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2014)

This paper describes aspects of magnetic diagnostics for realtime control in National Spherical
Torus Experiment-Upgrade (NSTX-U). The sensor arrangement on the upgraded center column is
described. New analog and digital circuitry for processing the plasma current Rogowski data are pre-
sented. An improved algorithm for estimating the plasma vertical velocity for feedback control is
presented. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4889781]

I. INTRODUCTION

Magnetic measurements are critical for the realtime con-
trol of the plasma current,1 plasma boundary shape,2, 3 plasma
position within the vacuum chamber,4–11 plasma beta,12 n ≥ 1
error fields and growing instabilities,13–22 internal profiles,2, 23

and disruption proximity.24–32 This paper describes some
aspects of realtime magnetics measurements for National
Spherical Torus Experiment-Upgrade (NSTX-U).33, 34 Sec-
tion II describes the new magnetic sensors measurements on
the center column, while Sec. III describes the new circuitry
to process the plasma current signals. Section IV describes
means to estimate the plasma vertical velocity from pairs of
flux loop voltages.

II. NEW CENTER COLUMN MEASUREMENTS

The center stack (CS) for NSTX-Upgrade is significantly
larger than on NSTX. This allows a larger number of sen-
sors to be embedded in the plasma facing components. The
arrangement of these sensors is shown in Fig. 1(a), where the
tiles have been “unwrapped.” Here, the rows at the top and
bottom are the horizontal inner targets, and rows 7–21 corre-
spond to the narrow part of the CS (see Fig. 2).

Square symbols represent “1D Mirnov” sensors, as in-
dicated by the legend in the upper right of frame (a). These
1D Mirnov sensors are magnetic pickup coils that are wound
to measure fields in a single direction. In contrast to NSTX,
which had only a single column of these sensors, a second
column has been added to NSTX-U at 60◦ toroidal angle for
improved redundancy. An example of two 1D Mirnov sensors
imbedded in a single tile is shown in Fig. 1(b); the copper
sheets are 0.002” thick electrostatic shields which will be bent
over and then pressed against the Inconel CS casing. The tri-
angles in frame (a) represent 2D Mirnov sensors, which have
the same physical size as the 1D sensors and are mounted

a)Contributed paper, published as part of the Proceedings of the 20th
Topical Conference on High-Temperature Plasma Diagnostics, Atlanta,
Georgia, USA, June 2014.

b)Author to whom correspondence should be addressed. Electronic mail:
sgerhard@pppl.gov

in tiles similar to as shown in Fig. 1(b). All of these Mirnov
sensors are wounds using bare copper wire onto Macor man-
drels; the bare wire provides high-temperature compatibility,
and the turns are insulated from each other after winding with
Fortafix high temperature cement.

There are also rotated 1D Mirnov sensors, oriented to
measure the toroidal field; an example is shown in Fig. 1(c).
These sensors will be used to assess halo currents on the CS
using the same techniques as were used to assess halo cur-
rents in the outer divertor in Ref. 35. These halo currents are
also measured by special Rogowski coils oriented in the hor-
izontal plane, so as to measure vertically flowing currents on
the center column (and also the toroidal field rod current). An
example of this Rogowski is shown in Fig. 1(d), and Fig. 1(e)
illustrates the cutout in the back of a tile to contain the path of
the Rogowski. Note that as in NSTX, the lower halo current
Rogowski nearest the midplane is segmented into three sec-
tions. The final set of sensors for halo current measurements
are 18 shunt tiles similar in design to that implemented in the
outboard divertor of NSTX and described in Refs. 35 and 36.
The overall comparison of in-vacuum sensor counts on the
NSTX and NSTX-U center columns is given in Table I.

There are flux loops and thermocouples mounted on the
ohmic heating coil, PF-1a coils, PF-1b coils, and on the coil
mandrels. Some of these loops and coils are labeled in Fig. 2.

