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ABSTRACT Coils excited for high magnetic fields have large discharging time constants owing to high
inductance and low resistance for large operating currents. This type of coil requires a de-excitation system
to reduce the current as quickly as possible when a fault occurs and to minimize the damage caused by
Ohmic heating. This paper introduces a new de-excitation system that rapidly reduces the current discharged
through the dump resistor by using the active current of the secondary coil. To verify the performance of the
proposed method, a de-excitation system utilizing the primary superconducting coil and secondary copper
coil was constructed and discharging tests were performed. Good agreement was obtained between the circuit
simulation and test results. The performance of the proposed system was compared with those of other
de-excitation systems, and it was confirmed that the proposed approach provides a feasible and powerful
means of reducing the fault energy load and that it reduces this load more than the other systems considered.
In addition, the effects of the charging voltage, coupling coefficient, capacitor bank configuration, and diode
on the performance of the de-excitation system were analyzed and information about the secondary section
that most effectively reduces the current was obtained.

INDEX TERMS Circuit analysis computing, coupled mode analysis, de-excitation system, discharging
circuit, fault energy load, protection circuit, quench protection, superconducting coil.

I. INTRODUCTION a high operating current density as well as a large discharge

Excitation coils are used to generate large magnetic fields
instead of permanent magnets in apparatus in which magnetic
fields are employed, such as motors, generators, accelerators,
and nuclear magnetic resonance devices [1], [2], [3], [4], [5].
The magnetic field magnitude produced by excitation coil
is increasing [6], [7], [8]. In order to generate a larger
magnetic field, the number of turns and size of the coil
are increased, and coils that use low resistances to carry
large currents have high ratio of inductance to resistance.
In particular, because a high-field superconducting coil has
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time constant [9], [10], [11], the heat generated by Ohmic
heating can damage the coil system when a normal zone
occurs in any part of a superconducting coil [12], [13], [14].
Therefore, this type of coil requires additional de-excitation
systems to extract the energy from inside the coil quickly
and protect the coil [13], [15], [16], [17], [18]. When a
fault occurs, a resistor is placed into the discharge circuit
to reduce the discharge time constant. Although the size of
the dump resistor must be increased to promote the coil
current decrease, a terminal voltage is produced across the
coil equivalent to the product of the parallel resistance and
the current through the coil. Because the voltage generated
at this time may deteriorate the insulation performance of
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FIGURE 1. Simplified concept of the developed active de-excitation
system using a magnetically coupled secondary coil.
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the coil or even cause insulation breakdown, the size of the
dump resistance is limited [19], [20]. Instead of the parallel
resistance, a quench heater (QH) that increases the series
resistance inside the coil can be used [21], [22], [23]. How-
ever, QHs rely on thermal diffusion across insulation layers;
thus, they are inherently slow and can be massive when
covering a large percentage of the coil surface [19], [24].
In addition, a QH can be damaged by mechanical friction
and may cause electrical breakdown. Therefore, studies have
been conducted to develop de-excitation systems for faster
current reduction. CERN generated an AC field to increase
the series resistance and reduce the energy load to around
85% [19], [25]. Another approach involved switching parallel
dump resistors to maintain voltage, reducing fault energy
to approximately 40% [26]. A varistor was also studied
for protection, which exhibited similar performance to the
resistance switching method [26], [27], [28]. In addition,
an auxiliary method using a magnetically coupled secondary
coil instead of a means of directly increasing the resis-
tance is being studied [29], [30]. This method can facilitate
energy dissipation by enabling the secondary coil current
to flow through the resistance in the secondary coil when
the primary coil is discharged. However, in this method, the
energy consumption is determined by the magnitude of the
induced secondary current. To achieve meaningful protection,
the resistance of the secondary coil must be very low, and
both coils should be well-coupled [15]. When the resistance
is small, a large amount of current is induced, which may
require the use of a metal with lower electrical conductivity
than copper to reinforce mechanical strength [31]. To the best
of our knowledge, there is no reported case of reducing the
quench energy by less than a quarter without exceeding the
voltage.

Therefore, to address faults in high-energy excitation coils,
a protection system with a new approach is required to
rapidly dissipate current and significantly reduce fault energy
loads. This paper proposes an additional de-excitation sys-
tem that injects active current into the magnetically coupled
secondary coil to generate counter-electromotive force in the
primary coil, eliminating the current from the primary coil
more quickly. To verify the proposed de-excitation method,
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FIGURE 2. Operation flow of the proposed de-excitation system.

a protection system using a superconducting coil and sec-
ondary copper coil was constructed and a de-excitation test
was performed. The measured active de-excitation perfor-
mance was compared with that resulting from using only
the dump resistor and secondary passive current. In addi-
tion, the effects of the charging voltage, coupling coefficient,
capacitor bank configuration, and dump diode on the perfor-
mance of the proposed de-excitation system were measured
and analyzed. The analysis results provide insight into the
system configuration and design for applying the proposed
de-excitation system to target coils.

