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Abstract. Active feedback control for regulation of the safety factor (g) profile at the start of the high stored
energy phase of an Advanced Tokamak discharge has been demonstrated in the DIII-D tokamak. The time
evolution of the on-axis or minimum value of ¢ is controlled during and just following the period of ramp-up of
the plasma current using electron heating to modify the rate of relaxation of the current profile. In L-mode and
H-mode discharges, feedback control of g is effective with the appropriate choice of either off-axis electron
cyclotron heating or neutral beam heating as the actuator. The g profile is calculated in real time from a
complete equilibrium reconstruction fitted to external magnetic field and flux measurements and internal
poloidal field measurements from the motional Stark effect diagnostic. This is the first use of this accurate
calculation method for real time ¢ profile identification and control. Comparisons of experimental
measurements and transport code predictions of the time evolution of the current profile are used to validate
transport codes for use in testing of real time feedback control algorithms. In some cases, the modeled
noninductive current must be located farther from the axis than is predicted by theory in order to obtain
agreement between the simulations and the experiment.

1. Introduction

A key feature of an advanced tokamak (A7) discharge [1] is safety factor (¢) and plasma
pressure profiles that are consistent with both magnetohydrodynamic (MHD) stability at high
toroidal  and a high fraction of the self-generated bootstrap current ( = 2u, <P> / B2, <P> is
the volume averaged plasma pressure, B is the toroidal magnetic field). Appropriate profiles
will enable high fusion gain and noninductive sustainment of 100% of the plasma current for
steady-state operation [2]. The approach taken toward establishing an AT discharge in the
DIII-D tokamak is to create the desired g profile during the plasma current ramp-up and early
flattop phases with the aim of maintaining this target profile during the subsequent high 3
phase using off-axis electron cyclotron current drive (ECCD), on-axis fast wave current
drive, bootstrap current and neutral beam current drive (NBCD). We report here results from
experiments at DIII-D on feedback controlled formation of the target g profile [3]. The
feedback control is implemented using changes in the plasma conductivity to modify the rate
of relaxation of the profile of the inductive component of the plasma current. Comparisons of
experimental measurements of the time evolution of the current profile and transport code
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predictions are used to aid in interpretation of 120096

experimental results and to validate transport codes 1.2Ha) 1p ), e T

for use in testing of real time feedback control gg; o S Pin SP‘_%‘YY\)I"" \' 2

algorithms. 0oL T VWTSEL (10 MWy——5
D) ]

The initial evolution of g on axis, ¢(0), and the 2} -

minimum value of g, .., during and just following oL PN

the period of ramp-up of the plasma current, has 4o i

been the focus of the first feedback control experi- 2 Qmin 7

ments in DIII-D. An example [2] of the type of dis- 0

charge used is shown in Fig. 1. The high p phase ¢.2/(d) |

begins at 3.4s [Fig. 1(b)] when approximately ,,r Vieop(a) (V o

100% of the plasma current is sustained noninduc- L i
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tively, as indicated by the zero loop voltage Time (5)

[Fig. 1(d)]. The goal of the feedback is to control
q(0) and ¢,;, beginning with the relatively high val-
ues just after the plasma breakdown [Fig. 1(c)] to
reproducibly arrive at the values to be sustained in )
cated by loop voltage near zero during

steady-state, 1.5 < g, < 2.5 and ¢(0) - gy, =0.5,at high B phase. (a) Plasma current
the beginning of the high 3 phase. Feedback control (I), smoothed neutral beam power

is necessary in order to adapt to variations in the (Pinj ), gyrotron power (Pgc), (b) nor-
current profile created at discharge breakdown and  malized beta (By = PaB/I, where a is
in the density and impurity profiles during the the minor radius, 7, is the plasma cur-

current ramp-up. rent in MA and f is in percent),
(c) minimum and on-axis safety factor,

The primary available control actuator for the (d)loop voltage at the plasma surface.
current profile evolution during the plasma for-

mation is the conductivity [4,5] (o) profile. The rate of relaxation of the inductive current
profile depends strongly on the conductivity [6]. It is difficult to use noninductive driven
current as an actuator during this phase of the discharge because it is calculated [2] to be
<40% of the total current, modification of the shape of the neutral-beam-driven and bootstrap
current profiles is difficult and the calculated ECCD efficiency (=0.013 A/W) is low because

of the relatively low (3 and electron temperature T,. So, because of the strong dependence of

o on T, electron heating is used as the actuator for the ¢(0) and g, evolution [7-9]. At
DIII-D, off-axis electron cyclotron heating (ECH) and neutral beam heating have both been
used to change the o profile. This concept of using modifications of the o profile to modify
the time evolution of the profile of the inductively driven current differs from the use of
sources of localized current drive for feedback control [3] to maintain a constant current
profile in steady state when the inductive component is zero.

