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3 Introduction

This document describes the design of the Electrical Power Systems (WBS 4) of the National Compact Stellarator Experiment (NCSX).  The Electrical Power Systems WBS Element covers the supply and delivery of all AC and DC electrical power to all equipment associated with the NCSX experiment.
4 Design Requirements and Constraints

The main loads for the Electrical Power Systems come from:

· Stellarator Magnet Systems.  The stellarator core has 2 modular coil circuits, and 3 poloidal field (PF) coil circuits in the initial configuration. These are: M1, M2/3, PF1a, PF4, PF6. The TF coil, PF5 coil and the Trim coils are not fed for the first phase ( First Plasma Scenario and Field Line Mapping Scenario )of the project. Also the PF1a coil will be replaced by PF1 & 2 coils and will be fed for the final stage.
· Neutral Beam Injection (NBI) System.

The Electrical Power Systems requirements for the coil systems are derived from the performance requirements for the coils.  NCSX is designed to be a flexible, experimental test bed.  To ensure adequate dynamic flexibility, a series of reference scenarios has been established in the General Requirements Document (NCSX-ASPEC-GRD-01_dD
).  These scenarios include the:

· First Plasma Scenario

· Field Line Mapping Scenario

· 1.7T Ohmic Scenario

· 1.7T High Beta Scenario

· 1.2T High Beta Long Pulse Scenario

· 2T High Beta Scenario

· 320kA Ohmic Scenario

TF, PF, and modular coil systems and the vacuum vessel will be designed to meet the requirements of all the reference scenarios. The Electrical Power Systems will be designed and initially configured to meet the requirements of the First Plasma and Field Line Mapping Scenarios . These scenarios form the Phase 1 of the WBS4 Electrical Power System, and designed to have an upgrade path to meet the requirements of all other reference scenarios and the following Flexibility requirements, which form the Phase 2 of the WBS4 Power System. 
Flexibility requirements have also been established.  The dimensions in flexibility space include:

· Quasi-axisymmetry

· External iota

· Shear

· Beta Limit
· Radial and Vertical Position

The coil systems shall be designed and the Electrical Power Systems will be upgradeable(from Phase 1 to Phase 2)  to accommodate flexibility requirements in each of these dimensions.

The NCSX Project has developed coil current waveforms for each reference scenario.  These waveforms are documented in the Technical Data Sheet, which is an appendix to this report (Appendix A).  Plots of the waveforms and other parameters of interest are provided in Appendix B.  Based on these waveforms, maximum circuit currents and voltages were calculated.  Power supply requirements were calculated based on the Thyristor Rectifier supplies at C-site ESAT Building, for WBS4 Phase 1.  Some of these are the same power supplies that are being used for CDXU. The performance characteristics of these power supplies are tabulated in Table 1. A schematic of a typical C-Site Rectifier power supply is provided in Error! Reference source not found.. 
For Phase 2,  the Transrex D-Site Power Supplies will be used. These D-Site Supplies were originally used to power the TFTR coil system and , some of which are currently being used by NSTX. There are a total of 74 power supply sections located at D-site.  The performance characteristics of these power supplies are tabulated in 2.  A schematic of a Transrex power supply is provided in. Figure 2.
When operating at full parameters (maximum I2t), the required repetition rate is once every 15 minutes. (The repetition rate is limited by the time required to cool down the modular coils.) The maximum CW current required in any circuit is 432 A during the first phase (First Plasma and Field Line Mapping). During Phase 2, the maximum CW current for the modular coils is increased to 1308 Amps.  The maximum CW current for the TF and PF coils is less than 700 A.

Maximum active and apparent power requirements and stored energy requirements were calculated over the full range of reference scenarios. The maximum active power is ???? MW with a maximum stored energy of ??? MJ for Phase 1 

For Phase 2,  D- Site Supplies will be used. The maximum active power is 154 MW, with a maximum stored energy of 124 MJ, in the 2T High Beta Scenario.  The maximum apparent power is 408 MVA, which occurred in the 1.7T Ohmic Scenario.  These requirements are well within the capability of the D-site AC power system using the available line power and only a single MG set.

