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Abstract

Plasma shape control using real-time equilibrium reconstruction
has been implemented on the National Spherical Torus Experiment.
The rtEFIT code originally developed for use on DIII-D was adapted
for use on NSTX. The real-time equilibria provide calculations of the
flux at points on the plasma boundary, which is used as input to a
shape control algorithm known as isoflux control. The flux at the
desired boundary location is compared to a reference flux value, and

this flux error is used as the basic feedback quantity for the poloidal



field coils on NSTX. The hardware that comprises the control system
is described, as well as the software infrastructure. Examples of precise

boundary control are also presented.



1 Introduction

Tokamak position control was first implemented (see, e.g reference [1]) in
the second generation of tokamak devices, i.e. those that employed an ex-
ternally applied vertical field rather than a copper shell to maintain toroidal
equilibrium. These early systems consisted of strategically placed magnetic
pick-up coils connected to analog circuits which drove the vertical field power
supplies. Since that time the field of tokamak plasma boundary control has
matured substantially through several distinct phases; first to produce elon-
gated plasmas that required vertical stabilization, and then to more complex
shapes (D-shaped plasmas, bean shaped plasmas, etc.). As shapes became
more complex, so did control schemes. There are literally hundreds of pub-
lished works which have as their primary topic the control of the tokamak
plasma boundary. Recently, computers have advanced to the point where
inverting the Grad-Shafranov equation [2, 3] is possible on a timescale that
is useful for controlling the plasma discharge. This capability has moved the
field of plasma boundary control out of the realm of electrical engineering
into the realm of plasma physics, since realistic solutions to the plasma force
balance can be used as inputs to feedback loops.

The rtEFIT code [4] has recently been implemented on a low aspect ratio



device - the National Spherical Torus Experiment. The isoflux control [5]
algorithm was also imported for use on NSTX. This paper will describe, in
Section 2, the computer hardware that is presently in use for control on NSTX
and that is used for the real-time reconstructions. The associated real-time
communication hardware will also be described. In addition, in Section 3,
the software infrastructure that has been adopted will be outlined. Section
4 describes the control software currently in use on NSTX, including: 1) a
simple algorithm that was used for the first several NSTX physics campaigns,
and which is still in use during the early current ramp preceding rtEFIT
control, and 2) a brief description of the rt EFIT /isoflux system with emphasis
on the aspects unique to NSTX. With this background, plasma control using

the rtEFIT /isoflux control system will be described in Section 5.

2 Hardware

The NSTX plasma control system computer consists of 8 333MHz proces-
sors in a shared memory architecture. The processor cards are built by Sky
Computers (Helmsford, MA). Each processor motherboard contains 4 G4

processors (Motorola) and one Front Panel Data Port (FPDP - ANSI/VITA



17) high speed low-latency direct memory access i/o port. The two mother
boards are connected together by a VME P2 backplane known as “Skychan-
nel” (ANSI/VITA 10-1995). The real-time computer is not available for
interactive processes, but is instead accessed over the VME backplane from
a single-board workstation built by Force Computers (Fremont, CA). The
Force computer runs the Solaris operating system written by SUN comput-
ers (Stanford, CA) and also acts as the VME Slot 0 controller.

Data is acquired in real-time at 5kHz over a distributed network of point-
to-point connections from VME crates that contain one or more 9421 (12bit)
or 9422 (16bit) FPDP digitizers (Merlin Electronics, Memphis, TN). There
are currently 192 channels of data being acquired in four different locations.
The data consists of magnetic field and flux measurements, power supply
currents and voltages for shape control. Gas control data and current, volt-
age, and phase data for the antenna elements of the RF heating system [6]
are also acquired in real time, but are not yet used in the shape control sys-
tem. The distributed data acquisition system is required due to the rather
complex grounding scheme on NSTX needed for the coaxial helicity injection
system [7] which biases a large fraction of the NSTX vacuum vessel to ~ 1kV

potentials.



