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December 13, 2005
From: W. Reiersen

To: Distribution

Subject: Initial power supply requirements for the PF1A option
Introduction

The solenoid coils, PF1-3, were removed from the MIE project prior to the last Lehman Review as part of ECP39.  The baseline was changed to incorporate the excess PF1A coils from NSTX in place of PF1-3.  The purpose of this memo is to define the current waveforms and power supply requirements for the new baseline, the PF1A option.
Full capability design
The full capability design features 6 up-down symmetric pairs of PF coils.  The plan has always been to power PF1-2 in series with the remaining PF coil pairs powered independently using D-site power supplies.  This results in 5 electrical circuits for the PF coils giving NCSX an excellent ohmic (nullapole) current distribution and shaping capability.  The vertical field on the midplane with a 1-Wb nullapole distribution is shown in Figure 2 using PF1-2 (in series).  The fits to higher order even multipoles are shown in Figure 1.  Very good fits to a dipole distribution are obtained with PF6 alone; to a quadrupole distribution using PF5-6; to a hexapole distribution using PF4-6; and to an octupole distribution using PF3-6.  This is in fact no accident.  Rather, it was a factor in determining the PF coil positions.
The original C-site option

In an effort to reduce the cost of the MIE project while still retaining adequate performance, it was determined that the C-site power supplies could be used for initial operation with PF5 not needing to be powered.  Without PF5 being powered, a good nullapole distribution can still be achieved.  Figure 2 shows the vertical field on the midplane with a 1-Wb nullapole current distribution without PF5.  The fit is somewhat degraded if PF1-3 are configured in series as originally envisioned for the C-site option.  Fits to the dipole and quadrupole distributions are shown in Figure 4.  Good fits to higher order multipoles are difficult to achieve without PF5.  However, the ability to control the vertical field and vertical field gradient is clearly preserved with PF4 and PF6 alone.
Vacuum and full current (zero beta) equilibria for first plasma were provided in a memo from Zarnstorff
 dated August 18, 2004.  The same power supply assignments were assumed as shown in Table 1.  Current waveforms were generated based on the assumption of a plasma self inductance of 2.85 H with a constant IR drop of 0.85V when plasma current is present.  Coil currents are consistent with 22 turns per coil in the Type A (M1) and Type B (M2) coils and 20 turns per coil in the Type C (M3) coils. The resulting current waveforms are shown in Table 2. The calculated circuit inductances and resistances are shown in Table 3.  Power supply voltage requirements for each circuit are shown in Table 4.
Table 1 - Power supply assignment for original C-site option

	M1-3
	Robicon-20
	20kA
	500V

	PF1-2
	2 Robicon-5 in series
	5kA
	600V

	PF3
	Robicon-5
	5kA
	300V

	PF4
	UCLA
	5kA
	500V

	PF5
	---
	---
	

	PF6
	Robicon-10
	10kA
	200V

	TF
	Robicon-5
	5kA
	300V


Table 2 - Current waveforms for original C-site option

	
	t(s)
	M
	PF1/2
	PF3
	PF4
	PF6
	TF
	Plasma

	Start charging coils
	-2.5
	0
	0
	0
	0
	0
	0
	0

	Dwell
	0.00
	9062
	0
	0
	0
	0
	93
	0

	Start Ip ramp
	0.05
	9062
	0
	0
	0
	0
	93
	0

	Heat to high beta
	0.12
	9062
	4475
	4475
	1427
	345
	93
	-25919

	Hold at high beta
	0.12
	9062
	4563
	4563
	1456
	352
	93
	-25919

	Start discharging coils
	0.13
	9062
	4770
	4770
	1521
	368
	93
	-25919

	Coils discharged
	2.63
	0
	0
	0
	0
	0
	0
	0


Table 3 - Inductance and resistance values for original C-site option
	
	M
	PF1/2
	PF3
	PF4
	PF6
	TF
	Plasma

	Lcircuit
	5.15E-02
	6.66E-05
	-2.63E-06
	-6.40E-05
	-4.48E-04
	2.21E-02
	-3.94E-05

