Simulation of TF Electrical Performance

C Neumeyer 4/2/97

General:

The program PSCAD/EMTDC is used to simulate the electrical performance of the TF coils and power supply system. 

PSCAD presently resides on the EAD03 workstation. The files for the subject simulation have been downloaded and are stored on the NSTX file server along with this document. 

PSCAD does not presently support the +/- 7.5 degree transformer phase shifting required for a 24-pulse rectifier system. Therefore this feature is excluded, and the maximum pulse number is 12. This does not effect the results and conclusions however. Only the harmonic content will differ.

The assumed power supply configuration consists of one series layer, four parallel Transrex power supply sections. Each pair of sections are contained in one power supply unit which is assumed the only load on the associated feeder. This is the configuration expected in the field. 

Main circuit is shown on simulation drawing subsystem 1 of 5. All resistances and inductances on the secondary side of the converter transformer, including the DC side, are scaled up by 10^2 = 100 in order to permit the entry of the low values required. At the same time the voltage is scaled up by 10.  Reported results are rescaled appropriately.

MG Model:

The MG is designed to regulate the SV bus voltages by feedback control of the excitation. So, to the extent that the feedback can respond to changes in load, the voltage will be constant. The response time is finite however, and the loads change rather quickly. 

In real operation the MG load is the composite of all systems. In the simulation, only the TF system loads it. On the other hand the feed back control is not included, but the stator self inductance and resistance is included. So there is some regulation of the MG bus voltage, but it is not accurately represented in detail for the reasons cited. However, the effect is small and not really significant. 

Derivation of MG electrical model parameters is as follows....

	Generator Xs
	0.0665
	Ω/ph @ 60Hz

	Generator CLR X
	0.0140
	Ω/ph @ 60Hz

	Generator Ls
	1.76E-04
	h/phase

	Generator CLR L
	3.71E-05
	h/phase

	∑ L
	2.14E-04
	

	Generator Rs
	1.20E-03
	Ω/phase

	Generator CLR R
	2.00E-04
	Ω/phase

	∑ R
	1.40E-03
	Ω/phase


The mechanical energy storage effects and windage, friction, eddy loss effects of the MG are modeled using the system shown on the simulation drawing subsystem 2 of 5.  

Motor stator power input was set to zero for the simulations. The net mechanical input power to the system is...

Pin = Pstator * f/fsynch

where Pin is the net power in,  Pstator is the motor stator input power, f is the frequency of the MG output voltage, and fsynch is 76.36Hz, which is the frequency of the MG output voltage corresponding to motor synchronous speed. 

Power lost to the TF coil is taken out of the MG stored energy as the simulation progresses through the Ptf term. 

Power losses due to windage, friction, and eddy/hysteresis losses are based on the following...



Ploss = Kw * f^3 + Kf * f^1.2 + Keh * f



where 
Ploss = power loss in watts





f = generator output frequency in Hz 






(=87.5Hz at 375 rpm)





Kw = windage coefficient = 3.341





Kf = friction coefficient = 2.376 x 103




Keh = eddy & hysteresis coefficient = 1.576 x 104

Inertia constant and initial stored energy corresponing to 70Hz are derived as follows using

∆W = Kinertia*(f0^2-f^2)

and accounting for the fact that 2.25GJ is delivered during spin down from 87.5 to 60Hz....

	Delivered Energy
	2.25E+09

	Max Speed
	87.5

	Min Speed
	60

	Inertia Constant
	554699.5378

	Nominal Speed
	70

	Nominal Stored Energy
	2.7180E+09

	Max Stored Energy
	4.25E+09


The use of 70Hz as an initial speed is conservative. As shown in the following table, the amount of energy needed by NSTX in total (<< 170MJ as noted in the WBS5 SRD) would allow lower starting speeds. 