III. NEW PLASMA CURRENT MEASUREMENTS

As part of the CS upgrade, the two plasma current Ro-
gowski sensors had to be replaced. As described in Ref. 1, the
NSTX Rogowskis were located outside the vessel, and linked
a single PF coil. Many hundreds of kA of toroidal vessel cur-
rent were typically recorded during the breakdown phase.1

For NSTX-U, the Rogowski sensors link both the vessel and
four total PF coils (the PF-1bU, PF-1cU, PF-1bL, and PF-
1cL coils, see Fig. 2). As a consequence, it is possible for the
sensor to link up to 4 MA of current, with 2 MA of plasma
current and up to 2 MA-turns of divertor coil current. How-
ever, it remains desirable to accurately assess currents as low
as 5 kA for coaxial helicity injection37, 38 applications. In or-
der to make accurate measurements over this large dynamic

0034-6748/2014/85(11)/11E807/5/$30.00 © 2014 AIP Publishing LLC85, 11E807-1
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FIG. 1. Layout of sensors on the NSTX-U center column, and photos of sensors imbedded in tiles.

range, both high-gain and low-gain plasma current channels
will exist on NSTX-U.

The plasma current (IP) calculator circuit for NSTX-
Upgrade has been redesigned to accommodate these machine
changes and use modern digital circuitry; see Fig. 3 for a
schematic description. Following the method in Ref. 1, the
NSTX vessel is divided into multiple sections; these are in-
dicated by the different colors in Fig. 2. The currents in
these sections are measured via the equation Ives = Vloop/Rves,
where Vloop is the voltage from a flux loop on or near the
segment, and Rves is the toroidal resistance of the vessel seg-
ment. This calculation of the 24 individual Ives values is done
in analog circuits, with a common circuit board designed to
output the sum of the currents from four loops, typically with
an analog transfer function of 60 kA/V. Six of these 4-channel
boards exist, with two of them connected to loops at the po-
tential of the inner vessel and four of them connected to loops
on the outer vessel. Note that the NSTX-U vessel is com-
posed of stainless steel inner and outer vessel, with ceramic
breaks at the top and bottom to provide insulation. This de-
sign facilitates CHI experiments. These six signals plus the
four signals from the two Rogowskis are fiber-optically cou-
pled to a digital processing circuit in a remote electronics
room.

The digital processing circuitry in the remote elec-
tronics room has access to these 10 signals, the currents
in the linked coils, and the various NSTX-U timing sig-
nals. Calibration factors for the inputs can be applied and
easily adjusted. The digital electronics evaluate four in-
stances of the equation Ip = IRog − 32IPF1bU − 32IPF1bL

− 20IPF1cU − 20IPF1cL − IV V , where the four instances cor-
respond to the high and low gain signals from Rogowskis 1
and 2. The term IVV is the signal resulting from the sum of
the six vessel current summations.

The IP calculator chassis also provides addition outputs.
An interlock for the neutral beams is provided based on a min-
imum IP threshold; this prevents the neutral beams from in-
jecting into the torus for >50 ms in the absence of a plasma.
Interlocks are also provided to the RF heating and gas delivery
control systems.

IV. IMPROVED ESTIMATES OF THE PLASMA
VERTICAL POSITION

Vertical position control is a requirement for all elongated
tokamaks, and becomes more challenging as the aspect ratio
is increased, due to a reduction in the natural elongation.39, 40

While NSTX seldom had trouble with vertical stability
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FIG. 2. Layout of flux loops used for vertical position control and plasma
current calculation. The red diamonds indicate the 9 loop pairs used in
the vertical velocity measurement; these are sometimes additionally used in
the Ip calculator system to estimate plate currents. There are many other
loops which are used for equilibrium reconstruction (both rtEFIT and of-
fline codes), but are not shown for the sake of simplicity. The different colors
represent the different regions of the vessel which are used for the IP mea-
surement correction. The path of the Rogowski is indicated as well.

during the quiescent flat-top of the discharge, there is evi-
dence that vertical control will be more difficult in the larger
aspect ratio NSTX-Upgrade.41 Hence, an effort has been
made to develop improved vertical control, including im-
proved detection of vertical motion as described here.

