FIRE Feasibility Study  

Rev. 0   October, 1999


5.13 
FIRE Magnet Power Supplies
The conceptual design of power supplies for FIRE magnet systems seeks to minimize capital cost by leveraging existing capabilities of the local electric utility, which are assumed to be robust. Therefore, all of the FIRE device's time-varying energy power (peak demand of 800MW) and fluctuating MVA needs for TF and PF magnets as well as the RF systems are provided directly by the utility's "stiff grid" without requiring any local power factor correction equipment, power demand ramp rate limiting equipment, or energy storage equipment, at the FIRE device site. However, provision for reactive power (MVA) support up to 300MVA is included in the design baseline. The grid’s ability to supply the required time varying active and reactive power demand will be evaluated when a specific FIRE site is chosen and the above assumptions adjusted as necessary. This assumption is valid for some potential FIRE device sites, but not for others. 

FIRE Magnet Power Supplies equipment includes:

2-quadrant thyristor rectifiers converting power between the 60 hertz 3-phase ac line and the controlled dc needed by the magnets, along with their associated transformers, circuit breakers, and other equipment,

resistor banks and associated interrupter /switching circuits (e.g., for plasma initiation).

TF System

The TF electrical power circuit consists of thyristor rectifier modules interposed between the local electric utility company's ac line power "source" and the TF magnet "load". Figure 5.13‑1 schematically depicts two such 6‑pulse bridge modules sharing a rectifier transformer.  

Figure 5.13-1: Two Thyristor Rectifier Modules

[image: image1.wmf]
Each 6-pulse bridge module includes 6 thyristor 'valves' and their controls (not shown) connected between a 480 vac 3-phase floating transformer secondary and its DC load circuit, and another 'bypass' thyristor connected across the load.  Each TF module's output current ranges over 0‑59.5 kA DC while its output voltage ranges over (650 volts. If the two modules shown are connected in series and also controlled identically, the resulting 12-pulse rectifier develops (1.3 kV while introducing less harmonic noise to the ac power grid. Using abbreviated symbols, Figure 5.13-2 shows the planned DC circuit connection of fourteen of these modules providing up to 417 kA, (1.3 kV to power the TF coils. 

Figure 5.13-2   DC Modules in TF System[image: image6.wmf]
The TF circuit operates in three successive phases during each pulse. During the TF ramp-up phase, the maximum possible TF forcing voltage, equal to the TF system's open-circuit voltage minus its regulation droop (proportional to TF current), is supplied to charge the TF electromagnet. During the TF flattop phase, the TF voltage is feedback controlled to match resistive losses and thus maintain the TF current at its desired value. During the TF shutdown phase, the TF voltage polarity is either “crowbarred” to zero volts or is reversed by operating the thyristor rectifiers in their inversion mode to rapidly remove some of the stored magnetic energy and return it back to the electric utility's ac power line.

The key TF electrical power system design parameter which can be varied is the open-circuit volts/turn. With no need for local energy storage, TF system cost varies directly with its MVA rating.  Higher volts/turn values require a higher MVA rating for the power system and would draw more peak power from the line, but yield faster TF coil charging which reduces TF coil energy consumption and heating during the ramp-up phase. This relation defines a tradeoff optimization between TF power system cost and TF flattop duration. The tradeoff result chosen for this design selects an open circuit volts/turn value of 5.42 v/t. This value requires a TF system pulse rating of 542 MVA, but yields a 19 second time for the nonlinear TF ramp-up waveform to reach the full 10 Tesla design field.

The 542 MVA TF system pulse rating is set by the expected maximal TF waveform, which has an equivalent square wave duration of 36 seconds.  However, the FIRE device may possibly also have a complementary long pulse mission requirement of providing 4 Tesla 2 MA advanced tokamak plasmas for several minutes duration. If so, the continuous rating for the TF power system is 217 MVA.

The TF loop voltage and the number of turns per TF coil were chosen together to permit use of power supply equipment with an industrial standard as its operating voltage and to allow a TF coil turn size convenient for manufacture. If it becomes necessary to change the TF design to a non-standard voltage, a cost increase would be expected.  With 15 turns in each of 16 TF coils, the full 10 Tesla current per turn is 417 kA and the total TF open circuit loop voltage is 1300 volts. Since 6-pulse thyristor rectifier bridge circuits operating from standard 480 vac 3‑phase power produce an open circuit voltage of 650 volts, the dc output sides of 6-pulse bridge modules powered from 480 vac Y- rectifier transformer secondary windings are connected in series pairs to form 1300 volt 12-pulse rectifiers.   Multiple 12-pulse rectifiers are connected in parallel to provide the full 417 kA pulsed output current. Current sharing between rectifiers is enforced through a passive interconnecting network for high frequency imbalance components and through active feedback control of thyristor firing angle differences for low frequency imbalance components.  

