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Design Guideline of 
Flux-Lock Type HTS Fault Current Limiter 

for Power System Application 
T. Matsumura, H. Shimizu and Y. Yokomizu 

Abstract- We have proposed a “Flux-Lock” type high T, 
superconducting (HTS) fault current limiter (FCL) com- 
posed of the flux-lock reactor with HTS element and the 
magnetic field coil circuit, In this FCL, the initial lim- 
iting current level can be arranged by setting inductance 
combination of the flux-lock coils and an ac magnetic field 
is applied to the HTS to get higher resistance only in a 
current limiting phase. This paper describes design guide- 
lines for the HTS-FCLs. The impedances of the FCLs were 
expressed as a function of the product of the normal resis- 
tance and the square of the quench current level, which we 
have proposed to refer to as ‘Lquench power”. Supposing 
the FCLs are introduced into the extra-high voltage trans- 
mission system and power distribution system, the “quench 
power” necessary for the FCLs to suppress the fault current 
under the required level was discussed. 

Index Terms-fault current limiter, high Tc superconduct- 
ing element, magnetic field, resistance 

I .  INTRODUCTION 

UPERCONDUCTING fault current limiter with high S T, superconductor (HTS) is expected to  be introduced 
into electric power system as an effective countermeasure 
for the increase of the short-circuit current due to  the 
growth of the electric power system. Many researchers 
have attempted to  increase both the current capacity and 
the normal resistance of the HTS element for the applica- 
tion to  the fault current limiter[l]-[B]. The higher tran- 
sient resistance in the HTS element can be obtained by 
the application of the higher magnetic field. However, the 
application of the magnetic field does not always improve 
the FCL performance because of the degradation of the 
critical current level[7]. 

In order to improve the load current-carrying capability 
and the fault current limiting performance, we proposed 
a “Flux-Lock” type fault current limiter (FCL), which 
consists of a flux-lock reactor with HTS element and a 
magnetic field coil covering the HTS element[l][8]. In this 
FCL, the initial limiting current level can be controlled by 
adjusting the inductances of the coils. Furthermore, an 
external a.c. magnetic field is applied to the HTS element 
to get higher resistance only in the current-limiting phase. 

This paper discusses the performances of the supercon- 
ducting elements required to fabricate the “Flux-Lock” 
type FCLs for power system applications. Firstly, it is 
pointed out that the current limiting characteristics of the 
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superconducting FCL can be expressed as a function of 
the product of the resistance and the square of the criti- 
cal current of the superconducting element. We has been 
proposed to refer to  the product as “quench power” be- 
cause of its dimension[9]. Secondly, assuming that the 
“Flux-Lock” type fault current limiters are introduced to 
extra-high voltage (500 kV) power systems and 6.6 kV 
distribution systems, the design guideline of the “Flux- 
Lock” type FCL is described from the viewpoint of the 
required magnitudes of the “quench power”. 

11. “FLUX-LOCK” TYPE FAULT CURRENT LIMITER 

A .  Structure of the FCL 
Fig. 1 shows a fundamental configuration of the “Flux- 

Lock” type FCL with a high T, superconductor. The FCL 
consists of a flux-lock reactor and magnetic field coil cir- 
cuit. The former is composed of coil 1 and coil 2 which 
are connected in parallel through an HTS element. The 
latter is constructed by coil 3, a magnetic field coil, a se- 
ries resistor and phase adjusting capacitor. Coil 1, 2 and 
3 are densely wound on the same iron core to  reduce the 
leakage flux. 

B. Normal load condition 

given by: 
In Fig. 1, the voltages across the coil 1, 2 and 3 are 

where, n1, 722 and 723 are numbers of turns of the coils, @ 
is the magnetic flux through the iron core, i.e., the flux 
linked commonly in the three coils. In (l), “-” corre- 
sponds to  the case that the coils 1 and 2 are wound to  
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Fig. 1. Configuration of the “Flux-Lock’’ type fault current limiter. 
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decrease the flux each other, and “+” means that the coils 
1 and 2 are wound to increase the flux each other. 