Il. ACTIVE DE-EXCITATION SYSTEM FOR FAULT
PROTECTION

A. MAIN CONCEPT OF DE-EXCITATION SYSTEM

The proposed active de-excitation system is used together
with a dump resistor and magnetically coupled secondary
coil. When a fault occurs in the coil to be protected, the
power supply and coil are separated, and the energy stored
in the coil is consumed by the dump resistor in the form of
a current. In the discharge of the RL system, a large dump
resistor has a small time constant and can decrease the current
rapidly, but the size of the dump resistor is limited because
of the coil terminal voltage generated by the product of the
resistance and the current. Therefore, instead of increasing
the resistance, a method of increasing the rate of reduction
of the primary coil current using the energy consumed by the
current induced in the secondary coil is also employed. The
proposed de-excitation system utilizes a method of injecting
active current into the secondary coil to counteract the current
by generating an opposing electromotive force in the pri-
mary coil, unlike the method of consuming additional energy
by using the passive induced current of the secondary coil.
Fig. 1 provides a schematic of a de-excitation system using
magnetically coupled secondary coils and active current. The
primary coil to be protected and the secondary coil located
outside are magnetically coupled without electrical contact,
and the key idea of this de-excitation system using mag-
netic coupling of the two coils is described by the following
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Faraday electromagnetic induction law:

_ A dia ()
e()=—( e ) (1
A2 (1) = kv/LiLy - ip (1) 2

where ¢ (¢) is the electromotive force of the primary coil;
A1(2) is the magnetic flux linkage generated by the primary
coil; Aqa(¢) is the primary coil flux linkage generated by
the secondary coil; k is the coupling coefficient; L; and
L, are the self-inductances of the primary and secondary
coils, respectively; and i (¢) is the current of the secondary
coil. When the direction of the active current through the
secondary coil is the same as that of the dump current of the
primary coil, k+/LL, has a positive value. A{(¢) is reduced
by the de-excitation current and appears as a component
of the positive electromotive force. When A12(¢) increases,
a negative electromotive force occurs in the primary coil,
which means that an electromotive force occurs to create an
increasing flux linkage. Thus, increasing the secondary coil
current can result in more rapid reduction of the primary coil
current, while simultaneously offsetting the primary coil volt-
age. To obtain a larger counter electromotive force through
(1) and (2), a high coupling coefficient k or a rapid increase
in the secondary coil current is required.

B. PROTECTION SYSTEM STRUCTURE

Unlike the method using only the shorted secondary coil,
the proposed de-excitation method using active current can
rapidly increase the secondary active current even if the resis-
tance of the secondary coil is high or the coupling coefficient
is not large; therefore, the current of the primary coil is rapidly
dissipated. A power supply with a high capacity may be used
to generate the current of the secondary coil, as the current of
the secondary coil must be significantly increased in a short
time to remove the current from the primary coil quickly.
Because it is undesirable to always have a high capacity
power supply to standby for fault protection, we adopted
a method of charging a capacitor and discharging it to the
secondary coil instead of supplying current via the power
supply. Fig. 2 shows the operation flow of the de-excitation
system that injects current into the secondary coil using a
charged capacitor bank. In the normal state, the primary coil,
which is the coil to be protected, is operated with the current
source connected, and the capacitor bank is charged with
the connected voltage source. When a fault signal requiring
de-excitation is detected in the primary coil, the primary
coil is separated from the current source, and de-excitation
is initiated through the dump elements. Simultaneously, the
capacitor bank is disconnected from the voltage source and
connected to the secondary coil to discharge the charged
charge. The secondary coil current is generated owing to the
discharge of the capacitor, and the flux linkage reduced by
the dump in the primary coil is supplemented. Consequently,
an electromotive force is generated to suppress the increase in
the flux linkage change in the primary coil, causing a decrease
in current.
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FIGURE 3. Equivalent circuit of the new active de-excitation system with
a secondary coupled coil.
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IIl. DE-EXCITATION CIRCUIT WITH SECONDARY
COUPLED COIL

