2% Mo oIZuol ojE WYY ENE #
BHR7lol SN -2

Characteristics of Transformer-Type SFCL according to
the Connecting Methods of Secondary Coils
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Abstract -~ We have analyzed operating characteristics of transformer-type superconducting fault current limiter (SFCL)
according to the serial or parallel connections of secondary coils with YBa:CusO; (YBCOQ) thin films. The turn ratio
between the primary and secondary coils was 63:21. Transformer-type SFCL using a transformer with secondary
winding of serial or parallel coils could reduce the unbalanced quench caused by differences of the critical current density
between YBCO thin films. We found that transformer-type SFCL having serial or parallel connections induced
simultaneous quench between the superconducting units. The limiting current in the transformer-type SFCL with a
parallel connection was lowered to 30 % compared to the SFCL with a serial connection. In the meantime, when the
currents generated in the superconducting units were similar, the voltage value in the parallel connection was 60 % as
low as that in the serial connection. However, the voltage generated in the primary winding was some higher. In
conclusion, we found that transformer-type SFCL with parallel connection of secondary coils was more effective in fault
current limiting characteristics and in the reduction of the consumption power for superconducting units compared to
those of the transformer-type SFCL with serial connection of secondary coils.

Key Words : transformer-type SFCL, serial or parallel connections, fault current limiting characteristics.

1. INTRODUCTION

(SFCL)
among power devices using superconducting materials is

The superconducting fault current limiter
actively studying around the world. It is very important
that the capacity of the SFCL should be increased to
apply to power system. Consequently, the superconducting
unit with high breaking capacity is widely studying.
However, even if such units were developed, the serial
are still
necessary for the increase of the capacity in the SFCL
[11-[31.

We have been studied the characteristics
SFCL  with
superconducting units. The transformer-type SFCL using

and the parallel connections between units

of a

transformer-type serial  connection of
a transformer with the primary and secondary coils
showed the

superconducting units with

simultaneous quenching between
slight differences of their
critical current densities [4]-[5).

In this paper, we tested the operating characteristics of
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the transformer-type SFCL with a transformer. It has a
primary coil and several secondary coils with three
YBCO films connected in parallel. The parallel connection
methods of secondary circuits are: the serial or the
parallel connections of three secondary coils from the
parallel connection of three superconducting units. We
investigated the fault current limiting characteristics,
power burden of superconducting units, and quench time
compared to the resistive-type SFCL.

2. EXPERIMENTAL

2.1 Structure of transformer—type SFCL

The fundamental structure of a transformer-type SFCL
consists of a transformer including the primary and
secondary coils connected to the superconducting units. In
case of a transformer-type SFCL, the parallel connection
of secondary circuits has two options as shown in Fig. 1:

1) The combination between secondary coils connected
in series and superconducting units connected in parallel
(Fig. 1 ().

2) The combination between secondary coils connected
in parallel and superconducting units connected in parallel
(Fig. 1 (b)).

Fig. 1 shows the equivalent circuits of the transformer-
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Fig. 1 Equivalent circuits of the transformer-type SFCL
according to the serial and parallel connections of
three secondary coils: (a) Equivalent circuit of the
transformer-type SFCL with serial connections of
three secondary coils, {b) Eguivalent circuit of the
transformer-type SFCL with parallel connections of
three secondary coils

type SFCLs connected in the two options. Because the
resistance of the superconducting units connected to the
secondary coils is zero under no fault condition in power
system, the line current (Ip) of the power system flows
without I’R losses. When the fault occurred in the power
line, the superconducting units were quenched, and the
fault current (Ip) was limited by the resistance generated
in the superconducting units.

In the Fig. 1, Ip, Isa, Isg, Isc, Vp, Vsa, Vs and Vsc are
currents and voltages flowing into a primary and three
secondary coils, respectively. Isca, Isce and Iscc are
currents flowing into three superconducting units. Rsca,
and Rsce the generated in
superconducting units after their quenching. Lp is the
inductance of a primary coil, and Lsa, Lss, Lsc are the

inductances of three secondary coils, respectively. Mpis

Rscs are resistances

the mutual inductance between the primary and secondary
coils, respectively.