	
	6.66E-05
	6.54E-03
	5.05E-04
	4.69E-04
	2.32E-04
	0.00E+00
	1.63E-05

	
	-2.63E-06
	5.05E-04
	2.57E-03
	1.14E-03
	1.04E-04
	0.00E+00
	4.32E-06

	
	-6.40E-05
	4.69E-04
	1.14E-03
	1.52E-02
	5.90E-04
	0.00E+00
	1.73E-05

	
	-4.48E-04
	2.32E-04
	1.04E-04
	5.90E-04
	6.24E-03
	0.00E+00
	3.46E-05

	
	2.21E-02
	0.00E+00
	0.00E+00
	0.00E+00
	0.00E+00
	4.90E-02
	1.51E-06

	
	-3.94E-05
	1.63E-05
	4.32E-06
	1.73E-05
	3.46E-05
	1.51E-06
	2.68E-06

	
	
	
	
	
	
	
	

	Rcoils
	2.27E-02
	2.35E-03
	1.17E-03
	3.11E-03
	2.84E-03
	9.49E-03
	

	
	
	
	
	
	
	
	

	Rbus
	2.65E-03
	1.25E-02
	6.24E-03
	6.24E-03
	4.52E-03
	6.24E-03
	


Table 4 - Power supply voltage requirements for original C-site option

	t(s)
	M
	PF1/2
	PF3
	PF4
	PF6
	TF

	-2.50
	0
	0
	0
	0
	0
	0

	-2.50
	187
	0
	0
	0
	-2
	82

	0.00
	417
	0
	0
	0
	-2
	83

	0.00
	229
	0
	0
	0
	0
	1

	0.05
	229
	0
	0
	0
	0
	1

	0.05
	245
	455
	219
	410
	51
	1

	0.12
	245
	521
	252
	423
	54
	1

	0.12
	230
	279
	135
	205
	32
	1

	0.12
	230
	280
	136
	206
	32
	1

	0.12
	230
	280
	136
	206
	32
	1

	0.13
	230
	284
	137
	206
	32
	1

	0.13
	42
	57
	29
	2
	3
	-80

	2.63
	-188
	-14
	-7
	-12
	0
	-82

	2.63
	0
	0
	0
	0
	0
	0

	
	
	
	
	
	
	

	Max
	417
	521
	252
	423
	54
	83

	Min
	-188
	-14
	-7
	-12
	-2
	-82


Simulations confirm that the prescribed power supply complement appears adequate.  The following observations regarding power supplies can be made:
· Modular coils. The 500V power supply limit for the modular coils is well used for the 1.55s charge time.  There is ample margin on the 20kA current limit for First Plasma.  However, the IR drop at 9.1kA (0.5T) is almost 300V which suggests that using the R20 power supply to raise the field much above 0.5T is unlikely.
· PF1/2. The 5kA, 600V power supply capability for the PF1/2 coils is well matched to the First Plasma scenario.
· PF3. The 5kA, 300V power supply capability for the PF3 coils is also well matched to the First Plasma scenario.
· PF4. The 500V power supply capability for PF4 is well matched but there is ample margin on the 5kA current limit (1.5kA required).

· PF6. The 10kA, 200V power supply capability for PF6 is grossly unchallenged (less than 0.4kA and 54V required).

