








31 July
, 2001

TO: D MEADE

FROM: C NEUMEYER

SUBJECT: POWER SUPPLY SYSTEM FOR FIRE* AT PPPL

This memo presents the results of a study to determine how the FIRE* machine could be supplied by the PPPL D-site power system, with suitable modifications.

Summary

FIRE* can be readily accommodated with credible upgrades and modifications to the PPPL power supply systems, resulting in a net cost reduction (site credit) for WBS4 of order $30M, including contingency.

The main features of the design are summarized as follows:

• the two existing D-site MG sets are dedicated to the FIRE* TF system, and are 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 GE;

• new AC/DC converter systems are 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 utility grid, and the other is a thyristor converter which receives its input from the existing D-site MG sets. Both inject full voltage during the current rise. During flat top, the converter fed by the grid injects its full voltage, while the converter fed by the MG is phase controlled to maintain constant flat top current;

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

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

• the 74 existing D-site Transrex AC/DC thyristor converter sections are 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 is 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. In this case the net cost reduction for WBS4 would increase to $56M. The new MG set could be added later to obtain the full 21.0 seconds.

FIRE* Load Characteristics

The FIRE* TF coil system supplies a vacuum field of 10T at 2.14m. The following are the assumed and computed characteristics.

#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

TF coil horizontal limb and outer leg dimensions are taken from drawing F3E131-011-17 “FIRE TF Winding – Outboard Plate”, dated 11/17/99.

The following table indicates the PF coil dimensions
. Note that the turns have been adjusted compared to previous information in order to provide an improved match to the D-site Transrex power supply ampacity for long pulse currents. 


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

Inductances (H) and 20C resistances were computed using PPPL code “ICC” and are given in the following table.


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


PF coil current scenario
 (MA-turn) is given in the following table.

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. 

[image: image1.wmf]
PF Current Scenario (Amp vs. Time (sec))

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 timing is as follows:

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.

Calculation Method

PF coil parameters were determined using ICC. Then, a spreadsheet was developed which:

· computes the TF coil inductance;

· simulates the TF current waveform including coil heating and resistance variation with temperature, but neglecting current diffusion effects. Flat top is ended when the prospective L/R current decay would bring the final inner leg temperature to 373K;

· computes the PF coil heating, resistance variation with temperature, and driving voltage requirement;

· computes the composite active (P in MW), reactive (Q in MVAR), and apparent (S in MVA) power demand, suitably apportioned to the grid and MG systems;

· determines the number of D-site power supply sections required to support each of the PF systems.

Results

Waveforms are depicted in the following figures. 

[image: image2.wmf]
TF Current (kA), Total Electrical Input Power (MW), Power from MG (MW), Power from Grid (MW), and Inner Leg Temperature (K) vs. Time (sec)

[image: image3.wmf]
Coil (Amp) and Plasma (Amp/10) Currents vs. Time (sec)

[image: image4.wmf]
Power Waveforms (Watt) vs. Time (sec)

[image: image5.wmf]
TF Grid Load (Watt, VAR, VA) vs. Time (sec)

[image: image6.wmf]
TF MG Load (Watt, VAR, VA) vs. Time (sec)

[image: image7.wmf]
PF/RF MG Load (Watt, VAR, VA) vs. Time (sec)

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


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

Requirements for adaptation of the D-site Transrex power supply sections to FIRE* is given in the following table. Number of series rectifiers is NS, number of parallel is NP.  NPSS is the total number of power supply sections required, which sums to 70.


CS1
CS2
CS3
PF1
PF2
PF3
PF4

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

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

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
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

Comments on Simulation Results

Grid Power

In recent years analysis has been performed by PSE&G for the BPX
 and TPX
 projects. The following loads (total PPPL facility) were approved by PSE&G based on load flow analysis:

Parameter



BPX

TPX 

TPX (upgrade)
Base Load (MW/MVAr)

24/21

31/23

31/23

Pulsed Load (MW/MVAr)

300/306
66/34

197/101

Peak Load (MW/MVAr)

324/327
96/57

228/125

p.f. Correction (MVAr)

400

0

100


Pulse Ramp (sec)


25

0

0

Pulse Flat Top (sec)


8

1000

1000



Pulse Period (sec)


3600

4500

4500




Flicker*



1%

0.5%

0.5%

*% Variation permitted by PSE&G at Brunswick/Trenton

In more recent times with deregulation the grid has become less robust. However it is still judged to be likely by the writer that the 200MW level called for in the proposed configuration can be realized if it is taken at unity power factor, i.e. if 180MVAR are supplied locally using a power compensation system at PPPL.

MG Utilization

The following table summarizes the PPPL D-site MG capabilities (total for the two machines) for four cases of utilization, from most conservative to least conservative. In the opinion of the writer, all of the cases listed are credible, however, and the cost impact of going from the first to the last is non-zero but not major. 


Base MG
MG Overdrive
MG Overdrive + Superpulse
MG Overdrive + Super-Superpulse

MG Apparent Power (MVA)
950
1200
1200
1200

MG Active Power (MW)
855
1080
1080
1080

MG Energy (MJ)
4500
4500
5720
5915

The “Base MG” is the nameplate rating of the MG sets, in which case the energy is withdrawn as the MG output frequency drops from 87.5 to 60Hz. The “MG Overdrive” was actually used for the TFTR 6T experiments. The MG “superpulse” has never been used, but it involves the extension of the frequency range down to 50Hz. The MG “super-superpulse” extends the frequency on both ends to the range 88.5 to 50Hz, but the number of pulses available at this level is limited due to mechanical stress concerns. 

