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AC Loss Characteristics of the KSTAR CSMC
Estimated by Pulse Test
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Abstract—The KSTAR Central Solenoid Model Coils (CSMC),
which are in the form of split coils with same dimension, have been
tested. The CSMC were successfully charged up to 20 kA and
down to zero with different ramp rates. Various pulse waveforms
were applied to the CSMC to analyse the AC-loss characteristics of
the coils. The measurement method was a gas-flow calorimetry. In
this work, two types of waveforms, the DC-biased sinusoidal wave
( = 2, 4 kA; = 1 kA; = 0 08 0 67 Hz)
and a single triangular pulse ( = 6 10 kA;

= 0 5 2 kA s), are selected and analysed. From
the measured data at the one outlet where helium channel 3 and
4 are merged, the AC loss parameters, related with the hysteresis
loss and the coupling loss, are calculated. The B-field strength
differs depending on the position within the cooling channels. The
spatial field variation and the ramp rate were 0.048 1.9 T and
8.1 71 mT/s for the DC-biased sinusoidal waves, while 0.29 4.3
T and 0.024 0.86 T/s for the triangular pulses. The measured
AC losses are compared with estimated values and the behavior
agrees well. The coupling time constant ( ) varies with the
field strength. In case of the triangular pulses, increases by
increasing the field amplitude and the maximum value of is 41
ms with = 10 kA.

Index Terms—AC loss, coupling time constant, CS model coil,
KSTAR.

I. INTRODUCTION

THE KSTAR device is an experimental tokamak using all
superconducting magnets to make long pulse operation

possible. All magnets are wound using CICCs (Cable-In-
Conduit Conductor) with a continuous winding scheme to
remove internal joints [1]. The KSTAR TF (Toroidal Field)
magnet system consists of 16 D-shape coils, which are made of

strand with Incoloy 908 jacket. The PF (Poloidal Field)
magnet system is composed of 8 CS (Central Solenoid) coils
(PF1-4UL) and 6 outer PF coils (PF5-7UL). Incoloy
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TABLE I
MAJOR PARAMETERS OF THE KSTAR CS MODEL COIL

908 CICC is also used for these coils except for PF6-7UL,
which are made of NbTi stainless steel 316LN CICC.

According to the reference operation scenario of the KSTAR
device, the maximum magnetic field strength is 8 T and the max-
imum ramp rate is 12 T/s. A background-field magnet system
has been developed to simulate the environment for the KSTAR
conductor tests [2]. The main coils of the system are able to pro-
vide 8 T at the center of the magnet bore. In order to validate
the design of the KSTAR CS coils, it was constructed using the
KSTAR CS CICC. Therefore, it serves as a KSTAR Central So-
lenoid Model Coil (CSMC). The major parameters of the CSMC
are shown in Table I. The tube-mill process is adopted for the
jacketing of CICC [3], [4].

II. EXPERIMENTAL SETUP AND MEASUREMENT METHOD

The CSMC is composed of two split solenoids (MC1, MC2)
with the same dimension and is installed in the large vacuum
cryostat for test as shown in Fig. 1. There are eight cooling chan-
nels for each coil. One channel is 105 m long and covers two
layers of the coil. The MC1 and the MC2 are connected in se-
ries.
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Fig. 1. KSTAR CSMC installed inside the large vacuum cryostat. The coil
system consists of two split coils, MC1 (right side) and MC2 (left side).

Fig. 2. Calorimetric measurement system arrangement diagram: An arrow
points the 112R line, which is used for analysis.

AC losses of the coil are measured by a gas-flow calorimetry
and mass flow meters, temperature sensors, and pressure sen-
sors are installed on the helium lines as shown in Fig. 2. For the
AC loss analysis, the cooling channels not linked with joints are
preferable since there is no joule loss of joints and it is more rele-
vant to the AC loss measurement of the conductor. The channels
linked to the return line 2 (112R) of the MC1 are analysed.

AC losses of a CICC can be expressed by the following equa-
tion [5].