During the TF flattop phase, the TF power supply output voltage necessary to counteract resistive losses will vary from about 600 to 800 volts as TF circuit resistance increases due to conductor heating. This reduced flattop voltage will be developed by retarding  rectifier firing angles as needed to maintain the total 417 kA TF current.

During a TF shutdown using inversion, the TF power supply voltage will be adjusted to ‑1000 volts by retarding the firing angle maximally without incurring commutation failures. Commutation failures have increased likelihood during such inversion operations. The negative voltage removes some of the TF coil's 3.8 Gigajoules  of magnetic energy and returns it to the electric utility power line as a negative power load, initially -417 MW and then increasing to zero.  Combined with the effect of the TF circuit's resistive voltage drop, this produces a nonlinear  TF ramp-down waveform with coil heating intermediate between a 10 second linear ramp-down and a "crowbarred" shutdown. However, the zero volts situation will unavoidably result on rare occasions whenever inversion commutation failures occur, so the TF flattop pulse duration's will need to be restricted to limit end-of-pulse TF coil temperatures for those occurrences.   No flattop extending benefit derives from inversion unless a higher non-repetitive peak coil temperature can be permitted for rare commutation failure events than can be permitted for repetitive pulses.

Waveform plots calculated for a TF pulse with “crowbarred” shutdown are shown in Figures 5.13-1 and 5.13-2.


[image: image10..pict][image: image2.wmf]
If the local utility company is not willing to accept the -417 MW pulsed inversion load, it still would be possible to operate the FIRE device by "crowbarring" the TF power supply circuit to zero volts and reducing the flattop duration to accommodate the additional repetitive rampdown heating. Alternatively, to avoid TF flattop reduction it would become necessary to include a resistor bank and its associated dc interrupter power transfer circuitry and switching to repetitively absorb some of the TF energy. 

The TF coil system stresses may permit an extension of operations up to 12 Tesla. If 12 Tesla operation were pursued as a mission-extending enhancement, it would necessary to upgrade the TF power system. Possible options for this upgrade have not been fully evaluated but are discussed here.  Additional paralleled thyristor rectifier units (108 MVA) would be needed to provide the total 500 kA TF current for 12 Tesla operation. Although the total stored TF magnetic energy would increase to 5.5 Gigajoules, the total dissipated resistive energy per pulse must not be permitted to increase  (because of  TF coil temperature limits).    The TF voltage could be left at its 1300 volt design value (which would restrict the extended TF system rating and electric utility line demand by the TF system  to 650 MVA), but the resulting flattop time at 12 Tesla would be very short. To extend the flattop duration at 12 Tesla, additional rectifier modules would need to be added in series connection to boost the TF voltage during the ramp-up phase.  Doubling the TF open circuit voltage by inserting in series an additional 650 MVA parallel connected set of identical 12-pulse rectifiers would extend the allowable 12 Tesla flattop duration by reducing the 12 Tesla ramp-up time to less than 10 seconds, but would also increase the total TF system pulse rating to 1300 MVA. If this extended power load were not acceptable to an electric utility, an option would be to install a 1.7 Gigajoule variable frequency Motor-Generator-Flywheel for auxiliary energy storage and for powering the additional 650 MVA of rectifiers. Another option to consider for extended 12 Tesla operation is an energy dump resistor bank. 

CS/PF System

The CS/PF system must provide a more complicated and diverse set of waveforms than the TF system. Plasma simulation TSC computer runs have produced one optimized set of CS/PF waveforms for a 21 second, 6.44 MA, Q=10 burning plasma, consistent with use of OFHC copper for all CS/PF coils. It models a twenty volt plasma breakdown as consuming 2 Webers of flux in 0.1 seconds. These waveforms have been used along with the PF/plasma inductance matrix and coil heatup algorithms to evaluate minimum CS/PF power system requirements. Although the entire waveform set would require 1297 MVA of thyristor rectifier equipment acting alone, only 412 MVA of thyristor rectifier equipment is required if resistor banks are used to augment coil resistance and rectifier equipment for plasma breakdown. Key waveform parameters derived from the waveforms are listed in the Table below, and the waveforms themselves are plotted at the end of this section. 