The data is transmitted over a fiber optic serial link known as Serial FPDP
(ANSI/VITA 17.1-2003) built by Systran Corporation (Dayton, OH). The
independent point-to point data streams are multi-plexed into a single data
stream by a module known as FIMM (or FPDP Input Multiplexing Module,
developed at PPPL) which does a simple concatenation of the individual
streams into a single stream after FIFO (First-In-First-Out) buffering. The
data is then streamed into the FPDP port on the first computer board. The
measured end-to-end latency of the data acquisition system is 4us.

Power supply commands are issued through the second FPDP i/o card
to a module developed at PPPL known as a PCLIM (PC-Link Interface
Module) which converts data into the digital format of the PCLink (Power
Conversion Link) which was developed for use on TFTR (Tokamak Fusion
Test Reactor) in the early 1980’s. The digital commands are then converted
to rectifier pulses in firing generators inside the individual rectifier supplies.
A block diagram showing the layout of the NSTX control system is shown in

Figure 1.



3 Software Infrastructure

The software infrastructure (i.e. the part of the software that performs the
human interface, shot restore, data archiving, network functionality, etc.)
was largely adopted from the Plasma Control System [8] developed at Gen-
eral Atomics, although adaptations were required for use on NSTX [9]. In
particular, the data archiving is now compatible with the MDSplus [10] data
archiving system. The real-time functions were optimized for the G4-Altivec
based real-time floating processors used on NSTX (see above). Data ac-
quisition functions were customized for compatibility with the FPDP data
acquisition system described above, and this functionality has been separated
from the PCS. Another important feature of the NSTX implementation of
the PCS is that power supply control functions are handled digitally - with in-
dividual rectifier firing angles generated within a stand-alone program called

the Power Supply Real-Time controller (PSRTC) [11].

4 Control Software

The PCS divides control into various categories which, in general, each cor-

respond to a physically different control concept. The current set of control



categories on NSTX are:

1.

Toroidal Field

. Plasma current /transformer control
. Discharge Shape

. Equilibrium

. Isoflux

. System

Data Acquisition

. Gas Injection

. Error Fields and Resistive Wall Modes

Categories 3 through 6 correspond to plasma shape control. The Dis-

charge Shape category contains a rudimentary control algorithm which con-

trols the plasma radial and vertical position with preprogrammed control of

the other coil currents. A precise description of this algorithm follows in the

next section. The Equilibrium category inverts the Grad-Shafranov equation

using the rtEFIT code; the resulting equilibrium solution provides input to

the isoflux category. The isoflux category uses the errors between the flux at

the requested boundary and the real-time calculation of the plasma bound-

ary flux as input to a PID type controller that determines the poloidal field



coil voltages. The various isoflux algorithms in use in the isoflux category
are described in Reference [4]. The system category is used to choose be-
tween the Discharge Shape category and the Isoflux category as a source
for the poloidal field coil voltage commands. The System category has been
recently upgraded to allow for a continuous hand-off from one category to
the other using “fuzzy” logic, which has been beneficial for avoiding jumps
in the plasma position and shape at the category transition.

Plasma shape control during a plasma pulse on NSTX is in general di-
vided up into three basic phases: 1. Pre-shot set-up phase, including initial
breakdown, 2. plasma control phase, 3. Post-shot ramp-down. Phases 1 and
3 involve ramping the coil currents in a pre-programmed manner, and will
not be discussed further in this paper. The plasma control phase in general
consists of up to several additional phases that can be selected and configured

according to the shot requirements.

4.1 Position and Current Control algorithm (PCC)

The initial phase of plasma control on NSTX consists of a plasma current
ramp using the PCC algorithm. The PCC algorithm uses magnetics input

from 3 flux loops and 4 magnetic field coils as shown in Figure 2. It should



be noted that the location for the outer control sensors is determined by the
presence of several large obstructions on the outboard mid-plane of NSTX.
The radial position measurement is constructed according to the following

relations:

A, :{¢1+Ain< By

I soreson(l )

where % }Z = 27 R,;B,, and B,, is the measured vertical magnetic field at the

OR|,,

ith spatial location [R;, Z;], and A;, and A,,; are the requested inner and
outer gaps, respectively. The radial equilibrium is maintained by controlling
the current in the PF5 coil (see Figure 2 for PF5 coil location). The PF5

coil voltage is set to:

dAY,
dt

VPF5 GPTAlbr + G[r / A'(ﬂ,«dt + GDT

This type of control is typically referred to as gap control with a PID (Pro-
portional, Integral, Derivative) algorithm. Vertical position control is based

on the flux difference at the outer wall without projecting the flux across the

gaps.
dM,,

A%:(%—%)‘*‘A] d

where A, is the requested vertical offset, I, is the plasma current, and de”

is the change in the mutual inductance between the plasma and the pair
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of flux loops used for the vertical position measurement due to a vertical
displacement of the plasma. The voltage request to the power supplies is
then:

dAp,
dt

AV g = (=1) (GPUA% + Gy, / A,dt + Gp, ) = (—1)/PID(At,)
0

Where we have defined the PID operator, and the superscript j = 0, 1 refers
to [upper,lower] PF3 coils. This voltage offset is then added to the prepro-
grammed average PF3 current request. The remaining poloidal field coils are

preprogrammed, with PID feedback on the coil current error.

4.2 rtEFIT reconstructions

The implementation of the input data for rtEFIT on NSTX exactly mimics
the one used for NSTX implementation [12] of the between shots EFIT analy-
sis [13]. A unique feature of the NSTX EFIT implementation is the inclusion
of a novel measurement of the vacuum vessel eddy current distribution using
loop voltages [14]. This feature has, for the first time, been incorporated into
the rtEFIT implementation, allowing for more precise control during plasma
current ramps. A comparison of the results of rt EFIT reconstructions and
those obtained using the normal between shots analysis can be seen in Figure
3. In general the agreement between the two calculations is quite good but,

11



as can be seen in the figure, differences do exist. The cause of the boundary
differences is not due to dissimilarities between the numerical algorithms, but
rather to the variations between the input model parameters used in real-
time and those used for between shots analysis. In particular, the differences
are: 1) Grid resolution (33x33 real time, 65x65 between shots) 2) parame-
terization of the current profile (fewer parameters are used in real-time due
to the stringent convergence requirements) 3) The coil currents and some of
the vessel currents are treated as known values rather than as unknowns -
also due to time constraints imposed by real-time requirements. The impact
of these differences are roughly equally important in determining the differ-
ences between the rt EFIT and the offline EFIT boundaries. Faster processors
will help to relieve these differences after planned upgrades. Precise position
control has been possible in spite of these systematic errors, since they are
systematic and reasonably predictable.

The time between iterations of the Grad-Shafranov equation in rtEFIT
(referred to as the “slow-loop”) using the NSTX control computer is presently
12ms. This time delay is too long for control purposes. In order to deal with
faster transients and maximize the bandwidth of the control system, a second

routine is used to actually calculate the boundary flux in the control loop. A

12



second calculation, referred to as the “fast-loop” does a least-squares fit of
the current to the most recent real-time data, using the most recent rtEFIT
flux grid as a constraint. It is this fast loop that actually generates the
boundary flux used in the isoflux control, which completes every 400us on
the NSTX control computer. A more detailed description of the “fast-loop”

is presented in Reference [4].

4.3 Isoflux control

The isoflux control algorithm takes advantage of the fact that the plasma
boundary is a surface of constant magnetic flux, converting the position
control of the 2-D plasma boundary into scalar control of the flux on the
boundary. The isoflux algorithms are flexibly configurable - a feature which
has allowed the algorithm to be adapted with relative ease to a substantially
different magnetic geometry. A typical NSTX isoflux control configuration is
shown in Figure 4. The lines in the plot are referred to as control segments.
Control points are determined by the intersection of the line segments with
the requested plasma boundary. The flux is calculated at this control point
in the rtEFIT algorithm. This control flux is then compared to the flux at

a predetermined reference point, usually either the flux at (one of) the x-

13



point(s) for a boundary defined by a separatrix or, in the case of a limited
discharge, the flux at the limiter. The differences between the reference and
control fluxes are then used as the inputs to the isoflux control. In general,
each coil voltage is then a linear sum of a PID operator applied to all the
control segments, with independent gains for each control point. In practice,
to date, the various coils are assigned to control points on a one-to-one basis
(i.e. a diagonal gain matrix). X-points are assumed to be inside a control
region (also shown in Figure 4) for which the field and flux Green’s functions
are pre-calculated on a denser grid. The location of each X-point is found
iteratively on each time step. If the X-point is located outside this region,
the code extrapolates using gradients. The R and Z location of the X-point
can be controlled independently - therefore requiring (at least) 2 coils to
adequately control the location of the X-point.