The AC auxiliary electrical loads for both Phases should be comparable to electrical loads already handled by the C-site AC Power System during PBX-M operation.

5 Design Description and Performance

3.1 PHASE 1

The NCSX machine will be installed in the NCSX Test Cell formerly occupied by the PLT and PBX-M tokamaks. The existing C-site DC power conversion equipment will be utilized for NCSX in order to meet the operational requirements of NCSX during Phase 1, in a  cost-effective manner. A one-line diagram of the NCSX Electrical Power Systems is provided in Appendix C, along with circuit schematics. Existing C-site rectifier power supplies will be used to feed the NCSX coils that are to be powered. Each of the NCSX circuits has been mapped into an existing C-Site Supply, as shown in Table 1.
When using the C-Site Supplies, real time feedback control will be accomplished via digital computer algorithms provided as part of the WBS5 scope of work. 

The C-site NBI system was in operation for PBX-M. AC power distribution to NCSX auxiliary equipment will make use of existing equipment down to the 480V level under service conditions less than or equal to previous levels. Additional power panels will be purchased and installed in C-site NCSX Test Cell as required. Additional outlets and plug points will also be provided as needed. WBS 4 will provide power for all Diagnostics Systems equipment up to the power panels.
The composite AC power demand imposed by NCSX for PHASE 1, will be supplied by the grid. Available grid power for the pulsed loads through XQT1 or XQT2 in C-Site is limited to approximately 120MVA. The total grid power availability depends on the power factor. Present contractual arrangements with PSE&G allow for instantaneous peak power demand up to 120MVA without mention of power factor.

3.1.1 There are seven rectifier power supplies in C-Site. Six of these were originally furnished by Robicon. One supply was furnished by PEI industries. Five of the Robicon supplies are currently being used for the CDX-U experiment. Table 1 gives the details of the supplies and the load assignment. Each power converter section comprises of two six pulse supplies connected in parallel through an inter-phase transformer, effectively providing a twelve (12) pulse output. Each supply has built-in control and protection.
3.1.2 Following tables shows the power supply assignment and the current and voltage requirements.
Table 1 C-Site Rectifier power supplies Ratings and Load assignment
	NCSX Circuit
	C-Site Supply Name
	Max current
	Nominal voltage
	Open Circuit Voltage

	MA
	DF (Robicon-10kA)
	10 kA
	200 V
	229.6

	MB, MC in series
	T1 Robicon-5kA in Parallel with T2 Robicon-5kA
	10 kA (-5% for unbalance)
	300 V
	344.4

	TF
	Not Powered
	
	
	

	PF1A
	IF (Robicon – 20kA)
	20 kA
	500 V
	575.3

	PF3
	Not Powered
	
	
	

	PF4
	T3 Robicon -5kA supply(300V) and PEI-5kA supply (500V) in series
	5 kA
	800V
	894.6

	PF5
	Not Powered
	
	
	

