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ANALYSIS OF DESIGN FEATURES OF INDUCTIVE ELECTROMAGNETIC CURRENT LIMITER

The design circuits of an electromagnetic short-circuit current limiter of inductive type with movable armature and moving core are considered.
A comparative analysis of the design features of the electromagnetic current limiter with copper or superconducting winding is carried out. The opera-
tion principle of the electromagnetic short-circuit current limiter of inductive type with copper or superconducting winding is considered. The peculi-
arities of operation modes of the electromagnetic short-circuit current limiter of inductive type with copper or superconducting winding are analyzed.
Using results of the mathematical modeling of the magnetic system of the electromagnetic short-circuit current limiter by the Finite Element Method
in the FEMM software environment, the character of the distribution of the magnetic flux density in the nominal mode and in the current limiting
mode is determined, which allows to determine the parameters of the current limiter and design features. In accordance with the design features of the
electromagnetic short-circuit current limiter of inductive type, the sequence of calculation of the basic parameters of the magnetic system, taking into
account the voltage drop factor, is given. The basic equations of the electric equilibrium of the voltage drop of the electromagnetic short-circuit cur-
rent limiter of inductive type for nominal mode and short-circuit conditions are given. The use of the design circuit of the electromagnetic short-
circuit current limiter with superconducting winding can provide energy-saving in nominal mode. The use of high-temperature superconducting wire
due to increased critical parameters will ensure preservation of the superconducting state of the winding in short-circuit mode.
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€. B. TOHYAPOB

AHAJII3 KOHCTPYKTUBHUX OCOBJHUBOCTEM IHAYKTUBHOI'O EJIEKTPOMATHITHOI'O
OBMEXYBAYA CTPYMY

PO3rIHYTO KOHCTPYKTHBHI CXEMH €JIEKTPOMArHiTHOro 00MeXyBada CTpyMy KOPOTKOTO 3aMHKaHHS IHJYKTHBHOTO THUITY 3 PYXOMUM SKOPEM Ta PYyXOMHM
sipMoM. IIpoBeieHo MOPIBHAIBHUIT aHANI3 KOHCTPYKTUBHHIX OCOOIMBOCTEH €IEKTPOMArHiTHOrO 00OMeXKyBada CTpyMy 3 MiTHOIO a00 HaIIPOBLIHOIO 00MO-
TKOI0. Po3risiHyTo mpuHIMN [ii eeKTpOMAarHiTHOro 0OMeKyBada CTpyMy KOPOTKOTO 3aMHKAHHS IHTyKTUBHOTO THUITY 3 MiJHOIO a00 HaAIPOBITHOIO 00-
MoTKoI0. [IpoaHanizoBaHO 0COOIMBOCTI PEKUMIB POOOTH €IEKTPOMArHITHOrO 0OMEKyBada CTpyMY KOPOTKOTO 3aMHUKAHHS iHIyKTHBHOTO THITY 3 MiZTHOIO
200 HaIPOBIIHOI0 OOMOTKOIO. 3a Pe3yabTaTaMH MAaTeMaTHYHOIO MOJICTIOBAHHS MAarHiTHOI CHCTEMH €IeKTPOMATHITHOTO 0OMeXyBada CTPyMy KOPOTKO-
IO 3aMHKAaHHS METOJOM CKIHYCHHHUX €JIEeMEHTIB y mporpamHoMy cepernoBuiii FEMM BCTaHOBIEHO XapaKTep PO3MOALTY iHAYKIiI MAarfiTHOTO MO
y HOMIHAJIBHOMY PEKHMIi Ta Y peKUMi OOMEKEHHS CTPyMY, IO JI03BOJI€ BU3HAYUTH MapaMeTpH 0OMeXyBaya CTPyMY Ta KOHCTPYKTHBHI OCOOJIMBOCTI.
BiAmoBifHO 10 KOHCTPYKTHBHUX OCOOIMBOCTEH IEKTPOMArHiTHOrO 0OMeKyBada CTpyMy KOPOTKOTO 3aMUKAHHS iHAYKTHBHOTO THITYy HAaBEICHO MOPSIOK
PO3paxyHKy OCHOBHHX IapaMeTPiB MarHiTHOI CHCTEMH, [0 BPaxoBye KOI(GHIMEHT cliaxy Hanpyrd. HaBeneHi OCHOBHI piBHSHHS eIeKTPUYHOI piBHOBa-
T Clajly HalpyTH eIeKTPOMArHiTHOro 0OMexyBada CTpyMy KOPOTKOTO 3aMHKaHHS IHIYKTHBHOTO THITY Il HOMiHAIBHOTO PEXKHMY Ta KOPOTKOTO 3aMH-
KaHHA. BHKOpHCTaHHS KOHCTPYKTHBHOI CXEMHU €JICKTPOMATHITHOrO 0OMEKyBada CTPYMy KOPOTKOTO 3aMHKAHHS 3 HAIIIPOBITHOIO OOMOTKOIO MOXKE 3a-
0e3reunTy eHepro30epeKeHHs y HOMIHATBHOMY PEeXKIMI. 3aCTOCYBaHHS BHCOKOTEMIIEPATyPHOTO HAIIPOBIIHOTO IPOBOLY 3aBSKNU ITiABHINCHUM KPUTH-
YHHUM ITapamMeTpam 3a0e3MeqnTh 30epeKEeHHs HaIIPOBITHOTO CTaHy OOMOTKH Y PEXKUMI KOPOTKOTO 3aMUKAHHSI.

