, 7 — 80A0KOHHBIL Yy8CMBUMeAbHbILU KOHMYP,
8 - 3epkano, 9 — nposod ¢ mokom, 10 — pomonpuemHuk, 11— 31eKmpoHHbIL 6A0K

HHTeppepoMeTpPUYECKHUH MeTOf
v3smepeHusa A Huke paccMmaTpu-
BaeTCsl OUH U3 BAPUAHTOB HIUPOKO

(ceapku nomeueHbl Kpecmukamu, YUCAO HAA c8apKoll NoKa3bledem y20A opueHma-
uuu ocetl 41).
Fig. 3. The fiber interferometer for current measuring: 1- fiber source of radiation,

IIPUMeHSIeMOM CXeMbl LIeIbHOBOJIO-
KOHHOTO H3MepHUTe/bHOTO0 HHTep-
depomerpa (TMHEHHBIN HHTepde-
pometp CaHbsika) (puc. 3) [9].

Cxema paboTaeT CiefyHOMUM

2 - fiber directional coupler, 3- fiber polarizer, 4 - piezo-fiber modulator,

5 - polarization maintaining fiber delay line, 5a - polarization maintaining fiber
connecting bus, 6 - quarter-wave plate, 7-fiber sensing coil, 8- mirror, 9-current
bus, 10 - photodetector, 11- electronic module (criss-crosses are fiber splices,
number over splice is the angle of an birefringence axes orientation)

obpaszom. H3nyueHHe BOJIOKOHHOIO

HH3KOKOT€PEHTHOI'O CYyIIepJIIOMHHECII@EHTHOTO HCTOY-
HHKa 1 pacIpoCcTpaHAEeTCS [0 OTBETBUTEIIO 2 U BOJIO-
KOHHOMY Ionsipu3aTopy 3. IlonsipusaTop 3 mpeobpa-
3yeT U3y4eHHe B JIMHEHHO IONSpH30BaHHOe. [lanee
MOJISIPU30BaHHOE HU3/Iy4YeHHe I0IIafaeT B BOJIOKOHHBIM
MOAYAATOp ABynydernpenomuenus (IJIII) 4. Momyns-
Top JUIII mpeAcTaBsieT cob0k CBETOBOM,, COXPAHSIIONIHI
JHUHENHYI0 NoAspu3aluio usnydeHus (PM cBeToBom),
HAaMOTAaHHBIH C OIpelle/IeHHBIM HaTS)KeHHeM Ha IIbe-
30LMUIMHAP. [lepemMeHHOe 3/IeKTpHUYeCKoe I10J1e, IIPHUJIO-
SKeHHOE K IThe30LIMIMHIPY, MOAY/IHUPYeT HaTsykeHHe PM
CBETOBOJA M, COOTBETCTBEHHO, €ro JBYjy4eIlpeoMiie-
Hue. barogaps opyeHTal UK IIJIOCKOCTH IIPOIYCKAHUS
Hossgpu3saTopa 1opm 45° Kk ocsiMm JIJII1 BXOZHOIO CBETOBOAA
MOAY/ISATOpPa B BOJIOKHE QOPMUPYIOTCS [Be KOIepeHT-
Hble OPTOrOHAJIbHBIE THHEHHO MO/ PH30BaHHbIE BOTHEI
(x U y HonspU3allMOHHBle MOIBI) HMHTepdepoMeTpa
C PaBHOK MHTEHCHBHOCTBIO — paboure BOIHBI HHTepde-
pomeTpa. MomysTop obecrieurBaeT CUHYCOMAAIBHYIO
MOAY/ISIHI0 pa3sHOCTH a3 paboumux BonH. Hanuuue
MOAY/IATOpa II03BOJISeT IMPHMEHHUTH IS H3MepeHUs
37IeKTPUYECKOr0 TOKA IIMPOKO MCIIONb3yeMBIM B BOJIO-
KOHHOI T'MPOCKOITMK MOAY/ISILIMOHHBIN MeTox, (06 oco-
OeHHOCTSIX U IIPeHMYILeCTBAX 9TOr0 METOAA CM. HIKe).
Tak KaKk MOZOYIATOP SIBJISIETCS B3aMMHBIM 3JIeMEHTOM,
TO ISl TONydyeHHs TpebyeMomr (a3oBOM MOMYISIIHU
MEeXK/IY CBETOBBIMH BOJIHAMH, PACIIPOCTPAHSIOIIMMHUCS
yepe3 MOAYIATOP B IPSMOM KU 0BpaTHOM HaIIpaBiie-
HHH, BBOOUTCA BpeMeHHAs 3afiep>kKKa Ha IIOJIOBHHY

of the plane of polarization of linearly polarized light.
In modern electron-optical current transformers, the
interferometric method is most often used. Below we
consider one of the variants of the widely used scheme
of a all-fiber measuring interferometer (linear Sagnac
interferometer) (Fig. 3) [9].

The scheme operates as follows. The radiation of
a low-coherent fiber superluminescent source 1 is
propagated through the coupler 2 and the fiber polarizer
3. The polarizer 3 converts unpolarized radiation into
the linear polarized one. Next, the linear polarized
radiation enters the fiber birefringence modulator 4.
The birefringence modulator is a fiber that maintains
linear polarization of the radiation (PM fiber) wound
with a certain tension on the piezoceramic cylinder.
The alternating voltage applied to the piezoceramic
cylinder leads to the PM fiber tension modulation and,
accordingly, fiber’s birefringence modulation. Due to
the 45° alignment between the polarizer transmission
axis and birefringence axes of the modulator input fiber,
two coherent orthogonal linearly polarized waves (x and
y polarization modes) of the interferometer with equal
intensityare formed. The modulator provides a harmonic
modulation of the waves phase shift. The presence of a
modulator makes it possible to apply the modulation
detection method widely used in fiber gyroscopy (see the
features and advantages of this method below). Since
the modulator is a reciprocal optical element, to obtain
the required phase modulation between the light waves
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[IepHOfA YIIPaB/ISIOUEro MOLY/ISIMOHHOIO CHIHA/aA.
JaHHas 3aJepsKKa OIpele/sieTcs BpeMeHeM PpacIlpo-
CTpPaHeHHMSs CBeTa IO IIPOTS>KeHHOH PM BOJIOKOHHOM
JTUHUHK (IMHUS 33aJep>KKHU 5 U COeUHUTe/IbHAS JIUHUS
5a). BO/IHBI C OPTOrOHAJIBHBIMU JIMHEHHBIMU I0JISIpH3a-
LMSIMH, IIPOMAS 37IeMeHTHI 5 U 5a IOCTYMAIOT Ha BXOJ,
YeTBepPTbBOTHOBOM IJIACTUHKHU.