	PF6
	T4 Robicon -5kA supply
	5 kA
	300V
	344.4


Table 2 Current waveforms for First Plasma Scenario

	Time
	Breakpoint
	MA
	MB+MC
	PF1A U+L
	PF4 U+L
	PF6 U+L
	Plasma

	-2.829
	Start
	0
	0
	0
	0
	0
	0

	-2.273
	
	1823
	1823
	0
	0
	0
	0

	-1.717
	
	3646
	3646
	0
	0
	0
	0

	-1.162
	
	5469
	5469
	0
	0
	0
	0

	-0.606
	
	7292
	7292
	0
	0
	0
	0

	-0.050
	MCs at full current
	9115
	9115
	0
	0
	0
	0

	-0.040
	
	9115
	9115
	0
	0
	0
	0

	-0.030
	
	9115
	9115
	0
	0
	0
	0

	-0.020
	
	9115
	9115
	0
	0
	0
	0

	-0.010
	
	9115
	9115
	0
	0
	0
	0

	0.000
	Start Ip ramp
	9115
	9115
	0
	0
	0
	0

	0.014
	
	9115
	9115
	4477
	755
	59
	-7299

	0.028
	
	9115
	9115
	8314
	1403
	109
	-13555

	0.042
	
	9115
	9115
	11512
	1943
	151
	-18769

	0.056
	
	9115
	9115
	14070
	2374
	184
	-22940

	0.070
	Start of flattop
	9115
	9115
	15989
	2698
	209
	-26068

	0.072
	
	9115
	9115
	16252
	2742
	213
	-26068

	0.074
	
	9115
	9115
	16478
	2781
	216
	-26068

	0.076
	
	9115
	9115
	16667
	2812
	218
	-26068

	0.078
	
	9115
	9115
	16818
	2838
	220
	-26068

	0.080
	End of flattop
	9115
	9115
	16931
	2857
	222
	-26068

	0.272
	
	6928
	6928
	12868
	2171
	169
	-19813

	0.464
	
	4923
	4923
	9144
	1543
	120
	-14080

	0.656
	
	3100
	3100
	5758
	972
	75
	-8866

	0.848
	
	1459
	1459
	2710
	457
	36
	-4173

	1.041
	End of discharge
	0
	0
	0
	0
	0
	0

	Max
	A
	9115
	9115
	16931
	2857
	222
	0

	Min
	A
	0
	0
	0
	0
	0
	-26068

	∫I2dt
	A2-s
	1.50E+08
	1.50E+08
	1.10E+08
	3.14E+06
	1.89E+04
	

	tESW
	s
	1.500
	1.500
	0.276
	0.126
	0.001
	


Table 3 Power supply voltage requirements for the First Plasma Scenario

	Time (s)
	Breakpoint
	MA
	MB+MC
	PF1A U+L
	PF4 U+L
	PF6 U+L

	-2.829
	Start
	0
	0
	0
	0
	0

	-2.273
	
	85
	131
	0
	0
	-1

	-1.717
	
	107
	163
	0
	0
	-1

	-1.162
	
	130
	196
	0
	0
	-1

	-0.606
	
	153
	230
	0
	0
	-1

	-0.050
	MCs at full current
	179
	268
	0
	0
	-1

	-0.040
	
	116
	168
	0
	0
	0

	-0.030
	
	116
	168
	0
	0
	0

	-0.020
	
	116
	168
	0
	0
	0

	-0.010
	
	116
	168
	0
	0
	0

	0.000
	Start Ip ramp
	116
	169
	0
	0
	0

	0.014
	
	126
	180
	279
	842
	58

	0.028
	
	124
	179
	254
	733
	50

	0.042
	
	123
	177
	227
	622
	42

	0.056
	
	122
	176
	197
	509
	34

	0.070
	Start of flattop
	121
	174
	166
	395
	26

	0.072
	
	117
	169
	163
	386
	33

	0.074
	
	117
	169
	148
	337
	29

	0.076
	
	117
	169
	133
	287
	24

	0.078
	
	117
	169
	118
	238
	20

	0.080
	End of flattop
	117
	169
	103
	189
	15

	0.272
	
	-130
	-216
	25
	-24
	3

	0.464
	
	-137
	-225
	14
	-28
	2

	0.656
	
	-142
	-230
	4
	-32
	2

	0.848
	
	-145
	-232
	-4
	-34
	1

	1.041
	End of discharge
	-146
	-231
	-12
	-36
	1

	Max
	V
	179
	268
	279
	842
	58

	Min
	V
	-146
	-232
	-12
	-36
	-1

	Min margin
	V
	9
	9
	278
	38
	257


Table 4 Circuit inductance matrix

	Lcircuit (H)
	MA
	MB+MC
	PF1A U+L
	PF4 U+L
	PF6 U+L
	Plasma

	MA
	14232.4
	4948.6
	-18.4
	133.9
	-310.3
	-17.9

	MB+MC
	4948.6
	25405.0
	35.1
	-197.0
	-139.3
	-21.6

	PF1A U+L
	-18.4
	35.1
	817.7
	85.6
	54.8
	4.1

	PF4 U+L
	133.9
	-197.0
	85.6
	15029.5
	590.6
	17.3

	PF6 U+L
	-310.3
	-139.3
	54.8
	590.6
	6230.5
	34.6

	Plasma
	-17.9
	-21.6
	4.1
	17.3
	34.6
	2.7


Table 5 Cabling inductance and resistance values

	Cabling totals
	MA
	MB+MC
	PF1A U+L
	PF4 U+L
	PF6 U+L

	Total loop cable resistance (m)
	4.35
	3.41
	2.62
	11.06
	6.00