	Wdelivered
	2.25E+09
	

	f1
	87.5
	

	f0
	60
	

	K
	554699.5378
	

	Wstored @
	
	Wreleased to 60Hz

	90
	4493.07
	2496.15

	89
	4393.78
	2396.86

	88
	4295.59
	2298.67

	87
	4198.52
	2201.60

	86
	4102.56
	2105.64

	85
	4007.70
	2010.79

	84
	3913.96
	1917.04

	83
	3821.33
	1824.41

	82
	3729.80
	1732.88

	81
	3639.38
	1642.47

	80
	3550.08
	1553.16

	79
	3461.88
	1464.96

	78
	3374.79
	1377.87

	77
	3288.81
	1291.90

	76
	3203.94
	1207.03

	75
	3120.18
	1123.27

	74
	3037.53
	1040.62

	73
	2955.99
	959.08

	72
	2875.56
	878.64

	71
	2796.24
	799.32

	70
	2718.03
	721.11

	69
	2640.92
	644.01

	68
	2564.93
	568.01

	67
	2490.05
	493.13

	66
	2416.27
	419.35

	65
	2343.61
	346.69

	64
	2272.05
	275.13

	63
	2201.60
	204.68

	62
	2132.27
	135.35

	61
	2064.04
	67.12

	60
	1996.92
	0.00


Since the heating of the cycloconverter increases as the MG speed deviates from 76.26Hz, a comfortable minimum idling speed is ≈ 65Hz. Since the power supply regulation gets worse as the speed increases, the 70Hz initial condition is chosen as a conservative value.

Feeder (SV bus to transformer primary):

Feeder impedances are as follows....

	Feeder CLR X
	0.5
	Ω/ph @ 60Hz
	

	2p 500MCM 70' X
	0.00168
	Ω/ph @ 60Hz
	NEC Table 9 0.048Ω/1000' for 500MCM in steel conduit

	Feeder CLR L
	0.00132626
	h/phase
	

	2p 500MCM 70' L
	4.45623E-06
	h/phase
	 

	∑ L
	1.33E-03
	h/phase
	

	
	
	
	

	Feeder CLR X/R
	44
	
	

	Feeder CLR R
	0.011363636
	Ω/phase
	

	2p 500MCM 70' R
	0.001015
	Ω/phase
	NEC Table 9 0.029Ω/1000' for 500MCM in steel conduit

	∑ R
	1.24E-02
	Ω/phase
	

	
	
	
	

	1p 500MCM 435' X
	0.02088
	Ω/ph @ 60Hz
	NEC Table 9 0.048Ω/1000' for 500MCM in steel conduit

	1p 500MCM 435' L
	5.53846E-05
	h/phase
	 

	1p 500MCM 435' R
	0.012615
	Ω/phase
	NEC Table 9 0.029Ω/1000' for 500MCM in steel conduit


The above accounts for two parallel 500MCM cables/phase, length 70', from the CLR to the switchgear, and one cable/phase, length 435', from the switchgear to the transformer.

Transformer:

See attached spreadsheet and transformer test data sheets. The final derived numbers are.....

	Rh
	0.060666667
	Ω

	Xh
	-6.6003
	%@25MVA

	Lh
	-0.001333686
	henries

	Rs
	0.000363
	Ω

	Xs
	37.1322
	%@25MVA

	Ls
	2.21616E-05
	henries

	Imag
	0.878378378
	%@25MVA,1.0 p.u.Voltage

	Xh-s
	30.5318
	%@25MVA

	Xs-s
	74.26435701
	%@25MVA


DC Connections:

Cable length estimates are given on the attached spreadsheet "NSTX Loop Resistances".

Summary is as follows.....

	PSS/SDS R
	2.50E-03
	Ω/parallel

	SDS/Waterfall R
	5.43E-04
	Ω/parallel

	∑ R
	3.04E-03
	Ω/path

	Waterfall/Hot Cell R
	8.33E-04
	Ω

	Total Effective R
	1.59E-03
	Ω


Coil Impedance:

Variation of resistance with temperature is accomplished using the functions shown on simulation drawing subsystems 3 of 5 (inner leg) and 4 of 5 (outer leg). These are based on the "G" function of copper, and the conductor cross sectional area (refer to NSTX Calc 13-1-0 "TF Coil Parameters" for a description).  To effect the change in resistance, an artificial current source is placed across the initial resistance of the coil in order to produce a voltage drop equal to that attributable to actual resistance of the coil as it heats up.

[image: image1.wmf]
Calculations are based on an initial coil temperature of 10C. 

Inductance of the coil is taken from NSTX Calc 13-1-0 "TF Coil Parameters".

Stray resistances due to the coil joints, flags, and conductors are included in the circuit but not varied to simulate temperature effects.

Results:

Four runs were made, and are attached as follows....


• 0.3T, 5 second flat top


• 0.3T, 5 second flat top with fail to invert


• 0.6T, 0.6 second flat top


• 0.6T, 0.6 second flat top with fail to invert

Worst case ∫i^2(t)dt results from the second of the above cases, equal to 6.74e9 amp^2-sec. The corresponding ESW at the rated current of 35.583kA is 5.3 seconds, which is well below the required 6 seconds.

