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ANALYSIS OF THE OPERATION PECULIARITIES OF THE SUPERCONDUCTING
INDUCTIVE CURRENT LIMITER WITH ADDITIONAL SUPERCONDUCTING
SCREEN

Purpose. The inductances of magnetic system of a current limiter for the nominal operating mode were determined. The aspects
of functioning and a design of a superconducting short-circuit current limiter of inductive type with a superconductive main and
additional screens, and superconductive winding, which are placed in a general cryostat on a ferromagnetic core, which ensures
an improvement of magnetic field dissipation and in energy efficiency are observed. Methodology. The analysis of distribution of
magnetic field of the short-circuit current limiter of inductive type with superconducting high-temperature coil and
superconducting main and additional screens, using mathematical modeling by the finite element method in math software
package FEMM for different modes of operation is carried out. Results. The calculations of magnetic field dissipation in
operational modes are carried out. Originality. The investigations aimed to analyze the influence of distribution of the magnetic
field in inductive short-circuit current limiter with superconducting additional screen on its operation modes. First calculation of
the distribution of magnetic fields in different modes of operation for the short-circuit current limiter in the area between high-
temperature superconducting screens. Practical value. The advantage of additional screen of superconducting short-circuit
current limiter is to improve screening from dissipation of the magnetic fields of the magnetic system and reducing the power
losses at nominal mode. Using the proposed methodology will identify options acceptable to the current limiter mode of operation.
References 15, tables 3, figures 6.
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ferromagnetic core.

Ilpogeden amnanus pejxcumos padomsl u KOHCHMPYKMUBHOU CXEMbL CEEPXNPOBOOAW,E0 O0ZPAHUYUMENA MOKA KOPOMKO20
3aMbIKAHUA UHOYKMUGHO20 Muna ¢ OONOJHUMENbHbIM CEepXnposooawum Ikpanom. Ilpogedeno mamemamuueckoe
MOOenuposanue MazHUMHON CUCHEMbl 0ZPAHUYUMENA MOKA MeMOOOM KOHEUHbIX ITIeMEHMO08 8 npozpammuoil cpede FEMM.
Ilpogeoden pacuem pacnpedenenus MazHUMHBIX RONEI 8 PAZIUYHBIX PEHCUMAX CPAOAMBIGANUA OZPAHUYUMENA MOKA KOPOMKO20
3AMbBIKAHUA HA YYACMKE Melc0y OCHOBHBIM U OONOTHUMENbHLIM IKPAHAMU, UMO NO0360J1A€m Onpedeiums napamempvl

ozpanuuumensa moka. butsn. 15, ra6n. 3, puc. 6.
Kniouesvle  cnoga: OrpaHMYMTENh  TOKA,
HHIYKTUBHOCTb, MATHUTHOE T10JI€, MATHUTOIIPOBOI.

Introduction. The development of the electric
power industry is characterized by an increase in the
generation of electricity, the development of increased
capacities, the creation of high-power power systems.
Thus, there were prerequisites for the development of
electric power on a new technological basis of high-
temperature superconductivity.

A superconducting high-temperature short-circuit
current limiter is an alternative to the use of conventional
current-limiting reactors. According to the structural
features, two main concepts of the superconducting
current limiter can be distinguished: resistive and
inductive, and other circuitry based on them [1, 2].

The resistive design of the superconducting current
limiter, based on the nonlinearity of the superconductor's
resistance, can use massive elements or coils [3]. In the
case of superconducting coils utilization as
superconducting elements, they are connected so that the
full inductance of the limiter is minimal [4]. The main
disadvantage of a resistive superconducting current
limiter is significant heat dissipation and overheating at
short circuits.

In the inductive construction, which is considered in
the work of Yonsei University, the magnetic coupling
between the superconducting element and the winding is
carried out through the three-rod magnet [5]. Also, for
example, in the work of the ABB Company a three-phase
current limiter (1.2 MVA) with a cylindrical screen of 16
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rings of superconducting ceramics Bi-2212 has been
designed, which was tested and operated during the year
[6]. The operation of an inductive current limiter is due to
the presence of magnetic scattering fields, which can
negatively affect the use of a metal cryostat and increase
power losses.

Reducing the effect of magnetic scattering fields can
be achieved by using an additional superconducting
screen.

But the features of the inductive current limiter,
using an additional superconducting screen, have not been
investigated.

The goal and definition of the research. The goal
of the paper is to investigate the features of the short
circuit current limiter with an additional superconducting
screen. The purpose of the work is to analyze the modes
of operation with the definition of the distribution of
magnetic fields in the current limiter.