Byay4u MCXOHO KOTepeHTHBIMU, JTHHELHO IIOMISIPH-
30BaHHbBIE BOJIHBI HHU3KOKOI€PEHTHOIO HU3/1y4yeHus, pac-
[IPOCTPAHSSACh 10 CHJIBHO aHHU30TPOIIHOMY CBETOBOZY
JTHHUH 3aJep>KKA U COeAVHUTeIbHON TUHUH, AeIoNs-
Ppu3yIOTCS (TepsiloT KOrepeHTHOCTS). B pesynbTare ferio-
JISIpHU3allMF HHU3KOKOTE€PeHTHOIO CBeTa Ha 3HauMTellb-
HOM IIPOTSI’KeHHMH BOJIOKOHHOI'O OIITHMYeCKOro TpaKTa
CHMKAeTCsl BIMSHUE Psifla HesKelaTeIbHbIX paKTOpOB
Ha TOYHOCTh HHTepdepoMeTpa. [InacTuHKa A/4 KoHBep-
THUPYeT 3TH HeKOrepeHTHBIe IMHEHHO IO pHU30BaHHbIe
BOJIHBL B OPTOrOHAJIbHBIE LIMPKY/ISPHO IIOISIPH30BaAH-
Hble BOJIHBI, KOTOpbIe, IIPOKS Yepe3 UyBCTBUTE/IbHBIN
K MarHUTHOMY II0JI0 SPUN-CBETOBOZ, (1yBCTBUTE/IbHBII
KOHTYP 8), OTPasKaloTCsl OT 3epKasla Ha ero KOHIe U pac-
IIPOCTPAHSIOTCS B 0OpaTHOM HaIlpaBieHHH. [Ipu 3ep-
KaJIbHOM OTPa’KeHHUH IIONSPH3aLINS KasKOOM M3 BOJIH
rpeobpasyeTcsi B OPTOrOHAJIBHYIO (7I€BO-LIUPKY/ISIpHAs
BOJIHA ITpeobpa3syeTcs B IIPaBO-LIUPKY/ISIPHYIO KU Hao6o-
por). Ilocsie 06paTHOro IIPOXOAA IVTACTUHKU A/4 BOTHBI
BHOBb I1peobpa3yloTcsi B JIMHEHHO IIOSPU30BaHHBIe,
HO OpTOrOHaJIbHBle HCXOLHBIM (X IIO/ISpH30BaHHAS
BOJ/IHA, PACIPOCTPAHAIOIIAACS B IIPSIMOM HaIlpaBje-
HHH, CTAHOBHUTCS Yy BOJIHOK, PacIpOCTPaHSIOIIEHCS
B 06paTHOM HaIIpaB/IeHUH 10 PM BOJIOKOHHOM THHUH,
1 Haobopor). KoHBepcHsl MONSIPU3ALIMOHHBIX COCTO-
SHUHW H3/Iy4eHHs B OPTOrOHA/IbHbIe HCXOAHBIM IIpH
06paTHOM ITPOXOJIe IIOC/Ie OTPasKeHHU I IIPUBOSHUT K TOMY,
YTO KOIePeHTHOCTb BOJIH BOCCTaHAaB/IMBAeTCS U da3o-
BBIM CABUT A@ MeXOy JTHHEHHO IIONSPH30BaHHBIMHU
BOJTHAMH, MPHUXOASAMIMMHU K IOJMISIPHU3aTOPYy, OKa3blBa-
€TCsl PaBHBIM HYJIIO IS B3aKMHBIX 3Q$eKTOB U yIBOCH-
HBIM [IJIS1 HeB3aUMHOr0 3¢ dexTa Papanes.

[Tocme o06xoma ONTHYECKOM CXeMBl B IIPIMOM
M 00paTHOM HaITpaBJIeHHUSIX, IIPOLIeIIre Yepe3 MOoMs-
pH3aTOp BOJHBI HHTepPOEpUpPYIOT. B 3aBHCHMOCTHU
0T $a30BOro cABUIa A MeKAy BOTHAMHU H3MeHSeTCs
MOIIHOCTb CBeTa, AETeKTHPYeMOro (GOTOIIPHEeMHHKOM.
B obmem ci1y4yae 3aBUCHMOCTb MOITHOCTH CBeTa OT $pa3o-
BOTO CZIBHIa A (BBIXOIHAsI XapaKTePUCTUKa UHTepdepo-
MeTpa) MOKeT ObITh ITpefiCTaBIeHa B BUJE:

P(A@)=P,[1+Kcos(Ag)]. )
3mech - UHTeHCUBHOCTD CBeTa Ha Bxoge, Kx1 - BUA-

HOCTh (KOHTpacT) HHTepdepeHIIMOHHOMN KapTHHBI,
a $a3oBBIM CABUI MeXIy BOTHAMH A@ B Cay4ae pac-
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propagating through the modulator in the forward and
reverse directions, a time delay is introduced by half the
period of the modulation control signal. This delay is
determined by the time of propagation of light through
a long PM fiber line (delay line 5 and connecting line 5a).
The waves with orthogonal linear polarizations, passing
elements 5 and 5a, are then enter the quarter-wave
plate.