If we assume that the coupling coefficients (k) between
the coils is 1, and the resistances (Rsca, Rscs, Rsce)
generated in each superconducting unit are the same
value as Rsc, and the inductances (Lsa, Lss, Lsc) of three

secondary coils are identical as Ls, the limited fault
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Fig. 2 Experimental circuit of transformer-type SFCL
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Fig. 3 -V curves of three superconducting units
Table | The Design Parameters for Iron Core and Coils
Iron Core Size Unit
Outer Horizontal Length 340 mm
Outer Vertical Length 340 mm
Inner Horizontal Length 210 mm
Inner Vertical Length 210 mm
Thickness 155 mm
Turn Number of Coils Value Unit
Primary Coil  (Np) 126 Turns
(Nsa) 21 Turns
Secondary Coils (Nsgs) 21 Turns
(Nsc) 21 Turns

current (Ip), the limiting impedance (Zim) and the initial

limiting current (Iin) from the equivalent circuits of Fig. 1

can be expressed as follows:

1) The transformer-type SFCL with secondary coils

connected in series (Fig. 1 (a)).
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Where, Zss is the total impedance of secondary circuit
about a coil in case that three secondary coils were
connected in series. The current (Is) flowing into the
secondary circuit is equal to the currents (Isa, Isp, Isc)
flowing into each secondary coils, and is equal to the
total sum of currents (Isca, Iscs, Iscc) flowing into each
superconducting unit.

2) The transformer-type SFCL with secondary coils
connected in parallel (Fig. 1 (b)).

JW(Ls +2M )+ Zg, Ly Ry
I, = : A (Zgg =77
-3jwM, 2R +3 Wiy 4)
7 _E_ijP(2jwMS—2ijS+ZSB)
e, JwLg +2jwMg + Z, )
I‘:MJC
inr _3MP (6)

Where, Zsg is the total impedance of secondary circuit
about a coil in case that three secondary coils were
connected in parallel. The current (Is) flowing into the
secondary circuit is equal to the total sum of currents
(Isa, Iss, Isc) flowing into each secondary coils, and is
equal to the total sum of currents (Isca, Isce, Iscc)
flowing into each superconducting unit.

In the SFCL with the serial
connection of three secondary coils, we confirmed that
the current (Ip) flowing into the primary coil was higher
than in the SFCL with the parallel connection of
secondary coils from equations (1), (4) because of the
large impedance (Zss) in the serial connection of
secondary coils. It is also certified that the limiting
impedance (Zim) at serial connection of secondary coils

transformer-type

was smaller than those of the parallel connection from
equations (2), (). In other words, the limiting fault
current (Ip) in a transformer-type SFCL with serial
connection of secondary coils was about 3 times as high
as those of the parallel connection.

The initial limiting current (Iis) of the transformer-type
SFCL according to the connecting options of the
secondary coils, when the currents (Isa, Isg, Isc) of the
secondary coils reach the critical current of the
superconducting units, can be obtained from the equations
(1) and (4) by inserting Rsc=0, Is=3lc, and Ip=lLy as
shown in equations (3) and (6). From these equations, the
initial limiting current could be controlled by the
inductance (Lp) of the primary coil and the inductance

(Ls) of the secondary coils. We expected that the fault
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Fig. 4 Current waveforms of the resistive and transformer—
type SFCLs: f(a) A resistive-type SFCL, (b) A
transformer-type SFCL with serial connection of
secondary coils, (¢} A fransformer-type SFCL with
parallel connection of secondary coils

current of a transformer-type SFCL could be controlled
flexibly by these factors.

2.2 Experimental procedure of transformer-type SFCL

Fig. 2 shows the experimental circuit of a

transformer—type SFCL. V, is a source voltage of 200/ V3
Vms. The resistance (Rg) for power line and the
resistance (Rp) for the load are 1 and 50 Q, respectively.
The short circuit accidents were simulated for five
periods by SWs, which is switch for fault condition, after
switch SW; for normal condition was closed at 0° of
fault angle. The superconducting units were fabricated in
the form of meander-line and it was 300 nm thick YBCO
thin films grown on 2 inch diameter Al:Os substrates.

Fig. 3 displays the individual I-V curves of three
superconducting units used in the experiment. The quench
current (I,) was drawn at 1 mV/cm criterion as shown in
dotted line of Fig. 3. The quench current (I,) of each
superconducting unit were slightly different as 19.3, 20.2
and 21 A, respectively.

The design parameters for the iron core and the
primary and secondary coils used in the transformer-type
SFCL were shown in Table I. The inductance (Lp) of
primary coil was 221 mH, and the inductance (Ls) of
secondary coils with the turn number of 21 was 2.9 mH,
respectively.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figs. 4 and 5 are current and voltage waveforms of
resistive and transformer-type SFCLswith the serial or
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Fig. 5 Voltage waveforms of the resistive and transformer—

type SFCLs: (a) A resistive-type SFCL, (b) A
transformer-type SFCL  with serial connection of
secondary coils, (c) A transformer-type SFCL with
parallel connection of secondary coils

parallel connections of secondary coils in case that three
superconducting units are connected in parallel. The turn
numbers (Lp, Ls) in the primary and secondary coils of
transformer-type SFCL are 126 and 21, respectively.