Under normal condition when load current passes 
through the FCL, the HTS element is in superconduct- 
ing state, so that the voltage across the element is zero. 
Then, coil 1 and 2 are electrically directly connected in 
parallel, thus, 

v1 = 112 (2) 
From (l), we gct 

When n1 k n 2  # 0, 

= o  d@ 
d t  
- 

(3) 

(4) 

Equation (4) implies that the linkage flux is locked in 
a d.c. mode, so that the voltages across the three coils 
must be zero. In other words, a negligible low impedance 
is realized in the FCL for a normal load current. Further- 
more, since the field current if does not flow in this case, 
the HTS element is not exposed to magnetic field. Thus, 
no deterioration of the critical current by external mag- 
netic field is brought about in a superconducting state of 
the HTS element. 

C. Short-circuit fault conditaon 
When the HTS element loses its superconductivity ow- 

ing to an overcurrent and has somewhat resistance due 
to an overcurrent, (2) and (4) are no longer established. 
Thus, @ varies with time and the voltages across the coils 
are induced. In consequence, limiting impedance appears 
in the FCL, so that the overcurrent can be reduced. Si- 
multaneously, if  begins to flow in the magnetic field coil 
a.nd then the external ax .  magnetic field is applied to the 
HTS element. This operation causes the resistance of the 
element to get higher effectively. This FCL has a self- 
triggering mechanism and no additional cxternal power 
source for applying magnetic field. 

D. Current limiting impedance 
In Fig. 1, supposing that the capacitor C is arranged 

to be resonated with the magnetic field coil Lf (i.e., 
wLf - l /wC = 0 ) ,  no leakage flux exists and the normal 
resistance Rsc(B) of the HTS element under the magnetic 
field condition is constant, the limiting impedance ZFCL, 
the branch current ISC passing through the HTS element 
and the field current If are expressed as follows[9]: 

ZFCL = (5) 
j w h R s c ( B )  

Rsc(B)+j { W ( & S ~ ) ~ +  %Rsc(R)}  

TABI,E I 
PROPERTIES OF IITS ELEMENT DISCUSSED 

quench (critical) current I I” 
I 

normal resistance 
no magnetic field condition 1 Rsc 
magnetic field condition Rs;c(B) 

resistance rise ratio due to 
the magnetic field application K 

where, L1, L2 and L3 are the self-inductances of the coils, 
R is the series resistance of the magnetic field coil circuit, 
w is angular frequency and IFCL is the whole current pass- 
ing through the FCL. 

The initiating current level of limiting action I j n i  is given 
as IFCL when ISC reaches the critical current of the HTS 
element Iq. Hence, inserting Rsc(B) = 0 and Isc = I,-, in 
(6), Iini is given by: 

/ I-=--\ 

I j n i  = [ 1 It Iq 

111. CURRENT LIMITING PERFORMANCE OF 
“FLUX-LOCK” TYPE PCL IN POWER SYSTEM 

A .  Current limiting resistance and reactance 
Supposing that we use the HTS element of which prop- 

erties are listed in Table I, the limiting impedance ZFCL 
of the “Flux-Lock” type FCL can be rewritten as follows; 

(9) 

it is pointed out that the “Flux-Lock” type FCL is resis- 
tive when the reactance wL1 of the coil 1 is much larger 
than the normal resistance nRsc, because the quench cur- 
rent Iq is usually arranged to be lower than the initiating 
current 1;”; in the “Flux-Lock” type FCL. In other words, 
the reactance component of the “Flux-Lock” type FCL 
may be ignored when the coil 1 is significantly wound 
around the core in the same manner as a transformer. 

B. “Quench power” 
Note that in (10) and (11) the term “RscI;” appears 

instead of the inductance Lz in (5). This means that the 
resistance and reactance of the “Flux-Lock” type FCL 
are expressed as a function of the product, of the norinal 
resistance and the square of the quench current Rsc I:. 
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prospective 
short-circuit 

current 
system impedance 

viewed from 

TABLE I1 
SUPPOSED POWER SYSTEM CONDITIONS 

1 1  extra-high 1 distribution 

Ipse 80 kA 10 kA 

XWC: 3.6n 0.38R 

Of 
limiting action 

- - -  
fault point 

initiating current I II I 
I in i  10 kA 1 kA 

The term of RscIz may be interpreted as a dissipated 
power in the HTS element if the quench current Iq is 
kept to flow after the quench without magnetic field ap- 
plication. Thus we propose to  refer to RscIz as “quench 
power”. 