Being initially coherent, linearly polarized waves of
low-coherent radiation, propagating through a highly
anisotropic fiber of the delay line and the connecting
line, are depolarized (lose coherence). As a result of the
depolarization of low-coherent light over a considerable
length of the fiber optic path, the influence of a
number of undesirable factors on the accuracy of the
interferometer is reduced. The A/4 plate converts these
incoherent linearly polarized waves into orthogonal
circularly polarized waves, which after passing through
a spun-optical fiber (sensitive circuit 8) sensitive to a
magnetic field are reflected from the mirror at fiber’s
end and propagate in the reverse direction. After mirror
reflection, the polarization of each wave is converted
into an orthogonal one (the left-circular polarization
is converted into a right-circular polarization and vice
versa). After the reverse passing the A/4 plate, waves
are again converted to linearly polarized ones, but
orthogonal to the original (x polarized wave propagating
in the forward direction becomes y polarized wave
propagating in the opposite direction along the PM fiber
line, and vice versa). Conversion of the polarization
states of the radiation to orthogonal to the initial ones
during the reverse pass leads to the waves coherence
restoration and the phase shift A between the linearly
polarized waves arriving to the polarizer turns out
to be zero for reciprocal effects and doubled for the
nonreciprocal Faraday effect.

After propagation along the optical scheme in the
forward and reverse directions the waves that pass
through the polarizer interfere. Depending on the phase
shift Ap between the waves, the power of the light
detected by the photodetector changes. In the general
case, the dependence of the light power on the phase
shift Ag (output characteristic of the interferometer)
can be represented as:

P(A@) = P, [1+K cos(A@)]. )

Here P, is the light intensity at the input, K=1
is the visibility (contrast) of the interference pattern,
and the phase shift A¢ between the waves is
A@=A@p+@ cosnft), where f is the modulation
frequency, ¢, is the amplitude of the modulation of
the phase difference of the waves, A@y=4VNI, where V
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CMaTpuBaeMoro HHTepdepoMe-
Tpa paBeH AQ=A@g+@,cos2nf t),
rze f, - 9acToTa MOAYIALUHU, @, —
AMIUIUTYAA MOAYISLIMU Pa3sHOCTH
¢as3 BonH, Ar=4VNI. CooTHOLIEHHE
(9) aBIsIeTCS OCHOBOI IS BBIUMCIIO-
HUSI TOKA MOJYISLIMOHHBIM MeTO-
nomM. OHO TaKsKe HCIIONb3yeTcs B 6e3-
MOJTY/ISITOPHBIX CXeMax, B KOTOPBIX
A@=A@p+Ag,, Toe A@, ~ Ha9alTbHBIN
dasoBbIl caBUT BeIbOpa paboueit

TOYKH.
[Ipy HaJIWMYUK TapMOHHYeCKOK

ba3oBo MOAYIALMH BBIXOLHOM
curHan P() (9) uHTepdepomeTpa
BO BpeMeHH IIpe[CTaBiseT coboi
CyMMy TapMOHHK YacTOTBI MOZIY-
nsuuu (puc. 4). IlpydeM B OTCYT-
CTBUU IpoTeKarolero Toka (A@g=0)
B BBIXO/IHOM CHT'HaJle IPUCYTCTBYIOT
TOJIKO 4YeTHble TapMOHHUKH, C IIpe-
obrajaHreM BTOPOM T'apMOHHKH
(Ha pucyHke QyHKUHU AQ(t) U P(t)
IIpe/ICTaB/IeHbl CIUIONIHBIMU JTHHU-
ssMH). Ecnu ke A@p He paBeH HYIIIO,
B CMIHa/le IOSABIAIOTCS TaKXKe
HeJyeTHbIe TapPMOHHUKH, C ITpeobna-
JaHHeM IepBOM TapMOHHUKH (QyHK-

Puc. 4. ModyasuuoHHbIl memod pezucmpauuu $pazosozo cosuza Gapades

AQg: cnnowHble kpusble = A@p=0, nyHKmMupHslie kpusbie = A= 0, nepuod modyas-
uuu T=1/f,,.
Fig. 4. Modulation method for registration of Faraday phase shift

Ap;: solid line - Agg= 0, dotted line - Ap, = 0, modulation period is T,=1/ f,,

uuu A@(t) 1 P(t) oKasaHbl IyHKTUP-

HBIMHU JHHUSMH). IIpH 3TOM aMIUIMTYAbl FapMOHHK
3aBUCAT OT H3Mepsiemoro casura dapazes AQF. Bemu-
4rHa $a30Boro CABUTa AQp BEIUUC/SETCS U3 OTHOIIEHHU S
AMIUIMTYZ TAPMOHHUK, iajiee UCII0Nb3ys (6a), BBIYUCTISIOT
HU3MepgeMBIl TOK. JaHHBIM MOZAYISLIMOHHBIN MeTOZ
obecrieurBaeT BBICOKYIO TOYHOCTb KM HE3aBHCHMOCTb
OT BapHallUM I1apaMeTPOB OITHYECKOH CXeMbI (MOII-
HOCTb MCTOYHHUKA HU3/IyUeHHUs], aMIUIUTYAA MOLYISIIIUH)
Y BJIIMSIHUSI HU3KOYaCTOTHBIX IYMOB 3/IEKTPOHHUKH.

is the Verdet constant, N - the number of fiber turns
in the sensing coil, I - measured current. Relation (9) is
the basis for calculating the current by the modulation
method. It is also used in modulation-free schemes
where A@=A@+A@,, here Ay, is the initial phase shift
of the operating point selection.

If there is harmonic phase modulation, the output
signal P(t) (9) of the interferometer is the sum of

harmonics of the modulation frequency (see. Fig. 4).

