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A high reliability of the quench detection system is required for protection of the superconducting
coil. The primary system is the quench voltage detection (QVD), which uses resistive voltages, while
the secondary system uses hydraulic parameters, such as the temperature, pressure and mass ow.
To set up the criteria of QVD for the Korea superconducting tokamak advanced research (KSTAR)
toroidal eld (TF) coils, we studied the quench behaviors of a TF coil, where quench was initiated
after a transient disturbance had been applied to the initial heated zone, which was located near
the highest B- eld region in the winding pack. Hot-spot temperatures and quench voltages were
analyzed after quench initiation. The threshold voltage and the maximum tolerable delay time for
QVD were determined so that hot-spot temperatures were kept within an allowable temperature
range. The simulation indicates that the threshold voltage is 100  150 mV and that the delay
time is approximately 1s. Based upon this analysis, the TF QVD was fabricated and tested in
the experiment on the KSTAR central solenoid model coil (CSMC). Additionally, the self and the
mutual inductive voltages measured at the QDV should be compensated for below the threshold
voltage. For this reason, a simple compensation method was proposed and was proven to decrease
the inductive voltages by less than 50 %.

PACS numbers: 28.52.Lf, 28.52.Nh
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permanent damage of the magnet [2]. For safe operation
of the superconducting magnets, the protection during
the quench of the system is one of the important issues.
Therefore, predicting a quench phenomenon, such as the

I. INTRODUCTION

The Korea superconducting tokamak advanced research (KSTAR) device is a tokamak with a fully superconducting magnet system, which enables an advanced
quasi-steady-state operation. The major radius of the
tokamak is 1.8 m, and the minor radius is 0.5 m with an
elongation and a triangularity of 2 and 0.8, respectively.
The KSTAR superconducting magnet system consists of
16 toroidal eld (TF) coils and 14 poloidal eld (PF)
coils. The overall con guration of the KSTAR is shown
in Figure 1 [1]. The KSTAR TF coil system provides a
eld of 3.5 T at the plasma center, with a peak ux density at the TF coils of 7.5 T, and a stored energy is 470
MJ. The nominal current of the TF coils is 35.2 kA with
all coils in series. In the operation, the TF superconducting coils can be disturbed by local dissipation of energy
due to the conductor motion, epoxy-resin cracks, ac loss,
nuclear radiation from the plasma, and so on. Such a disturbance can induce a local temperature rise, eventually
leading to quench. If the stored energy in the KSTAR
TF coils is not discharged in a quench condition, the
normal regions' growth don't keep the conductor temperature at a low and safe value, eventually leading to a
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Fig. 1. KSTAR Tokamak con guration (PF: poloidal coil,
TF: toroidal coil).
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Table 1. Speci cations for the TF coil conductor.
Parameter
Value
Strand
Superconductor
Nb3 Sn
Strand diameter
0.78 mm after chrome plating
Cr plating thickness
1  2 m
Ratio Nb3 Sn/Cu
1:1.5
Jc (4.2K, 12 T, 0.1 V/cm)
> 750 A/mm2
Hysteresis loss (3T, 4.2K)
< 250 mJ/cc-nonCu
n-value
> 20
RRR
> 100
Conductor
Conduit material
Incoloy 908
Number of strands
486 (SC 324, Cu 162)
Cabling pattern
3  3  3  3 6
Cable twist pitch
0, 80, 160, 240, 360 mm
25.65(h)  25.65(w)
Conduit dimension
 2.86(t) in mm
Aconduit
244.6 mm2
AnonC u
61.9 mm2
ACu
170.3 mm2
AHelium
142.6 mm2
Void fraction
36.5 %

maximum coolant pressure and the hot-spot temperature
of the quenched region, is essential for magnet designers.
To design the quench detection system for the KSTAR
TF coils, we simulated the quenching phenomenon by
using a commercial code (Gandalf, Cryosoft ) [3, 4].
The temperature rise at the quenched region and the
generated resistive voltage growth were calculated with
respect to the initial quench lengths and the quench protection delay times. Through the analysis, the maximum
tolerable delay times and threshold values of the resistive voltage were determined. Based upon these results,
the prototype QVD system was developed and tested to
guarantee the validation of the design for the KSTAR
quench detector. It was con rmed that the system satis ed the prede ned requirements for electrical performance and stability.
TM