The superconducting elements are usually characterized 
by two terms of the quench current level and the nor- 
mal resistance to  be applied to the fault current limiter. 
However, our proposal allows that each HTS element with 
same value of the “quench power” is treated as one hav- 
ing same current limiting performance even if their quench 
current levels or normal resistance are different each other. 

C. Current limiting factor 
Supposing that the “Flux-Lock” type FCL is intro- 

duced to  the electric power systems listed in Table 11, the 
current-limiting factor  PI;,;^, which is defined as the ratio 
of the limited current IFCL at the current limiting phase 
to the prospective short-circuit current Ipse, is given by 

IFCL (at limiting phase) 
JPSC 

Plimit = 

Iv. CORRELATION BETWEEN CURRENT LIMITING 
FACTOR AND L L Q ~ ~ ~ ~ ~ i  POWER” 

Using ( lo) ,  (11) and (13), the current limiting factor 
is estimated for the “Flux-Lock” type FCLs that are de- 
signed to be introduced in the extra-high voltage power 
system and the distribution power system, whose numer- 
ical conditions are described in Table 11. In these calcu- 
lations, it is assumed that the ratio wL3/R is 0.075 (for 
example, L3 = 10 mH, R = 500) and the application 
of the magnetic field make the resistance to be twice a.s 
large as that under the condition of no magnetic field (i.e., 
K = 2). 

A .  Dependence of Plimit on L1 

Fig. 2 shows the dependence of the current limiting fac- 
tor Plimit on the inductance of coil 1 L1 taking the “quench 
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(b) 6.6 kV distribution power system 

Fig. 2. Dependence of current limiting factor on inductance of the 
coil 1 and “quench power” ( w L z / R  = 0.075, IE = 2). 

power” RscI: as a parameter. Figures (a) and (b) are the 
cases of the 500kV extra-high voltage system and 6.6 kV 
distribution one, respectively. In both cases, the larger 
“quench power” causes the smaller current limiting factor. 
When the L‘quench power” is relatively large, the current 
limiting factor decreases with increase in the inductance 
of the coil L1. On the other hand, at the relatively small 
LLquench power”, Plimit  indicates a minimum value at small 

For example, in the extra-high voltage system, the 
“quench power” of 300 MW can reduce the fault current 
to half with the inductance of the coil 1 above 20 mH. This 
value of the “quench power” is about 1000 times a large 
as that in the distribution system. I t  is considered to  be 
brought about by the difference of X S ~ S I ? ~ ~  between the 
extra-high voltage system and the distribution system. 

B. Required “quench power” 

Fig. 3 illustrates the dependence of the “quench power” 
on the current limiting factor taking L1 as a parameter in 
order to  estimate the magnitudes of the “quench power” 
and L1 required to reduce the fault current to the desig- 
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Fig. 3.  Required “quench power” and inductance of coil 1 for lim- 
iting fault current ( w L s / R  = 0.075, K. = 2). 

nated level. Figures (a) and (b) are the cases of the 500 
kV system and 6.6 kV system, respectively. 

In both cases, in order to significantly reduce the fault 
current, i.e., to lessen the current limiting factor P l i m i t ,  

we have to take a relatively large L1. On the other hand, 
under the condition of the relatively small L1, we can 
not effectively reduce the fault current even if the huge 
magnitude of the “quench power” is adopted. 

If the fault current is directly limited only by the re- 
sistance Rsc of the HTS element without the magnetic 
field application, the required “quench power” of the HTS 
element is expressed as a function of the current limiting 
factor P1imit by 

R ~ ~ I , ~  = xsys~i2,; (14) 
% n i t  

The cases of the direct use of the normal resistance in the 
HTS element are also shown in Fig. 3 with shin lines. As 
shown in this figure, by arranging the inductance of the 
coil 1 properly, the “Flux-Lock” type FCL can be manu- 
factured so that required “quench power” is much smaller 
than that in the direct-use-FCL of the HTS element. This 
is an advantage of the “Flux-Lock” type superconducting 

V. CONCLUSION 
The current limiting performance of the “Flux-Lock” 

type HTS fault current limiter was analyzed from view 
point of the application to 500 kV the extra-high voltage 
power system and 6.6 kV distribution power system. It is 
pointed out that the current limiting performance is ex- 
pressed as a function of a new concept of the ‘(quench 
power”. The “quench power” required to significantly 
limit the fault current can be reduced in the “Flux-Lock” 
type FCL by taking the relatively large inductance of the 
coil 1. 
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