The * fault currents (Ip) of the resistive and
transformer-type SFCLs with the serial or parallel
connection of secondary coils as shown in the Fig. 4
were 109, 55 and 17.3 A, respectively. The current (Is)
flowing into the secondary coil of transformer-type SFCL
was limited by quenching of superconducting unit
connected in secondary coil during the fault duration. At
this time, the current (Ip) flowing into the primary coil
was induced in proportion to turn ratic (Ns/Np) by the
limited current (Is) of the secondary coil. In case of the
SFCL with serial connection of
secondary coils, Is was 109 A, and Ir was 554 A because
of turn number (Np!Ns =126:63). We confirmed that Is
was 1029 A, and Ir of transformer-type SFCL with
parallel connection of secondary coils was 34.3 A because
of turn number (Np:Ns=126:21).

The currents (Isca, Iscs, and Isce) flowing into each
superconducting unit are the same because the resistance
of the superconducting unit are same. Therefore, the
Isca=Isce=Iscc flowing into the each superconducting
unit was 36.6 A for serial connection of secondary
coils, 34.5 A for parallel connection of secondary coils,
respectively. In the Fig. 5, the voltages (Vsca=Vscp=Vsce)
of each superconducting unit with serial connection of
three secondary coils are equal to the total sum of
voltages (Vsa, Vss, Vse) by each coil. However, in case
of transformer-type SFCL with parallel connection of

transformer-type
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Fig. 6 Resistances and consumption powers of the resistive
and transformer-type SFCLs: (a) A resistive-type
SFCL, () A transformer-type SFCL with serial
connection of secondary coils, (c) A transformer-type
SFCL with parallel connection of secondary coils.

three secondary coils, voltages (Vsca=Vscs=Vsce) of each
superconducting unit are equal to the voltages (Vsa, Vsg,
Vse) by each coil. We confirmed that the voltage of
superconducting units at serial connection of coils was 3
times as high as those of the parallel connection.

In the Fig. 5, the quenching times (Ty), which is
defined as the time interval from fault starting point to
the critical current value, were 1.71, 151 and 0.72 msec
for the resistive-type, and the transformer-type SFCL
with serial, or parallel connections of secondary -coils,
respectively, The more T, is shortened, the better quick
limitation of fault current is achieved. As a result, we
estimated that the transformer-type SFCL with parallel
connection of secondary coils could achieve faster
limitation of fault current with the reduction of power
consumed in the superconducting units.

The voltage generated in the superconducting unit
causes on the resistance behavior of the superconducting
unit during the quenching duration. Fig. 6 shows the
waveforms of the resistances and the consumption
powers generated in the three superconducting units
connected in each SFCLs. In case of the resistive-type
SFCL, the (Vsca=Vses=Vsce)  presented  in
superconducting units were 116V, and the resistances
(Rsca=Rsce=Rsce) in the units were about 208  after0.03
seconds from the fault. The resistances in the units in

voltage

case of the transformer-type SFCL were 12 & for serial
connection of secondary coils, 52 for parallel connection
of secondary coils. We found that the resistance
generated in serial connection of secondary coils was
about 2 times as high as that of parallel connection of
secondary coils.
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The consumption power was calculated by the voltage
and the current flowing into the units during the half
cycle as shown in Fig. 6. The consumption power of
resistive-type SFCL was 2838 W, and those of the
transformer-type SFCL with serial or parallel connections
of secondary coils were 1,458 and 460 W, respectively.
Consequently, in case of the transformer-type SFCIL with
parallel connection of secondary coils, the power
consumed in the wunits was diminished because the
current (Isca=Iscs=Iscc) flowing into the units was lower
than that of each unit and the voltage (Vs) presented in
secondary circuit was also decreased.

4. CONCLUSIONS

We investigated and compared the characteristics of
the transformer-type SFCLs with the serial or the
parallel connection of secondary coils after three
superconducting  units were connected in parallel
compared to a resistive-type SFCL. The turn numbers of
the primary and secondary coils were 126 and 21. In case
of the transformer-type SFCL with the parallel connection
of secondary coils, the fault current was reduced to about
80 % of resistive-type SFCL, and to about 30 % of
transformer-type SFCL with the serial connection of
secondary coils because the current flowing into the
primary coil was occurred in inverse proportion to turn
ratio (Ns/Np) of the primary and secondary coils by the
quenching of the superconducting units. The current and
the voltage in the secondary coils were reduced than
other two SFCLs because the structural advantage from
the parallel connection of secondary coils. As a result, the
calculated resistance and the consumption power in
superconducting units with the parallel connection of
secondary coils were also less than those of the
resistive-type SFCL or those of the transformer-type
SFCL with serial connection of secondary coils. The
quenching time of a transformer-type SFCL. with the
parallel connection of secondary coils was faster than
other two SFCLs. In conclusion, we estimated that the
transformer-type SFCL with parallel connection of
secondary coils and three superconducting units was more
effective in the limitation of the fault current and the
consumption power and the quenching time of the
superconducting units compared to the resistive and a
transformer-type SFCLs with the serial connection of
secondary coils.
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