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The inductance of the LHC High Gradient Quadrupole prototype magnet MQXP001 has been studied as a function of current using data from tests at Fermilab’s Magnet Test Facility.  Using current and voltage data taken at ramp rates of 100 and 200 A/sec, we find that the magnet inductance varies from about 18.4mH at 2000A  to roughly 17.3 mH at 10000A.

I.  The Data

Measurement of the magnet inductance was carried out through a series of special ramp sequences designed to capture magnet voltage and ramp rate (dI/dt) data over a range of magnet currents. The data taking procedure which evolved included changing the Pentek data logger parameters to increase the time region captured to almost 20 seconds of data and a modified ramp sequence.  The magnet was first ramped to the current range being studied, paused at that current for a short period of time and then a ramp (at either 100 or 200 A/sec) was initiated and quickly interrupted by a operator induced ‘Ground Fault’ interrupt to capture the data.  (The ‘Ground Fault’ interrupt was used to initiate the readout sequence since it ramps the magnet down without firing the quench protection heaters, avoiding the long recovery times associated with a quench.).  If the interrupt was made quickly enough, the data included both the constant and the ramping portions of the current history.  Figure 1 is an example of the current data which exhibits both of these features.

The data files used in this analysis are listed in Table 1.  The first file, mqxp001.Quench.010810103644.761, was created before the data logger rate was changed and does not have the same time range as the other files.  Specifically, it does not have the current plateau data prior to ramping which is used in the analysis (as described below)(.

Table 1
Data File List and Characteristics

	 
	File
	Date/Time
	Nom. Ramp Rate
	Current Range

	1
	mqxp001.Quench.010810103644.761
	08/10/01 10:36:44
	200
	2100 - 2200

	2
	mqxp001.Quench.010810104440.769
	08/10/01 10:44:40
	100
	1600 - 2000

	3
	mqxp001.Quench.010810105456.776
	08/10/01 10:54:56
	200
	3600 - 4200

	4
	mqxp001.Quench.010810110039.781
	08/10/01 11:00:39
	100
	3600 - 4100

	5
	mqxp001.Quench.010810110547.784
	08/10/01 11:05:47
	200
	5800 - 6200

	6
	mqxp001.Quench.010810111058.788
	08/10/01 11:10:58
	100
	5600 - 6100

	7
	mqxp001.Quench.010810111846.799
	08/10/01 11:18:46
	200
	7400 - 8200

	8
	mqxp001.Quench.010810112321.803
	08/10/01 11:23:21
	100
	7500 - 8100

	9
	mqxp001.Quench.010810112809.807
	08/10/01 11:28:09
	100
	9500 - 10100
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Figure 1

Magnet current vs. time
Regions for voltage offset and inductance determination indicated.

II.  Data Analysis

The calculation of magnet inductance is straightforward: L = V/(dI/dt), where V is the magnet voltage during ramping, and dI/dt is the ramp rate.  The magnet voltage is measured directly and dI/dt is determined from the magnet current data.  Only data from regions of constant ramp rate (dI/dt) are used in the analysis.  The data are smoothed by averaging (voltage) or fitting (dI/dt).  

Figure 2 displays the magnet voltage versus time data from the same file as Figure 1.  Three regions are clear – a ‘zero voltage’ region corresponding to the constant current regime, a transition region where the voltage is changing as the ramp rate increases, and a ‘plateau’ region where the current is now ramping at a constant rate.  The data in this last region are those used in the inductance determination.

The dI/dt data is obtained from linear fits (I = α*t +β, where α = dI/dt) to the measured current distribution.(  The magnet voltage is obtained by averaging the ‘whole coil’ voltage tap data over the same time region as the current fit.  Time windows from a few milliseconds up to 500 milliseconds were tried;  the results presented are based on averaging over a 250 millisecond window.  Further smoothing is obtained by overlapping the time steps by half of the window length.  Errors are statistical only, except for the determination of dI/dt from the fit where an arbitrary error of 5•10-4•I was assigned to the current measurement.  The dI/dt distribution obtained in this manner is displayed in Figure 3.
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        Figure 2

        Magnet voltage as a function of time.
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       Figure 3
         dI/dt distribution from linear fits to the current distribution.

III. Voltage Offsets

In investigating small systematic differences between the 100 and 200 A/sec data samples, an investigation of offset voltage in the whole coil data was undertaken.  While no true zero current data was available, most of the data had substantial amounts of ‘dI/dt = 0’ data where the inductive voltage is zero.  The region from -16 to -8 seconds in Figure 2 is an example of these data.  An average value of the voltage in this region was calculated for each file (the first file did not include this portion of the ramp data); the results are summarized in Table 2.

Although the results have been summarized for the 100 and 200 A/sec data separately, the offsets are nearly identical (-25, - 24 mV, respectively). Since the inductive voltages are typically large, around 2 or 4 volts depending on ramp rate, the offsets only affect the inductance calculations at the per cent level.  The offsets are subtracted in the inductance calculation; an average was used for the one file which did not have one determined from its data.  The agreement between the corrected 100 and 200 A/sec inductance values was slightly better than in the uncorrected data.

While the source of the offset has not been studied, it is clear that the voltage is not due to splice resistance (even ignoring sign):

· the measured offset is roughly independent of current; splice voltage should increase by a factor of  5 from 2000 to 10000A; and, 

· the measured offset is two orders of magnitude too large: poor splices (≈2 nano-Ohm) would result in a total voltage of about  .14 mV at 10000A.

The offset is most likely associated with the data logger (Pentek) electronics.