A. EQUIVALENT CIRCUIT AND DE-EXCITATION SEQUENCE
The time constant of the current discharged through the dump
resistor is given by T = L/R, i.e., the ratio of the inductance
to the sum of the coil and dump resistances. Therefore, if the
inductance is large or the coil resistance is small, an addi-
tional de-excitation system is needed because the decrease in
current is slow owing to the large time constant. To verify the
feasibility of the proposed de-excitation system effectively,
a superconducting coil with a large time constant owing to
the extremely small coil resistance was utilized as the primary
coil. Fig. 3 shows the equivalent circuit of the de-excitation
system in which the primary and secondary coils are com-
bined. This circuit includes a power supply for providing
current to the primary coil, parallel resistor for the dump,
capacitor for charging and discharging, and voltage source.
The signal processor detects the fault signal from the primary
coil and sends an operation signal to each switch (SW). Fault
detection in high-temperature superconducting magnets typi-
cally employs a critical voltage of 1 ;«V/cm, although various
standards can be selected based on the magnet’s intended use.
After a fault signal is detected, the signal processor controls
each switch once in a predetermined sequence, as shown in
Fig. 4. Because commercial power supplies contain internal
resistances Rps and protection diodes Dpg, the main SW is
connected in series to the current lead of the power supply
to remove the influence of the internal bypass path of the
power supply and to separate it completely from the circuit.
The primary superconducting coil can be described using
the self-inductance Lg and the quench resistance Rg that
rapidly increases during a fault. A primary coil with junction
resistance Ry is connected in parallel to the dump element.
The dump SW, which blocks the current that can flow to
the parallel resistor when charging the current of the primary
coil and creates a detour when a fault occurs, is connected
in series with the dump resistor. The main and dump SWs
adopt a power metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) with a faster operation time and higher
current capacity than mechanical contact SWs. A secondary
copper coil with a resistance Rcy and self-inductance L¢y is
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FIGURE 4. Switching sequence during de-excitation system operation.

connected in parallel with a short SW for the passive current
test and residual current discharge. The capacitor is charged
with Vp, which is the charging voltage of the DC voltage
source, and when a fault occurs, the single-pole double-throw
(SPDT) SW disconnects the capacitor from the voltage source
and connects it to the secondary coil. The two magnetically
coupled coils were placed in a cryogenic environment to
maintain the superconducting state of the primary coil.

Fig. 4 shows the activation signals delivered to each SW
after fault detection. In the normal state before fault detection,
the main and dump SWs maintain close and open states,
respectively. When a fault is detected, the dump SW is firstly
connected during S1 to secure a dump path. When S1 oper-
ation is finished and S2 is started, the main SW is opened to
disconnect the power supply providing current to the primary
coil, and the primary coil current starts dumping with the
parallel resistance. When the primary coil is de-excited, the
charged capacitor is connected to the secondary coil by the
SPDT SW, and S3 operation proceeds. The shorter period
S2, the earlier the active current of the secondary coil is
generated, resulting in faster de-excitation, but S2 was set to
20 ms in this study to compare clearly the current reduction
resulting from using the parallel resistance only with that
achieved by employing the secondary coil current.

B. DE-EXCITATION TRANSIENT CHARACTERISTICS

As illustrated in Fig. 4, the system has four-time sections:
before triggering, S1, S2, and S3. The normal and transient
currents of the primary coil in each session are expressed by
the following equations:

is (t) = Ips, (t < 1), 3)
1 Ry
is<r>=RiS[<Rs+RJ)~e s ‘°)+RP], (to<t<t)
1
)

Lr—t

iy (1) = ig (1) - T V<t <n) &)

where Ipg is the normal operating current of the primary coil,
R is the combined resistance of the primary side (R; =
Rp+Rj+Rys), and each symbol is described in the equivalent
circuit of Fig. 3. During normal operation, the current of the
primary coil is maintained at /pg using a constant current
source. After the de-excitation system is operated, a parallel
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dump element is connected in parallel to the primary coil,
and the current of the power supply is distributed to the coil
and parallel branches according to the resistance ratio. At this
time, a transient current with a time constant of Lg/(Rp +
R; + Ry), as expressed in (4), is included. When the main
SW is opened and the power supply is disconnected, the
current of the primary coil is expressed by (5) and is dumped
in the form of natural discharge according to the RL ratio.
The primary and secondary coil currents during period S3 in
which the charged capacitor is discharged to the secondary
coil are calculated by applying the following the simultaneous
circuit equation:

[ dig (t — ¢ di t—t
Ls is ( 2)+M icu ( 2)

dt dt
+(Rs)is(t—1) =0
dicy (t — 1)

dis (l‘ — t2)
L M

cv dt + dt
+ (Rc +Rcy)icu (t — 1)