Coil

Name
Applied Voltage Range 

 (volts/turn) 

(excluding breakdown)
 Current Range

(Mega-ampere-turns)
Rectifier MVA rating
Applied

volts/turn during breakdown
Proposed

Number of

Turns
Maximum Absolute Current

(kA)


Minimum
Maximum
Minimum
Maximum





CS1 U
-3.93
2.92
-11.97
8.45
47.0
-15.57
200
59.9

CS1 L
-3.93
2.92
-11.97
8.45
47.0
-15.57
200
59.9

CS2 U
-1.90
3.00
0.00
5.93
17.8
-15.62
100
59.3

CS2 L
-1.90
3.00
0.00
5.93
17.8
-15.62
100
59.3

CS3 U
-1.04
2.30
0.00
3.01
6.9
-12.71
100
30.1

CS3 L
-1.04
2.30
0.00
3.01
6.9
-12.71
100
30.1

PF1 U
-1.77
2.79
0.00
4.75
13.3
-15.29
80
59.4

PF1 L
-1.77
2.79
0.00
4.75
13.3
-15.29
80
59.4

PF2 U
-2.22
4.68
0.00
4.75
22.2
-24.20
80
58.5

PF2 L
-2.22
4.68
0.00
4.75
22.2
-24.20
80
58.5

PF3 U
-10.91
5.94
-3.36
0.45
36.7
-18.94
60
56.6

PF3 L
-10.91
5.94
-3.36
0.45
36.7
-18.94
60
56.6

PF4 U
-15.67
14.84
-3.96
0.17
62.1
-19.98
60
66.0

PF4 L
-15.67
14.84
-3.96
0.17
62.1
-19.98
60
66.0

[image: image7.wmf]With these numbers of turns per coil, maximum rectifier module currents in 6 of the 7 CS/PF circuits closely match each other and also the module current rating chosen for the TF system. 

The CS1, PF3, and PF4 coil current waveforms are bidirectional, but their numbers of current reversals in this set of waveforms are only 2, 1, 1, respectively. For these coil circuits, power supplies include rectifier dc reversing switches, which operate near zero current, along with associated passive networks, switching, and controls. The CS2, CS3, PF1, and PF2 coil current waveforms are unidirectional. 

Figure 5.13-3 depicts the CS1 coil circuit which includes both a resistor bank used for plasma initiation, Ri, and the reversing switch feature which requires resistor Rr. The figure uses magnetic relay symbols for the high ampacity swiches S1-S3, but they may instead be controlled by other methods (e.g., pneumatics). Plasma initiation is accomplished as follows.  Prior to plasma initiation, current flows through rectifier modules, M1-M3, through the closed switch S1, through S2, and through the CS1 coils.  Shortly before plasma initiation, the fast vacuum switch, VS, is closed and S1 is then opened. Thyristor Q1 fires to discharge the counterpulse capacitor bank, C1, while simultaneously vacuum switch VS reopens. Coil current is then commutated to flow through the resistor bank, Ri, which augments the voltage produced in the rectifier modules and causes plasma breakdown. The high resistor bank voltage continues until VS recloses.  Subsequently, S1 recloses and remains closed for the remainder of the pulse. 

By comparison, this interrupter configuration has advantages over TFTR's, which required high voltage blocking diodes and which limited joint rectifier/interrupter operations.

[image: image8.wmf]Current reversal is accomplished as follows. As CS1 current approaches zero, switch S3 closes to insert resistor Rr in parallel with the CS1 coil. Output voltages from rectifier modules M1-M3 are then adjusted so that the CS1 coil current flows entirely through Rr and not through the S2's switch contacts or the rectifier modules. The position of S2 is then reversed. Next, rectifier voltage is increased in order to drive coil current through zero. Finally, the rectifier voltage is adjusted so that resistive current through Rr and the S3 switch contacts is zero, and switch S3 is reopened.  

By comparison, this current reversal configuration has advantages over TFTR's, which did not allow all of the rectifier modules to conduct both before and after current reversal.

The CS/PF circuit is depicted in Figure 5-13-4.  Eight of the fourteen CS/PF rectifier modules can be connected as 12-pulse systems.

The cumulative energy injected into the CS/PF coils during this waveform set reaches a 2.11 Gigajoule peak, although the net dissipated energy at the end of pulse is only 1.8 Gigajoules. In the event that FIRE is sited in a location where the local electric utility 

[image: image9..pict]company cannot support the 412 MVA power demand profiles expected for each FIRE pulse, it would be necessary to provide a local Motor-Generator- Flywheel energy storage system sized to provide at least 2.11 Gigajoules and 412 MVA.
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Fig. 5.13-3. CS1 Coil Circuit
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Fig. 5.13-4.  CS/PF System
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