FIG. 1. The time evolution of a DIII-D
AT discharge with 100% of the plasma
current driven noninductively as indi-

2. Open Loop Measurements

Open loop experiments were used to demonstrate the modifications in the g profile evolution

that result from changes in T,. This is illustrated in Fig. 2 where the effect of the value of T,
is compared for the L-mode [Figs. 2(a-d)] and the H-mode [Figs. 2(e-h)]. In the H-mode
cases, the L-H transition was induced very early in the discharge, at =500 ms. In Cases 1, 2,

and 4, ECH resonant at normalized radius p = 0.4 is used to hold 7, at a nearly constant level,
while in the other two cases no ECH is applied. In the L-mode cases, the T, profile, and thus
the conductivity profile, is relatively peaked so the strongest effect of increasing T, is to
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reduce the decay rate of g(0). The evolution of ¢, located near the mid-radius, is only
slightly affected. In the H-mode case, the T, profile is much broader as a result of the edge-
region transport barrier. As a result, the conductivity in the region outside the radius of g, is
2-4 times larger in the H-mode discharges than in the L-mode discharges so that the rate of
relaxation of the inductive current in that region is smaller and both ¢, and ¢(0) are
significantly increased when T, is raised. An additional result of the broader o profile is that
the g values are higher in the H-mode cases for a longer duration compared to the L-mode
discharges for comparable mid-radius values of 7,. So, the choice between L-mode and

H-mode is also an effective means to modify the g profile evolution because of the change in
the shape of the conductivity profile [8].

3. Real Time Identification of the g Profile

To enable closed loop feedback control, the g profile is calculated in real-time from a
complete equilibrium reconstruction. Data from 26 internal poloidal field measurements from
the motional Stark effect (MSE) diagnostic provide constraints on the reconstructed current
profile. The real-time EFIT algorithm [10] is used to find a least squares fit solution to the
Grad-Shafranov tokamak
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FIG. 2. Time evolution of (a,e) electron temperature at p = 0.4, (b,f) on-axis ¢, (c,g) minimum
value of g and (d,h) smoothed neutral beam power Pj,;, smoothed gyrotron power Pgc and total
plasma current /,, in discharges with various values of T¢. The discharges in (a-d) are L-mode and
the discharges in (d-h) are H-mode. In Cases 1, 2 and 4, T, is feedback controlled using ECH at
p = 0.4 while Cases 3 and 5 have no ECH.
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equilibrium relation that matches the MSE and external magnetic field and flux
measurements. Thus the g profile is calculated from a current profile solution that is
consistent with force balance. This is the first use of this type of equilibrium reconstruction
for real-time identification and control of the g profile. Improvements that have been made to
the equilibrium reconstruction algorithm since the publication of Ref. [10], made possible by
faster computers, include correction for the effect of the radial electric field on the MSE
measurement [11], spline parameterization of the current profile [12] to allow accurate
identification of g profiles with negative central magnetic shear, fitting of the measured
poloidal field coil currents (rather than treating the currents as known values) in order to
allow for measurement uncertainties, and the possibility to use multiple iterations in an
equilibrium reconstruction. Full profiles of g are available in real time at 4 ms intervals if
only one iteration is used, but three iterations are commonly used in order to reduce the noise
in the g profile reconstruction, in which case the interval is 8 ms. There are only small

differences between the values of ¢(0) and g, obtained in real time for feedback control and
the results obtained from off-line calculations with the EFIT [12] code.

4. Closed Loop Feedback Control 3 122579 122580 122581
) P (MW) Maximum available 2 (a)
Closed loop control of the g evolution has been | ke rd ZEC power. ¥ 1
successfully tested in both L-mode and 2[ o 1 7
H-mode using either ECH at p = 0.4 or neutral d 1
beam power as the actuator for modification of 1p .
. | Minimjum power
T,. Two examples of feedback control of g(0) in <~ for EQ feedback
L-mode discharges using off-axis ECH are 2 — . .
compared in Fig. 3 with a case without ECH. ‘ﬂﬁﬂ!ﬂi 1 q(0) (b) ]
The control here is on ¢(0) because, as illus- St wm‘ End of current -
. . .. .- . A 1 ramp
trated in Fig. 2, there is little ability to modify 4 (l l W N 3
Gmin Using electron heating with the conductiv- 3 | 3:11;1geet ]
ity profiles characteristic of L-mode. Both feed- 2 ¥
back control cases demonstrate the capability to  “f Feferonce %
have ¢(0) follow a preprogrammed evolution at 1t =00 1000 WO :