(1)

where is the mass-flow rate at the outlet (g/s), , en-
thalpy at outlet (J/g), and , initial enthalpy at outlet (J/g).

Because of the schematic of the continuous winding method,
helium flow at an inlet feed-through is bifurcated into two ad-
jacent outlet feed-throughs. Since helium flows from two in-
lets are mixed at one outlet, the measured loss is the sum of
those from two adjacent channels. The measured AC loss on
the line 112R corresponds to the heat generated through both
the channel 3 (Ch3) and channel 4 (Ch4).

Fig. 3. Pulses for the AC loss analysis: Discrete values for T and dI/dt were
used for the measurement. (a) DC-biased sine pulse; (b) singular triangular
pulse.

III. ANALYSIS METHOD

In order to estimate the AC performance of the CSMC, two
kinds of waveforms are selected and analysed. One is a sinu-
soidal wave with DC offset, and the other is a single triangular
pulse. The frequency of the sine wave and the ramping rate of
the triangular pulse are as shown in Fig. 3. In case of the DC-bi-
ased sine wave, in order to extract the effect of the sinusoidal
ripple, the AC loss during the trapezoidal pulse is measured and
the loss is subtracted from the total AC loss.

Since the applied current in this study is much less than the
critical current of the CSMC (less than 10% of the critical cur-
rent), transport current loss can be neglected [6] and only the
hysteresis loss and the coupling current loss are considered.

A. Hysteresis Loss

For the pulses described above, hysteresis loss can be esti-
mated using the following equations [7].

1) DC Biased Sine Wave: :

(2)

(3)

and

(4)

where, , is an effective filament diameter,
and the unit of is -superconductor.

2) Triangular Pulse:

(5)

For the calculation, is assumed to be about 13 , which
corresponds to the of 250 mJ/cc, being the requirement
of the KSTAR HP-III strand. was calculated using
Ekin-Summer’s scaling law.
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Fig. 4. Magnetic field profile along Ch3 and Ch4 of MC1 which was used for
the AC characteristic analysis of the KSTAR CSMC: I = 1 kA.

TABLE II
DISTRIBUTION OF THE MAGNETIC FIELD AMPLITUDE FOR THE DC-BIASED

SINUSOIDAL WAVE AND THE TRIANGULAR PULSE

B. Coupling Current Loss

1) DC Biased Sine Wave: When the ripple-field effect is con-
sidered only, the coupling loss is expressed as follows [8].

(6)

where is the coupling current time constant of the cable, and
the superconductor geometry factor in our case.

2) Triangular Pulse:

(7)

where is the maximum field and is the time at the max-
imum field.

In the coupling loss calculation, the volume of the SC strands
and the segregated copper strands is taken into account. The
volume increment during cabling is also considered. On the
other hand, the hysteresis loss calculation includes only the non-
copper volume with its cabling effect.

The field distribution along the channels is calculated and the
magnetic field profiles of the Ch3 and Ch4 are shown in Fig. 4.
The spatial variation of the field amplitude is shown in Table II
for the two types of waveforms. The ramp rates are 8.1 71 mT/s
for the DC-biased sinusoidal waves and 0.024 0.86 T/s for the
triangular pulses, being in the range comparable to the condition
of the ITER CSMC test [9].

Fig. 5. Frequency spectrum of the total measured AC loss in case of the DC-bi-
ased sine wave application: I = 0:5 kA.

IV. RESULTS AND DISCUSSION

During the test, the temperature and the mass-flow rate at both
the inlet and the outlet was not kept constant, especially when
the AC loss was changing rapidly. And also the cooling power
varied adaptively and this adaptive power loss or gain had to be
considered. Therefore, power variation at the inlet is integrated
and subtracted from in (1). The measured data on the
return line 112R is analysed. In the estimation of the hysteresis
loss, the temperature and the total longitudinal strain are set to
5 K and 0.3%, respectively.

Fig. 5 shows the measurement results for the DC-biased sine
waves. Two levels of bias current were applied, 2 and 4 kA. The
amplitude and the frequency range of the sine wave were 0.5 kA
and 0.08 0.67 Hz, respectively. The shot duration was more
than 12 minutes.