1 11—
+1 / icu (Dt + ve (1) = 0,
L C n

(n=1), (6)

where M is the mutual inductance of the primary and sec-
ondary coils, v¢ is the voltage across the capacitor, and R¢
is the equivalent series resistance (ESR) of the capacitor.
A solution of (6) in which i (#) decreases as icy (¢) increases
can be calculated using a numerical analysis method. When
S3 begins, the current of the secondary coil decreases after
increasing owing to the RLC transient characteristic, and
the generated current has an RLC damping characteristic.
Because the resistance of the secondary copper coil is much
larger than that of the primary superconducting coil, the
damping ratio of the secondary coil current can be simplified
as follows:

C-R3
- ALcy’

3 (N
where R, is the combined resistance of the secondary side,
including the coil resistance (R, = Rcy +Rc) and the ESR of
the capacitor. Because the decreasing current of the secondary
coil increases the current of the primary coil, in order to
maximize the effect of reducing the current of the primary
coil, the current of the secondary coil should increase rapidly
and, conversely, decrease slowly. This transient response is
overdamping with a damping ratio greater than 1 in (7), and
the overdamping current of the secondary coil is represented
by the following equations:

ico ) =A- (e —e77) )
V,

A:—P4 )

2 L

Ry — =&~

2
(€ =
' Lcu Lcu LcyC

68635



IEEE Access

Y. Choi et al.: Active De-Excitation System Using Magnetically Coupled Secondary Coil and Charged Capacitor

o Secondary coil
) il O Primary coil [ I R Primary coil

C =200 mF

0.1 02 03 0.4 0 0.1 0.2 03 04
Time aftert2 (s) Time aftert2 (s)

Secondary coil
75 Primary coil 75 [_\
50 Secondary coil

"""" Primary coil

Current (A)
g

Current (A)
N
&

)
o

C=10F

0 0.1 02 03 0.4 0 0.1 0.2 03 04
Time aftert2 (s) Time aftert2 (s)

FIGURE 5. Primary and secondary coil currents calculated according to
the damping characteristics. (a) Underdamping (¢ < 1); (b) critical
damping (¢ = 1); (c) over damping (¢ > 1); (d) overdamping (¢ > 1).

2

i) ) o
Ley Ley LeyC

where 7, is the increasing time constant and t, is the decreas-
ing time constant. According to the equations for the two time
constants, in order to reduce the increasing time constant and
increase the decreasing time constant, a larger capacitance is
advantageous, as it satisfies C > 4Lcy /R%. Fig. 5 presents
the numerical solutions of the various damping characteristics
of (6) according to the capacitance values using arbitrary
inductance and resistance values. As shown in Fig. 5a, when
the capacitance is low, under-damping, which is an oscillating
current, occurs, and the current of the primary coil repeatedly
decreases and increases, so the effect of reducing the current
is very small. Fig. 5b demonstrates that the current at the
critical damping that reaches the steady state is the fastest.
The increasing rate of the secondary coil current is fast.
However, the decreasing rate is also fast. As a result, the
primary coil current decreases and then increases. Figs. 5c
and d show the over-damping current, which increases and
then decreases slowly. Because the slow rate of decrease of
the secondary current reduces the effect of increasing the
primary coil current, the larger the capacitance, the slower
the rate of decrease of the secondary coil current, suppress-
ing the repeated increase in the primary coil current.

Ty =2/

C. FAULT ENERGY LOAD FOR SYSTEM PERFORMANCE
EVALUATION

When a superconducting coil exceeds a critical tempera-
ture, critical current, or critical magnetic field, a fault called
quench occurs, which corresponds to a change from a super-
conducting state to a normal conducting state. When a quench
occurs, the resistance of the superconductor is calculated
using the E-J power law using the following equation:

. n—1
Ep ( is(t) ) ’ 12)
Ic (T) \Ic (T 1))

where Ej is the critical quench voltage of 1 uv/cm, ig(?) is the
current of the superconducting wire, and 7 is the index value

Rg(t) =
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FIGURE 6. (a) Manufactured superconducting coil; (b) manufactured
bobbin-free copper coil; (c) assembly schematic diagram of
superconducting coil and secondary copper coil.

of the E-J power law. I¢ (T') is the linearly approximated
critical current, which decreases with increasing temperature
and is obtained from the following equation:

Ico
Tc — 773

where Icqg is the critical current at 77.3 K and T¢ is the
critical temperature of the superconducting wire. Because
the index of a high-temperature superconducting wire is 20—
40 [32], [33], when the quench starts after fault occurrence,
the resistance and temperature increase rapidly. When a
quench occurs, the following thermal equilibrium equation
is satisfied under adiabatic conditions:

I(T) = (Tc = 1), (13)

1
le(T) = & D (Te —T), (14)

—-177.3
where p (T) is the resistivity according to the temperature
of the superconductor, J(¢) is the current density of the
superconducting wire, y is the area of the wire, and C (T)
is the heat capacity. If the temperature term is transposed to
the right side, only the integral of the square of the current
remains on the left side, and the final temperature increase
of the coil is proportional to the integral of the square of the
current. To compare the effects of the decrease in current on
the temperature increase in various de-excitation systems, the
integral of the square of the current was defined as the fault
energy load instead of the accurately calculated increase in
temperature and used as an evaluation criterion.

IV. MEASURED FAULT PROTECTION SYSTEM BEHAVIORS
A. EXPERIMENTAL SETUP

For experimental verification of the proposed de-excitation
system, a primary superconducting coil and secondary copper
coil were fabricated, as shown in Figs. 6a and b. The super-
conducting coil was wound using 4.1-mm-wide 2G GdBCO
tape with a critical current of 160 A or more. The secondary
coil was wound using enameling copper wire with a diameter
of 1 mm. To increase the coupling coefficient by placing
the two coils as close together as possible, a secondary coil
surrounding the primary coil was manufactured using the
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FIGURE 7. Complete system configuration for de-excitation testing in
liquid nitrogen.

bobbin-free winding technique. Fig. 6¢ shows a schematic
diagram of the cross-section of the two coils combined. The
primary superconducting coil was constructed by stacking
five double pancake coils (DPCs) with two single pancake
coils inner jointed, and the connection between the neigh-
boring DPCs was externally joined using superconducting
tape, which was 8 mm wide. The gap between the primary
and secondary coils was 5 mm, and Table 1 summarizes
the specifications of the two manufactured coils. The pri-
mary and secondary coils were insulated with Kapton tape
and epoxy, respectively, and were constructed at the same
height. The critical current of the primary superconducting
coil was measured at 58.78 A, and the normal operating
current was set at 50 A, which is 85% of the critical current.
The numbers of turns in the two coils were 530 and 232,
and the self-inductance of the primary coil was measured to
be 17.40 mH, which was three times that of the secondary
coil. When the two coils were placed at the same height
as the concentric axis, the mutual inductance and coupling
coefficients were measured and calculated to be 7.00 mH and
0.7009, respectively. Fig. 7 shows the configuration of the
entire system configured for the de-excitation experiment.
To maintain the superconducting state of the primary coil,
a performance test was conducted in a liquid nitrogen bath,
and the secondary coil was cooled to 77 K, the temperature of
liquid nitrogen. The self-inductance of the secondary copper
coil was calculated to be 5.73 mH, and the electrical resis-
tance in the 77 K liquid nitrogen bath was measured to be
208.96 mS2. Thus, the minimum capacitance necessary to
satisfy the over-damped condition in (7) was calculated to be
0.43 F. A supercapacitor module with an allowable voltage
of 18 V and capacitance of 61.7 F was used to configure
the capacitor bank. Therefore, depending on the number of
capacitance connections, the capacitance can be adjusted in
four steps from 15.4 F to 61.7 F, and the maximum chargeable
voltage can be adjusted in four steps from 18 V to 72 V.
A DC current source to excite the primary coil, a DC voltage
source to charge the capacitor, and another DC voltage source
to control each SW were installed. Each SW was controlled
by a solid-state relay and an analog output module included
in the data acquisition system. An N-channel enhancement
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TABLE 1. Specifications of superconducting coil and secondary copper
coil manufactured for de-excitation test.

Primary superconducting coil

Inner/outer diameter 70/90 mm
Number of DPCs/SPCs 5/10 EA
Turns per SPC 53
Height 50 mm
Critical current @77 K 58.78 A
Winding length 139.31 m
Self-inductance 17.40 mH
Turn to turn insulator Kapton tape
Secondary copper coil
Inner/outer diameter 100/110 mm
Number of turns 232
Wire diameter/winding length 1.02/76,158 mm
Height 50 mm
Coil resistance @77 K 208.96 mQ
Self-inductance 5.73 mH
Turn to turn insulator Stycast 2850

Magnetically coupling relationship
Gap 5 mm
Mutual inductance 7.00 mH
Coupling coefficient 0.7009
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FIGURE 8. Current of each element and voltage of the primary
superconducting coil resulting from the operation of the de-excitation
system.

mode power MOSFET with a capacity of 660 A, turn-on time
of 40 ns, and turn-off time of 386 ns was selected for the
main and dump SWs, and a high current relay with a current
switching capability of 300 A was used for the SPDT SW.
In addition, the secondary coil terminal was equipped with
a short SW to configure a protection system using a passive
current.