values above that obtained without the addi- Time (ms)
tional heating. The controller was able to
recover from mismatches between the actual ¢
value and the target value just after breakdown
and maintain _Q(O) near the preprogrammed tar- the actuator plus a case with no ECH or
get value during periods when the ECH power feedback control. (a) The gyrotron
was not saturated at the minimum or maximum. power. (b) A comparison of the feedback
target values (smooth curves) with the
The value of ¢g.;, has been controlled at  real time calculation of ¢(0). The period
relatively high values and for long duration  of active feedback ends at 1500 ms in
using neutral beam heating in H-mode  Casel.1750 msin Case 2.
discharges. This is illustrated for two cases in

Fig. 4(a) where the measured and target values of ¢, ;, are compared. Here, because of the

FIG. 3. Two cases of closed loop
feedback control of the on-axis g in L-
mode discharges using ECH at p = 0.4 as

increased actuator power that is available using neutral beams, the actual values of g, ;, were
maintained close to the programmed levels for almost 1 s after the end of the plasma current
ramp-up. The duration of the feedback control in this case was limited only by the available
pulse length of the neutral beam that is required for the MSE diagnostic.
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A controller utilizing only proportional gain
and a controller combining proportional and
integral gain (PI) have both been tested. A
controller designed from a model of the pol-
oidal flux diffusion is also being developed
[13]. In the proportional gain controller
[Figs. 3 and 4], the requested actuator power
is equal to a preprogrammed feed-forward
value plus the error in g times the gain
[Fig. 4(c)]. In some cases, such as the case
with ECH as the actuator shown in Fig. 3,
the control could have been improved by
using higher gain. However, with neutral
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FIG. 4. Two examples of closed loop control

beams as the actuator (Fig. 4), both ions and
electrons are heated and there is particle
fueling so the increase in Py for a given
increase in conductivity is larger than with
ECH. High proportional gain could lead to
excursions to unstable values of By. In
addition, if the sampling interval for the ¢
profile is increased to 50 ms (because the
MSE beam is modulated at a low duty cycle
rather than running continuously), the pro-
portional gain controller has been observed
to become unstable and the controlled g value oscillates. The PI controller, in which a value
proportional to the time integral of the error in ¢ is added to the actuator power requested by
the proportional gain controller, allows operation with reduced proportional gain. The PI
controller has operated successfully with the increased g profile measurement interval and

can be used to limit the excursions in Py

of the minimum ¢ value in H-mode dis-
charges using neutral beam heating as the
actuator. (a) A comparison of the feedback
target values (dashed curves) with the real
time calculation of g,;,. (b) Pn- (¢) A com-
parison of the preprogrammed feed forward
neutral beam power (dashed curves) with the
power actually used for feedback control.

The period of feedback on ¢, ends at
3000 ms.

5. Transport Code Simulations of Experimental Results

Comparisons of experimental measurements and transport code predictions of the time
evolution of the tokamak equilibrium are used to gain a quantitative understanding of the
evolution of the inductive and noninductive components of the plasma current and to validate
the codes for use in testing of feedback control algorithms. Given an initial experimental
equilibrium, measured density and temperature profiles as a function of time, the plasma
boundary shape, and theoretical models for bootstrap current, beam-driven current and
conductivity, the transport code is used to predict the time evolution of the plasma current
profile. Code predictions of particular interest are g, toroidal electric field (E), and the total
current density (J) and its inductive (J.,,) and noninductive (Jy;) components. Several
transport codes have been compared: ONETWO, TRANSP, CRONOS and Corsica. The
codes all give similar results. Properties of the experimental equilibria are obtained from fits
to magnetic and motional Stark effect diagnostic measurements using the EFIT equilibrium
reconstruction code [12]. The experimental value of E is obtained [14] from the time
derivative of the poloidal flux and J_,,, = OFE, where ois calculated using the measured
density and temperature profiles and the method of Sauter [4,5].
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In L-mode discharges, such as those shown in Fig. 2(a-d), there is reasonable agreement
obtained between the transport codes and experiment (Fig. 5). When the measured electron
temperature and effective charge (Z) profiles are used in the simulation, the predicted g
values decrease slightly faster than what was measured [Fig. 5(c)]. If the electron temperature
is increased by 20% or Z 1s set to 1.0, the difference between prediction and experiment is
small. These adjustments in T, and Z_; are larger than the uncertainties in the measurements,
but could be interpreted as modeling an =30% uncertainty in the theoretical conductivity.
Similarly, the agreement is reasonable between the time evolution of the measured and
predicted values of the toroidal electric field at the discharge boundary and in the core
[Fig. 5(d-e)] and measured and predicted profiles of J and E as shown in Fig. 6.

