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ABSTRACT

A model-based multivariable controller for plasma
shape control has been successfully implemented on the
DIlI-D tokamak. Good steady-state control of the plasma
boundary shape and X—point position was demonstrated in
lower single-null ohmic plasmas over several seconds of
several discharges. Dynamic control for programmed rapid
plasma shape variation showed significant lags in response
(resulting from design choices and model error, and ex-
pected from simulation), but was robustly stable for all
degrees of freedom explored. The control design was based
on a linear plasma response model derived from funda-
mental physics assumptions, which was extensively vali-
dated against DI11-D experimental data. This physics-based
model is readily extendable to next-generation device de-
signs and to new operating regimes of existing devices.
Controllers produced with robust control design methods
were tested and improved using results of closed loop simu-
lations. A comprehensive simulation of the tokamak plant
including plasma response, power supplies, and cail circuit
configuration allowed verification of the controller im-
plementation in the plasma control system. This compre-
hensive simulation can be regulated by the plasma control
system computer in exactly the same way the plasma con-
trol system controls the actual tokamak.

1. INTRODUCTION

Plasma equilibrium control in tokamaks is a funda-
mentally multivariable task, typically actuating 1020 con-
trol coils to regulate 5-15 parameters describing the plasma
position and shape. Currents driven in the control coils
produce magnetic fields which interact with the current car-
ried by the plasma, changing the plasma shape or position.
Plasma control systems typically must maintain the overall
plasma position and shape with accuracies better than 0.5%
of the plasma width and stabilize plasmas against intrinsi-
cally unstable vertical displacements. The need for signi-
ficant accuracy in the presence of an instability with growth
times comparable to the time required for the actuating
magnetic fields to reach the plasma poses a significant chal-
lenge to a plasma control system (PCS). Despite this, rela
tively little use has been made of modern multivariable con-
trol design methods in operating tokamak experiments to
date. The most extensive and successful implementation of
model-based multivariable controllers on a tokamak was
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achieved by a collaboration between the TCV device team
and the CREATE consortium [1,2].

The present work describes the successful initial im-
plementation and experimental test of a model-based
multiple-input-multiple-output (MIMO) algorithm for con-
trol of plasma shape and position on the DIII-D tokamak.
In contrast with [1], this controller was based on a “mini-
mal” plasma response model [3] and regulated a large
number of shape and position quantities (~15), comparable
to the number of independent control coil circuits (~17).
This implementation made use of the “isoflux” shape con-
trol scheme used routinely in DIII-D which allows highly
detailed control of the plasma boundary and position [4].
However, while the baseline control algorithm includes
proportional, integral, and derivative (PID) matrix gain ca-
pability, the (largely diagonal) gain matrix is presently
determined through empirical means, and system per-
formance is typically improved during machine operations
using between-shot experience. Development of a system
for design of robust multivariable controllers based on vali-
dated models of plasma, conductor, and power supply
responses is expected to improve the overall control quality
and reduce the time reguired to obtain a satisfactory control
algorithm.

Section 2 summarizes the present shape control system
in routine use at DIII-D. Section 3 describes the system
response model used in design of the controllers. The con-
troller design approach itself is discussed in Section 4,
along with simulation tools used for validation of the sys-
tem model and assessment of controller performance. A
summary and conclusions are presented in Section 5.

2. DIlII-D PLASMA SHAPE CONTROL

In recent years, the control methodology at DIlI-D has
changed from its original combination of gap and “flux
ratio” control [5] to “isoflux” control [4]. The isoflux con-
trol method, now in routine use on DIII-D, exploits the
capability of the new realtime EFIT plasma equilibrium
reconstruction algorithm to calculate total magnetic flux at
specified locations within the tokamak vacuum vessel.
Figure 1 illustrates a lower single-null (LSN) plasma which
was controlled using isoflux control and indicates quantities
relevant to the control scheme. The realtime EFIT ago-
rithm can calculate the value of flux in the vicinity of the
plasma boundary very accurately. Thus, the controlled para-
meters are the values of flux at prespecified control points
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Fig. 1. Example of controlled plasma parameters in isoflux
control scheme: Ry, Zx, and flux at 13 control points
specified to be on the plasma boundary.