KurouoBi c10Ba: oOMexxyBad CTpyMy, KOPOTKE 3aMUKAHHS, BUCOKOTEMIICPATyPHHII HAMPOBIAHHK, iHIYKTUBHICTh, MAaTHITHE II0JI€, MarHITOIPOBiJ.

E. B. TOHYAPOB

AHAJIN3 KOHCTPYKTUBHBIX OCOBEHHOCTEW MHAYKTUBHOT' O DJIEKTPOMATHUTHOT O
OTPAHUYHUTEJIA TOKA

PaCCMOTpeHLI KOHCTPYKTUBHBIC CXEMBI 3JICKTPOMAarHUTHOTO OIPAHHUYUTEIII TOKa KOPOTKOTO 3aMbIKaHWA WHAYKTUBHOTO THIIA C MOABMXXHBIM AKOPEM
1 NOABWKHBIM SPMOM. HpOBeZleH CpaBHPITeJ'IBHLIfI AHAJIN3 KOHCTPYKTUBHBIX ocoOeHHOCTEH OJICKTPOMArHUTHOI'O OIrpaHUYUTEA TOKa C MEJTHOH WITH
CBCPXHPOBOMH.[Cﬁ 0OMOTKOA. PaCCMOTpCH TPUHIAIT JIEeUCTBUS JJICKTPOMArHuTHOI'O OIpaHUYHMTEIISI TOKAa KOPOTKOI'0 3aMbIKaHUS MHAYKTUBHOI'O TUIIA C
MEIHON WIn CBerHpOBOMHICf/‘I 0OMOTKOJA. HpO&HaJ'IPIBPIpOBaHLI 0COOCHHOCTH PEKUMOB pa60TbI DJIEKTPOMArHUTHOI'O OIrPaHUYUTEISL TOKA KOPOTKOI'o
3aMbIKaHUs UHAYKTUBHOI'O THUIIA C MEJTHOHM WiIn CBCPXHPOBOMH.[Cﬁ obmoTtkoit. ITo pesynbTaTaM MaTEMaTUIECKOr0 MOACIIMPOBAHUA MarHMTHOW CUCTEMBI
J3JIEKTPOMArHuTHOI'0 OrpaHUYUTEIISI TOKa KOPOTKOr'O 3aMbIKaHUA METOAOM KOHEYHBIX 3JIEMCHTOB B HpOFpaMMHOfI cpene FEMM YCTAHOBJICH XapakTep
pactpeacnCHrs MHAYKIIAN MarHuTHOTO I10JIA B HOMUHAJIBHOM PEXUME U B PEXKUME OTPAHUYCHHUSA TOKA, YTO IMO3BOJIACT ONPEACIATH ITapaMETPbl OTpaHu-
YUTEJIA TOKA U KOHCTPYKTUBHBIC ocobeHHOCTH. COOTBETCTBEHHO KOHCTPYKTUBHBIM 0COOCHHOCTSIM OJICKTPOMArHUTHOI'O OIPAHUYHUTEIIA TOKA KOPOTKOI'O
3aMbIKaHUs UHAYKTUBHOI'O TUIIA MPUBEACH NMOPAIOK pacue€Ta OCHOBHBIX ITapaMETPOB MarHUTHOH CHUCTEMBI, KOTOpBIﬁ YUYHUTBIBACT KOS(i)(l)HHHeHT nagcHus
HapsOKCHUA. HpI/IBeHCHBI OCHOBHBIC YPaBHCHUA JJICKTPUYCCKOTO PABHOBECHS IMAICHUS HATIPSHKCHUA DJICKTPOMArHUTHOTO OTPAHUYUATEIIA TOKa KOPOTKOTO
3aMbIKaHUs UHAYKTUBHOI'O TUIA UII HOMHUHAJIIBHOI'O PEKUMa U KOPOTKOI'O 3aMbIKaHHUA. Hcnonb3oBanue KOHCprKTI/IBHOﬁ CXEMBI DJICKTPOMAarHuTHOI'O
OrpaHUYHUTEIISI TOKAa KOPOTKOI'O 3aMbIKaHUSA CO CBCpXHpOBOZ[S{I.LICﬁ 0OMOTKOM MOXET 00eCIeUnTh 3Heproc66pe>|<eﬂne B HOMHHAJIbHOM PEXUME. HPHMC—
HCHHE BBICOKOTEMIICPATYPHOTO CBEPXIIPOBOIALICTO IIPOBOJAA 6J1ar0)lap51 TIOBBIIICHHBIM KPUTUYCCKUM ITapaMeTpam obecrieynT COXpaHCHHUE CBEPXIPOBO-
JISIIEr0 COCTOSIHUSI OOMOTKH B PEXUME KOPOTKOI'O 3aMbIKaHM:.