The general view of the design scheme of the current
limiter with the additional superconducting screen and the
circuit for switching on the phase of the mains with the
load is given in Fig. 1 [7].

The short-circuit current limiter is located in the
cryostat / with the current conductors 2 on the middle rod
of the ferromagnetic core of the magnetic circuit 3. From
the inner wall of the cryostat to the outer axially the main
superconducting screen 4, the outer superconducting

© V.G. Dan’ko, E.V. Goncharov, 1.V. Poliakov

16 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.4



screen 5, the superconducting coil 6 between them are
located. The cryostat is filled with liquid nitrogen for
cooling the winding and screens to the superconducting
state (77 K) [8].
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Fig. 1. Design scheme of the current limiter

The winding 6 is connected in series with the load,
and in the nominal mode through it the load current /7,
flows. The superconducting screen 4 shields the middle
magnet circuit rod from the magnetic field that is created
by the winding 6.

Inductance of the superconducting current limiter
winding at nominal mode [9]:

¥ 27 ¥, iab
Ly, :E:/Ja 2Tmld9
where ¥ is the winding flux linkage; /, is the rated
current; r,;, is the average winding radius; b is the
winding width; A.; is the winding height; w is the
winding number of turns; g, is the absolute magnetic
permeability [10].

Let us consider how the voltage drop Uc, on the
current limiter affects the load voltage decrease U, in
relation to the voltage of the electrical network U. The
use of high-temperature superconductors for the
windings of the current limiter reduces their resistance
to practically purely inductive (R—0). That is, the
voltage on the current limiter U, outstrips the current 7,
by ~ 90° (Fig. 2).

coil

Fig. 2. Vector diagram of the electric
circuit with superconducting current limiter

According to the
U=U,+Uq =U,; +kc U,

correlation coefficient U, with load voltage U;.
From the vector diagram, the load voltage
U

\/(kCL +4/1- cos? or )-i- cos? or

vector diagram
where ko i1s  the

U=

where ¢; is the angle of the phase shift of the nature of
the load.

In industrial regions of Ukraine, cosg is within the
range of 0.9-0.95, therefore the voltage on the current
limiter should be limited to 0.05U;, laying the appropriate
design parameters of the current limiter [11]. With
cosp =~ 0.97, one can accept k¢, = (0.1-0.15). The results
of the calculation of the relationship between the load
voltage U; and the voltage of the electrical network U,
depending on k¢; and cosg; are shown in Table 1.

Table 1
U, asapartof U
ke cosgy,
0.85 0.9 0.95 1.0
0.05 0973 U 0977U 0983 U 0999 U
0.1 0.947U 0954 U 0965 U 0.995 U
0.15 092U 0931 U 0946 U 09U

From Table 1 it is evident that with an active load of
the electric network, the superconducting current limiter,
even with a significant drop in the voltage on it,
practically does not affect the voltage decrease on the
load.

Calculation of the magnetic field distribution. The
calculation of the distribution of the magnetic field in the
nominal mode of the current limiter operation using the
finite element method in the FEMM mathematical
software package [12] was carried out.

To calculate the magnetic field, a calculation
geometric model of the magnetic system of the current
limiter was built with the parameters given in Table 2
[13].

Table 2
Current limiter parameters

Parameter Value
Rated voltage, kV 6
Rated current, A 400
Radius of the core section 7., m 0.105
Magnetic circuit width 4, m 0.471
Height of the magnetic core window /, m 0.84
Superconducting screens height 4., m 0.82
Winding height /., m 0.81
Winding number of turns w 367
Gap between the main screen and winding J.,, mm 1-5

The distribution of the magnetic field in the window
of the magnetic core of the current limiter at the nominal
mode, which is calculated in the FEMM package, is
shown in Fig. 3.

The geometric model of the limiter magnetic circuit
is built in FEMM for inductance calculations with the
assumption that the cross-section of the current limiter is
rectangular and the distribution of the magnetic flux does
not change in radial direction [14].

Calculation of the inductive resistance of the
equivalent model of the current limiter in nominal mode
is performed on the basis of the calculation of the
magnetic field and is shown in Table 3.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.4 17



\

Window i
of + Main
magnetic } HTSC
core  »screen
NN NN TS
\ coil
Bl /AN Additional
Do, itiona
YR HTSC
%’ < Al screen
\ //

7

\

Fig. 3. Magnetic field distribution in the current limiter
core window

Table 3
Inductive resistance X; at g = 1
5s'cr/hcoi17 % XL, Q kCL
0.1 0.0917 6.11-10
0.2 0.129 8.61-10%
0.3 0.165 1.10-10 ™
0.4 0.199 1.32:10™
0.5 0.239 1.59-10

The inductance of the winding due to the magnetic
fluxes of scattering, taking into account shielding, is
negligible. The full resistance of this current limiter at the
rated operating mode of the power supply is small
enough, which does not lead to a significant reduction in
the voltage on the load Ug; < 3 % of U, and the nature of
the voltage drop is inductive.

