2024 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 13, NO. 2, JUNE 2003

Fundamental Performance of Flux-Lock Type Fault
Current Limiter With Two Air-Core Coils

T. Matsumura, A. Kimura, H. Shimizu, Y. Yokomizu, and M. Goto

Abstract—This paper proposes a superconducting fault current FL-FCL coil 1 (L,=12.83 mH)
limiter (FCL) which is a modified version of the flux-lock type fault - :
current limiter developed by us. This FCL consists of a highT. su- e_ 2002sin(2rt +0 ?ﬁ;ﬂme

bt ; L f=60Hz [

perconductor (HTS) and two coaxial air-core coils. One coil is con- cir M=6.39 mH
nected in parallel with another one through the HTS. The HTS is
arranged inside the coils. Under fault condition, the HTS gener-
ates resistance by a overcurrent. The limiting impedance appears
in the FCL so that the overcurrent can be reduced. Furthermore, € __
the resistance of the HTS increases because the HTS is exposed the 4 coil 2 (L,=3.25 mH);
magnetic field of the coils. As a result, we can get larger limiting
impedance in the current limiting phase. We concretely designed a
200 V class FCL with Bi2223 bulk and estimated the transient be- Fig. 1. FL-FCL configuration and simulation circuit.
havior in current limiting operation. It is confirmed that the mag-

nitude of fault current was suppressed significantly by this type . - . )
of FCL with Bi2223 bulk and that the limiting effect was slightly In this paper, we propose modified version of the FL-FCL

improved by the application of the magnetic field induced by two Which consists of only HTS and two air-core coils. A200 V class
air-core coils. FL-FCL with two coaxial air-core coils is designed specifically
Index Terms—Bi2223 bulk, fault current limiter, flux-lock, mag- and its current limiting performance is evaluated by a numer-
netic field. ical simulation to understand the current limiting process of the
air-core type of the FL-FCL.

1.0 mH

. INTRODUCTION Il. PRINCIPLE OFFL-FCL WITH Two AIR-CORE COILS

A S ELECTRIC power transmission systems grow to supply gjg 1 jllustrates a configuration of the FL-FCL with two
the increasing electric power demand, short Circuit CU;r_core coils. This FL-FCL is composed of coaxial air-core
rents tend to increase so that a severe burden is imposed.gjj (coil 1 and coil 2) and HTS. Coil 1 is connected in par-

circuit-breakers. To reduce the short circuit current, supercolra| with coil 2 through the HTS. The HTS is arranged inside
ducting fault current limiter (SC-FCL) is expected to be develpq coaxial coils as shown in Fig. 1. The revised FL-FCL has

oped and introduced into power systems [1]. Especially, eﬁo@ﬁnpler configuration compared with the old version.

have been continuously putinto the development of an SC-FCLger the normal condition where the magnitude of the cur-

with high 7. superconductor (HTS) which operates in liquid Nizent ; nassing through the HTS is below the critical currént

trogen temperature of 77 K because of its low refrigeration cogifhe 4TS, the resistance of the HTS is zero because the HTS
and high dielectric §trength [21-[5]. . is in superconducting state. In this case, two coaxial coils are

In_superconducting/normal transition (S/N) type of thennected directly in parallel. When two coils with complete
SC-FCL, the superconducting element must generate & netic coupling are connected directly in parallel, in general,
enough resistance to get the sufficient current limiting effeGh e magnetic flux induced by each coil cancels out each other
To improve the current limiting performance of the SC-FCly, 4 ng voltage across two coils appears. Consequently, the
with the HTS, we have proposed flux-lock type fault currenp,hegance of the FL-FCL is almost zero. In this case, ho mag-
limiter (FL-FCL) which consists of HTS, iron core, three coil$,qtic flux is applied to the HTS. Hence, the degradatior,of
and a magnetic field coil covering the HTS [6]. The basalqincrease in an ac loss do not occur. '

performances of the FL-FCL was estimated by experiments and;qer fault condition, the HTS generates resistance because
computer simulations [6]. The design guideline of the FL-FCl,o overcurrent exceeds. The balance of magnetic flux is

for the case of introducing to electric distribution system Wel?pset. The limiting impedancé;...; appears in the FCL so that

indicated [7]. the overcurrent can be reduced. Furthermore, since the HTS is
exposed to the magnetic flux only during the current limiting
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Fig. 2. \oltage-current density characteristics. Fig. 4. Resistivity-current density characteristics.
TABLE |
SPECIFICATIONS OFCOILS FORFL-FCL
coil 1
turn number 332
layer number 4
thickness 1 mm
self inductance L1 12.83 mH
02k 4 coil 2
turn number 166
i ] L ] " 1 " 1 1 1 be 2
%9 20 40 60 80 100 Y richnese 0.5 10mm
Magnetic flux density B (mT) self inductance Lo 3.25 mH
mutual inductance M 6.39 mH
Fig. 3. Dependence of critical current density on magnetic flux density. (coupling coefficient k) (0.99)
A. HighT. Superconductor simplicity, we assumed that the Bi2223 bulk was cooled enough

It was assumed that a Bi2223 bulk made by sintering [8] wa® that the temperature rise induced by joule heat generating in
adopted as the HTS. We designed the FL-FCL on the basis of the Bi2223 bulk was neglected. In the design of the FL-FCL
generating characteristic of a flux flow resistance in the Bi222#scribed below, we use rod-shaped Bi2223 bulk of 12rim
bulk. At 77 K and in the absence of magnetic flux density (Bross section. In this case, the critical currégtin the absence
mT), the voltage per unit lengthy [V/m] generating in the of magnetic flux density is 32 A.