NSTX presents a unique control challenge relative to other tokamaks, in
that there are no coils on the inboard radius of the plasma. This complicates
control of the inner gap in divertor discharges. In particular, it is not possible
to independently control the inner gap and each point on the outer boundary.
The problem is further complicated by the small number of poloidal field

coils on the outboard major radius side of the plasma. For example, a scan
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of plasma triangularity at fixed elongation and aspect ratio made using a
predictive equilibrium solver is shown in Figure 5. As is apparent in the
figure, the upper and lower outer squareness of the discharges must change
in order to maintain the other specified shape moments (¢, k, d corresponding
to inverse aspect ratio, elongation, triangularity). The solution currently in
use on NSTX to address this problem is to vary the outer squareness manually
in order to achieve the requested inner gap. The problems associated with
the limitations imposed by the ST geometry and limited PF coil set have not
prevented the achievement of precision control - a promising result for future

ST devices.

4.4 Control transition

The control transition between the PCC algorithm and the rtEFIT algorithm
has been implemented using “fuzzy” logic. A programmable waveform W (t)
is defined and allowed to vary between 0 and 1. Typically, the transition is
programmed as a linear ramp over a period of ~ 40ms from the PCC algo-
rithm to the rtEFIT /isoflux control. The actual voltage request is therefore
given by:

‘/i :(1 - W(t))VPCCz + W(t) * Vvisofluxi
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where the subscript ¢ indexes the poloidal field coil in question.

5 Control examples

The rtEFIT/isoflux control system was initially commissioned in July 2002
and was also used in a few shots during the brief 2003 physics campaign. In
2004 rtEFIT /isoflux was used as an effective operational tool, with 40% of
plasma discharges using this system for control. Control with rtEFIT /isoflux
was demonstrably better in many regards, enabling several experiments that
would have otherwise been much more time consuming, if not impossible.
In Figure 6 the plasma boundaries as reconstructed by EFIT from four
double null divertor plasma discharges are overlaid. The EFIT reconstruc-
tions were performed on a 1ms time grid through the 300ms plasma current
flattop in each discharge for a total of 1200 reconstructions. As can be seen
from the plot, the boundary control and the shot-to-shot reproducibility are
quite good. The remaining small changes in the boundary relative to the
request are caused by leakage flux from the transformer causing the X-points
to drift towards the mid-plane slightly as the shot progresses. This remaining

drift will be either explicitly compensated, or a larger X-point integral term
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will be added to compensate for this motion. A detailed view of the quality
of the control is shown in Figure 7, which shows the difference between the
requested location of the outboard mid-plane radius and that reconstructed
by EFIT and rtEFIT. There is a 1.3cm shift between the requested plasma
boundary and that reconstructed by rt EFIT, caused by the finite gain of the
feedback system (the integral gain is small for the outer gap). There is an
additional systematic shift between the rt EFIT reconstruction and the EFIT
reconstruction caused by the differing inputs, as noted above. The RMS
fluctuating error is 3.3mm, which is mostly due to plasma motions caused
by sawteeth.

The rtEFIT /isoflux control scheme has also been used to dynamically
control boundary changes during a single plasma shot. Three reconstructed
equilibria are shown in Figure 8 from a single shot in which the parameter
07sep is requested to vary linearly in time, where 7, is defined as the radial
distance measured at the outboard midplane between the flux surfaces upon
which the upper and lower x-points lie. The variation is achieved by adding
a voltage either to the PF3U coil or the PF3L coil as determined by a PID
operation on the error between the flux difference at the 2 x-points and the

flux difference between the outboard midplane control point and a point that
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is shifted by the requested 07, away. This flux error can be expressed as:

Awérsep :<¢x1 - 1%2) - <¢(RO +a+ 6Tsep) - ¢(R0 + CL))

In addition, in order to keep the control points corresponding to PF3 consis-
tent with the the now deformed plasma boundary, the positions of the PF3

control point is shifted by an amount given by:
APF3 = * 5Tsep

Where C is programmable factor adjusted to correspond to the flux expansion
between the midplane and the control point.