along with the X—point radial position (Rx) and vertical
position (Zx). By requiring that the flux at each control
point be equal to the same constant value, the control forces
the same flux contour to pass through all of these control
points. By choosing this constant value equal to the flux at
the X—point, this flux contour must be the last closed flux
surface or separatrix. The desired separatrix location is
specified by selecting one of a large number of control
points along each of several control segments. An X—point
control grid is used to assist in calculating the X—point loca-
tion by providing detailed flux and field information at a
number of closely spaced points in the vicinity of the
X—point.

Present DIl1-D operations use the isoflux control meth-
od with PID operations on the control point flux and
X—point Ry and Zx errors. The resulting PID signals are
multiplied by a gain matrix to produce commands to the
pulse width-modulated (chopper) power supplies on each
plasma shaping coil. The gain matrix is sparse, so that most
individual shape errors are corrected through the applica-
tion of only a small number (often one) of coil voltage
changes. Control of the X—point requires coordinated action
by the largest number (4) of shaping coils.

3. MODEL-BASED MULTIVARIABLE CON-
TROLLER DESIGN AND SIMULATION

The new model-based multivariable controller devel-
oped for this initial implementation produces fully coupled
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multivariable control. The controller design is derived from
alinear model of the system to be controlled (plasma, con-
ductors, power supplies) and incorporates knowledge of the
time response of all outputs (flux and X—point errors) due
to each input (chopper voltages). A linearized plant model
was developed and extensively validated [6,3] in order to
enable the use of mature linear multivariable design
techniques.

3.1. System Model and Controller Design

The system of plasma, shaping coils, and passive struc-
ture can be described using circuit equations derived from
Faraday’s Law (e.g., [7,8]). These circuit equations take the
following form when the effects of plasma motion as well
asvariation in plasma current are made explicit:

M$%+ Rsls + Mgp— +

where the subscript “s’ refers to all stabilizing conductors,
s is the vector of (perturbed) conductor currents, Iy, is the
(perturbed) plasma current, z¢ is the vertical position of the
plasma current centroid, and Ry, is the major radia position
of the magnetic axis.

Radial and vertical force balance relations, assumption
of rigid radial and vertical displacement of the equilibrium
current distribution, and specification of aresistive plasma
circuit equation closes this set of system equations. The
circuit equation then becomes

(M$+ Xss)%*‘ Rsls +

p
(Msp"'xsp) p +
dBp dl;
XS/))T-F XSI E = VS ’ (3_2)

where X g represents the variation of conductor flux due to
plasma motion in response to conductor current variation,
Xgp represents variation in conductor flux due to plasma
motion in response to plasma current variation, Mgy is the
mutual coupling from plasma to conductors, and Xsp and
Xg| describe the variation in conductor flux due to plasma
motion in response to variations in Bp and Ij. The circuit
connections in DIII-D cause the individual objects to be
modified somewhat from their initial values calculated from
independent coil currents, but the form of the equations
remains the same. In Eq. (3-2) the state of the system is en-
tirely described by the conductor and plasma currents (I,
Ip), while perturbations of 3, and I from their equilibrium
values are treated as exogenous variables.

The plasma current dynamic response is governed by a
circuit equation similarly derived from Faraday’s Law
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which treats the plasma as a single circuit consisting of a
distributed array of conducting elements. The self-
inductance L is derived from this equilibrium distribution,
as is the resistance Ry (for which the plasma electron tem-
perature and effective ion charge Zgff must be assumed).
The plasma, therefore, is not treated as a perfect conductor,
but rather consumes flux resistively. The finite resistance of
the plasma can be important over a DIII-D discharge of
5-6 s, with typical plasma resistive decay (L/R) time of 20
to 50 s. The plasma current is represented by the current
density on a computational grid corresponding to the nomi-
nal equilibrium derived by the EFIT magnetics fitting equi-
librium reconstruction code [9]. The shape of the current
density distribution is fixed at the nominal equilibrium
distribution while the total current (lp) is allowed to vary.
Plasma current displacement is assumed to have only two
degrees of freedom corresponding to rigid vertical and
major radial motions of the equilibrium current density
distribution.

