The HTS current driven by a capacitor bank

J Stockel, O Grover, J Kocman, V Svoboda 

The AC operation with a single (bottom) HTS coil was performed on 19 January 2012. The separate capacitor bank was discharged to the HTS coil. Shots #6891-6912 were executed. 
The experimental set-up is shown in Fig. 1.
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A capacitor bank (C = 18 mF, Vojta, to be checked!), charged to a voltage UCD, was discharged into the HTS coil via a small resistor 10 mOhm. The voltage across this resistor, Ures, was recorded. The current of the HTS coil was measured directly by the Rogowski coil (labeled as Fluke in Fig. 1) located around the feeding cable of the HTS coil. The vessel current is measured as well. The HTS coil represents in this case the primary winding of the GOLEM transformer (6 turns). Consequently, the current is induced in the tokamak vessel (R = 10 mOhm) due to a mutual inductance M between the HTS coil and the vessel. The vessel current is measured by a Rogowski coil. The resistance of the warm HTS coil is assumed to be about1 Ohm. It must be noted again that the experiment was performed with the bottom HTS coil, which was already damaged during previous experiments, but was repaired by (as described in the report of our previous experiment). 

The voltage drops across the repaired joins of the HTS coil were measured and the signals were digitized by the ADC called Papouch_ST. Data for a particular shot can be found at

http://golem.fjfi.cvut.cz/operation/shots/6891/ (an example for  #6891).
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Unfortunately, voltage drop across the joins 4 was not recorded at this experiment, because wires of this join were not found (they are probably hidden somewhere in the shielding of the cryostat).

Let us analyze the first shot of this campaign, #6981, with "warm" HTS coil. The condenser bank was charged to 49 V. Fig 2 shows evolution of the HTS current. 
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It is seen that both HTS sensors are basically the same. The right panel demonstrates and exponential decay of the HTS current with the time constant  = 12,5 ms. Now, we can estimate an effective resistance of the RC circuit as 
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This value is comparable with the DC resistance of the HTS coil (to be checked again!), which dominates in the RC circuit. Simultaneously, the current in the vessel is driven inductively via the mutual inductance M of the HTS coil and the vessel. Evolution of the vessel current is shown in Fig. 3
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The vessel current decays a bit slowly between 5-14 ms, the characteristic time constant is ~16 ms.

The, we started to cool the HTS coil. Next figure shows evolution of the HTS current for the shot 6896, the capacitor bank was charged to 50 V.
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We observe maximum current 92.8 A, which appears a bit later, at 2.86 ms, then in the case of "warm" coil. The current decays significantly faster than in the "warm" case, however, any pronounce phase with an exponential decay cannot be found, as evident from the right panel of Fig. 4. The "cold" HTS coils represents now an inductive load of the circuit, and, probably, the resistance of the vessel already plays a role in the circuit behaviour.


The voltage drop on joins 1,2,3, and 6 is plotted in Fig. 5.
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We observe just inductive pick-up in the range of 10 mV and conclude that all that joins have negligible resistivity for IHTS < 100 A. 

Completely strange behavior is observed on the signal recorded by channel 5, which should be connected to join 5, see Fig 6.
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We do not have any explanation of the strange shape of the signal, as well as of its amplitude. We have to check resistivity of this join. So, we will not analyze this signal for this shot series anymore.

The next shot to be analyzed, #6907 (U=87 V), has a maximum of the HTS current ~170 Amps. Figure 7 shows the ramp-up phase of the ITS current
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We see that the HTS current reaches its maximum within 2.7 ms, which implies an "average" ramp-up rate 62 kA/s. At the very beginning, the current rises faster with ~250 kA/s. Any peculiar behavior on join voltage is observed – see Fig. 8. 
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Any signature of quenches is not observed. Note only that the voltage drop of join 1 is twice less that on the remaining joins. 

The charging voltage was increased in the next shot 6908 to 125 V. The maximum HTS current has increased to 253 A, however, a quenching is observed on join 2 – see Fig. 9.
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Again, a negative voltage drop is observed.