II. KSTAR TF COIL

1. Conductor
The Nb3 Sn superconducting strand meets the KSTAR
HP-III speci cations, where the critical current density
is above 750 A/mm2 at 12 T and the hysteresis loss is
below 250 mJ/cc for a 3 T cycle. The superconducting
strands are chrome plated to a thickness of 1  0.2 m.
The cable pattern of TF conductors is 3  3  3  3
 6 of 486 strands. The two superconducting strands
and the one OFHC copper strand are cabled together
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Table 2. Design Parameters of the TF coil.
Parameters
Number of coils
Toroidal eld at major radius
Peak eld in conductor
Operating current
Stored magnetic energy
Centering force
Number of windings
Number of pancakes
Number of turns per pancake
Conductor length per coil
Number of cooling channels
Overall height
Overall width

Values
16
3.5 T
7.2 T
35.2 kA
470 MJ
15 MN
56 turns
8 layers
7 turns
610 m
4
4.2 m
3.0 m

to become a triplet in the rst cabling stage. The cabling pitches of the TF conductors are 0-80-160-240-360
mm. A tube mill process is used to fabricate the cable
in conduit conductor (CICC), which consists of forming,
welding, sizing and squaring procedures. The major TF
conductor parameters are summarized in Table 1 [1,5].

2. TF Coil
The design parameters of the TF coils are listed in Table 2. The total cold mass of the TF magnet system is
about 150 tons. The coolant for the TF coils is supercritical helium with an inlet temperature of 4.5 K and
an inlet pressure of 5 bars. There are four cooling channels per TF coil, and the design value of the total helium
mass ow rate in the 16 TF coils is 300 g/s [5].

3. Power Supply & Quench Protection Circuit
The KSTAR TF power supply is a 16-full-bridge pulse
width modulation (PWM) inverter power supply with
ratings of 25 V and 40 kA. The quench protection system
consists of a vacuum circuit breaker (VCB), a thyristor,
a commutation circuit, and a dump resistor, as shown
in Figure 2. The VCBs were used to achieve the fastest
switching time and a very high voltage rating. After the
quench protection system receives the quench interlock
signal, the protective make switch (PMS), VCB 1 will
be closed for the current to circulate the path comprised
of the PMS and the superconducting coil. The thyrister
will be closed and the VCB 2 will be opened at the same
time. After the commutation circuit starts to operate,
the thyrister is opened, then, the current is discharged
through the dump resistor with a decay time constant
of 7s without electrical arcing. If the above sequence is
not properly operated, the backup VCB 3 will be opened,
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Fig. 2. Power supply and electrical circuit for the KSTAR TF magnet.

Fig. 3. Helium ow paths in the TF winding pack.

and the current will ow through the dump resistor. The
delay time until the fast discharge starts after the protection system receives the quench interlock signal from
the quench detection systems is designed to be within
150 ms and is measured to be about 90 ms [5].
III. QUENCH SIMULATION OF KSTAR TF
COIL

The quenching phenomenon has been simulated using
the GANDALF code, which is a 1-D model for the simulation of quench initiation and quench propagation in
CICC's with a cooling channel [3,4]. Its purpose is to assess the expected responses of the conventional and the
non-conventional quench detection methods. The assessment is based on a simulation of the thermo-hydraulic
transients in the coils for various operating conditions.

Fig. 4. Magnetic eld distribution with respect to the
cooling path in one cooling channel at a TF current of 35.2
kA.

1. Operation Condition of the KSTAR TF Coil
The KSTAR TF coil has 8 pancakes and 7 layers.
There are 4 hydraulic cooling channels in the winding
pack, and each channel goes through double pancakes,
making the inlet and the outlet on the same side of the
winding pack. The length of one cool channel is 150 meter. The topology of the cooling channel is illustrated in
Figure 3. Figure 4 shows the magnetic eld distribution
in one cooling channel at a 35.2 kA TF current. Since
the four channels in the TF coil are geometrically the
same, the eld distribution is the same in every cooling
channel. The maximum magnetic eld is 6.03 T [5].
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Fig. 5. Quench simulation results for the KSTAR TF coil: (a)-(c) show the pro les of the hot-spot temperature, the quench
voltage rise, and FFT analysis of the voltage without a fast current discharge, respectively. (d) shows the maximum values of
hot-spot temperature after a fast current for ve delay times (fast discharge time constant = 7 s).