Based on the above, it is noted that the FIRE* TF power demand (372MVA) is well within the baseline power rating of the two exisiting sets (950MVA) while the energy demand (5.2GJ) is in excess of the baseline rating (4.5GJ) but well within the superpulse rating (5.7GJ).  Although not analyzed in this study, the relatively low power level will ensure tha the ∫i2(t)dt heating of the generator stator windings will not be limiting.

The FIRE* PF power demand (586MVA) is slightly in excess of the baseline power rating of one machine (475MVA) but within the overdrive level (600MVA) per machine. The energy demand (2.5GJ) is slightly in excess of the baseline rating of one machine (2.25GJ) but well within the superpulse rating of one machine (2.86GJ). It is noted that, using a “sequential control” scheme, the reactive power demand can be considerably reduced by bypassing power supply sections whose output is not needed at any instant. This type of scheme was used successfully to reduce the reactive power demand of the TFTR TF converter. 

Transrex Power Supply Utilization

The analysis indicates that the PF system of FIRE* can be supplied using 70 of the 74 existing Transrex power supply sections, with each power supply section conservatively de-rated from the normal 24kA/6 second rating down to15kA for the relatively long FIRE* pulse. The fit between the power supply inventory and the coils is sensitive to the number of turns selected for each coil; further optimization may be possible.

Overall

The use of grid power to supply a large fraction of the 11.7GJ demanded by the TF coil system is a crucial, essential aspect of the design. By placing the relatively smooth base TF load on the grid, power quality issues should be minimized. 

The D-site facility was originally designed with the possibility of the installation of third MG set in mind, i.e. the facility has room for expansion. By selecting a machine design identical to the existing two units to supply the PF and RF systems, operations and maintenance will be simplified compared to the case where a different design is used. However, it is noted that the three machines cannot be connected in parallel to the same bus, because the short circuit level would be too high.

Cost Implications

The proposed design would, compared to the baseline design against which FIRE was originally costed:

· add energy storage;

· reduce the scale of the grid interface;

· reduce the scale of the reactive power compensation;

· reduce the cost of the PF AC/DC converters by using the existing Transrex equipment, suitably reconfigured for FIRE*.

On the basis of the original costing spreadsheet, with the new ratings entered as shown in the table below, the net effect would be to reduce the WBS4  cost by $30M from $217M down to $187M.

CATEGORY
FIRE Rating (MVA)
ITER Scaling ($K95/ MVA)
Fire Cost (M$99)
Contgcy

(%)
C$

Utility Grid Interface
270.0
4.6
1.4
12
0.2

Substation
270.0
15.1
4.6
12
0.5

Energy Storage System
475.0

22.4
20
4.5

Reactive Power Compensation 
180.0
29.2
5.9
20
1.2

∑AC Distribution
807.8
3.0
2.7
12
0.3

AC/DC Converters
552.8



 

Auxiliary Heating
75.0



 

Reactive Compensation
180.0



 

TF AC/DC Converters
541.5
49.8
30.1
24
7.2

∑PF AC/DC Converters
0.0

5.0
24
1.2

-Reconfigure D-site Transrex

 
5.0

 

PF Switching Networks


32.3
32
10.3

Fast Plasma Position Control PS
11.3
175.6
2.2
28
0.6

Field Error Correction PS
1.0
100.0
0.1
20
0.0

Resistive Wall Mode PS
10.0
175.6
2.0
22
0.4

Instrumentation


2.7
28
0.8

DC Components & Dummy Loads


16.9
20
3.4

Exp Power System Engineering


11.5



TOTAL EXP PWR SYS  (4.2)
 
 
139.7
21.6
30.6















Auxiliary Power System
60.0
120.8
8.1



Aux Power System Engineering


5.8



TOTAL AUX POWER SYSTEM (4.1)
 
 
13.9
18
2.5















GRAND TOTAL


153.5

33.1

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. 

The following table shows the peak power and energy which would be supplied by the existing D-site MG sets to the combined TF, PF, and RF loads for a 12.5 second flat top. In the analysis of this case the TF was run identically to the base case. The PF waveforms were contracted during the flat top time, with the same start and endpoint currents. 


GJ
MW
MVAR
MVA

TF
4.0
274
371


PF + RF
1.7
310
584


Total
5.7
584
955
1119

It is noted that the energy is within the bounds of the superpulse and the apparent power (MVA) is within the bounds of the overdrive, even without accounting for a reactive power reduction via sequential control of the PF power supplies. 

In this case the net cost reduction for WBS4 would increase to $56M. The new MG set could be added later to obtain the full 21.0 seconds.

In concluding the discussion of costs, it must be emphasized that the baseline FIRE power system costs were obtained by scaling ITER numbers, without having developed a conceptual design. Much work is needed to develop the design and cost estimate in greater detail. In particular it is noted that the largest cost item, the PF switching networks, have not been substantiated by an analysis of plasma initiation. It may prove that switching networks are not required in one or more of the PF circuits, so this cost might be significantly less than carried in the present estimate.
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