In the nominal mode of operation, an additional
superconducting screen provides the passage of magnetic
flux outside of the winding. Magnetic scattering fields the
outside of the winding are shielded by an additional
superconducting screen. The magnetic flux does not
penetrate the extreme magnetic circuit bars, therefore, the
losses in the magnetic circuit are not present at the
nominal mode. The transient process at the operation of a
screened superconducting current limiter can take place in
several stages.

There are two options for operating the current
limiter with an additional screen. In the case of loss of
superconductivity by an additional superconducting
screen at the critical magnetic field strength H,,, when the
current in the winding reaches the value 7., = 31I,, the
inductance of the winding is L = 0.3 mH. The magnetic
flux extends from the outside of the surface of the main
superconducting screen and penetrates the extreme bars of
the magnetic circuit. The calculation of the distribution of
the magnetic field of the winding with . = 1 is presented
in Fig. 4.

Fig. 4. Distribution of the magnetic field at the loss
of superconductivity by additional screen

In the case of loss of superconductivity by additional
screen, the magnetic flux extends along the area
belonging to the window of the section of the magnetic
core and forms the flux linkage, but this is not sufficient
to provide a limiting short-circuit current. With the
subsequent loss of the superconductivity of the main
screen after the loss of superconductivity by the additional
one, the inertial component and scattering fields will take
place. The distribution of magnetic flux density B along
the area from the outer wall of the main superconducting
screen to the inner wall of the additional screen, which
has lost the superconducting properties, is given in the
graph in Fig. 5.
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Fig. 5. Distribution of the magnetic flux density between
the screens

In this case, the magnetic flux density has the
maximal value in the middle section of the
superconducting winding.

For example, in case of loss of superconductivity
by the main screen, provided /., = 3, the critical
parameters of the main screen should be lower than for
the additional screen H..1(l.1) < H.»(I.»). The magnetic
flux of scattering is sprayed in the window of the
magnetic core, but only penetrates the middle bar of the
magnetic circuit core, except the extreme (axial
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symmetry). The calculation of the distribution of the
magnetic field is given in Fig. 6, the inductance of the
winding in this case is L = 0.24 mH.

B=0,68T

Fig. 6. Distribution of the magnetic field at the loss
of superconductivity by main screen

The distribution of magnetic flux density in the area
between the screens will be similar, with the difference
that the magnetic scattering flux goes away the winding
from the outside at the extreme bar.

When the current in the coil reaches the critical
value corresponding to the main and additional screens
l,, = I, = 3I, simultaneous loss of their
superconductivity will occur. The magnetic flux instantly
penetrates the middle bar of the magnetic circuit, the
inductance increases, which provides a current limitation
and increases the time constant of increase of current,
which in general will facilitate the switch operation. The
transient will take place in two stages. In this case, the
mathematical model of the transient is determined by the
equations [15]:

U .
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where Ry =Reps :PO/I,% is the winding resistive

resistance; P, is the winding power losses;
2
2 b wB_.7w,
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inductances of the current limiter of the first and the
second stages; w is the winding number of turns; a,, is the
film wire width; b,, is the film wire thickness; 7. is the
radius of the magnetic circuit core section; B, is the

magnetic flux density of the core; 7., is the time of the
end of the first stage of the transient;

2 2 2 2
Zep =\R& +@Len ) s Zepa =\/RCL2 +(@Ley)
are the impedances of the current limiter of the first and

ol
the second stage; @cpy = arctg —CEL
CL1
= arctg 2ECL2 are the ph les of th
@cy o = arctg———==are the phase angles ot the current
Repn

limiter of the first and the second stages; k;; = 2.5-3 is the
current excess ratio.

Conclusions. The wuse of an additional
superconducting screen in an inductive current limiter
provides shielding of magnetic scattering fields thereby
the heat flux and power losses in nominal mode reduce,
although the use of an additional superconducting screen
slightly increases the core mass of the magnetic circuit.

Analysis of the distribution of the magnetic field
shows that the variant of operation of the current limiter at
the moment of short circuit is more suitable at the primary
loss of superconductivity of the main screen, which
makes it advisable for it to use material with lower critical
parameters, for example, bismuth ceramics, and for the
additional screen to use yttrium ceramics.
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