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Abstract – Typical tokamak fusion device uses CS (Central Solenoid) coil to initiate plasma heating by ramping up the coil with steadily increasing current which induces the plasma inside the vacuum vessel. For the case of the KSTAR (Korea Superconducting Tokamak Advanced Research) which uses superconductor for all of its magnets, this operation brings various AC losses
to the magnets including hysteresis loss, coupling current loss, and eddy current loss. Thus it is important to analyze AC losses of the superconducting magnet for its reliable operation in two main perspectives: short term quench prevention and long term steady-operation. With 10 years of operation, KSTAR has provided many invaluable data in superconducting magnet operation
regarding AC loss issues. This paper focuses on the AC loss of the KSATR PF (Poloidal Field) coil based on the long term operation data. Among the components of the PF coils, PF1L coil contributes to CS coil operation from which it experiences the highest field, and consequently the largest loss. First, numerical approach will be taken to analyze quantitatively each AC loss.
Then the losses will be compared with the total loss measured by the calorimetric method. Finally, the results will be interpreted in qualitative manner to investigate the possible relation between the AC loss and the magnet’s performance.

Assumption

 Introduction: For Reliable Operation of KSTAR Magnet
 Background
 Significance
- 10th anniversary in 2018
- First to analyze the long-term operation
- Extended period of duties as the ITER pilot
data of the superconducting coils.
machine.
- Critical for a reliable operation of the
- Steady and persistent plasma operation
tokamak.
mission.
 Objective: To investigate the possible method to analyze the superconducting magnet’s
performance for a safe and steady operation in the future.

𝑄𝑡𝑜𝑡 = 𝑄ℎ𝑦 + 𝑄𝑐𝑝

 Poloidal Field 1 Lower (PF1L) Coil
- Experiences the largest magnetic field
 largest AC loss
- Experienced quench in 2011
 meaningful effects from the quench is
expected

𝑛 : 2, shape factor (null)
𝜏𝑐𝑝 : coupling time constant (s)

𝑄𝑐𝑝 = 𝑄𝑡𝑜𝑡 − 𝑄ℎ𝑦

Other losses (eddy current,
wire motion, flux jumping, heat
leaks, particle showers,
nuclear heats) are negligible[2]
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ℓ : conductor length (m)

Loss at
ramp up
𝑄𝑐𝑝

Parameter

Sensor
Cernox®
Temperature
1050-CU-HT
Pressure

APT3200

Mass
Flow Rate

Cernox®
1050-CU-HT
APT3200
APT3100

(c)

(b)

DAQ
SCXI-1125 / PXI-6280
/ PXI-8196
Simatic S7-300 (PLC)
/ EPICS Soft-IOC

LakeShore Temperature Monitor
Simatic S7-300 (PLC)
EPICS Soft-IOC (calculated here)

Accuracy
0.088 K
0.031 bar

0.097 g/s

(d)

PF1U
PF1L
PF2L
PF3L
PF4L

𝑄𝑡𝑜𝑡 ≈

𝑡𝑒𝑛𝑑
𝑚ሶ
𝑡
𝑖𝑛𝑖𝑡

ℎ𝑜𝑢𝑡 𝑇𝑜𝑢𝑡 , 𝑃𝑜𝑢𝑡 − ℎ𝑖𝑛 𝑇𝑖𝑛 , 𝑃𝑖𝑛 𝑑𝑡

𝑡𝑖𝑛𝑖𝑡 , 𝑡𝑒𝑛𝑑 : initiation and end of elapsed time of cooling path (s)
𝑚ሶ : mass flow rate of SHe at the inlet (g/s)
ℎ𝑜𝑢𝑡 (𝑇𝑜𝑢𝑡 , 𝑃𝑜𝑢𝑡 ) : enthalpy of SHe at the outlet (J/kg)
ℎ𝑖𝑛 (𝑇𝑖𝑛 , 𝑃𝑖𝑛 ) : enthalpy of SHe at the inlet (J/kg)

- Hysteresis loss
𝑄ℎ𝑦 ≈
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=
× 𝐴𝑛𝑜𝑛_𝑠𝑐 × ℓ
𝜇0 𝑡𝑚