The normalized co-prime factorization (NCF) design
technique [10] was used to derive controllers from the
linearized plant. In this method, input and output weighting
matrices specify relative importance among the controlled
parameters, applied voltages, and control coil current vari-
ations. For the experimental implementation, a single con-
troller based on a plant linearized around a LSN ohmic (in-
ductively heated) plasma equilibrium was used to control
the entire discharge.

3.2. Plasma Control System Structure

Figure 2 shows an overview block diagram of the iso-
flux plasma shape control using a MIMO controller. Mag-
netic diagnostic signals acquired by the PCS in realtime are
used by the realtime EFIT algorithm to reconstruct the
plasma equilibrium shape and current distribution, from
which the X—point location and control point flux errors are
calculated. These errors are processed by the MIMO shape
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control algorithm to produce demand voltages for choppers
on each shaping coil. A separate set of chopper voltage con-
trollers is used to provide closed loop control of the chop-
pers and thus produce the demanded voltages. The “stand-
ard” PID isoflux mode of shape control in DIII-D does not
make use of separate chopper voltage control loops. This
approach was taken to avoid having to include the highly
nonlinear set of chopper models in the plant to be con-
trolled. A fast, vertica stability control algorithm is also
executed within the PCS. This controller does not actually
stabilize the plasma, since it has no proportional feedback
term. Instead it reduces the growth rate sufficiently that the
slower shape control algorithm can stabilize the plasma.

This MIMO controller also operates on coil current
“errors’ in order to prevent coil limits from being encoun-
tered. Coil currentstoo near zero can cause choppers to
latch (a type of fault), while currents exceeding maximum
current limits will cause an overcurrent fault. In either case,
the plasma discharge is ended. In order to avoid these
failure modes, a coil current reference vector is constructed
as a heavily filtered version of actual coil currents when-
ever currents are not near their limits. This reference is
modified so as to produce large resultant error signals as
currents approach alimit.

3.3. Controller Test Simulations

Testing of controller designs was performed using a
detailed simulation of the system response, connected
directly to the PCS implementation of the MIMO controller
[11]. The simulator, shown schematically in Fig. 3, is built
in the Matlab/Simulink™ environment and includes both
linear plasma-conductor models and nonlinear power
supply models. The PCS interfaces with the simulation in
exactly the same way it interfaces with the actual tokamak
systems, allowing realistic testing of both the controller
itself and its implementation in the PCS. The simulation
receives actuator commands from the PCS (point “A” in

Vertical
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Xpt R Z
+ Calculate: —
Shaping Voltage STDa Didgnostics [ Reartime « Xpt location |Control pts flux
Power fiux, B EFIT ——— gt + Xpt flux b
A Supplies plasma — Equilibrium | « Control point fluxes B
+ * Xpt Br, Bz error Flux
Coil currents error
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Controllers Controller
Plasma Shape Control Algorithm

Fig. 2. Overview of MIMO isoflux control scheme.
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Fig. 3. Schematic of the detailed simulator used for testing of the PCS implementation of the controller without consumption

of experimental machine time.

Fig. 3) and outputs magnetic diagnostic values correspond-
ing to the simulated conductor current variation and plasma
motion (point “B” in Fig. 3).

The detailed simulation allows testing of the PCS im-
plementation, as well as iterative improvement of the con-
troller itself, without the need for actual experimental ma-
chine time. This ability to test and optimize offline is a key
benefit of model-based controller design, and is expected to
save a significant amount of DIII-D experimental time
presently devoted to empirical control tuning.