B. MEASUREMENT OF DE-EXCITATION SYSTEM
BEHAVIORS

The current was measured using shunt resistors installed on
all branches to verify the behavior of the de-excitation sys-
tems with the S1 and S2 times set to 1 and 20 ms, respectively.
The capacitor bank was configured to have a capacitance
of 15 F and was charged to 40 V during normal operation.
Fig. 8 shows the currents of all branches and the voltage of the
primary coil to be protected before and after the de-excitation
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system was triggered. The primary coil was excited with a
current of 50 A, and it remained stable without occurrence
of quench voltage. Because the duration of S1 after the
de-excitation system trigger was very short, at 1 ms, a few
transient currents were distributed to parallel resistances by
(4), and section S2 was started. During S2, the power supply
current was completely cut off and the natural discharge
through the dump resistor began, with the primary coil current
having a time constant equal to the ratio of resistance to
inductance. At this time, the terminal voltage of the primary
coil was generated as the product of the parallel resistance
and primary coil current. When the charged capacitor was
connected to the secondary coil and section S2, where the
secondary active current was generated, the secondary coil
current increased to the maximum value of 117.5 A in 38 ms
and then decreased slowly. The current of the primary coil,
which was naturally discharged, was rapidly reduced owing
to the secondary active current, and the terminal voltage of
the primary coil was also reduced. Manufacturing errors in
the arrangement and shapes of the two manufactured coils
may cause errors in the coupling coefficient. Because the cou-
pling coefficient calculated from the designed shape was used
in the simulation, the measurement and simulation results
for the current of the primary superconducting coil differ
slightly near the maximum increase point of the secondary
coil current, where the slope of the secondary coil current
rapidly decreases. However, the currents for the rest of the
period were mostly consistent, and the fault energy load was
calculated as 121.62 A%s and 123.39 A2s from the simulated
and measured currents for the entire time, respectively, with
an error of 1.43%.

C. COMPARISON WITH OTHER PROTECTION METHODS

For relative evaluation of the performance of this protection
system, it was compared with the conventional protection
method using the passive current of the secondary coil. Fig. 9
shows the simplified circuit configurations of several de-
excitation methods. Fig. 9a depicts the configuration of the
most basic method in which the power supply current is cut
off and discharged using only the parallel resistor Rp. Fig. 9b
illustrates a method of additionally using a short-circuited
secondary coil magnetically coupled to the system shown in
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FIGURE 10. Primary and secondary coil currents measured in three
protection systems and the passive method simulation results obtained
under different operating temperature conditions.

Fig. 9a. In this configuration, the induced passive current of
the secondary coil, which is generated when the current of
the primary coil decreases, flows through the secondary coil
resistor R, to help consume energy. This method requires a
well-coupled low-resistivity shorted-secondary coil because
a large passive current must be induced in the secondary
coil to increase the energy consumption [15], [30]. Fig. 9¢c
shows the proposed method of injecting the increasing active
current into the secondary coil. In Fig. 10, the measured and
calculated currents of the primary and secondary coils of the
three protection methods are compared. The fault energy load
of the protection method using only the dump resistor was
calculated to be 564.07 AZs. In the passive protection test per-
formed at 77 K, the current induced in the secondary coil was
increased to 5.18 A, and the fault energy load was reduced
by 9.09% compared to that obtained from the method using
only the dump resistor. As the induced current increases when
the resistance of the secondary coil decreases, the secondary
passive current generated at 60, 40, 20, and 4.2 K and the
corresponding primary coil current were simulated. At4.2 K,
which is the vaporization temperature of liquid helium used to
operate the low-temperature superconducting coil, the maxi-
mum increase in current of the secondary coil was calculated
to be 13.21 A, and fault energy load reduction of 15.44%
compared to the dump system was predicted. On the other
hand, in the protection test using the active current at 77 K,
the secondary coil current was increased to 117.11 A, and the
fault energy load was reduced by 78.44% compared to that
when only the dump resistor was utilized.