The charging voltage was increased to 175 V in the shot 6910 and the current 350 A was driven in the HTS coil. Surprisingly, the quenches on join 2 disappear- see fig. 10.
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We just observe an increase of the voltage drop at joins 1 and 2 in time of the maximum HTS current. However, we again observe a bloody inductive pick-up on all voltage drops!

During the last shot of the series, 6912 (U = 278 V), the liquid nitrogen was already missing in the cryostat. Nevertheless, the current 570 Amps was still driven in the HTS coil. Evolution of the voltage drops is shown in Fig. 11.

[image: image11.jpg]0,10

0,08

0,06

0,04

Ujoin [V]

0,02

0,00

-0,02

HTS

max

4 6
Time [ms]

10




A noticeable increase of the voltage drops at the moment, when the HTS current is maximum (t ~ 2.7 ms) is evident. Not also a sudden decrease of the voltage of join 2, which recovers soon.

Figure 12 shows the maximum HTS current and its average ramp-up rate (defined in Fig. 7) versus the charging voltage of the condenser bank, which was  achieved in this experimental campaign.
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It is seen that the maximum HTS current as well as its ramp-up rate increases proportionally with the charging voltage, which is expected. The maximum ramp-up rate achieved in this experimental campaign is 224 kA/s.

Figure 13 shows the resistance on join 3 (the best one) and join 2 (the worth one) at the maximum of the HTS current. 
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We see that the resistance is negligible for the HTS currents below 270 A, and increase linearly at higher currents. It must be noted that quenches at join 2 occur much later during the ramp-down phase of the HTS current. 

Figure 14 shows the temporal evolution of the resistance of join 2, taking into account a possible inductive pick-up, 
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To get such evolution of the resistance, the inductance L of the measuring circuit has to be very small and selected to be in the range of 90 nH. Such a low inductance is probably realistic.

The dependence of the resistance of join 2 on the HTS current is plotted in Figure 14. Here, the inductance of the measuring circuit 110 nH is selected. 
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The join resistance is definitely proportional to the HTS current, as emphasized by the blue dashed line. However, the dependence on the ramp-up rate of the HTS current cannot be excluded – see the peak around the ITS ~ 200 A

Conclusions:

1. The HTS current can be effectively driven by direct discharging a capacitor bank in to the HTS coil

2. Basically, same features are observed as with inductive drive by GOLEM transformer

3. However, a significantly higher ramp-up rate can be achieved, because of a shorter time constant of the circuit. Maximum ramp up rate is achieved ~1 Ma/s, but just at the very beginning of a shot

4. Performance of the bottom coil is probably strongly affected by joins. Some of them (join 2) are bad, signals from some others are questionable (join 5) or missing (join 4).

5. Two experiments should be envisaged: repeat DC current drive in the bottom coil. and to perform the same experiment described here with the upper coil,

6. Then, we should think about repairing the bottom coil, because the ultimate experiment with ITS coils will be operation of GOLEM with HTS coils producing the vertical magnetic field.
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Fig. 1. Scheme of the experiment





Fig. 3. Temporal evolution of the vessel current, for  #6891.





Fig. 4. Evolution of the HTS current of the cold coil, #6896


	Left – linear scale, Right – logarithmic scale





Fig. 5. Evolution of the voltage drop across joins 1,2, 3 and 6





Fig. 8. Voltage drops on joins 1,2,3 and 6, #6907.








Fig. 2.


Left: Comparison of the HTS current measured by Fluke and derived from the voltage drop on the load resistor. 


Right: The HTS current plotted in logarithmic scale.





Fig. 6. Signal at channel 5 – should correspond to the voltage drop on join 5 





Fig. 7. Ramp-up phase of the HTS current, #6907.





Fig. 13. Resistance of joins 2 and 3 versus the maximum HTS current





Fig. 11. Voltage drops on joins 1,2,3 and 6, #6912.





Fig. 9. Voltage drops on joins 1,2,3 and 6, #6908.





Fig. 10. Voltage drops on joins 1,2,3 and 6, #6910.








Fig. 12. Maximum HTS current and its ramp-up rate versus the charging voltage





Fig. 13. Temporal evolution of the resistance of joins 2 derived fro the above expression. #6912. 





Fig. 14. Resistance of joins 2 versus the ITS current, #6912.
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