· TF. The 5kA, 300V power supply limits for the TF are also unchallenged (less than 0.1kA and 80V required).  
The PF1A option
The PF 1A coils were replaced on NSTX in order to provide an improved equilibrium.  The replacement coils are shorter, allowing the current centers to be moved further from the midplane.  The original coils are available to be used on NCSX.
The PF1A coils have a radius of 18.03cm, a radial build of 4.16cm, and a height of 53.88cm
.  (For comparison, the NCSX PF1 coil has a radius of 21.9cm, a radial build of 9.8cm, and a height of 43.3cm.)  The PF1A coils have 48 turns each and a fill factor of 0.7177.  The PF1A coils use the same conductor planned to be used in the rest of the NCSX PF coils.  The coil resistance is 2.798e-3 ohms at RT.  The self-inductance of the coil pair is 0.376 mH.  The rated coil current is 15kA.  This limit was set by thermal response and pulse repetition requirements rather than stress limits.  On NCSX, the coil will have to operate at currents up to 20kA.  The thermal limits should be opened up substantially when operating on NCSX in a cryogenic environment with a 15 minutes pulse repetition rate.  The average stress in the winding pack with the coil operating at 20kA is expected to be acceptable.  The serviceability of the epoxy system (Fusa-Fab B-staged epoxy glass tape) used in fabricating the coil in a cryogenic environment needs to be verified.  On NSTX, the PF1A coils were driven with a maximum voltage of 2kV which qualifies the coils for the lower voltages to be used on NCSX with C-site supplies.
In the original C-site option, the currents in PF1-3 were equal and dictated by the desire to control the plasma current while transitioning from one equilibrium to another.  This left two PF coils (PF4 and PF6) free for equilibrium control.  In replacing PF1-3 with PF1A, we still have two coils -  PF4 and PF6 - available for equilibrium control while transitioning from one equilibrium to another.  
Positioning PF1A at an elevation of 0.4m provides the best fit to an ohmic (nullapole) distribution.  A 1-Wb nullapole fit was generated which still provides a vertical field on the midplane of less than 15 gauss.  It is compared with other 1-Wb nullapole current distributions in Figure 2.
There is a clear constraint looming in powering this coil set.  When we used PF1-3, the solenoid coils had 432 turns with a maximum current of nearly 5kA. When we replace PF1-3 with PF1A, the number of turns is reduced to 96, the maximum current can be expected to jump inversely as the number of turns and indeed it does.  The maximum current in PF1A jumps to nearly 20kA with a voltage requirement of 268V.  This basically dictates that the Robicon-20 (R20) supply needs to be put in the PF1A circuit.

The modular coils, which originally were all planned to be run in series using the R20 supply, require almost 10kA in the First Plasma scenario.  If all the modular coils were run in series, the required voltage would be about 400V, twice the nominal rating of the R10 supply.  This can be solved by powering the Type A modular (M1) coils only using the R10 supply.  The Type B (M2) and Type C (M3) modular coils could be powered by two R5 supplies in parallel, thereby providing 10kA and 300V capability (neglecting any penalty for balancing currents in parallel supplies).

PF4 requires 700V and 3.1kA which can be provided by putting the UCLA supply (5kA, 500V) in series with the remaining R5 (5kA, 300V).  However, that leaves no power supply for the TF circuit.  In the original C-site option, the TF circuit had a maximum current of 93A, providing 1% of the toroidal field with the modular coils providing the balance.  This extremely low level of current seems inconsequential.  Conversations with Michael Zarnstorff confirmed that the TF circuit is not required for First Plasma.

The power supply assignment proposed for the PF1A option is shown in Table 5. Current waveforms were generated based on the assumption of a plasma self inductance of 2.85 H with a constant IR drop of 0.85V when plasma current is present.  The current waveforms are shown in Table 6. The calculated circuit inductances and resistances are shown in Table 7.  Power supply voltage requirements for each circuit are shown in Table 8.  It is proposed that these current waveforms and power supply assignments be used for developing the power system design.  These results need to be checked in order to confirm the feasibility and practicality of the PF1A option and avoid wasting valuable resources.
Table 5 - Power supply assignments for PF1A option