In the absence of flowing current (Agg=0), only even
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BaskHYIO PO/b B JOCTUKEHHM BBICOKOM TOUHOCTHU
coBpeMeHHBIX BOTT HrpaeT IpuMeHeHHe HM3KOKOre-
PEHTHOTr0 UCTOYHMKA H3/1y4deHHsI. OOBIYHO HCIIONB3YIOT
CyIIepIIOMHUHeCIeHTHbIe UCTOYHHUKH H3/1y4deHHUs (BOJIO-
KOHHBIe WJIM IIOJYIIPOBOJHHKOBbIE) Ha JJIKMHE BOJIHBI
1,55 MkM uau 1,3 MKM, C HMIMHPHUHON CIEKTPa/bHOM
JTUHUK He MeHee 20 HM. IIpu MCIIONB30BaHHM HH3KO-
KOTepPeHTHOI0 H3/1y4eHUs Pe3KO CHKDKAIOTCS HelHHeH-
Hble 3¢QeKTH B BOJIOKHe (Hampumep 3¢dekT Keppa),
yMeHbIIaeTCsd HeXejlaTe/lbHasi CBA3b OPTOrOHAJIBHO
[I0JIIPHU30BAaHHBIX BOJIH Ha HEOJHOPOMHOCTSAX OIITH-
YeCKOM CxeMbl (B YacTHOCTH, 0OyCTIOBIeHHBIX Xedop-
MalUSIMHM 3alIUTHOM 000/I04KKM BoJoKHA [10]), CHU-
SKAIOTCS TIOMeXH OT IapasHUTHBIX OTPakKeHUI B CXeMe.
B paccMaTpuBaeMOH OITHYECKOM CXeMe HesKeJlaTellb
Hasl CBSI3b OPTOTOHA/IBHBIX IIOMSIPU30BAHHBIX PabodmX
BOJIH U BJIMSIHHE IIOMeX H3-3a MIaPa3sUTHBIX OTPsKeHHUH
3QeKTHBHO CHUKAeTCSl BC/IEACTBHE [eNOoaSpU3alLUuU
(oTepe KOIepeHTHOCTH) BOJMH IIPHU IIPOXOKIEHUH pac-
CTOSIHMS, IIPEeBBIIIAIOET0 IIUHY HeloNsipru3aluu L.
B cirydae BOJIOKOHHOIO CYII€PIOMUHECLIeHTHOIO MCTOY-
Huka (A=1550 MKM u AA=20 HM) cornacHo (8) Ly~5 m
IJ1sL CTAaHJApPTHOro spun-cBeroBoga (L, =10 MM, L =3 MmM)
u Ly=L,(\/AMN~0,3 M pgnsa TumoBoro PM cBeToBOZA
(Ly=3 MmMm).

2.2. [pyrue peanusauum BOTT

PaccMoTpeHHast BbIIIe OTpPa’kaTelbHasl OITHYeCKas
CXeMa C MOAyJIALMel OCHOBAaHA Ha HM3MepeHHH ¢a3so-
Boro casura dapazes ¢ HCIONb30BAaHHEM BCEU BBIXO[-
HOM XapaKTepUCTHUKH HHTepdepomeTpa. Takue cxeMbl
Ha3bIBaIOT CXeMOM C OTKPBITBIM KOHTYpoM. OHa HMeeT
TOYHOCTh, [OCTATOYHYIO [Is yd4eTa IOTpebisiemoi
37IeKTPo3Hepruu (kmacc Tounocty 0.2 s). Bmecre ¢ TemM,
cxeMa TpebyeT IOBBIIIEHHOIO BHUMAHHUS K JTHHEHHO-
CTH BBIXOLHOM XapaKTepHUCTHUKH, a ee JUHAMHYECKHUU
OHAIa30H CBepXy OrpaHUYeH (a30BBIMU CABHUTAMH
+T/2 BC/Ie[CTBHE IIePUOJHUYHOCTH XapPaKTepUCTHKH.
JJ1s1 TIOBBIIIEHHS JIMHEHMHOCTH M pacIIMpeHMs AUalla-
30Ha HeoOXOmMUMO HPUMEHATh bosiee CIOKHBIE aNIro-
PUTMBI 06pabOTKH CHTHAJIA.

Haunbornee BBICOKYIO TOYHOCTb U LIIMPOKUM AHUHAMHU-
YeCKMH [OHalla3oH 00ecreyrBaloT KOMIIEHCAIIMOHHEBIE
CXeMBbl, B KOTOPBIX IIPOM3BOIUTCS 3aHY/IeHUe dpapasees-
CKoro $a3oBOro CABHUIa C IIOMOILBI JOIIOJIHUTEIBHOIO
YYBCTBUTEJBHOIO KOHTYpa, BK/IIOYEHHOIO II0C/IeN0Ba-
TeJIbHO C M3MEPUTEIbHBIM KOHTYPOM. B IOIIOTHHTEIb
HOM KOHTYPe CO3[,aeTCsI MAaTHUTHOE I10/Ie OT KOMIIEHCHUPY-
IOIIIEer0 TOKA, KOTOPBIF BBIPAbaThIBAeTCS B 3/IEKTPOHHOM
6110ke u gBasercs BoixogoM BOTT. KoMIleHCAallMOHHBIE
CXeMBbI Ha3bIBAIOT CXeMaMH C 3aKPBITHIM KOHTYPOM.

BO3MOKHBI Takke 6e3MOAYISITOPHBIE OTPasKaTesb-
Hble cxeMbl BOTT c ucronp3oBaHueM ¢apaneeBCKOro

766 ®OTOHMKA TOM 12 N2 8 (76) 2018

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

harmonics are present in the output signal, with
the predominance of the second harmonic (in the
figure, the functions Ag(t) and P(t) are represented by
solid lines). If Ag; is not equal to zero, odd harmonics
also appear in the signal, with the predominance of
the first harmonic (the functions Ag(t) and P(t) are
shown by dotted lines). In this case, the amplitudes
of the harmonics depend on the measured Faraday
shift ApF. The magnitude of the phase shift Ag;
is calculated from the ratio of the amplitudes of
the harmonics, then the current can be calculated
using (6a). This modulation method provides high
accuracy and independence to the variations of
optical elements parameters (power of the radiation
source, modulation amplitude) and the influence of
low-frequency noise of electronics.