	Total loop cable inductance (H)
	4.25
	4.25
	4.25
	4.25
	4.25


[image: image1.wmf]
SIMPLIFIED SCHEMATIC OF COIL FEED

3..1.2
Safety Disconnect and Ground Switches (DGS)

In the C-Site, each circuit will be provided with safety disconnect and ground switches. These are the switches originally used in each of the C-Site Rectifier Supply.
3.1.3 Power Cabling

Existing cabling will be used “As Is” for the run between the Rectifier supplies located in the ESAT building and the Disconnect & Ground Switches located in the NCSX Test Cell basement. New cabling  will be installed for the run from the Disconnect Switches to the Coils using 600V 4/c-500mcm cable for each of the six circuits. Thus each pole of each circuit will be provided with 2-1/c 500 mcm conductors. There will not be any resultant force on the cable since both positive and negative poles are in one cable. Existing floor penetrations as needed with the associated bus-stubs will be used. 
3.1.4 Grounding

WBS4 scope includes all the grounding requirements for the machine. It is proposed to retain the copper ground pad/plate within the NCSX test Cell, which was originally used for earlier machines. How ever in order to reduce field errors due to eddy currents, radial cuts will be made in the copper pad/plate every 30 degrees under the foot print of the machine or beyond as determined to be necessary. 

Diagnostics equipment will be provided with single point ground system to prevent ground loops. All grounding of equipment will be made per NEC taking care ground loops are avoided.

3.1.5 Real time Controls
Real time feedback control of the magnet power systems will be accomplished via digital computer algorithms performed in a process or provided as part of the Electrical Power Systems work scope. WBS5 will be responsible for the Power system computers.
3.1.6 Protection

C-Site Rectifiers are rated at a much lower level than the NCSX coils themselves. Thus the protection incorporated in the Rectifiers will adequately protect the coils. How ever this will be further augmented. Appendix A gives the summary of the protective scheme.

3.2 PHASE 2 –UPGRADE PATH
The existing D-site DC power conversion equipment will be utilized for NCSX for Phase 2, in order to meet the operational requirements of NCSX in a robust manner and will be very cost effective. During this phase the D-site power conversion equipment will be shared with NSTX, feeding only one machine in operation at any one time.  
4 Design Basis (Phase 1)
The bulk of work in this WBS element involves a) the reconfiguration of existing equipment that has been in use for several years at service levels equal to or greater than those required by NCSX and b) additional DC power cabling.  All work activities will be performed in accordance with Princeton Plasma Physics Laboratory (PPPL) Engineering and Safety procedures and directives. New NCSX Electrical Power Systems components will be designed, constructed, and installed in compliance with the applicable provisions of the PPPL Health & Safety Manual (ES&H-5008) and other documents as listed in DOE Orders (e.g., ANSI/NFPA 70-(latest edition), National Electric Code, ANSI C20-(latest edition) National Electric Safety Code, etc.).