2. Strand Characteristics of KSTAR TF coil
The critical temperature of Nb3 Sn is a function of the
applied magnetic eld and it can be obtained by linear
approximation for the T (B) relation [6].
T = T 0 (1 B=B 20 ) ;
(1)
where T 0 is the critical temperature at zero magnetic
eld and B 0 is the critical eld at zero temperature.
These two parameters are functions of the longitudinal
strain applied to the superconducting lament, " through
T 0 = T 0 (1
j " j1 7 ) 31 ;
(2)
B 0 = B 0 (1
j " j1 7 ) ;
(3)
where T 0 and B 0 are the values of T 0 and B 0 for
a strain-free lament, which represents the performance
coecients of Nb3 Sn. These values are 28 and 18 for the
KSTAR HP-III, and the value of is a function of " and
is given by
!
1250
for
"
>
0
;
tension
=
900 for " < 0; compression
The critical current density of Nb3 Sn is described by
the following equation.
1 (1 b)2 (1 t2 )2 ;
J =C p
(4)
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The material and the geometrical constant C0 is a
property of the particular form of Nb3 Sn and the ratio of
the cross sectional areas of the superconductor and the
non-copper part. This value is 12,400 A-T/mm2 for the
KSTAR HP-III.
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3. Quench Characteristics of the KSTAR TF
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Quenches are initiated with an initial heated zone
(IHZ), comparable to the estimated length of the minimum propagating zone. The IHZ is located in the high
eld region (6.03 T), at the center of the ow path (X
= 73 m for one cooling channel of the TF coil, where X
is the 1-D coordinate along the conductor length). The
heat ux into the IHZ is about 100 kW/m for 20 ms,
corresponding to 5 times the estimated energy margin.
Before a quench is detected, the coil is operated at full
nominal current of 35.2 kA. The simulation parameters
are shown below. The inlet pressure, temperature, and
mass ow are given. The initial ow and variable distribution are computed from the inlet pressure and the
mass ow. The boundaries for the ow are at constant
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Fig. 6. Hardware structure of the Voltage quench detector for the KSTAR TF coils.

pressure and temperature, as established from the initial
distribution.
- Fast discharge failure & Fast discharge case
- IHZ: 0.2 m, 1 m
- CICC length: 150 m (equivalent to one cooling channel)
- Magnetic eld: calculated value shown in Figure 3.
- Heating energy: 5 times the stability margin@ I =
35.2 kA
- Heating time: 20 ms
- Hydraulic condition: pressure of He P : 0.55 MPa
- Temperature of helium, T : 4.5 K
- Mass ow rate of He: 5 g/s
- Simulation time: 3 s & 30 s.
op

in

in

A quench occurred at the maximum eld region of
around 6 T in the winding pack. The length of the
quenched region is 0.2 and 1 meter, respectively. The
graphs from Figure 5(a) to Figure 5(c) show the hot-spot
temperatures, the generated resistive voltages, and the
frequency-domain analysis of the voltage data for a constant operating current without a fast current discharge.
Figure 5(a) shows that the hot-spot temperature reached
79 K @ 0.2 meter IHZ and 73K @ 1 meter IHZ at 3
s after quench initiation. As shown in Figure 5(b), the

resistive voltages due to quench are 30.7 mV @ 0.2 meter
IHZ and 23.7 mV @ 1 meter IHZ 1 s after quench initiation. Figure 5(c) shows the fast Fourier transformation
(FFT) analysis of the resistive voltage due to quench.
Like the KSTAR superconducting magnet system, the
magnetic coupling of multiple coils, the pulse current operations, and the existence of plasma current make the
quench voltage detection very dicult owing to the generation of inductive voltages. Moreover, the long-length
signal to measure the voltage, the incoming noise from
the magnet power supplies, and the background noises
are obstacles to accurately measuring the voltage. If the
quench voltage is to be distinguished from various noises,
the low pass lter with a cut-o frequency of about 10
Hz should be installed.
For a quench detection scheme based on a voltage measurement, a quench is detected when the resistive voltage
exceeds a prede ned threshold for a given time interval
de ned as the quench watching time t
. The quench
watching time is needed to di er between induced voltage spikes or noise and real quenches. Finally, the current fast discharge can be carried out at some delay after
the quench initiation. The quench delay time is de ned
as the time span between a quench initiation and a fast
current discharge. Figure 5(d) shows the hot-spot temperature with respect to the quench delay time for times
watch
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Fig. 7. Quench voltage detection for the KSTAR TF coils. Two quench voltage detector are connected for measuring the
balance voltage between magnets.

between 1 s and 3 s. The maximum temperature rise
of the hot-spot is 150 K @ 1.5 s delay and 280 K
@ 3 s delay, respectively. With the temperature of the
conductor rising very fast, the allowable hot-spot temperature for the magnet protection for KSTAR is less
than 150 K, mainly to prevent structural damage in the
magnet, which means that the quench of KSTAR TF
magnet should be detected within 1.5 s after quench.
IV. FABRIACTION OF PROTOTYPE
QUENCH VOLTAGE DETECTOR FOR
TF COIL