An important role in achieving the high accuracy of
modern FOCT is played by the usage of a low-coherent
radiation source. Usually, superluminescent optical
radiation sources (fiber or semiconductor) are used at
a wavelength of 1.55 microns or 1.3 microns, with a
spectral width of at least 20 nm. When using low-
coherent radiation, nonlinear effects in the fiber (e.g.,
the Kerr effect) are significantly reduced, the unwanted
coupling of orthogonally polarized waves on the fiber
inhomogeneities (in particular, due to the deformations
of the fiber coating [10]) is reduced, and interference
from parasitic reflections in the scheme is reduced
due to the depolarization (loss of coherence) of the
waves when the distance exceeds the depolarization
length L;.In the case of a fiber superluminescent source
(A=1550 nm and AA=20 nm) according to (8) Ly~5 m
for a standard spun fiber (L;,=10 mm, L;=3 mm) and
L4=L,(A/AN)~0, 3 m for a typical PM fiber (L,=3 mm).

2.2. Other FOCT applications

The optical scheme of reflective interferometer with
modulation considered above is based on measuring
the Faraday phase shift using the entire output
characteristic of the interferometer. Such scheme
are referred to as the open-loop scheme. They possess
an accuracy sufficient for metering of electricity
consumption (accuracy class of 0.2s). At the same time,
the scheme requires increased attention to the linearity
of the output characteristic, and its dynamic range
from above is limited by phase shifts +m/2 due to the
periodicity of the characteristic. To increase linearity
and expand the range, it is necessary to apply more
sophisticated signal processing algorithms.

The highest accuracy and wide dynamic range are
provided by compensation schemes, where the Faraday
phase shift is zeroed using an additional sensitive
coil connected in series with the measuring circuit.
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poratopa I GOpMHPOBaHUSI paboueil TOUKH B cepe-
OH1He XapaKTepPUCTHUKU UHTepdepomeTpa P(Ap). PoTaTop
MO3KeT OBITh KaK IUCKPETHBIH (A TIOMHUHHUEBO-UTTPHUEBBIE
IpaHat), TaK ¥ BOJIOKOHHBIH (Ha spun-ceeToBoze). Takue
CXeMBbl MeHee TOUHBIE B CPAaBHEHHHU C MOAYISATOPHBIMH,
OJIHAKO OHU SIB/ISIOTCS 607Iee I POKOIIONOCHBIMH.

Hauboree IIpocToOH SIB/ISETCSI OMHOIIPOXOLHAS CXeMa
BOTT, He Tpebyromasi poTaTopa. B 3Toi cxeme peanu-
3yeTCs MpAMOe H3MepPeHHe II0BOPOTa IIIOCKOCTH IIOJIs-
pH3aliMM CBeTa B MarHUTOYYBCTBUTEILHOM CBETOBOJE,
PaCIIONIOKEHHOM MEKIY ABYMS IO/ pH3aTopaMu. Hemo-
CTaTKOM CXeMbl SBJISIeTCS OTHOCHTEJIbHO HM3Kas TOY-
HOCTb, KOTOpasli OAHAKO AOCTATOYHA JJIsI IIPUMeHeHHH
3aIKTHl SHEPreTH4ecKoro obopynoBaHUs (BbICOKOBOJIBT-
HBIX JINHHU) TP KOPOTKHX 3aMbIKaHHUSIX.

3AKJ/TKOMEHUE

BOTT Ha MarHUTOOLTHYECKOM 3bdeKTe Papaies B OIITU-
YeCKOM CBETOBOZIE IIPeACTaBisieT CODOM HOBOE BBICOKO-
TOYHOE YCTPOMCTBO [/ HM3MepeHHUsI KaK IIOCTOSTHHOIO,
TaK ¥ IIePeMeHHOr0 IeKTPUYECKOro ToKa. M3mepsemeble
TOKH HaXOMASTCS B AHAIIa30He OT e JUHUL] aMIIep 0 COTeH
Kunoamrep. OCHOBHBIMU OONacTIMHU HPUMEHEHUS
BOTT (kak B Poccuu, Tak U 3a py6e>1<0M) B HaACToglIlee

i g

In the additional coil, a magnetic field is created
by the compensating current, which is produced
in the electronic unit and is the output of FOCT.
Compensation schemes are referred to as the closed-
loop schemes.

The non-modulator FOCT reflection schemes are also
possible using the Faraday rotator to form a operation
point in the middle of the characteristic of the
interferometer P(A¢). The rotator can be either discrete
(yttrium aluminum garnet) or fiber (on a spun fiber).
Such schemes are less accurate than the modulator
schemes, but they are more broadband.

The simplest scheme is the one-pass FOCT scheme
which does not require a rotator. In this scheme, a
direct measurement of the rotation of the plane of
polarization of light in a magnetically sensitive optical
fiber located between two polarizers is implemented.
The disadvantage of the scheme is a relatively low
accuracy, which is however sufficient for the protection
of power equipment (high voltage lines).

CONCLUSION
FOCTs based on the magneto-optical Faraday effect
in an optical fiber are a new high-precision device for

II POCCUMCKO-KUTAMCKHUM ®OPYM MAIIHMHOCTPOEHHUS U HHHOBALIUH

B pamkax Buictagk China Machinery Fair 2018
30.10-0111.2018 B LIBK "JxcnoueHTp’, Mocksa npo-
wen PoccumcKko-kuTanckmin Gopym MawwmHOCTpoeHus
1 WHHoBaumi. 30 okTsibpst Pyccko-Asuarckuin Coto3
MPOMBILLAEHHKOB W MPEAMPUHUMATENEN OpraHu30-
Ban MNneHapHoe 3aceaHme dopyma Ha Temy "Hosble
BEKTOPbI MPOMBILLIEHHOTO COTPYAHMYECTBA Poccum
W KuTas'". 3By4an JOKNAAbI-MPEANIONeHs C pocCuit-
CKOI CTOPOHbI O BNArONPUSTHOM MHBECTULMOHHOM
KvmaTe B POCCUM, O HANMOTOBLIX 1 KPEAUTHBIX MbrO-
TaX A9 KUTAMCKVX MHBECTOPOB B C/Ty4ae MPUHSATHS
peLLeHIs O JIOKM3ALMM MX MPOM3BOACTBA B Poccun,
0 MepcneKTMBaX POCCUIACKO-KMTAIACKOrO TpaHcdepa
TeXHONorvit.