V. EFFECTS OF SYSTEM PARAMETERS ON PROTECTION
PERFORMANCE

A. EFFECT OF CHARGING VOLTAGE

The de-excitation performance of the proposed protection
system, in which the circuit parameters such as the coupling
coefficient, inductance, coupling coefficient, and resistance
are fixed, is determined by the increase in the secondary
coil current and can be controlled by adjusting the charging
voltage of the capacitor. The maximum allowable voltage of
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FIGURE 12. Measured fault energy loads of coil arrangements with
various coupling coefficients according to charging voltages.

a capacitor bank with four capacitor modules connected in
series was calculated to be 72 'V, and the voltage source used
for charging had an output of up to 60 V. To analyze the effect
of the charging voltage, a de-excitation test was performed
in which five charging voltages in 10 V intervals from 20 V
to 60 V were used considering the allowable voltage of the
capacitor bank and the capacity of the voltage source. Fig. 11
shows the measured de-excitation current and accumulated
fault energy load for each charging voltage. As the charg-
ing voltage increases, the generated secondary coil current
increases, and the primary coil current decreases. The higher
the charging voltage, the faster the current decreases in the
initial large current region, but a counter current is generated
above a certain voltage. When charging at 50 V and 60 V,
a counter current is produced in the primary coil. Because
the generated counter current affects the temperature increase
similar to the forward current, the contribution to the temper-
ature increase was evaluated by calculating the accumulated
fault energy load. Even at the lowest charging voltage of 20 'V,
compared to the de-excitation using only the dump resistor,
the fault energy load accumulated only 43%. The fault energy
load accumulated for 1.6 s was evaluated to be the lowest
in the case of charging at 50 V despite the occurrence of a
counter current of 7.3 A. Once the coil to be protected is deter-
mined, various specifications such as the magnitude of the
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normal operating current, inductance, and dump resistance
are fixed, so the de-excitation performance can be maximized
by adjusting the charging voltage.

B. EFFECT OF COUPLING COEFFICIENT

The size and location of the secondary coil that can be
installed may be limited depending on the shape and structure
of the apparatus in which the coil is used. For example,
there may be cases in which only a small secondary coil can
be installed because the space for the secondary coil sur-
rounding the primary coil is narrow, or the secondary coil
cannot be wrapped around the primary coil and instead must
be placed above and below the latter. In these cases, the
coupling coefficient between the primary and secondary coils
becomes small, and the effect of the secondary coil current
on the primary coil is reduced due to the reduced mutual
inductance. Therefore, a method of increasing the charging
voltage can be considered to overcome the low coupling
coefficient. Fig. 12 shows the fault energy load measured
by the coupling coefficient and charging voltage. To change
the coupling coefficients of the two manufactured coils, the
distance in the z-direction between the primary and secondary
coils was adjusted, as shown in Fig. 12. Half of the heights of
the primary and secondary coils are indicated by center lines
1 and 2, respectively, and the distance between the two center
lines is denoted as D. If the center lines coincide, D becomes
0 mm, and the coupling coefficient is 0.7009, which is the
largest coupling relation among all configurations. When the
z-positions of the bottom of the secondary coil and the top of
the primary coil are aligned, D is 50 mm, and the coupling
coefficient is 0.2847. The de-excitation current was mea-
sured, and the fault energy load was calculated by changing
the charging voltage in 5 V intervals from 15 V to 60 V
in five arrangements in which D was increased in 12.5 mm
increments from 0 mm to 50 mm. Although there is a dif-
ference in the fault energy load reduction ratio depending on
the charging voltage, when charged at 45 V, the fault energy
loads of the cases with coupling coefficients of 0.7009 and
0.2847 were measured to be 139.69 and 262.79 A’s, respec-
tively, and decreased by 75.24% and 53.41%, respectively,
compared to when only the dump resistor was used. In the
case of the lowest coupling coefficient of 0.2847, the fault
energy load was measured to be 224.18A%s when charged to
the set maximum charging voltage of 60 V and was reduced
by 60.26% compared to the dump resistor case. The lower
the coupling coefficient, the more the fault energy load can
be reduced by increasing the charging voltage, but the fault
energy load increases because of the counter current above
a certain voltage. The measured data were fitted using a
two-term Fourier model, and the minimum fault energy load
is indicated by a red dot in Fig. 12. The charging voltages
for the maximum reduction of the fault energy load in the
arrangements with D of 0, 12.5, and 25 mm were evaluated to
be45.3,47,and 57.1 V, respectively. Consequently, there is an
optimal charging voltage for the minimum fault energy load
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FIGURE 13. Comparison of de-excitation system behavior according to
the capacitor bank configuration and the effect of the dump element.
(a) Primary and secondary coil currents; (b) primary coil voltage.

for each coupling coefficient, and as the coupling coefficient
decreases, the optimal charging voltage increases.