In NSTX, the voltage on the radial field coils has a term
proportional to the quantity VPPPU2-VPPPL2 (see Ref. 3 for ad-
ditional discussion of this term); this quantity is added to the
PF3U voltage request and subtracted from the PF3L voltage
request. Note that the measured voltage difference is between
otherwise identical loops located above and below the mid-
plane, on the outboard side. The correct selection of the loops
for sensing vertical motion of the plasma has been discussed
in the literature.4, 5, 7, 10 In order to assess if inclusion of addi-
tional loops in the NSTX controller will help with control, it

is assumed that the quantity IPZP can be expressed as a sum
of flux differences

IP ZP =
∑

i
αi(ψU,i − ψL,i), (1)

where i is a loop over pairs of flux loops. Here, ZP is the
average of the maximum and minimum vertical locations on
the magnetic surface. This reduces to the present controller if
αPPP2 is finite and all other values of α are zero. For constant
IP, the difference in flux loop voltages is thus proportional to
dZP/dt.

In order to determine the optimal values of α for a set
of up to 9 loop-pairs distributed around the vessel, a large
database of equilibria was formed. These include many cases
from EFIT42, 43 reconstructions that explicitly include realis-
tic vessel currents. Only cases with |ZP|<0.2 m are included
in the present analysis, as larger plasma displacements are
likely not controllable. This results in 172 different equilib-
ria to be included in the fitting process. The presentation here
considers NSTX equilibria only; NSTX-U equilibria will re-
place these once experimental equilibria with realistic eddy
currents are available with the initiation of experimental op-
erations.

When Eq. (1) is fit to the database allowing only the OH4
loops pair (top and bottom of the OH coil within the CS),
an excellent fit is found with αPH4 = −34.5, as shown in
Fig. 4(a). On the other hand, when the fit is done allowing
only the PPP2 loop pair (those in the previously implemented
controller), the fit is far less accurate as captured by the χ2 pa-
rameter in Fig. 4(b), and has a much lower weight coefficient
of αPPP2 = −2.5.

This fitting process was done using a set of 9 loop pairs,
in order to determine whether this would result in substan-
tially better fits than cases with only single loop pairs. The
results in Fig. 4(c) show that the fit is approximately a factor
of two better compared to the case in Fig. 4(a). The optimizer
still places the dominant weight on the OH4 loop pair, located
on the center column.

A final test was made where there was a maximum
weight allowed for any given loop pair, in an attempt to force
a more even weighting amongst the various sensors. The re-
sults from this are shown in Fig. 4(d). Once the value of the
maximum allowed |α| is reduced below ∼30, the optimizer
always places the maximum allowed value on the OH4 loops.
For instance, in frame (d), the maximum allowed |α| is 2.5,
and the optimizer does indeed set αOH4 = −2.5. Even in this
case, the fit is 6.6/2.5 = 2.6 times better than using the PPP2
loops alone.

A key experimental question outside of the present anal-
ysis is to determine which loop pairs are most insensitive to

TABLE I. Sensor counts on the center column.

Sensor type Sensor usage NSTX count NSTX-U count

1D Mirnovs Fluctuation analysis, equilibrium reconstruction 11 32
2D Mirnovs Equilibrium analysis 10 20
Shunt tiles Currents flowing into the center stack 0 18
Tilted Mirnovs Rod current, currents flowing vertically in the CS casing 0 5
Halo current Rogowskis Rod current, currents flowing vertically in the CS casing 4 4
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FIG. 3. Schematic of the IP calculator for NSTX-Upgrade.

FIG. 4. Various fits with Eq. (1). See text for details.
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n = 1 perturbations in the plasma; this sensitivity would be
due to tilts in the loop orientation and pickup in the leads.
This will be analyzed when NSTX-U begins operations, and
those loops with minimal n = 1 sensitivity selected for im-
proved position control.
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