CO CTOPOHbI KMTanCKMX NpeacTaBuTened Bbian
MOKA3aHbl YCTIeXN KUTAACKX KOMMaHWA MaLMHO-
cTpouTenbHon otpacin. Cy LisbimaH, Mpencenarens
KuTalickoi accoupaumm CTPOMTENBHOT0  MaLLMHO-
crpoerms (CCMA), B cBoeM [oKae MHGOpMUpoBan
00 OyeHb BrieyaTAsioWwnx Lndpax: u3 50 Bemywwmx
MUPOBbLIX KOMMaHWI B 06/1aCTU MALMHOCTPOEHNS 15
KOMMaHwi NpUHAZexar Kuaio, a komnaxus Xuzhou
Construction Machinery Group 3aHWM3eT 6 MecTo
Cpeny MAEepoB OTPaCM.

CvH MuHb, leHepanbHbIl CekpeTapb ACCoLaLmm
MPOM3BOAVTENEN ABUraTENeN BHYTPEHHETO CropaHus
Kuras Association (CICEIA) pacckasan 06 M3MeHeHIu
CXeMbl OTPaUM, B KOTOPOM CAEMAH Y0P HA KPYMHLIA
TpaHCMopT (TpakTopa, Karkv, NOAbEMHbIE KpaHbi),
MOAEMMACS  OMbITOM  YCMEWHOMO  COTPYAHUYECTBA
¢ KAMA3om. Ckazan, 4to B Accoupaumm CyuTarot
C030aHue TPAHCMOPTHDLIX CPeACTB NOKOMOTMBOM pas-
BUTMSI SKOHOMMKW CTPaHbI, MMEOLLAM BOBLUON 3KC-
MOPTHbINA MOTEHLMAN, TaK Kak TPRHCTOPT HYEH W Ha
JLOpOrax, W B yC10BUSIX 6e380poXKbs. OH MPOTHO3MpYeT,
410 K 2030 rogy 60% BCex NpoM3BOANUMBIX ABUraTeNeN
BHYTPEHHEO CropaHns ByayT NPUXOANTLCS HA CeNb-
CKOXO3SIACTBEHHbIE MALLINHbI.

KuTaitckve npeacTaBuTenit fOBOSbHO OTKPOBEHHO
FOBOPWN O TOM, YTO B /LI POCCUIACKX NPEACTaBut-
Teneil OHW WILYT MapTHepoB, 06MafaloWMX [OCTa-
TOYHLIMM PECYpPCaMi W U3BECTHLIMW BPEHEaMK, [s
0CBaNBaHMS! PbIHKOB TPETLMX CTPAH. A HA 3TUX PLIHKAX
BMEpes, MPOpLIBAIOTC MalLMHBI CTPOMTENLHON Tex-
HIKM W MALLIMHDI 19 CENLCKOTO X039IACTBA.

UyDKEPOAHbIMM Ha (OHE 3TUX BLICTYMIEHMIA BbIIS-
JenV  MpUMaLleHHble  [OKM3fbl  NpeacTasuTenen
W3 BbICOKOTEXHOMOTMYECKUX OTpacie — (OTOHUKN

W Paano3neKTpoHMKN. Mpe3naeHT JlasepHoin accouma-
Lmm VBaH bopucosmy KOBLU CAienan OTAMYHbINA fOKNag,
06 WCMONb30BAHWN Na3epHLIX TEXHOMOTMA B MpO-
MbILLAEHHOCTU 1 O COBMECTHOW paboTe C J1asepHoil
accoumaLment NpoBuHLVMN Xybeir. Muxann Qenbaman
n3 LIHWMWN "SnekTpoHmka" NakOHWYHO MpeacTasun
AH/IMTIYECKIA 0030p COBPEMEHHOIO YPOBHS pasBu-
TS PaAMONEKTPOHHON MPOMBILLAEHHOCTW B Poccu
W pe3ynLTaTbl PeTVHIA BeAYLUMX MPENPUSTIA 3TON
0Tpacu.
OnHaKo, e roBOpUTL YeCTHO, ayAuTopus bbina
He MOAroTOBAEHA K MPUHSITMIO 3TOM WMHQOpMALMK.
[Jloxe yumTbIBag, 4TO B EBpONE B 6OMLLIMHCTBE Npo-
MbILUAEHHbIX OMepaLmid CBApKW, HAMMABKM U Pe3Ki
MeTa/IM1a UCTIONb3YETCS Na3epHoe M3NyyeHue, a BCA
Ha4MHKa COBPEMEHHOrO TPaHCMopTa HaNMYKaHa ek-
TPOHHLIMU KOMMOHEHTAMK, 3TV 06AacT OCTMCH
33 NpeaeamMy MHTEPEeCoB W MPUCYTCTBYIOLLMX POCCUIt
CKIX OPraHW3aTOPOB NPOMBILLIEHHOCTH, W KUTANCKIX
YHaCTHUKOB (hopyma. Bonpoc cocTaBnieHust NoBeCTKy
MNEHAPHOTO 3aCefiaHns W MpUIALLeHUs 3auHTepe-
COBaHHLIX /WL, ABNSIETCH (YHKLMEA OpraHW3aTopoB,
11 OH SIBHO He 6l peLLeH 10 KOHLIA.
H. Mcmomura, AO "PULL "TEXHOCPEPA'

PHOTONICS vOL. 12 N2 8 (76) 2018 767



i1

BpeMs SBJISI€TCS BBICOKOBOJIBTHAS 3/IeKTPO3HEpPreTHKa
(110-750 XB) ¥ I1BeTHAsI MeTAJUIypPrisi (KOHTPOJIb TeXHOIIO-
THYEeCKOro IIPoliecca Moy4eHH s LIBeTHBIX MeTaJl/IoB).