KuoueBbie ciioBa: OrpaHUYHUTEIIb TOKA, KOPOTKOC 3aMbIKaHUEC, BBICOKOTCMHCpaTypHBIﬁ CBEPXNPOBOAHUK, HHAYKTHUBHOCTb, MAarHUTHOE I10JIC, Mar-
HUTOIIPOBOA.

Introduction. The technical progress in the field of elec-
tric power industry is characterized by an increase in the
generation of electricity, which is the cause of the emer-
gence of ultrahigh voltage classes, the development and
creation of new energy complexes of high power. In turn,
the need to improve the quality of electricity requires the
use of control and protection electrical apparatus of the
corresponding level in power transmission grids.
Increasing the power consumption in the power grids,
in turn, causes emergency currents of short-circuit, which

leads to the destruction of electrical equipment, and pro-
tection from this negative phenomenon is a very topical
task. Thus, one of the defining parameters when selecting
the equipment of substations and transmission lines is the
protection of power transmission lines and consumers of
electricity from short-circuit currents.

In addition, the reconstruction and re-equipment of ex-
isting power systems requires the use of effective means
of protection against emergency modes, which is an im-
portant task.
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Various traditional protection devices for electrical

grids and electrical equipment against emergency currents
such as fuses, circuit breakers, current limiting reactors
and various current limiting devices are known. Im-
provement of the characteristics of short-circuit current
limiters (SCCL) can be achieved through the use of su-
perconducting windings [1].
The goal and task of the research. The goal of the paper
is to carry out a comparative analysis of the design fea-
tures of electromagnetic short-circuit current limiters with
copper and superconducting windings.