5 Design Implementation (pHASE 1)
The Experimental System Assembly and Test (ESAT) Building houses all the C-Site rectifier power conversion equipment.
Power cables are in place from the ESAT building to the Safety Disconnect and Ground Switches (DGS) located in the NCSX Test Cell Basement. This part of the installation will be used “As Is” .At present CDX-U coils are connected by  cabling from these disconnect and Ground Switches (DGS). These cables will be disconnected and grounded at the DGS side. New cables will be installed from the DGS to the NCSX Coils. Each leg of each circuit will be provided with 2/c-500 mcm conductors (600V rated). Since all the four conductors are within one cable, there is no resultant mechanical force on the cable. Each NCSX coil can be isolated and grounded at the coil end by the safety disconnect switches. The cabling arrangement will be such that either NCSX or CDX-U can be fed by the C-Site Rectifiers depending on the RUN plan of the respective machines.
The C-site Bus System which was installed for earlier fusion devices located in C-site will be used along with the associated floor penetration stubs to power the coils. WBS1 will be responsible to bring the coil leads to the bus stubs within the NCSX test Cell. This Bus System will be used to deliver power to the coil.
6 Reliability, Maintainability, and Safety

There is a substantial experience in operating and maintaining the equipment in the Electrical Power Systems.  On the basis of that experience, the equipment is expected to operate reliably and be readily maintainable.  The equipment will be installed, tested, and maintained by experienced, trained personnel in accordance with Princeton Plasma Physics Laboratory (PPPL) Engineering and Safety procedures and directives.

7 Cost, Schedule, and Risk Management

Following is a summary of the estimate for the Electrical Power Systems (WBS 4) in the NCSX Fabrication Project.  The total cost is estimated to be 2200k$ in year of expenditure dollars. The dominant expense class is labor. 
The schedule for implementing the Electrical Power Systems (WBS 4) may be seen in the project Master Schedule, provided as part of the Preliminary Design Report. Title II for Electrical Power Systems will generally be completed in FY08.  Installation and testing will be generally completed by the end of the first quarter of calendar year 09.  
Technical and cost risks should be minimal as this is primarily a reconfiguration activity of existing equipment being performed by experienced personnel.  PPPL has extensive experience in all aspects of the job including power cable installation. Costs for power supply reconfiguration and cabling have been assessed based on recent experience on NSTX.  How ever the C-Site tasks are coordinated with other WBS requirements and progress. Again, enough float has been retained to ensure that the tasks do not come in the critical path. The projected planning of all WBS4 tasks is such that there will not be any risk to the critical path schedule.

Table 6 - Work Breakdown Structure (WBS Level 3)

	WBS
	
	DESCRIPTION

	4
	ELECTRICAL POWER SYSTEMS

	
	41
	
	AC Power

	
	
	411
	
	Auxiliary AC Power System

	
	
	412
	
	Experimental AC Power System

	
	
	
	
	

	
	42
	
	AC/DC Converters

	
	
	421
	
	C- Site AC/DC Converters

	
	
	
	
	

	
	43
	
	DC Systems

	
	
	431
	
	C-Site DC Systems

	
	
	
	
	

	
	44
	
	Control and Protection Systems

	
	
	441
	
	Electrical Interlock System

	
	
	442
	
	Kirk Key Interlocks

	
	
	443
	
	Real Time Control Systems

	
	
	444
	
	Instrumentation Systems

	
	
	445
	
	Coil Protection Systems

	
	
	
	
	

	
	45
	
	Power System Design Integration

	
	
	451
	
	System Design and Interfaces

	
	
	452
	
	Electrical System Support

	
	
	453
	
	System Testing

	
	
	
	
	


Table 7 Electrical Power Systems (WBS 4) cost summary by year of expenditure (WBS Level 2)

	System
	Start
	Finish
	Labor
	M&S
	Total

	411 – Auxiliary AC Power
	Oct-07
	Oct-08
	
	
	

	412 – Experimental AC Power
	Oct-07
	May-08
	
	
	

	431 – C-site AC/DC Converters
	Oct-07
	Nov-08
	
	
	

	441 – Electrical Interlocks
	Feb-08
	Jun-08
	
	
	

	442 – Kirk Key Interlocks
	Jun-08
	Nov-08
	
	
	

	443 – Real Time Control
	Oct-08
	Nov-08
	
	
	

	444 – Instrumentation
	Apr-08
	Jul-08
	
	
	

	445 – Coil Protection
	Nov-07
	Jul-08
	
	
	

	451 – System Design
	Oct-07
	Mar-09
	
	
	

	452 – Electrical Systems Support
	Oct-08
	Mar-09
	
	
	