YyBCcTBHUTE/NIBHBIM 37eMeHTOM BOTT aBisgercsa
BOJIOKOHHBIM KOHTYP, OXBAThIBAIOLIIMM IIHMHY C TOKOM,
a H3MepeHMe TOKa CBOAUTCS K H3MEPEeHUI0 MHIYILIU-
pyeMoro MarHUTHBIM IIOJIeM TOKa (a30BOro CIABMIa
dapazies MeXIy OPTOrOHAJbHBIMM LIUPKYISPHO IIOJIS-
PH30BAaHHBIMH CBETOBBIMH BOJTHAMHM. [IJIs1 pErUCTPaLIUK
¢dasoBoro casura dapazges, KaKk IIPaBUIIO, UCIIONIb3YeTCs
NMUHeNHBIN UHTepdepoMeTp CaHbsKa (OTpaskaTe/lbHBIIH
HHTepdepoMeTp) K MOAY/ISLILOHHBIE MeTO[,.

BeICcOKasi TOUHOCTb M3MepeHU I coBpeMeHHBIX BOTT
JOCTUIAETCs BBHIIIOIHEHHEM psAfa CIelHaJbHBIX Tpe-
6oBaHMI. B dYacTHOCTH, O0OsI3aTeTBHBIM YCIOBHEM
SIBJISIeTCA 3aMKHYTBIM BOJIOKOHHBIM KOHTYP, UTO B COOT-
BETCTBHHU C PyHIaMeHTaTbHBIM QU3 YeCKUM 3aKOHOM ~
TEOpPeMOH O LUPKYISLHUK BeKTOpa HaIpsiKeHHOCTH
MarHHUTHOTIO I10/1s1 obecrieurBaeT OTCYTCTBUE BIUSHUS
BHEIIHMX TOKOBBIX IIMH KM (QOPMBI YyBCTBUTEIBHOIO
KOHTypa Ha pe3y/bTaT HU3MepeHHs. McIonp3oBaHHe
HH3KOKOT€PeHTHOI0 M3/IyYeHHUs I103BOJIsIeT MUHHMHU-
3K POBATh MMapa3sUTHbIE 3PPEeKThI, [IPUBOLSAIIKE K II0SIB-
JIEHUIO [OIOJHHTE/BHOIO CHUTHaja, He OTIMYHMMOIO
OT II0/Ie3HOr0. BaskHYIO pojib IIPH 3TOM MIPAeT AeIo-
JASApU3alKsa HHU3KOKOT€PEHTHOr0 H3/IyYeHUs B OITH-
YeCcKoM TpakTe. OTMeYeHHBIe IIOAXOMbI II03BOJISIOT
peanusoBats BOTT ¢ HauBBICIIMMH [JIsi pakKTHYe-
CKOTO ITPYMeHeHUs KiaccaMu TouHocTH (0.2s, 0.1), uTo
B COBOKYITHOCTH C IIPaKTHYECKUMHU IIPEUMYIeCTBAMU
(be30macHOCTb 3KCIUTyaTallMK, MeHBIIHe 3aTpaThl Ha
MOHTaXX 4 06CTTy>KHBaHUe, U T.[I.) fe/laeT JaHHBIM IIPU-
60p peaybHOM aJIbTEPHATHBOM TPaJHULIMOHHBIM TPaHC-
¢dopmaropaM ToKa.

JINTEPATYPA

1. Tpevyxut B. H. IneKTpOHHbIE TPAHCHOPMATOPLI TOKA U HAMPSIKEHNS.
CocTosHMe, NepcnexkTBbLl pasBuUTUA v BHeApeHus Ha OPY 110-750 kB
CTAHLMIA ¥ NOACTAHLMI 3HeprocucTeM. BecTHuk UMY. 2006; 4:1-9.
Grechuhin V. N. Elektronnye transformatory toka i napryazheniya.
Sostoyanie, perspektivy razvitiya i vnedreniya na ORU110-750 kV stancij
i podstancij energosistem. Vestnik IGEU. 2006; 4:1-9.

2. LamingR.I., Payne D.N. Electric current sensors employing spun highly
birefringent optical fibers. Journal of Lightwave Technology. 1989; 7(12):
2084-2094.

3. Blake ., Tantaswadi P., R.T. De Carvalho. In-line Sagnac interferometer
current sensor. IEEE Transaction on Power Lelivery. 1996; 11(1): 116-121.

4. Ty6uuB.M., Ucaes B.A., MopwHes C.K ., CasoHoBA. 1., CTapo-
cTuH H. U., Yamoposckuii 10. K., Ycos A. WU. cnons3oBaHie Bono-
KOHHbIX CBETOBO/I0B TUMA Spun B AATHMKaXx TOKA. KBAHTOBAS 3/IEKTPOHMKA.
2006; 36(3): 287-291.

768 ®OTOHMKA TOM 12 N2 8 (76) 2018

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

measuring both direct and alternating electric current.
Measured current range is from amperes to hundreds
of kiloamperes. Currently, the main areas of FOCT
application (both in Russia and abroad) are high-voltage
electric power industry (110-750 kV) and non-ferrous
metallurgy (control of the technological process for
producing non-ferrous metals).

The FOCT sensing element is a fiber coil enclosing
a bus with current, and measuring the current is
reduced to measuring the Faraday phase shift between
orthogonal circularly polarized light waves induced
by the magnetic field. Usually, a linear Sagnac
interferometer (reflective interferometer) with a
modulation detection method are used to registrate the
Faraday phase shift.