Bi2223 bulk has been derived from our experiments as a func-
tion of current density [A/m?] as follows [9]: B. Design of FL-FCL With Two Air-Core Coils

Fig. 1 and Table I show the dimensions of FL-FCL and the de-

0 7 < J. . L . .
_ s (< Jeo) sign specifications of coils for FL-FCL, respectively. We can ac-
vo =4 —2.06+5.69 x 107%) 1) tually make rod-shaped Bi2223 bulk of about 140 mm in length.
+2.35 x 1071652 (G > J) Thus, inside diameter of coils was set to be 216 mm so that the

rod-shaped bulk could be arranged vertically to the central axis
where J, is the critical current density (3.2 10" A/m?) at  of coils. The length of coils is 300 mm. The superconducting
77 Kand O mT. tape wire of 3.6 mmx 0.25 mm in cross section is supposed
The voltage versus current density characteristic at 77 K agiflhe used as the coaxial coil wire. The number of turns of coil
0 mT (vo — j characteristics) is shown with solid line in Fig. 2.1 and coil 2 are 332 and 166, respectively. In this case, self in-
The critical current density., corresponds to the intersectiongyctances of coil 1 and coil Z( and L) are estimated to be
of the solid line and the axis of abscissa. 12.83 mH and 3.25 mH. A mutual inductant£ between two
When magnetic flux densiti is applied to our Bi2223 bulk, cojls is evaluated to be 6.39 mH. Hence, the coupling coefficient
Jeo decreases td.(B). Fig. 3 shows the dependence.bfon 1 (= A1/\/T1L5) s calculated to be 0.99. This means that good
B for the case thaB is applied vertically to the current passingmagnetic coupling is realized in this FL-FCL.
through the Bi2223 bulk [10]. We supposed that the relation- |y the case of FL-FCL, wheh ~ 1, the initiation current;,,;
ships between the voltage and the current density ( char-  of the limiting process is given by next expression [6]
acteristics) in the magnetic flux application phase were repre-
sented by making a parallel translation of the— j curve for Lo
no magnetic flux. On the basis of the reduction/inshown in Tini = <1 + V7, ) Leo. @)
Fig. 3, we got — j characteristics for the casesBf= 20 mT,
40 mT and 60 mT as shown by dotted lines in Fig. 2. As inductance ratid.o/L; is almost 1/4 in our desigr;,,;
We can obtain the resistivifyof the Bi2223 bulk by dividing is about 1.5 times as high as the critical currégtof Bi2223
v with j. Fig. 4 indicates the dependenceg @i j (p — j char- bulk. Sincel, is 32 A as described in previous sectidp,; of
acteristics). The highes is caused by the larggrand B. For the FL-FCL is 48 A.
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It is assumed that two coils are wound so that the magneti z 800
flux generated by the coils will compensate each other whe :E’ g
coil currentsl; andI, flow from the source side to load one as £ -400
shown in Fig. 1. This configuration allows our FL-FCL to have g -800
very small impedance and magnetic flux density in the norme |,

operating state. The impedance of the FL-FCL in normal stat . 800F " < bom ' /L\ o ,"\'\ l:
is calculated to be 0.012 (60 Hz). The flux density inside the §« 400 .-/’\ . ot N N
coils is estimated to be 0.1 mT, which hardly brings degradatio § _403 - &
of the critical current in the HTS as seen from Fig. 3. é l-ggg: ]
C. Simulation Condition 1600

1200

The current limiting performance of the FL-FCL designed ~ ggo
in the previous section was simulated for the circuit in Fig. 1 = 400
The magnitude and frequency of the source voltage are 200 8 408‘
and 60 Hz, respectively. We supposed that the circuitimpedan: 5 -800 \ . ]
composed of only reactance component whose inductange -1200f- prospective fault current  limited fault current