The coupling loss shows a linear dependence on the fre-
quency of the sine wave. This result tells us the existence of
substantial cyclic-loading effects [10]. In fact, the coil was
charged up to 20 kA with more than 20 times before this
waveform was applied. The BI load at 20 kA along the cor-
responding channels has the distribution of 1.8 9.8 MPa and
the average is 4.3 MPa. In this level of stress, it was reported
that the coupling loss of the coil would be decreased cycle by
cycle [11]. From this point of view, the coil has been stabilized
during the previous excitation.

The coupling time constant of the 4-kA case was mea-
sured to be 31% less than that of the 2-kA case. Referring (6)
with , the coupling loss is proportional to the square of
the applied AC field and the DC bias field does not af-
fect the result. Since the average is same both for the 2-kA
case and the 4-kA case, the coupling losses of both cases are ex-
pected be the same. However, the result is contradictory to this
fact and it should be further investigated.

Hysteresis loss is estimated to be 67.5 J/cycle in the 2-kA case
and 55.9 J/cycle of the 4-kA case. The error between the mea-
sured data and the estimated value is 9% and 15% for the 2-kA
case and the 4-kA case, respectively. The measured hysteresis
loss of the 2-kA case is larger than that of the 4-kA case, which
agrees well with the estimation.

Figs. 6 and 7 show the measurement results for the triangular
pulses. The AC loss shows the linear dependency on the ramp
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Fig. 6. Measured AC loss with the variation of the ramp rate of a single trian-
gular pulse: Data was fit to straight lines to get the AC loss parameters and to
curved lines to analyze the hysteresis loss in detail. In case of 8 kA, fit is ex-
pressed with a dotted line since it deviated from the normal trend.

Fig. 7. Measured and estimated hysteresis loss in case of a single triangular
pulse application.

rate with a certain deviation. As the peak current increases, the
slope of the fitted line, which is proportional to , also in-
creased monotonically except the 8-kA case. The increase of

could be explained from the relation between the coupling
time constant and the effective transverse resistivity of
the cable:

(8)

When the coil is charged, the cable is subjected to the Lorentz
force in the transverse direction. If the force becomes larger than
a certain level, the decrease in the contact resistance between
strands becomes effective. As a result, the coupling current loss,
or , is increasing. The maximum BI load throughout the chan-
nels is 0.9 2.4 MPa at 6 10 kA and the result can be related
to the above explanation.

The measured hysteresis loss increases linearly with the peak
current as expected. However, as shown in Fig. 7, the result is
about 2 times larger than the estimation. Though there are many
factors contributing to this result, the hysteresis loss of Incoloy

908 jacket could play a substantial role to this. The hysteresis
loss of Incoloy 908 is 4.1 mJ/cc during 1 T cycle at 4 K [12]
and the volume ratio between Incoloy 908 and non-copper part
in the CICC is 3.7. Then, the loss in Incoloy 908 corresponds
to 10% of the loss in the non-copper part for 10-kA pulse where
the maximum field is 2 T.

Note that if the measured data is fit to a curve as shown in
Fig. 6, the error reduces considerably. In case of 10 kA, when the
data is fit to the second-order polynomial, the value at the zero
ramp rate, or the hysteresis loss, is 1.1 kJ. Since the estimated
value is 0.83 kJ, the error falls to about 30%.

V. CONCLUSION

The AC losses of the KSTAR CSMC have been measured
by a calorimetric method. In case of the DC-biased sinusoidal
wave, the measured hysteresis loss agrees with the theoretical
estimation within 15%. It is inferred that the coupling loss could
be reduced from the cyclic load effect with the BI load more than
4 MPa.

The coupling loss increases linearly with the frequency of
the sine wave and the ramp rate of the triangular wave. The
varies with the amplitude of field strength and increases with
the field amplitude within the range of 0.29 4.3 T.

A further investigation about the at a higher field region is
required. However, within the range of our experiment, the is
confirmed to be lower value than the KSTAR design parameter
60 ms.
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