To make a voltage detector that will respond to the
very small resistance present at the start of a quench
while ignoring voltage spikes caused by power supply
uctuations, pick-up, etc., one must use a balance circuit for the quench detection [7]. The balance circuit
was applied to two TF coils. The bridge voltage was fed
into an ampli er with an adjustable gain and lters. The
overall structure of the quench voltage detector is shown
in Figure 6.
As the quench voltage measurement was required to
have a high measurement sensitivity, which could mea-

sure less than 1 mV, an active low pass lter and verylow-o set measurement devices were utilized for cancelling out the noise signal from the environment. Also,
as the quench detector was directly connected to the coil,
the quench detector should have a high-voltage isolation
of DC 15 kV and AC 10 kV to the frame ground. Since
one possible accident in quench detectors is a connection
breakage of the voltage wire, a test circuit was installed
to check the wire connection condition and to inform us
of the results before and after the current charge operation. The conceptual schematic of quench detector based
upon these design requirements, is shown in Figure 7.
Fixed resistors of 5  10 k were connected to limit the
current ow in order to protect the measurement device
and voltage sensors. For the balance voltage measurement, a potentiometer was installed and adjusted manually. The surge protection circuit with a transient voltage
suppressor (TVS) was installed so that the normal high
voltage could not damage the detector. The measured
voltage signals are transferred to a micro-processor unit
(MPU) via an isolation ampli er, a low-pass lter, and
an analog-to digital converter (ADC). The MPU makes
a quench decision by comparing the measured voltage
pro le with the preset quench threshold voltage. All the
signals related to the quench interlock and to data trans-
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Fig. 8. CICC magnet installed inside the large vacuum
cryostat. The coil system consists of two split coils.

Fig. 9. Quench voltage measurement and energy discharge
process.

mission and reception are communicated via an optical
ber.
To eliminate sensitivity in the quench detection circuit to any induced voltages, we incorporate a microprocessor to compare and balance the voltage signals from
each bridge circuit installed in two adjacent magnets, as
shown in Figure 7. The induced voltages are comprised
of the voltage induced by the KSTAR PF coil and the
plasma disruption, the imbalanced voltage at the lowcurrent region due to magnetization, and so on. The
central di erence method will be used to reject these
voltage noises [7].
V. EXPERIMENT

A performance test of the fabricated TF quench voltage detectors was carried out. The real TF power supply
and a pair of the KSTAR central solenoid model coils
(CSMC) were combined and operated in the TF operating scenario. The test facility consists of a vacuum
cryostat, cryogenic helium facilities, power supplies, and
a monitoring system. The vacuum cryostat is 6 m in diameter and 8 m in height. There is a set of 1-kW-rated
helium refrigerators/lique ers to supply supercritical helium into the SC coils and to supply liquid helium into
the current leads. The layout of the CSMC is shown in
Figure 8 [8]. The supporting structure of the coil was
made of glass ber reinforced plastic (GFRP) plates to
reduce eddy current heating in the pulse current operation. For quench detection of the CSMC, a balance
circuit was installed at each coil. The balancing of the
quench detection circuit was carried out before the fullscale current charge. After the coil is in the superconducting states, CSMC is charged up to 5 kA with a slow
charging rate below 50 A/s. Because the voltage signal
from the winding may have a large noise due to magnetization of the ferromagnetic material (Incoloy 908) at
lower currents below 2 kA, the balanced voltage is tuned

Fig. 10. Voltage compensation by simple numerical addition of the signals from two quench voltage detectors.

during the current ramping-up period between 2 kA and
5 kA.
Figure 9 shows the response of a voltage quench detector due to quench. A quench occurred around 7 kA in
the ramping-up process of 50 A/s. The threshold voltage and the watching time were 50 mV and 1s, respectively. The voltage sensitivity of a detector was less than
1 mV, which satis ed the requirement for the KSTAR
TF coil quench detector. To eliminate sensitivity in the
quench detection circuit to any induced voltages, the
voltage signals from the bridge circuits installed in two
adjacent magnets wrer compared and balanced. Figure
10 shows the result of inductive voltage compensation
through manipulation (= V 1 { V 2 ) of the signals
(V 1 , V 2 ) from two voltage detectors. The inductive
voltage was reduced to one-third its original value in the
low current region in the case of a 100 A/s rampingqd

qd

qd

qd
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up speed. This result con rmed that the compensation
scheme could eliminate sensitivity to inductive voltages
in multiple coils.
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preparation, and in the test activities for the coil.

VI. CONCLUSION

The quench detection system for the KSTAR TF Coil
has been developed. The Quench voltage detection system of KSTAR TF coil is based on balanced bridge circuits. The quench detection circuit was designed not to
respond to voltage spikes or to uctuations that might
be induced by other sources, such as the power supply, the plasma current, and so on. Multiple levels of
noise suppression and an additional quench detection algorithm were incorporated and implemented for reliability of quench detection. The electrical performance was
successfully tested in the KSTAR CS model coil.
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