The task of the work is to analyze the influence of the
design features of the magnetic system on the operation of
the electromagnetic short-circuit current limiter.
Inductive electromagnetic current limiter with copper
winding. Consider the design circuit of an electro-
magnetic (EM) short-circuit current limiter. The design
circuit contains a ferromagnetic core 1 with a moving
armature 2 which is attracted by a spring 3, and a network
winding 4, which is located on a middle rod, connected
successively to the load Zy in the electric circuit (Fig. 1).
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1 — magnetic core; 2 — armature; 3 — spring; 4 — winding
Figure 1 — Design circuit of the EM SCCL

The operation principle is based on increase of induc-
tive resistance of SCCL winding at occurrence of short-
circuit current. Operation of the EM SCCL with moving
armature 2 lies in the fact that under the nominal load
current /,, the magnetic flux density Bs in the air gap
between the armature 2 held by the spring 3 and the core
1 is small, so the armature 2 is not attracted to the core
(Fig. 2, a). At normal operation, the EM SCCL is con-
nected in series with the load Z;, and through the winding
4 the load current /, passes [2].
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a — nominal operating mode;
b — short-circuit in the electrical grid
Figure 2 — Magnetic system of the EM SCCL

At short-circuits, the current I for a short time in-
creases dramatically, and the force of armature traction at
this stage is proportional to the current in the square.
Therefore, the armature is attracted to the core and closes
it (Fig. 2, b). The inductance of the current limiter in-
creases by an order, which leads, on the one hand, to a
decrease in current, and on the other hand, due to the

magnetic non-linearity of the material of the core, to an
even greater attraction of the armature [2].

After switching off the voltage of the electrical grid to
eliminate the short-circuit, the current limiter is de-
energized and the armature returns to its original position.
The presence of a mobile armature of the short-circuit
current limiter is associated with such shortcomings as the
inertia of the operation. But such technical solutions are
widespread in electrical apparatus and can be improved.

For the effective use of the EM SCCL it is necessary
to analyze the peculiarities of its operation, and to deter-
mine the criteria for choosing the main parameters. So,
depending on the nature of the load, the voltage drop on
the SCCL, which is determined by the coefficient k,, can
be set in such a way that the voltage reduction on the load
according to the voltage of the electrical grid is not more
than 5% [3, 4].

If we take into account the fact that the voltage drop
on the SCCL, both in normal operation mode and at the
short circuit, EMF of the self-induction is balanced, it is
possible to write:

Uy =k, U, =211f wBsk, S, 1)

U, =2nfwB,S.,, (2)

where fis frequency of alternating current; w is the number
of turns of the winding; Bs is the magnetic flux density in
the gap between armature and core in normal operation
mode; B. is the magnetic flux density in the core when
connecting the armature with the core; Sc is the cross-
section of the core; k. is the coefficient of expansion of the
magnetic flux in the gap between the armature and the core.

Accordingly, the number of turns of the winding w:

w=hbB 5 3)

u()kel n

where ¢ is the air gap between the armature and the core;
Lo is the magnetic constant.

From (1) we obtain the connection between magnetic
flux densities: Bs = Bcl(ky / ke). The value of the magnetic
flux density B. is selected on the part of the material's
magnetization, and the coefficient k. = 1.05...1.3 is de-
termined by special calculations. The size of the cross-
section of the middle rod of the core:

Ul’l
Se wwB, ’ @
where ® = 2 nfis angular frequency.

From (4), by substitution of the number of turns from
(3), we obtain the dependence of S¢s on S, — the full load
power:

_ _Mok.S,

“ wk, B&
Inductive electromagnetic current limiter with super-
conducting winding. One of the newest trends in power
engineering is the use of high-temperature superconductors
(HTSC) at a nitrogen temperature level (~ 77 K), unlike
low-temperature superconductors (~ 4.2 K). The develop-
ment of superconducting short-circuit current limiters is
based on the use of physical properties of high-temperature
superconductors [1].

A superconducting electromagnetic short-circuit cur-
rent limiter is connected to a part of the electric grid for
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emergency currents protection. Such a device has a near-
zero resistance in nominal mode unlike traditional current
limiters. The principle of the operation of superconduct-
ing current limiter is based on the loss of the supercon-
ductivity by the conductive element during the flow of
short-circuit current [5].

The use of current limiters with superconductivity can
provide the extension of the life of the switching devices,
creating conditions for its gradual replacement by modern
equipment, as well as energy saving. But the introduction
of the electromagnetic current limiters with supercon-
ducting winding requires analysis. Consider the design
circuit of an electromagnetic superconducting short-
circuit current limiter (Fig. 3) [6].
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a — master view; b — view from above
Figure 3 — Design circuit of the EM SCCL
with superconducting winding

The middle rod of the ferromagnetic core 1 and the
moving armature 2, which is held by the spring 3, covers
the cryostat 5 with the HTSC winding 4. The current
leads 6 connect the HTSC winding 4 to the electrical grid.