High accuracy of measurements of modern FOCT is
achieved by fulfilling a number of special requirements.
In particular, the necessary condition is a closed fiber
loop, which, in accordance with the fundamental
physical law, the theorem on the circulation of the
magnetic field strength vector, ensures that external
current bus and the shape of the sensitive loop do
not affect the measurement result. The use of low-
coherent radiation allows to minimize the parasitic
effects leading to the appearance of an additional signal
indistinguishable from the useful one. An important
role is played by the depolarization of low-coherence
radiation in the optical path. The noted approaches
allow implementing FOCT with the highest accuracy
classes (0.2s, 0.1) for practical use, which together
with practical advantages (safety of operation, less
installation and maintenance costs, etc.) makes
this device a real alternative to traditional current
transformers.
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FLAMN-19 "OCHOBBI JIASEPHBIX |i- U HAHOTEXHOJIOTHH"

30 moHs - 4 wong 2019 roga B CaHKT-
Metepbypre NpongeT MeXAYHAPOAHLIA CUMMO-
3uym FLAMN-19. Yxe CTaBwas TpaguLMOHHON
BCTpeya CneLuanincToB-nasepLumkos Ha 3T0T pa3
nocaswaercs 50-neTuio BcecorsHoi koHdepeH-
LuKM N0 B3aMMOJENCTBIIO ONTUYECKOrO W3Nyye-
HW8 C BewecTsoM. MeponpusTie oxsaTbiBaer
HanpaBneHus, onpefeneHHble paHee KoHbe-
peHumamMn LAMN (nasepHble MUKpO- 1 HaHOTeX-
Honorun) u LMI (nasepHoe B3aMMOAEACTBME),
koTopble OblaM OpraHM30BaHbl B JIeHWHrpage
(CCCP) B cepeante 60-X rofoB MPOLINOTO Beka.
Takke npubasmnach HLICTPO pacTywas 0bnacTb

NCCNeZoBaHWA, pa3paboToK M MpoOM3BOACTBA —
“Laser p-TexHonorun". Ha cumnosnyme 6yget
PACCMOTPeH LIMPOKNA CNeKTP TeM B J1a3epHON
p-n 06paboTke: OT (M3MYECKMX OCHOB pasnmy-
HbIX MPOLIECCOB 1 MX IKCNEPUMEHTANbLHBIX UCCe-
LOBaHWI K pa3paboTke U peanu3aLtm npombiLl-
NeHHoro 060pyA0BaHMS.

FLAMN-19 6yzet Bknioyatb B cebst ABa OCHOB-
HbIX pasgena: "/la3epHble MAKPO- U HAHOTEXHONO-
run" 1 "B3auMopeiicTaune C nasepoM’; u cnewuanb-
HbIe Hay4YHbIE MEepONpUATUS:
®  KOHdEepeHUNs "MHTEHCMBHbIE Na3epHble fent-

CTBWS B OUONOrMU U MEAULMHE",

KOHQEPEHLMS MONOABIX YYEHbIX, UHXEeHepoB
W CTYOEHTOB "MHTEHCMBHbIE NasepHble Aei-
CTBMS 1 MPUNOXKEHMS",

KoHQepeHums "GoTodmnKa HaHoMacwTab-
HbIX cucTem",

KoHQepeHums  "(OemTOCEKYHAHOE  B3au-
MOfENCTBME M TEXHOMOrMM  Na3epHOro
B3aUMOAENCTBIS",
cemuHap "MWKPOCTPYKTYpPUPOBaHWE MOBEPX-
HOCTK Nasepa’,
ceMvHap  "TIpOMbILLEHHbIE  BOMOKOHHbIE
NasepHble NPUAoKeHNs'".

I OduHuoeg, https://flamn.ifmo.ru

M3OATEJNIBCTBO «TEXHOC®EPA» NMPEOCTABINAET KHUIY:

Lewa 2800 pya.

CnpaBoYHMK 110 Ta3epHOIT CBapKe
Pedaxmop opuzunansnoze usdanus C, Kamasma

M. TEXHOOCDERA, 2015, - 704 ¢ + 32 ¢, wn, nxneticn ISAN 978-5-945836-120-9

Cpeat Texuonorl, npeiasiadenisbx pin ofpadoTin Matepuanons nasepom, ocobo BRI
CTCA ARICPHAN CBAPKD, BEIIOMMBLIAN B Co0A NOCTEIMIe NOCTICREHIA I paapaloTre Tasepiby
yerpodicrn, Jlna ee npapiaBHONO NPUMEHERIA 1 HCIOIBIOBAMI TPeOYeTCH ACHOE NOHIMMaNHE
(pranecknX MEXAHIRAMOB 1 EBACHIN, conpoRoagainns saacpayo caapry. Hostomy 8 canre
PACEMOTPEHIM PAsHODGPaIHIIE NASePHBLIC NAN THGPHAHME NPOIECCH CRAPKH, CHAPKA PASTITHLX
BIIOH MaTEPHANOR, PIBCICHO  ONICAHKE METATAYPIIHECKIX, XUMIHECKIN i MEXAHIYECKUY
actertor ceapri, Clipasounns pasjencd sa derupe sacti, B pasiteae | pacomorpenn Gaso-
BIC IPUHILI PRAHECKIE TPOLECCOR CHAPKN ) PACKPLITHL IIPUMIHLL BORBACHIN JehexTon.
Paagen ] NOCHEANCH KOHKPCTHLM TCXHOROTHRAM, PAICCHMOTPOHE MTA3CPHAH CRAPKD PAatimiiiLix

matepuanoe. B paanene [11 npencrannesis MeTolsl SHCICHHOND MOICTHPOBAHIA HPOLIECC TA3CPHON CRAPKN, OITACAHA TPOLCIypa
KannpoRkH MHETpYMeRToB B poGoTianposatto ceaprke. B pasgene IV pacemorpenil KoHEpPETHBE SHAEHUA pabonus mapase:
TPOB it YCIOBIE CRAPKR B IPOMBIICHHLE IPUMERCHIANX. KHII apecobasi CTVICHTAM, NEGKCHEPAM, YICHEIM, TPeioana reins
W CTRHET BaRHOM It HOALAHOR R Boex, K0 HHTCPECYETON Ma3cpHof CRAPKROM — 0F HOBIMIKOR [0 CHEHARRCTOR it 3KCHepToR,

KAK 3AKA3ATE HALUW KHWIW?

125319, Mocksa, alm 91; Ten.: +7 493 234-0110; cpaxc: +7 4895 856-3346; e-mail: knigi@technosphera.ru; sales@technosphera ru
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