	M1
	Robicon-10
	10kA
	200V

	M2+M3
	2 Robicon-5 in parallel
	10kA
	300V

	PF1A
	Robicon-20
	20kA
	500V

	PF4
	UCLA, Robicon-5 in series
	5kA
	800V

	PF5
	---
	---
	

	PF6
	Robicon-5
	5kA
	300V

	TF
	---
	---
	


Table 6 - Current waveforms for PF1A option

	
	t(s)
	M1
	M2/3
	PF1A
	PF4
	PF6
	TF
	Plasma

	Start charging coils
	-4.000
	0
	0
	0
	0
	0
	0
	0

	Dwell
	0.000
	9115
	9115
	0
	0
	0
	0
	0

	Start Ip ramp
	0.050
	9115
	9115
	0
	0
	0
	0
	0

	Heat to high beta
	0.120
	9115
	9115
	18109
	2947
	227
	0
	-26068

	Hold at high beta
	0.123
	9115
	9115
	18466
	3005
	231
	0
	-26068

	Start discharging coils
	0.130
	9115
	9115
	19299
	3141
	241
	0
	-26068

	Coils discharged
	2.630
	0
	0
	0
	0
	0
	0
	0


Table 7 - Inductance and resistance values for PF1A option

	
	M1
	M2/3
	PF1A
	PF4
	PF6
	TF
	Plasma

	Lcircuit
	1.50E-02
	4.95E-03
	-2.18E-05
	1.34E-04
	-3.10E-04
	9.54E-03
	-1.79E-05

	
	4.95E-03
	2.66E-02
	4.66E-05
	-1.98E-04
	-1.38E-04
	1.25E-02
	-2.14E-05

	
	-2.18E-05
	4.66E-05
	7.96E-04
	8.21E-05
	5.27E-05
	0.00E+00
	3.90E-06

	
	1.34E-04
	-1.98E-04
	8.21E-05
	1.52E-02
	5.90E-04
	0.00E+00
	1.73E-05

	
	-3.10E-04
	-1.38E-04
	5.27E-05
	5.90E-04
	6.24E-03
	0.00E+00
	3.46E-05

	
	9.54E-03
	1.25E-02
	0.00E+00
	0.00E+00
	0.00E+00
	4.90E-02
	1.51E-06

	
	-1.79E-05
	-2.14E-05
	3.90E-06
	1.73E-05
	3.46E-05
	1.51E-06
	2.68E-06

	
	
	
	
	
	
	
	

	Rcoils
	8.10E-03
	1.46E-02
	6.45E-04
	3.11E-03
	2.84E-03
	9.49E-03
	0.00E+00

	
	
	
	
	
	
	
	

	Rbus
	4.52E-03
	3.12E-03
	2.65E-03
	1.25E-02
	6.24E-03
	0.00E+00
	0.00E+00


Table 8 - Power supply voltage requirements for PF1A option

	t(s)
	M1
	M2/3
	PF1A
	PF4
	PF6

	-4.000
	0
	0
	0
	0
	0

	-4.000
	45
	72
	0
	0
	-1

	0.000
	160
	233
	0
	0
	-1

	0.000
	115
	161
	0
	0
	0

	0.050
	115
	161
	0
	0
	0

	0.050
	121
	172
	208
	658
	46

	0.120
	121
	172
	268
	704
	48

	0.120
	115
	163
	156
	351
	29

	0.123
	115
	163
	157
	352
	29

	0.123
	115
	163
	157
	352
	29

	0.130
	115
	163
	160
	354
	29

	0.130
	42
	46
	57
	30
	2

	2.630
	-73
	-115
	-6
	-19
	0

	2.630
	0
	0
	0
	0
	0

	
	
	
	
	
	

	Max
	160
	233
	268
	704
	48

	Min
	-73
	-115
	-6
	-19
	-1
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Figure 1 - Multipole fits with full PF set
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Figure 2 - Vertical field on midplane with 1-Wb nullapole current distributions
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Figure 3 - Multipole fits with PF4 and PF46
� M. Zarnstorff, “NCSX CD4 with C-site Supplies”, Rev. 0 dated August 18, 2004 (040818_CSitePS_84_MZ.pdf)


� C. Neumeyer, “Summary Description of OH and PF Coils”, dated February 3, 1997 (13-970203-CLN-01)