Shown in Figure 9 is o7y, as calculated by EFIT for a series of consecutive
discharges for which the 7., parameter was systematically varied. Also
shown in the figure is the time history of the innermost, central and outermost
major radius of the discharge, along with the top, vertical centroid, and
bottom of the plasma. As can be seen from the figure, the major radius was
held fixed as the X-point configuration was varied over a wide range. Fixing
the outer gap is important, since coupling of RF heating power to the plasma
depends sensitively on the position of the plasma relative to the RF antenna.
The radio frequency power was coupled to the plasma efficiently in each of
the cases shown. The availability of the boundary flux in real-time facilitates

18



precise shot-to shot variation with accurate control of boundary parameters.

6 Summary

The rtEFIT /isoflux control algorithm has been used for plasma control on the
National Spherical Torus Experiment, the first time such advanced control
techniques have been applied to a spherical tokamak. As expected, control
based on accurate plasma reconstructions has provided improved flexibility
and accuracy in experimental operations. For the first time on any device, the
measured eddy currents were used in the real-time reconstruction, enabling
more accurate reconstruction of the plasma boundary. This was possible in
spite of the limitations imposed by the absence of poloidal field coils on the
inboard major radius side of the plasma. A “fuzzy logic” control scheme has
been applied that has smoothed the transition between the initial plasma
control and the isoflux/rtEFIT control, making these transitions more re-
liable. Planned upgrades to faster processors should improve the control

further.
This work was supported by the U.S. Department of Energy Grant under contract
number DE-AC02-76CH03073. The authors would like to dedicate this work to the mem-

ory of Tom Gibney, whose work made this effort possible.
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Figure Captions

Figure 1: Block diagram showing the layout of the NSTX control system.

Figure 2: Figure showing the location of the magnetic sensors in use for rtEFIT /isoflux
control. Green circles indicate the location of flux loops, while blue circles indicate mag-
netic field sensors. Red circles indicate flux loops that are also used as voltage loops for
determining the vessel eddy current distribution. The vessel is color coded according to
material resistivity as in Reference [14]. Also indicated are the locations of the sensors
used for the position and current control (PCC) algorithm.

Figure 3: Figure comparing the plasma boundary as determined by EFIT (solid line)
and rtEFIT (dashed line).

Figure 4: Figure showing the control segments (black lines) and control points (green
circles) used in the rtEFIT /isoflux control scheme. The shaded red boxes are the regions
in which an X-point is assumed to be located. The plasma boundary in the figure is a
typical elongated NSTX double null boundary.

Figure 5: Scan of triangularity for a series of discharges with fixed elongation and
aspect ratio, showing the squareness changes to preserve the other shape moments.

Figure 6: 1200 reconstructed plasma boundaries calculated at 1ms intervals for 4
plasma discharges showing excellent control of the plasma boundary with rEFIT /isoflux.

Figure 7: Error between EFIT and rtEFIT as a function of time for shot 114184, one
of the shots in Figure 6 (dashed line) and also between EFIT and the radius of the control
request (solid line). The RMS deviation of the EFIT boundary from the requested radius
is 3.3mm with a fixed offset of 2.4cm, 1.3cm of which is due to the difference between

EFIT and rtEFIT.
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Figure 8: A series of 3 equilibria at different times during a discharge for which the
parameter 7., was programmed to vary linearly from +2 cm to -2cm during the discharge.
The blue points are the control points. The green points are the actual positions of the
X-points, the heights of which are controlled to be fixed.

Figure 9: Time history of 13 shots for which the parameter dr;., was systematically
varied from -2cm to +2cm. Shown in sequence are a) plasma current in MA, b) 074, in
centimeters, c¢) inboard major radius, radial geometric center, and outboard major radius

of the discharge, and d) top, vertical geometric center, and bottom of the plasma.
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