The HTSC winding is cooled by liquid nitrogen,
which is fed to the cryostat, where it evaporates and out-
wards. The consumption of liquid nitrogen is determined
by the flow of heat to the cryostat through its wall, along
the current leads, and also (when operating on alternating
current) by hysteresis losses in the HTSC winding. The
HTSC winding of the current limiter is connected in se-
ries with the load Z;. and the nominal current /, passes
through it [6]. Figure 4 shows the distribution of the mag-
netic field in the HTSC short-circuit current limiter at
minimum and maximum values of the air gap ¢ [7].

a-06=1mm;b-06=8mm
Figure 4 — Magnetic field distribution in
the EM SCCL magnetic system

As the numerical analysis shows, the increase of B.
and 0 makes sense to certain limits: magnetic flux density
B. should not leave the saturation region of the magneti-
zation curve (1.4...1.5 T); the air gap 6 must correspond
to the dimensionless parameter d/a = 0.3...0.4.

Figure 5 shows the design circuit of a short-circuit
current limiter, which represents the general view of the
device for connection to the electrical grid phase. The
main winding is made of high-temperature superconduc-
tor of the second generation, and the cryostat in turn is
filled with a coolant, in this case, nitrogen [8].
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Figure 5 — Design circuit of the EM SCCL
with moving armature and HTSC winding

The device contains: a magnetic core 1 and its remov-
able part — armature 2, fixed to the spring 3, a main HTSC
winding 4, which is contained in the cryostat 5, which is
located on the middle rod of the magnetic circuit 1.

At nominal mode of operation of the network current
flows through the main HTSC winding 4 of the current
limiter, which does not have active losses for heating in
the superconducting state. An armature 2 is attracted by a
spring 3, so the winding 4 has a slight inductance due to
air gaps in the magnetic core 1.

In the case of short-circuit, the magneto-driving force of
the winding 3 increases and the electromagnetic force exag-
gerates the force of the spring 3, pulls the armature 2 to the
magnet core 1. Thus, the inductive resistance of the winding
4 increases, which limits the current of short-circuit [9].

In order to at the increase the short-circuit current, the
magnetic flux density of the core is not in the saturation
zone of the magnetization curve, we take
B = (0,8...0,85)3 for an acceptable core material. The

plane of the cross-section of the core Scs determines its
dimensions and the mass of the moving armature, the
number of turns of the winding w defines the dimensions
of the HTSC winding and, accordingly, of the cryostat.
On the other hand, the number of turns is determined
by the initial conditions of the armature attraction:
w= a‘>i ) (6)
UO I n
where [, is the magnetic constant; H is the magnetic field

max

strength; 7, is the nominal current; Bs is the magnetic flux
density in the air gap; o is the air gap between the arma-
ture and the core.

Thanks to the use of HTSC winding of the second
generation wire, it is possible to reduce the energy con-
sumption, which exceeds the parameters of the previous
ones and has higher critical current density [10].

The difference of the magnetic system from the previ-
ous design circuit is due to the increase in the mass of the
moving armature.

The advantage of the design circuit is that the winding
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retains the superconducting state and does not transit to a
normal resistive state, which ensures re-activation. Device
power losses in normal mode are practically absent. The
losses for cooling of the inductive electromagnetic super-
conducting current limiter with the cryostat are associated
with external heat fluxes [11, 12].

Conclusions. With the increase of the air gap J in normal
operation mode, the inductive resistance decreases in
nominal operating mode, at short-circuit the resistance
increases by an order of magnitude.

In all design circuits, the volume and weight of the

moving armature of the current limiter are proportional to

Ses.

The time of the actuation of the current limiter de-

pends on the weight of the armature, this time will be
smaller, the smaller will be S.

At given power, a decrease in the cross-section of the

core S is affected by the increase in the magnetic flux
density B. in the closed core of the current limiter.
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