5.13 
FIRE Magnet Power Supplies
Requirements

The FIRE electrical load consists of a steady continuous load associated with the plant auxiliary systems (15MVA, 0.8 p.f., continuous duty), and a pulsed load associated with the experimental operations due to the Toroidal Field (TF), Poloidal Field (PF), and RF Heating (RF) power supply systems. The latter consists of a pulse followed by a cooling interval during which the load is zero. For the design basis scenario the pulse is on for approximately 60 seconds, then off for the remainder of the 2 hour repetition period. During any 24 hour period it should be possible to perform up to 12 full power pulses, at a rate not faster than once every 2 hours. Over the lifetime of the project, a total of 3000 full power pulses, and 30000 pulses at 2/3 power (with an accelerated repetition rate within the heat load limits of the facility) are planned. 

TF System

The FIRE TF coil system supplies a vacuum field of 10T at 2.14m. The following are the main parameters.

Table 5.13-1 TF Coil System Parameters

#Coils
16


Turns/Coil
15


Inner Leg Material
68% IACS BeCu precooled to 80K


Inner Leg Inner Radius*
0.490
m

Inner Leg Outer Radius*
1.366
m

Inner Leg Height**
1.815
m

Inner Leg 20C Resistance
6.8
µΩ/turn

Inner Leg Nuclear Heating***
30
MW

Outer Leg Material
100% IACS Cu precooled to 80K


Outer Leg Inner Radius*
3.450
m

Outer Leg Outer Radius*
4.038
m

Outer Leg 20C Resistance
4.75
µΩ/turn

Current per Turn
445.8
kA

Inductance
38.6
mH

*to conductor face

**above midplane, to centerline of horizontal limb

***during flat top only

The TF current and power waveforms are given in the following figure. These are based on a simple model of the coil and power system which neglects current diffusion but accounts for coil heating and resistance variation with temperature. The power supply is modeled as a controlled voltage source with a no-load voltage of 1.3kV, 20% regulation at full load, and a constant voltage of 66.6% of the no-load voltage during current shutdown (inversion).

[image: image1.wmf]Figure 5.13-1 TF Current and Power Waveforms
PF System

The PF coils are wound from OFHC copper and are pre-cooled to 80K prior to a pulse. PF coil dimensions, inductances, 20C resistances, and required coil currents are given in the following tables (based on C Kessel input 7/26/01). 

Table 5.13-2 PF Coil Dimensions


CS1
CS2
CS3
PF1
PF2
PF3
PF4

R (m)
0.68
0.68
0.68
0.8557
1.291
3.304
4.766

Z (m)
0.452
1.158
1.6668
2.2385
2.506
3.12
1.2

∆R (m)
0.4
0.4
0.4
0.325
0.325
0.4
0.4

∆Z (m)
0.904
0.5086
0.5086
0.38
0.38
0.4
0.4

Turns
240
120
120
96
96
72
84

Fill
0.85
0.85
0.85
0.85
0.85
0.85
0.85

Table 5.13-3 PF Coil Inductances (H) and 20C Resistances (Ω)

CS1
CS2
CS3
PF1
PF2
PF3
PF4
PLASMA

CS1
1.37E-01
2.67E-02
1.03E-02
5.09E-03
6.75E-03
7.44E-03
1.40E-02
2.00E-04

CS2
2.67E-02
3.41E-02
1.59E-02
5.38E-03
5.68E-03
4.10E-03
6.67E-03
7.13E-05

CS3
1.03E-02
1.59E-02
3.36E-02
1.29E-02
9.85E-03
4.53E-03
6.26E-03
5.06E-05

PF1
5.09E-03
5.38E-03
1.29E-02
3.59E-02
2.26E-02
6.40E-03
7.20E-03
4.13E-05

PF2
6.75E-03
5.68E-03
9.85E-03
2.26E-02
6.64E-02
1.54E-02
1.55E-02
7.25E-05

PF3
7.44E-03
4.10E-03
4.53E-03
6.40E-03
1.54E-02
1.35E-01
6.32E-02
1.33E-04

PF4
1.40E-02
6.67E-03
6.26E-03
7.20E-03
1.55E-02
6.32E-02
3.59E-01
3.06E-04

PLASMA
2.00E-04
7.13E-05
5.06E-05
4.13E-05
7.25E-05
1.33E-04
3.06E-04
9.12E-06











20C Resistances
2.76E-02
1.23E-02
1.23E-02
1.63E-02
2.46E-02
2.73E-02
5.36E-02


Table 5.13-4 PF Coil Currents (MA-turn)
T
Ics1
Ics2
Ics3
Ipf1
Ipf2
Ipf3
Ipf4
Ip

-10
0
0
0
0
0
0
0
0

0
8.51
5.97
3.03
2.38
3.86
0.454
0.171
0

0.5
7.46
5.23
2.66
2.08
3.37
0.394
0.145
0.1

6
-11.97
1.5
1.72
4.75
4.75
-3.36
-2.81
6.44

8.5
-10.7
1.55
1.51
4.05
4.05
-1.48
-3.95
6.44

27
-11.74
0.858
0.96
3.7
3.7
-1.58
-3.96
6.44

30
-9.89
2.72
2.69
2.7
2.7
-1.19
-2.61
5

34
0.59
0.382
0.217
0.152
0.183
0.002
0.018
0.1

40
0
0
0
0
0
0
0
0

The PF coil current scenario, in Amp/turn, is depicted in the following figure. It is noted that only CS1, PF3, and PF4 are bipolar. 
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Figure 5.13-2 PF Current Scenario
RF System

The auxiliary heating is assumed to consist of RF with 50% efficiency from AC input to the plasma. A power level of 20MW is assumed during Ip ramping and for the remaining interval prior to burn, and a level of 10MW is assumed during the burn.