 Yearly Decreasing Trend of 𝒏𝝉𝒄𝒑
- Fig. 3 shows yearly decreasing 𝑛𝜏𝑐𝑝 for both ramping rates
Fig. 3. Coupling time constant of
- From Eq. 1, effective resistivity may have changed due to
different
ramping
rates
some changes in the mechanical contacts between the strands
2 : twist pitch length [m]
2
ℓ
𝑝
𝜇0 ℓ𝑝
- Results of transverse cyclic loading experiments on
𝜏
=
𝜌𝑒𝑓𝑓 : effective transverse
𝑐𝑝
2
[4]
8𝜋 𝜌𝑒𝑓𝑓
the ITER model CICC show similar tendencies
resistivity [Ω·m]
 Ramping Rate Dependency of 𝒏𝝉𝒄𝒑
Eq. 1. Analytic equation of coupling time
[2]
constant
- Fig. 3 shows a lower 𝑛𝜏𝑐𝑝 for higher ramping rate
- When 𝑛𝜏𝑐𝑝 ≪ 𝑡𝑚 , inter-strand coupling current flows through a dominant current path
 𝑛𝜏𝑐𝑝 is determined by the dominant path of the current
- In Fig. 3, 𝑛𝜏𝑐𝑝 ≈ 0.3 s is comparable to 𝑡𝑚 = 15 s (ramp up) or 𝑡𝑚 = 5 s (ramp down)
 dominant path of the current may change  𝑛𝜏𝑐𝑝 is not determinate
 current ramping rate dependency

 Conclusion: Total Loss Variation is Highly Relevant to 𝒏𝝉𝒄𝒑 Variation

Fig. 1. Graphical drawing of the KSTAR CS coils (left).
Courtesy of Dr. Choi, C.H. Cross section view of PF1L
coil (right), Courtesy of Dr. Oh, Y.K., Property of NFRI

- Total loss (measured by calorimetric method, J)
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separated by empirical ratio

 Data Plots of the Analyzed Commissioning Shots
(a)

𝑄𝑐𝑝,𝑢𝑝

Loss at
𝑄𝑐𝑝,𝑑𝑛
Ramp down

PF4U
PF3U
PF2U

 AC Loss Evaluation Method

 Calculation of 𝒏𝝉𝒄𝒑 in Different Ramping Rate

𝑡𝑚 : elapsed time to the target magnetic field (s)
𝐴𝑛𝑜𝑛_𝑠𝑐 : non-superconducting area (m2)

 Commissioning Shot Data and Loss Evaluation Results

 Coil Specification and Analysis Method: Calorimetric + Analytic Method
Table 1. Specification of the KSTAR PF1L

 Discussion: Total Loss Change and Aspects of Coupling Time Constant

- Coupling current loss (J) and coupling time constant (s)[3]

(J)[1]

𝐵𝑚𝑎𝑥
4
𝐷𝑒𝑓𝑓 𝐵
𝐽𝑐
3𝜋
𝑚𝑖𝑛

𝐵 𝑑𝐵 × 𝐴𝑓𝑖𝑙 × ℓ

𝐷𝑒𝑓𝑓 : effective filament diameter (m)
𝐵𝑚𝑎𝑥 , 𝐵𝑚𝑖𝑛 : maximum, minimum magnetic field (T)
𝐽𝑐 (𝐵) : B dependent critical current density (A/m2)
𝐴𝑓𝑖𝑙 : area of a single filament (m2)
ℓ : conductor length (m)

Fig. 2. (a) Current profiles of the analyzed shots (𝐼𝑝𝑒𝑎𝑘 = 15 kA, up, down: 𝑑𝑖/𝑑𝑡 = 1, −3 kA/s); (b) Temperature at
the inlet and outlet showing decreasing trend in the peaks; (c) Pressure at the inlet and outlet; and (d) Mass flow rate
of supercritical helium (SHe) at the inlet of the cooling channel. Measurement accuracies (absolute accuracies) were
obtained using the conventional method with key parameters provided by the manual of the each device. The
accuracies show reasonable values relative to the measurement range.

 Major Source in the Total Loss Change: Change in Coupling Current Loss
𝑌
𝑌
= 𝑄ℎ𝑦 + 𝑄𝑐𝑝
𝑌−1
𝑌−1
= 𝑄ℎ𝑦
+ 𝑄𝑐𝑝
𝑌
𝑌
Δ𝑄𝑡𝑜𝑡 = 𝑄𝑡𝑜𝑡 − 𝑄𝑡𝑜𝑡
𝑌
𝑌−1
≈ 𝑄ℎ𝑦 − 𝑄ℎ𝑦
𝑌
𝑄𝑡𝑜𝑡
𝑌−1
𝑄𝑡𝑜𝑡

𝑌 : year of interest

𝑌
𝑌−1
+ (𝑄𝑐𝑝
− 𝑄𝑐𝑝
)

∵ Δ𝑄𝑡𝑜𝑡 > 𝑄ℎ𝑦 ⇒ Δ𝑄ℎ𝑦
minor

∴ Δ𝑄𝑐𝑝
major

Table 2. AC Loss Evaluation Results






Commissioning shots for the KSTAR PF1L coil were plotted and analyzed.
The total loss measured by calorimetric method shows a decreasing trend by the year.
By AC loss analysis, 𝑛𝜏𝑐𝑝 seem to be dominant in the total loss change.
It showed yearly decreasing trend and difference between different ramping rate.
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