	453 – System Testing
	Dec-08
	Mar-09
	
	
	

	TOTAL
	 
	 
	$
	$
	$


APPENDIX – A
PROTECTION  SUMMARY
The design basis of the power system /coil protection shall be the following:

The NCSX Coils will be using the shunts in the C-Site power supplies that feed the coils. The coils will use the built-in protection in the C-Site Rectifiers. 
1. LEVEL OF PROTECTION FOR PERSONNEL SAFETY WILL BE SAME AS THAT FOR TFTR OR NCSX.  KIRK-KEY LOCKS WILL ALSO BE PROVIDED AS NEEDED. ALL THESE WILL BE ENHANCED WITH ADMINISTRATIVE CONTROLS.

2. THE MACHINE COILS ARE BEING FED FROM C-SITE POWER SUPPLIES OF LIMITED CAPABILITY AS COMPARED TO THE COIL RATINGS. THE BUILT-IN PROTECTION IN THE POWER SUPPLIES IS ADEQUATE. EVEN SO, WE ARE AUGUMENTING THIS, THROUGH FEATURES DESCRIBED IN PARAGRPHS B & C. ALSO GROUND FAULT DETECTION AND PROTECTION WILL BE PROVIDED.

SUMMARY:
A.  C-Site Rectifiers Protective Features:

1. Cooling water flow loss

2. SCR Over-temperature 

3. SCR Junction temperature high

4. Conversion transformers Primary Instantaneous Over-current

5. Conversion Transformers Over-temperature

6. Rectifier door interlock to trip contactor in case door is opened.

7. Over/under AC Voltage conditions

8.  DC OUTPUT OVERCURRENT

9.  DC OUTPUT OVERVOLTAGE

10.MOVs AND CR SNUBBERS TO SUPPRESS OVERVOLTAGES 

The settings of the currents in these units will be such that the coils will not be overloaded. 

B.  Additional Coil Protection based on PLC logic
1. Power Supply Arm permissive:   

1.1 Power supply enable command must be high

1.2 Power supply must be enabled (contactor limit switch feed back)

1.3 No thermal trip on corresponding coil.

1.4 Corresponding disconnect switch ready permissive

1.5 Corresponding disconnect closed

1.6 Computer arm command high ( the computer arm command is issued TBD seconds

       before the shot and removed TBD seconds after the shot. This can be

       bypassed by the operator)
1.7 Remote interlock – Coil  temperature normal for start

2. Power Supply Enable permissive:  (COMMON TO TRIP ALL POWER SUPPLIES) - any one of these faults will trip all supplies)

a) Pulse duration - Trip Power Supplies (PS) if there is presence of COIL current at a level (adjustable)  for more than  an adjustable duration of time. This is established by looking at the current.
b) Pulse interval - Trip the power supplies if more than one pulse is imposed before an adjustable waiting period.).This   is also established by looking at the current.

c)  PLC running- not faulted

d) Coil water flow OK

 e) All Power supplies in remote mode

f) Test Cell door interlock closed

g) RSView computer online

h) No E-stop

i)  Power supply duty cycle interlock:

3. Power Supply Enable permissive:  (INDIVIDUAL  TRIP TO AFFECTED POWER SUPPLY)  -  these trips will only trip the affected supply)

a) Summed permissive from Power supply

b) No ground fault on power supply cable

c) 4160 KV breaker closed

d)  No thermal trip on coil (this will prevent enabling but will not trip the supply once it is enabled)

C. Pulse Duration & Period Timer.
1. Pulse duration (If the pulse duration is more than an adjustable setting, the permissive to the supplies will be removed). This is based on a Start of Pulse (SOP) command received, and WITHOUT looking at the current.

2. Pulse interval (If the pulse INTERVAL is more than an adjustable setting, the permissive to the supplies will be removed).This is based on a Start of Pulse (SOP) command received, and WITHOUT looking at the current.

D. Ground Fault Protection:  Coil Ground fault detection and protection will be provided for all circuits. One common Ground Fault relay will be used.
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