4. IMPLEMENTATION OF MODEL-BASED
MULTIVARIABLE CONTROLLER ON DIlI-D

Figure 4 illustrates the requested (x) and actual (solid)
plasma boundary during plasma discharge 99350, one of
several discharges controlled by a model-based multivari-
able controller. This first implementation of a MIMO
controller on DIII-D provided good steady state control,
but quality of control during dynamic variation of plasma
shape was mixed. Plasma control was always stable and
was used to control several full shots from plasma current
rampup through rampdown.

The MIMO control was first introduced in the middle
of several ohmic discharges, then extended to the entire
plasma current rampup and flattop phases for later dis-
charges. Steady state plasma shape control was quite good
in general, although accuracy of the upper isoflux control

20T

101

05 10 15 20 25
R(m)

Fig. 4. DIII-D cross-section showing requested plasma
boundary location (x) and actual (solid) boundary location
controlled by MIMO controller in shot 99350 (time =
1490 ms).

points was somewhat worse than the lower control points
and the X—point.

Figure 5 shows two shots in which the requested plas-
ma shape changed with time. Control of the X—point was

General Atomics Report GA—-A23392 4



D.A. Humphreys et al.

INITIAL IMPLEMENTATION OF A MULTIVARIABLE PLASMA SHAPE
AND POSITION CONTROLLER ON THE DIII-D TOKAMAK

0.6
o2 AR L A S ~
3 0.4 S S [N
0.2
0.15
\ _
7, \ ‘
A o \
\ Z |
N\ —
15 20 25 30 35 40 15 20 25 30 35 4.0
Time (s) Shot 99350 Time () Shot 99351

Fig. 5. Example of control in two shots with requested plasma shape changing over time (all units in meters). Solid lines

indicate achieved values, while dashed lines denote target values.

still generally very good in this case, but flux at the upper
control points followed their requests relatively slowly. In
shot 99350, an approximately rigid vertical motion of the
plasma was programmed between 1.5s and 4.2 s. In shot
99351, an approximately rigid radial plasma motion was
programmed in the same interval. The programmed radial
motion was generally better behaved than the vertical mo-
tion, even during the sudden steps starting at 3.5s. The
large ringing on the X—point vertical position (Zy) follow-
ing the requested step change also couples to the radial con-
trol to produce poor control of the inside gap (GAPjp). This
problem was found to be due to inaccuracies in the model
of the closed-loop vertical stability control used in the con-
trol design (see Fig. 2). These inaccuracies have been cor-
rected since this implementation, and closed-loop simula-
tions using the corrected vertical stability control model
reproduce the behavior observed in the experiment.
Performance of the MIMO controller is also somewhat
affected by plasma internal inductance (lj) — a measure of
the “peakedness’ of the current distribution within the plas-
ma. The internal inductance naturally increases throughout
an ohmic discharge as the profile evolves toward its steady
state condition. Figure 6 illustrates X—point position control
and control of the top plasma-wall gap during 300 ms inter-
vasat low Ij (~1.0) and high I;j (~1.25) in discharge 99350.
The standard deviation of X—point control errors decreases
with increasing lj experiencing a dramatic reduction in the
amplitude of a low frequency (~10-11 Hz) oscillation
prominently observed at low lj. The mean value of the

X—point vertical (Zyx) and radia (Ry) position appears to be
unaffected by the I; value. The genera variation in X—point
control with I islikely the result of controller optimization
for a relatively high Ij equilibrium, corresponding to the
plasma state in the inerval 3.2< t< 3.5s in discharge
99350. The value of I strongly affects vertical growth rate
and response, which in turn strongly affects the controller
design and response.