C. EFFECT OF CAPACITOR BANK AND DUMP DIODE

To compare the de-excitation operation characteristics
according to the capacitance and ESR, the primary and sec-
ondary currents were measured with different capacitor bank
configurations, as shown in Fig. 13. Capacitor banks with
capacitances of 30, 20, and 15 F were combined using 2 to
4 series connections and a 61.7 F supercapacitor module, and
all capacitor banks were charged with 40 V. Fig. 14a presents
the currents of the primary and secondary coils measured for
each capacitor bank configuration. In the case of 30 F, where
two capacitor modules were connected, the current of the
secondary coil increases the most, and in the case of 15 F,
where four capacitor modules were connected, the current of
the secondary coil increases the least. The fault energy loads
of the system using 15, 20, and 30 F capacitance bank combi-
nations were measured to be 143.60, 131.23, and 124.31 AZ2s,
respectively. Because the ESR of one capacitor module is
22 mg2, the total ESR is also multiplied times the number
of connections when the number of series connections is
increased. When four capacitor modules are connected in
series, the ESR is increased to 88 m£2, so it contributes 42%
of the resistance of the secondary coil (208.96 m2 measured
at 77 K). To compare the contributions of the capacitance
and ESR, the ESR of the capacitor bank was fixed at 22 m£2,
and the currents in the primary and secondary coils according
to each capacitance were simulated and are indicated by the
black solid line in Fig. 13. The simulation results show that
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the maximum value of the secondary current does not differ
significantly depending on the capacitance, but rather only
the rate of decrease varies. Therefore, the difference in ESR,
rather than capacitance, was analyzed as the main cause of the
increase in the measured secondary current. Consequently,
the maximum current was observed when the overall ESR
was the smallest for the 30 F case because the number of
serial connections in the capacitor was the smallest in this
situation. Therefore, it is more important to configure an ESR
smaller than to increase the capacitance of the capacitor bank
to increase the maximum current of the secondary coil with a
small resistance.

The diode connected in parallel with the coil is turned
on when the voltage exceeds the threshold voltage due to
a fault, and the current is passively dumped. Owing to the
passive dump function, a diode can be used with a parallel
resistor as a dump element. To analyze the performance of
the system in which the diode is added, a diode with a
threshold voltage of 0.85 V was inserted into the parallel
branch. Fig. 13a presents the measured currents of the coils
when only the dump resistor is used, a diode is added, the
diode and secondary active current are used together. The sum
of the turn-on resistance of the diode and the resistance of
the connecting line was measured to be 14.34 m€2, indicating
that the total dump resistance of the branch including the
diode was increased. Therefore, the current decreased faster
because it had a smaller time constant than in the system using
only parallel dump resistors. However, as shown in Fig. 13b,
the resistance of the diode itself was added to the parallel
branch, resulting in a larger terminal voltage. In the system
in which the diode and secondary active current are used
together, as the primary current decreases, the coil terminal
voltage becomes lower than the threshold voltage (0.85 V),
and the diode turns off. When the secondary coil current
decreases, the induced primary coil voltage does not exceed
the diode threshold voltage; therefore, the current path does
not exist. Therefore, the primary coil current does not increase
again despite the decrease in the secondary coil current after
reaching 0 A.

VI. CONCLUSION

To overcome the resistance increase limitations imposed by
the generated voltage and low passive induced current of the
secondary coil, a new de-excitation system using the active
current of the secondary coil was developed to remove the
current quickly when a fault occurs. To verify the feasibil-
ity of the proposed method experimentally, a de-excitation
system was constructed and tested successfully. The simu-
lated and experimentally measured fault energy loads agreed
closely, and it was confirmed that the currents of all the
branches fit the test results well. Compared to the conven-
tional method using only a dump resistor that generated a fault
energy load of 564.07 AZs, the protection system using the
passive current reduced the fault energy load to 512.80 AZs,
but the proposed active de-excitation system significantly
reduced the load to 121.62 AZs, which means that the fault
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stability was increased by 78.44%. A secondary coil was
built with 66% of the volume and 44% of the winding of the
superconducting coil. To reduce the volume of the secondary
coil, the coupling coefficient or the current of the secondary
coil can be increased. Experimental analysis was performed
to evaluate the impact of the coupling coefficient and charg-
ing voltage on de-excitation damping efficiency. The analysis
results provide insights into achieving the best de-excitation
performance. The proposed system can be used with the
existing de-excitation method to remove energy faster and can
help suppress the rapid temperature increase of a faulty coil
by reducing the fault energy load.
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