Overall Scenario

Overall timing is as follows.

Table 5.13-5 Scenario Timing

Event
Time (sec)

Plasma Initiation
0.0

Start TF Flat Top and Start 20MW RF
6.0

Start Ip Flat Top
6.0

Start burn and 10MW RF
8.5

End Ip and TF Flat Top
27.0

The TF and Ip flat top durations are 21.0 seconds.

The active power (MW) waveforms of the systems are given in the following figure. PF power is computed based on V*I where V=R*I + ∑MdI/dt, and R is a function of the coil temperature which increases during the pulse as the coils dissipate power.
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Figure 5.13-3 TF, PF, and RF Power Waveforms
Composition of the load is given in the following table.

Table 5.13-6 Composition of Load
System
Peak Power (MW)
Peak Energy (GJ)

TF
470
11.6

PF
270
2.0

RF
40
0.5

Composite Total
780
14.1

The reactive power (MVAR) waveform is highly dependent on details of the AC/DC converter system design, along with the implementation of reactive power control and compensation schemes. 

Power Systems Design Concept

TF Power Supply System

The TF electrical power supply consists of AC/DC thyristor and/or diode converters consisting of series/parallel connected 6-pulse rectifier modules. It is noted that the 1.3kV no-load voltage rating of the TF system could be realized using two series layers of rectifiers each at 650Vdc, which corresponds to an input voltage of 480Vac. This choice lends itself to the application of common power semiconductor devices as designed and optimized for industrial usage at that voltage level.

The TF circuit operates in three successive phases namely current rise, flat top, and shutdown. Current rise time is minimized by applying the maximum available voltage. During flat top the voltage is controlled to maintain constant current. During shutdown the voltage polarity is reversed to drive the current to zero as quickly as possible and extract a large fraction of the stored magnetic energy at flat top. In case of failure of the power supplies to properly invert, they are bypassed and zero voltage is applied to the coil. In this case the coil current decays according to the L/R time constant of the circuit and most of the stored energy is dissipated in the coil resistance. An option would be to add a DC circuit breaker system and dump resistor which could be used in case the power supplies fail to invert. This would provide a means for discharging some of the stored magnetic energy outside of the coil system in the event of a fault.

The present chose of TF power supply voltage is consistent with a 21 second flat top time at 10T, and a maximum prospective end of pulse temperature of 373K, in case the power supplies fail to invert and the coil has to absorb the full stored energy.

PF Power Supply System

The PF power supply system will supply controllable DC voltage to the PF coils via series/parallel connected phase controlled AC/DC thyristor converter modules. In addition, it is assumed that each PF circuit will include a DC circuit breaker and discharge resistor to provide a high loop voltage during plasma initiation. The multiple power supply modules in each circuit will be controlled in such a way that the net voltage matches the time varying demand of the load while the net reactive power demand from the AC power system is minimized. 

The following table summarizes the requirements for the power supplies in each of the PF circuits. Here it is assumed that modular power supplies with a 1kV open circuit voltage are connected in series and parallel as required to provide the voltage and current described by the waveforms along with sufficient voltage margin.

Table 5.13-7 PF Power Supply Requirements

CS1
CS2
CS3
PF1
PF2
PF3
PF4

Max MW
95.0
22.6
8.1
8.7
21.0
78.4
88.5

Min MW
-60.3
-34.7
-15.4
-14.8
-35.5
-41.7
-69.1

Max kA
35.5
49.8
25.3
49.5
49.5
6.3
2.0

Max V(I>0)
817.5
477.9
339.0
313.9
548.5
269.4
305.0

Min V(I>0)
-2054.3
-697.9
-608.8
-598.2
-883.5
-1718.2
-2704.9

MVA(I>0)
72.8
34.7
15.4
29.6
43.7
10.8
5.5

Min kA
-49.9
0.0
0.0
0.0
0.0
-46.7
-47.1

Max V(I<0)
1090.4
0.0
0.0
0.0
0.0
964.8
2581.8

Min V(I<0)
-2234.1
0.0
0.0
0.0
0.0
-1869.3
-2925.7

MVA(I<0)
111.4
0.0
0.0
0.0
0.0
87.2
137.9

Max MVA
111.4
34.7
15.4
29.6
43.7
87.2
137.9

Regulation
0.15
0.15
0.15
0.15
0.15
0.15
0.15

VOCmin
2628.4
821.0
716.3
703.8
1039.4
2199.2
3442.0

NS
3
1
1
1
1
3
4

VOC(Volts)
3039
1013
1013
1013
1013
3039
4051

Vmargin
0.13
0.19
0.29
0.31
-0.03
0.28
0.15

Ipss(kA)
15
15
15
15
15
15
15

NP(I>0)
3
4
2
4
4
1
1

NP(I<0)
4
0
0
0
0
4
4

NPSS
21
4
2
4
4
15
20

The optimization of the design of the PF power supply system can be performed once a specific site is selected for FIRE and the range of operating scenarios and control requirements, beyond the basic scenario waveforms, is described. Some of the inter-related factors to be considered include the following:

· reactive power tolerance of local grid, or local energy storage, shall not be exceeded;

· reactive power compensation shall be implemented to the extent that it is cost effective and able to respond in the time scale of the dynamics of the load;

· sufficient voltage margin shall be included in each circuit;

· minimization of reactive power consumption of PF system favors the use of relatively small converter module ratings;

· minimization of cost of PF AC/DC converter system favors the use of a minimum number of unique converter module ratings;

· minimization of cost of PF AC/DC converter system favors the use of relatively large converter module ratings and/or ratings which are similar to those already in use in industry.

All of the above factors need to be considered to optimize the design (minimize cost) while constraining the demand for active and reactive power within the ratings of the source.

AC Power System

It is desired to supply as high a fraction as possible of the FIRE load directly from the grid. An interface with the grid at 500kV is preferred, although 345kV might suffice if some fraction of the power is supplied from local energy storage devices.  The base portion of the fire load, approximately 400MW, has a duration of order 40 seconds, which extends beyond the inertial response of the power system, into the governor response period, such that prime mover power generation will increase to supply the incremental load. Superimposed on the base portion are two transients of order 400MW which are of short duration, within the inertial response of the grid. There are large power steps associated with these transients, which will impact the generators in the grid in inverse proportion to their electrical distance from FIRE. If necessary, local energy storage can be implemented to reduce the impact of the load on the grid, in particular the transients. This would serve to reduce the amount of peak power to be transmitted to the site, and would mitigate the transients on nearby generators. The use of motor-generator-flywheel (MG or MGF) systems for this purpose remains the preferred approach. One possibility would be to power the PF systems, which cause most of the power steps, using a conventional type MG system comparable in scale to the TFTR machines, and power the other systems directly from the grid. Another possibility would be to use an AC excited MG scheme in which case all of the converters would be powered directly from the grid, but the load would be buffered. Depending upon the scheme selected for local energy storage, if any, reactive power compensation will be required to some degree, depending on the characteristics of the grid. Switched capacitors are probably adequate for this purpose. In addition, switched resistors can be implemented on the AC or DC side to reduce the power steps, if necessary, The detailed design of the FIRE power system needs to be undertaken with the full cooperation of the host utility, and dynamic power flow studies need to be performed based on specific site conditions to assess the impact and determine what measures, if any, need to be taken by FIRE to supply active or reactive power locally.

Supply of FIRE at Site with Local Energy Storage

Some sites could be considered for FIRE which do not have the capability of supplying 100% of the power via the grid. In these cases local energy storage capability will be required.  As an example, a study was performed of FIRE at the PPPL site where the TFTR power supply resources already exist. 

The main features of an implementation at PPPL would be:

• the two existing D-site MG sets would be dedicated to the FIRE TF system, and operated within their basic power rating except run down below 60Hz to obtain additional energy, within the 50Hz/5.7GJ level recommended in earlier “superpulse” studies by the manufacturer (GE);

• new AC/DC converter systems would be procured for the FIRE TF system, consisting of two systems connected in series. One is a diode converter which receives its AC input directly from the 138kV utility grid, and the other is a thyristor converter which receives its input from the existing D-site MG sets. Both would inject full voltage during the current rise. During flat top, the converter fed by the grid would continue to inject its full voltage, while the converter fed by the MG would be phase controlled to maintain constant flat top current;

• the grid would supply 200MW during TF flat top. Power factor correction would be required to supply 180MVAR to bring the net pulsed load to unity power factor;

• a new MG set would procured for the FIRE PF and RF systems. The design would identical to the existing D-site MG sets;

• the 74 existing D-site Transrex AC/DC thyristor converter sections would be reconfigured to supply the FIRE PF systems. They are de-rated from 24kA to 15kA because of the long pulse length. For those PF circuits which require bi-directional current flow, anti-parallel configuration would be provided.

An initial configuration with flat top time limited to 12.5 seconds instead of the nominal 21.0 seconds could be supplied without the addition of a new MG set. 

Distribution of load would be as summarized in the following table.

Peak power and energy requirements are summarized in the following table.

Table 5.13-7 Example of System to Supply Power to FIRE 

with Supplemental Local Energy Storage

Pmax (MW)
Qmax (MVAR)
Smax (MVA)
Wmax (GJ)

TF Grid
201
180
270
6.5

TF MG
274
371
372
5.2

PF/RF MG
310
584
586
2.5




