5 . . . T 4 4 T
V (@) (©)
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ar 3t 3
3k ONETWO with j

Te increased 20 % af EFIT

2t ONETWO with T
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1t 1 11 F' T, increased 20%
ONETWO with
0 . . . 119562 0 . . . | 119562 0 measured T, 119562
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FIG. 5. For the Case 3 L-mode discharge (Fig. 2), predicted (using ONETWO) and measured
values of (a-c) time evolution of ¢ at 2 radial locations and g,;,, (d-e) toroidal electric field at 2
radial locations.

In contrast with the relatively small differences found for L-mode discharges between the
measured and predicted equilibrium properties, large differences are found for H-mode
discharges between experiment and simulation using measured T, and Z profiles. This is
illustrated by the solid lines in Fig. 7 for the Case 4 and 5 discharges in Fig. 2. In both cases,
the predicted value of g.;, (from both ONETWO and CRONOS) decreases much more
quickly with time than the measured value.

Differences in the profile of Jy; can possibly account for the discrepancy between the codes
and the experiment. Particularly in question is the profile of the neutral-beam-driven current
(xBep)- A possible mechanism for altering the Jygp profile is the interaction of the beam-
injected fast ions with fast-ion-driven instabilities such as the toroidal Alfvén eigenmode
(TAE). There is evidence from the spectrum of measured density fluctuations that this type of
instability exists in the Case 4 discharge of Fig. 2 and the discharges shown in Fig. 4. A test
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code by specifying the profile Vamyenes Total J (A/em”) (b)
of Jygcp to be a Gaussian —— ONETWO with T, 150 -7 0N

centered at p=0.5 with the 00010  ncreased20% ! N

same total neutral-beam-driven == ERIT dit 7] 100)

current as predicted by the g T

theory. The width and height 00005} t=1d4s .~

of the Gaussian were chosen to /" 0

obtain a good match between - t=0.7s 119562 S
simulation and experiment for TG00 050510 00 07 04 0% 05 10
the dischar ge 123042 shown in Normalized Radius (p) Normalized Radius (p)

Fig. 4. As shown by the dashed
line in Fig. 7, reasonably good
agreement is obtained between
the predicted and measured
time evolutions of ¢, for the
Case 4 discharge using the
same postulated shape and location of the Jypcp profile.
However, in the Case 5 discharge (Fig. 2) there is little
evidence for Alfvén eigenmode type activity, but there is
still a significant difference between the predicted and
measured time evolutions of the g profile (Fig. 7) so it
isn't clear that displacement of fast ions by instabilities
can be the complete explanation.

The CRONOS code has been successfully used to
model the proportional gain controller used in the
experiment. In order to model the controller, the time
evolutions of the plasma density, ion temperature and

Z.¢ are specified and the electron temperature profile is
determined from a simple empirical model for the elec-

tron heat diffusivity based on the behavior of discharge
123042 (Fig. 4). The postulated Jypcp profile described

above is included. The predicted ¢,,;, evolution for dis-
charge 123042 using the controller in the code to
calculate the injected neutral beam power as a function
of time reproduced well the experimental g, ;, evolution
shown for this discharge in Fig. 4. As a more extensive
test of the controller simulation, three different target
waveforms for the g, ;, evolution were specified without
any guide to the simulation from individual tuning of the
feed-forward neutral beam power (Fig.8). These
simulations demonstrate the capability to modify the

FIG. 6. Comparisons of predictions from the ONETWO
transport code of (a) the toroidal electric field and (b) the
total current density with the experimental values
obtained from the EFIT equilibrium reconstruction code
for the Case 3 L-mode discharge (Fig. 2).

[

5, ONETWO

122671, 122681

1.5 20 25
Time (s)

1.0 3.0

FIG. 7. Experimental and pre-
dicted time evolution of g,
for the Case 4 and 5 H-mode
discharges shown in Fig. 2.
The code predictions shown as
solid lines were produced
using the theoretical neutral
beam driven current profile.
The dashed line was produced
using the postulated profile
which peaks at p =0.5. Black
lines are predictions from
ONETWO, green lines are
from CRONOS.

time evolution of ¢, using feedback control of the neutral beam power, similar to the
experimental results shown in Fig. 4. The simulations also show the tendency for the
proportional gain controller to produce slow oscillations in the controlled g value as has been
observed in the experiment.
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during the initial FIG. 8. Three test cases of simulating the proportional gain g,,;, controller
portion of the dis- using the CRONOS transport code. (a) