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Preliminary Experiments on Saturated DC Reactor
Type Fault Current Limiter
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Abstract—Preliminary experiments have been performed on e iy
our proposed saturated DC reactor type superconducting fault
current limiter (SFCL). The proposed SFCL is similar to a DC ZAN v V4N i
reactor type but an additional control winding is used. The DC < Y > i '
bias current in the control winding saturates the core. TheB-H N fault
curve of a magnetic circuit shows that low inductance value can DC reactor * control winding Tul
be achieved in saturated region and high value in unsaturated AC source

region. The inductance of the saturated reactor depends on type
of magnetic material, core size, number of turns and biasing
conditions. The gdvantage of this type of SFCL over the existing Fig. 1. Circuit diagram of proposed SFCL whégereactor current;,: bias
DC reactor type is that, it shows low inductance value at normal cyrrent,i,: load current.

operation and high value during fault time. On the other hand, the

present DC reactor type SFCL shows a fixed value of inductance . . A

both in normal and fault time. In our experiment, we observed : : B
the inductance behavior of the saturated reactor by changing the
control current. In order to make the work simple and convenient
we have chosen a ferrite core. The experimental results are
presented in this paper.

Flux density

Index Terms—Bridge type, fault current limiter, saturated dc re-

actor. ’
M ': ; T Magnetomotive force

|. INTRODUCTION 5 i

ANY CIRCUITS and topologies about superconducting §,, é §,,

fault current limiter (SFCL) are available today and - >ie g »ie =l

some of them are well known as non-S/N transition type; for £ 2 g!

example [1]-[5] etc. A new DC reactor type superconducting & b i 2 %

fault current limiter (SFCL) has been proposed in a paper [6].
We described the details of the circuit and performed some
simulation test of that type. Now we have carried out Sonmy. 2. Principle of operation of the proposed SFCL.

preliminary experiments using copper wire instead of super-

conducting wire to check the principle of operation. Howevegirculating current and the control winding carries DC bias cur-
superconductor can be used in the both coils to reduce volupagt from an isolated source. In normal operation, feeding high
and loss. Here a brief description is given about the circuit agst pias current in the control winding the reactor is brought to

Magnen‘zaﬂon Curve (B-H)

its operational principle. saturation condition.
The inductance value depends on the saturation or nonsatu-
[l. CIRCuIT DESCRIPTION ANDPRINCIPLE OF OPERATION ration condition of the core; a higher value in nonsaturated con-

The schematic diagram of the proposed SFCL is shown @ion and a lower value in saturated condition. When the short
Fig. 1. This type of SFCL is similar to the bridge type SFCICircuit fault occurs, the source voltage appears across the in-
[2], [7] but a saturable DC iron-core reactor is used instead gector and inductor current starts increasing. So, depending on
air-core reactor. The saturable reactor consists of two windindf3e réactor’s condition the fault current rises at different rate;
the main winding and a control winding. They are connectd@pidly rises in saturated mode and slowly rises in nonsaturated
in such way so that the flux produced by both winding oppodBode of the reactor.

each other. The main winding carries rectified line current and The ideal magnetizingg—H curve of a iron core is shown in
Fig. 2. In the diagram, the curve COD represents unsaturated
. . , . portion of the magnetizing curve. The width of this unsaturated
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by Kansai Electric Power Company Ltd. region is MN in the horizontal direction. The DC bias currgnt
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TABLE | (mH) 10> T
SPECIFICATION OF THEDC REACTOR
f=60Hz
Core type TDK PC30/T68-13.5-44 N=75 turn
Main coil turns 75
Control coil turns 100 ;=100 turn
Main coil wire size 0.95 mm? 10 PC30 E
Control coil wire size 0.196 mm? . T68-13.5—44
Main coil resistance 0.3Q =
N
Control coil resistance 0.9 Q 2
Inner diameter 44 mm .g
Quter diameter 70 mm =
Cross sectional area 1.62 cm? k=
Maximum flux density 510 mT
Non-saturated inductance 42 mH
Saturated inductance 0.2 mH
-1 2

10

L 0 1 2
NZ
control current I (A)
L
I Fig. 4. Inductance at different control current.
b
AC source i . iy
load
Fig. 3. Instrument setup in measuring inductance. Vi T l” Vi i R=24Q
v, b
N AN
nonsaturated region by increasing the reactor cuiteir this e . e
A h . . reactor control winding v
case the operating point moves to the PO direction through the
path ABCO. auto-transformer relay

In normal operation, the reactor coil carries normal line cur-
rent. The combined effect of reactor currénand bias current Fig. 5. Experimental setup diagram.
11, keeps the operating point at B in the saturation region. The
reactor shows low inductance in this region which is requiréthe reactor inductance was monitored at every 0.1 A step in-
in normal condition. When fault occurs, the fault current bringsrement of the control current. The measured inductdnas
the core to the unsaturation region moving the operating popiotted in Fig. 4 by varying the control curreht. The value was
through the BCOD path. The high inductance value in BOCmeasured by impedance meter (HIOKI 3530 LCR Hi TESTER)
path limits the fault current. As the fault current continues tap to 2 ampere of control current where its value is approxi-
increase, after certain interval the operating point shifts beyonthtely 0.2 mH. On the other hand, at zero control current the
the boundary of MD line and the core again goes to the saturensaturated inductance value was measured 42 mH. By using
tion region. Therefore, the unsaturated width MN is the curreatcurve fitting technique we found a relationship between re-
limiting region and it is used to limit the fault current. In the satactor inductancé,; and its control current;, as follows:
uration region beyond the MD line and the fault current again 0.446
increases rapidly as it is also a low inductance region. Thisre- L; = { . 136
gion can be used to determine the maximum current limiting (In/A +0.018)

+6.6 x 103} mH. (1)

capacity of the SFCL. Inthe equatiorl.; represents the reactor inductance measured
from the main winding side and thg represents the DC control
[ll. PREPAREDSATURATED DC REACTOR currentin ampere. Using this equation we determined the induc-

To carry out a simplest possible experiment we have chost&'i]ce of the reactor while performing different tests at various

a readily available ferrite core instead of a iron core to mafgerI current.

the DC reactor. The specification of DC reactor is described in
Table I.

A troidal ferrite core is used in the DC reactor. The main coil The experimental circuit is shown in Fig. 5. Input voltage is
that carries rectified load current has 75 turns and the conttaken from a autotransformer and a separate DC current source
coil that is fed by the DC bias current contains 100 turns. Th& connected to the control winding for supplying DC bias cur-
inductance measuring instrument setup is shown in Fig. 3. \Wnt. The model FCL is connected in series with a resistive type
observed the relationship between the inductance of main doikd and set the load value to 24 For making a fault, an elec-

L, and the control (biasing) currefit. A high value of known tromagnetic relay is used instead of solid-state relay. This is be-
inductor (L = 13.4 H) is connected in series with the control circause the solid state relay has some forward voltage drop. So,
cuitin order to reduce the measurement error. This inductor isreking a short-circuit test using that relay is not suitable in our
special kind of superconductor magnet of type SMU80511Q1€mall scale test arrangements. The relay is connected across the

IV. EXPERIMENT SETUP
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V. EXPERIMENT RESULTS AND DISCUSSION

! T * U + 1

. 80 We carried out some experiments with this FCL and discussed
Time (ms) the results below. Some tests are performed at different bias cur-
rentq, in the control coil to observe the limiting performance
and only few of them are shown here. During test the source
voltage and load current are selectedas- 3.5Vandl; = 1.5
A respectively. The fault current with and without connecting
FCL is also observed.

In Fig. 7 the output waveforms are obtained without using any
control current {, = 0 A). The upper curves represent the cur-
rent waveforms of load, main coil and control coil and the lower
m relay  S18nal from microcontroller curves represent the voltage waveforms of source, load and con-

-1 e e T trol coil. The fault making control signal from micro-controller
0 40 Time 80 (me) is shown below of the voltage waveforms. In electromagnetic
relay, some time difference occurs between getting signal and
making contact. This delay of the relay is clearly shown in the
Fig. 7. Testresults without using DC bias current in control coil. There is n@gntro| signal. If we see at the instant of fault making time
clear indication of limiting fault current in the current waveforms. . L .
we found no effective current limiting condition on the current
waveforms. This is because the main coil that carries rectified
load terminal to make an artificial fault. It is controlled usindoad current can easily make the core saturated at the absence of
programmable signals from a micro-controller. Electromagnetiontrol current (operating point moves outside the MD line in
relay can not response instantly, so, certain time delay occurs bag. 2). At saturated condition the inductance value of the coil
tween getting the signal and closing the contact of the relay. Tieows less than 0.3 mH. This small inductance has small effect
photograph of the fabricated saturable DC reactor using ferrda the fault current. So, we could not see any clear current lim-
core with Schottky diode (3WGJ) bridge and the electromadging mode at this condition. On the other hand, in Fig. 8 when
netic relay used in this experiment is shown in Fig. 6. The conentrol currentl;, = 1.5 A is fed in the control winding we
trol current is set to a suitable value (here itis 1.5 A) to maintawbserved a different situation. A clear current limiting period
the operating point in saturation region. We monitored load cusecurs on the current waveforms after the fault. In this case, at
renti;, load voltager;, source voltage,, reactor current,, re- normal operation the control current keeps the reactor in satu-
actor voltages,, control current;, and control voltage;, during rated condition (operating point is at B in Fig. 2). This is hap-
short-circuit tests. pened because the ampere-turn in control winding is higher than
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Fig. 9. Test results with/without using FCL. The upper curves represent .
the fault current waveforms and the lower curves represent the load voltagdl T- Ueda and M. Moritaet al,
waveforms. These tests are performed at different conditions but with same

fault reference signal.

that of the main winding. At the time of fault, the higher fault
current overcome the value of control winding ampere-turn andl3l
brings the reactor in nonsaturated condition. In the waveform it

is shown that the FCL limits the fault current for 10 ms.

In Fig. 9 both current and voltage waveforms are shown atl4]
different biasing conditions of the control coil during fault time.

values compared to other two. In the plot, the dotted curve rep-
resent that waveform. Under such condition, only the system
impedance can limit the fault current. In the lower part of the
figure, all curves represents the voltage waveforms of the three
different tests. Fault is made by short-circuiting the load ter-
minal, so after fault, the load terminal voltage goes to zero that is
clearly shown in the figure. When FCL is not connected to the
circuit the load voltage amplitude shows a higher value com-
pared to the amplitudes of other two waveforms. The reason
is, the FCL itself has some impedance. This impedance is con-
nected in series to the load and some voltage drop occurs across
it.

VI. CONCLUSION

The preliminary experiments of saturated DC reactor type
FCL were performed and the output results have been observed.
The effect of the control current on limiting of the fault current
has been clearly observed which was the main objective of this
experiment. Although the experiment was carried out using a
small ferrite core at very low voltage and current which is far
beyond the capacity of a practical FCL, it was confirmed that
the system worked in current limiting mode based on the prin-
ciple. More research and developing efforts are required to build
and test higher capacity FCL of this type in order to find out the
feasibility for practical use.

REFERENCES

“Solid-state current limiter for power
distribution system,1EEE Trans. Power Deliveryvol. 8, no. 4, pp.
1796-1801, Oct. 1993.

[2] H. J. Boening and D. A. Paice, “Fault current limiter using supercon-
ducting coil,”IEEE Trans. Magn.vol. MAG-19, no. 3, pp. 1051-1053,
May 1983.

B. P. Raju and K. C. Partoet al.,, “A current limiting device using su-
perconducting DC bias application and prospedSEE Trans. Power
Apparatus and Systemsol. PAS-101, no. 9, pp. 3173-3177, Sept/Oct.
1980.

V. Keilinand I. Kovalevet al., “Model of HTS three-phase saturated core
fault current limiter,”IEEE Trans. Appl. Superconductol. 10, no. 1,
pp. 836-839, Mar. 2000.

We have shown two tests results with FCL (using control current[s] T. Ishigohka and A. Ninomiyat al,, “Fabrication and test of cryogenic

and without using control current) and one test results without
connecting FCL taking the same fault event signal. In the wave-g)
forms the solid line of the upper plot limits the fault current for
10 ms at 1.5 A DC control current. Without using DC control

fault current limiter combining semiconductors and DC reactor,” in
Proc. IPEC-Tokyo 26Q0vol. 3, Apr. 2000, pp. 1525-1528.

T. Hoshino, K. M. Salim, M. Nishikawa, |. Muta, and T. Nakamura,
“Proposal of saturated DC reactor type superconducting fault current
limiter (SFCL),” Cryogenics, to be published.

current the system does not limit current like that. Without con- 7l
necting the FCL to the system, the fault current goes to higher

T. Yazawa and A. Ninomiyat al., “Design and test results of 6.6 kV
high-Tc superconducting fault current limitetZEE Trans. Appl. Su-
perconduct.vol. 11, no. 1, pp. 2511-2514, Mar. 2000.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