was 1.0 mH. From Fig. 1, the following differential equations -1600

T TR
[N NN

with the winding current$; andi, can be obtained: o 1 T — 100
a)[-' -~ |B| t‘s -~ _- 50 2
S , «5 100 2 1Y 2
Lo dtis) i di £% 7(\( ," /\\' /\\ 0 =
cir — 1, >, 3, o
dt Ut dt L= 50 o ‘\_ dso E
8 i
= V2Esin(2r ft + 6) 3) < o . L -100°
o , , (d)
d(i1 + i2) dis diy lse . 8
Lejy——r22 4 Ly—2 — M~ i ~ Fw T i 1
i 7 + Lo o 7t +pASCL2 s o without B ith B ]
Q Wi = -~ -~ fr =~ ~) 7
= V2Esin(2r ft + 6) (4) g ‘21_ \‘ :l \\‘ 'l' \ .,' ¥
@ q )
-4 q ) h
H H H Q 1 1 1 | | 1
wheret is the elapsed time from the fault occurrenées a & 00 0.01 0.02 0.03 0.04 0.05
phase angle of the source voltage at 0, [,. and A,. are the Time (s)
total length and cross section of Bi2223 bulk. Equations (3) an (e)
(4) we solved under the initial condition thatandi, were zero
att = 0. In this paper, we supposég. = 100 m andA,. = Fig. 5. Typical waveforms for the case &f= 0°. (a) Current, (b) current

1 mm2 respectlvely In this case, many bulks are connected“’m (c) fault current;, (d) magnetic flux densityB]|, (e) resistancé,..

series inside the coils as shown in Fig. 1. The resistiyityf
the Bi2223 bulk can be expressed as a functioi ahd B as iy, i, and fault current. The dc component ify is reduced to
indicated in Fig. 4. It was assumed that uniform magnetic fluzero by the resistance of the HTS although that inemains.
density was applied to the whole part of the bulk. The maximum value of each curreft,,, I»,,, andI,, are
118.3 A, 64.7 A and 162 A and are suppressed down to 24.5%
(118.3/483), 6.7% (64.7/963) and 11.2% (162/1446), respec-
) tively. As shown with the broken lines in Fig. 5(a) and (b), the
A. Typical Waveforms winding current; is in-phase withi; and the magnitude af,

Typical waveforms for the case é6f= 0° are illustrated in is almost half of that of, when the HTS does not transit from
Fig. 5 to discuss the current limiting performance of the air-cotbe superconducting state to the normal state. Since the turn
type FL-FCL. Fig. 5(a)—(c) shov; passing through coil Z, number ratio of two coils isV;: No = 1: 2, magnetomotive
passing through coil 2 and the fault currérh these figures, the force of the coil 1.V;¢; is almost equal to that of the coil
“prospective” currents, which flow through each branch if thg, Naiz, so that the magnetic flux density inside the coils is
HTS keeps to be in superconducting state, are also plotted walimost zero.
broken lines. Fig. 5(d) indicates the magnetic flux dendity = On the other hand, when the HTS transits to the normal state
applied to the Bi2223 bulk and. Fig. 5(e) shows the resistanceby the overcurrent, there is a phase difference of aboub@0
of the Bi2223 bulk. tweeni, and B as shown in Fig. 5(d). As the Bi2223 bulk

Itis found from the broken line in Fig. 5(a)—(c) that the maxgenerates resistande,. when the overcurrent flows through
imum dc component is included in each prospective curreRL-FCL, the balance ofVyi; and N»iy collapses and theR
without S/N transition of HTS. The maximum values of thés induced inside the coils. At the same time, the phasg of
prospective currents foiy, i,, andi are 483 A, 963 A and leads largely thai, by the resistance of the HTS, so that there
1446 A, respectively. is large phase difference betwegnand B.

For this serious fault condition, it is pointed out that the Inthe case off = 0°, in spite of phase difference of almost
FL-FCL designed by us can greatly reduce winding curren® between, andB, the relatively large magnetic flux density

IV. SIMULATION RESULTS OFLIMITING PERFORMANCE
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The smalle® brings slightly larger difference df,,. The peak
value of currenfl,,, is suppressed down to 86% énr= 0°, 91%
onf = 90° by the presence aB.

As described in previous section, there is a phase difference
of about 90 betweeni, and B independently of. When#f is
large, little dc component remains . Thus, when, reaches
the peak valuel3 is not applied to the Bi2223 bulk effectively, so
that little current limiting effect is realized by the application of
B. On the other hand, in the case of sntalthe relatively large
dc component is included. Therefore, whgmeaches the peak
value, the relative larg® is applied, so that the large current
limiting effect is realized by the application &f.

V. CONCLUSION

In this paper, we evaluated the current limiting performance
of the modified FL-FCL with two air-core coils considering the
v — j characteristics of Bi2223 bulk. As a result, it is pointed
out that even if the air-core coils are used instead of iron core,
the fault current can be suppressed sufficiently. It is also found
that the current limiting performance is improved slightly by the
application of magnetic field.

Fig. 6. Dependence of maximum value of fault current on phase angle at fault

occurrence. (a) Without FL-FCL and with FL-FCL (wif®). (b) WithoutB and

with B.

of 60 mT imposed on the HTS because of the significant tran-
sient dc component iB. Fig. 5(e) indicates that the resistance
of Bi2223 bulk is enlarged from 4.93 to 6.382 by the appli-

cation of B.

B. Dependence of Current Limiting Performance on Phase

Angle of Voltage Source at Fault Occurrence

Fig. 6(a) shows the dependences of the peak valiesf
prospective fault current and limited fault current énin the
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