Table 2
Whole Coil Offset Voltage Determination

	Data Source
	Nominal Ramp Rate
	Offset Voltage
	Sigma

	mqxp001_fvtWCoil_010810104440.xmgr
	100
	-0.024
	0.170

	mqxp001_fvtWCoil_010810110039.xmgr
	100
	-0.028
	0.171

	mqxp001_fvtWCoil_010810111058.xmgr
	100
	-0.024
	0.178

	mqxp001_fvtWCoil_010810112321.xmgr
	100
	-0.021
	0.202

	mqxp001_fvtWCoil_010810112809.xmgr
	100
	-0.028
	0.226

	mqxp001_fvtWCoil_010810105456.xmgr
	200
	-0.025
	0.167

	mqxp001_fvtWCoil_010810110547.xmgr
	200
	-0.026
	0.179

	mqxp001_fvtWCoil_010810111846.xmgr
	200
	-0.020
	0.200


	100 A/sec average offset, sigma
	-0.025
	0.002

	200 A/sec average offset, sigma
	-0.024
	0.003


IV.  Results

The results of these measurements are shown in Figure 3, in which the inductance is plotted versus magnet current.  The data are presented in 250 msec steps, overlapped by half of the step width.  The 100 A/sec data are identified by red, right-facing triangles, while the 200 A/sec data are represented by blue diamonds.  The agreement between the 100 and 200 A/sec data is quite good.  The errors are statistical only; they are correlated due to the overlapping of data windows and they are dominated by noise in the voltage signals (discussed below).  The errors on the 100A/sec data are roughly twice those of the 200A/sec data since the noise is comparable but the signal is half as large.  The spread of the data points is noticeably smaller than the error estimates obtained.  
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Figure 3
MQXP001 Inductance vs. Current;  averages over 250 msec intervals. 
100A/sec data are indicated by blue diamonds; 200A/sec data are indicated by red triangles

The data have been averaged over the current data in each file, resulting in nine data points with smaller statistical error.   These points were then fit to a cubic form:  L = L0 + a1*I + a2*I2 + a3*I3   which is plotted as the red line in Figure 4.  For reference, a summary of the fitted values in presented in Table 3.  The fit is included to ‘guide the eye’ and does not represent any physically motivated shape.  The agreement with between the data and the fit is not particularly good but adding more terms is not warranted. Although there are nine individual data points, the data are concentrated in five clusters, since the 100A/sec and 200A/sec data were taken at similar currents.  
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Figure 4
Average of all data in each file.  Fit is a third order polynomial

Table 3

Fitted values of MQXP001 Inductance

	Current (kA)
	Inductance (Fit )
mH

	1.500
	18.45

	2.000
	18.38

	2.500
	18.31

	3.000
	18.24

	3.500
	18.17

	4.000
	18.09

	4.500
	18.01

	5.000
	17.94

	5.500
	17.86

	6.000
	17.79

	6.500
	17.72

	7.000
	17.65

	7.500
	17.58

	8.000
	17.53

	8.500
	17.47

	9.000
	17.43

	9.500
	17.39

	10.000
	17.36


IV. Noise


The errors are larger than the variations of the data points would suggest and are dominated by systematic (periodic) effects.  The errors are dominated by the voltage measurement and appear to be roughly independent of ramp rate.  This is seen in comparison of the variation in the 100A/sec and 200 A/sec data shown in Fig.5 below.  The average voltage changes by a factor of two but the variation is roughly the same.  The plots are from current runs in the range of 3600 – 4100 A.
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Figure 5

(a) Magnet voltage vs. time during a 100 A/sec ramp; and, (b) Magnet voltage vs. time during a 200 a/sec ramp;  250msec interval used.

A systematic study of the magnet voltage distributions for all of the data used in this study was carried out.  The RMS width of the voltage distribution was determined as a function of magnet current and ramp rate.  Separate calculations were made for the data from the flattop prior to ramp and for that from the region of constant ramp rate.  The data are labeled by the nominal ramp rate.  Figure 6 summarized the voltage and its RMS width data. 
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Figure 6
(a) RMS width of Whole Coil Voltage Distribution vs. Current; and, 
(b) Average Whole Coil Voltage vs. Current; (250 msec steps)

The width data (Fig 6a) show a systematic rise with current, but display no dependence on ramp rate throughout most of the current range.  There are two obvious exceptions:  the width of the 200A/sec data grows by nearly a factor of two during the ramp which begins at about 6000A; and, the width of the 100A/sec ramp at about 7500A is also nearly a factor of two higher and decreases with increasing current. (Note: the data have been selected for either dI/dt = 0 or dI/dt = 100,200 A/sec; the data between zero and constant ramp rate are not included.)

The observed behavior is suggestive of a ‘transition region’ in the power supply operation, dependent on both the current and ramp rate(.  However, it is clear from the voltage measurements in the lower half of the figure (Fig. 6b) that the averages are not affected by this behavior.







( In practice, the data are accessed by running quenchXmgr (or one of its relatives) and creating an ‘xmgr’ plot file for each of the channels of interest.  These plot files are then used as input by routines which do the averaging, fitting, and calculations necessary for the inductance studies.  The files listed in Table 2, for example, are the xmgr plot files of the ‘Fixed Voltage Tap Whole Coil’ voltage signals.


( The current data are corrected by .5%:  the Pentek data used in this analysis are systematically lower than either the current reported by the Analogic ADC or by measurements made with DMM’s (HP3458A).  This correction increases dI/dt and thus lowers the measured inductance by .5% ( .1 mH). 


( The system is composed of two separate power supplies of different electrical design: one 8.8kA and one 10kA unit.  They have independent firing circuits.
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