In contrast with the improvement in X—point control
with increasing lj, accuracy of top gap control is clearly
reduced as I increases. Comparison of the two lowest
frames in Fig. 6 shows a mean achieved gap distance (solid
line) of ~0.5 cm from the target value (dashed line) in the
lower I; case, while the mean error in gap distance exceeds
1.5 cminthe higher I case. Sinceincreasing |; corresponds
to a peaking of the current profile and resulting increase in
effective distance of the current channel from control coils,
increased coil current is necessary to regulate the plasma
surface as Ij increases. The heavy weighting of X—point
control relative to upper gap control inherent in the design
of this controller produced a demand of insufficient current
in the upper coils to accurately regulate this particular re-
gion of the separatrix in the higher Ij regime. Higher order
moments of the current profile may influence this process
as well, but are entirely ignored by the modeling process,
controller design, and control operation.

Figure 7 illustrates modification of the shaping coil
(F—cail: see Fig. 1) current reference signal in order to
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Fig. 6. Accuracy of X—point position control improves and accuracy of top gap control degrades with increasing internal
inductance (discharge 99350). Solid lines indicate achieved values, while dashed lines denote target values.

avoid coil current limits from ending the shot. The refer-
ence signal is initialized to the value of the F—coil current
when the MIMO controller takes over. It is subsequently
computed as a heavily filtered version of the F—coil current
except in the case where the current approaches either O or
a maximum current limit. In these cases, the reference is

modified so as to induce the controller to “pull” the coil
current away from the limit value. In Fig. 7(a) and (b),
when the coil current value becomes less than 400 A, the
current reference signal begins to grow larger. Figure 7(a)
illustrates a case when competing control demands keep the

T T T = T
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Fig. 7. F—coail current data (solid) versus reference signal (dashed) in shot 99350 for F—coils (a) F4B, (b) F5B, and (c) F8B.
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current in coil F4A low despite the current reference modi-
fication. When the current increases to more than 400 A in
Fig. 7(b), the reference signal tends back toward the mea-
sured coil current value. In Fig. 7(c), when the current
comes close to the maximum limit of 5 kA, the reference
signal moves down to maintain the current in the F8B coil
below the limit. Changesin coil current between 1.5and 4 s
seen in the plots of the F5B and F8B coils correspond to the
programmed plasma shape perturbations shown in Fig. 5.

5. SUMMARY

A model-based multivariable controller has been suc-
cessfully implemented and tested experimentally on the
DIlN-D tokamak. Steady state control was quite good in
general, with accuracy of control of upper portions of the
plasma somewhat worse than lower portions and the
X—point. Quality of control in tracking of changing plasma
shape requests was mixed, with X—point control remaining
very good while some upper plasma-to-wall gaps in some
shots were not very well controlled. The higher accuracy of
the X—point was consistent with much higher weighting
given to its regulation in the NCF design process. The
MIMO controller successfully controlled the plasma
throughout all phases of the discharge, including plasma
current rampup, flattop, and rampdown. The controller
always provided stable control despite the wide range in I;
always experienced over these periods and the relatively
high I of the design point on which the controller was
based. Some of the control inaccuracies which occurred
were not unexpected, since there were known inadequacies
in accuracy of some models, especially that of the closed-
loop vertical control. The significant dependence of control
accuracy on the value of 1 (and perhaps higher order mom-
ents of the current profile) in particular may indicate a need
for gain-scheduling.

Additional development is needed before MIMO con-
trollers can be routinely used during DIlI-D experimental
operations, although solutions to some practical operational
concerns, including coil current limiting, were demon-
strated in the initial implementation. Other practical issues
which must be addressed include: antiwindup for chopper
voltage saturations, gain scheduling of multiple controllers
(with associated techniques for achieving bumpless trans-
fer), limiting a particular buss voltage, resolving conflicts
between fast vertical and slow shaping control, and dealing
with multiple unsynchronized processors with varying
cycletimesin the PCS.

In the long term, it is expected that DI11-D MIMO con-
trollers will integrate shape control with control of pressure,
radial E-field, and current profiles using feedback com-
mands to new actuators such as counter-injection neutral
beams, electron cyclotron heating, and electron cyclotron
current drive.
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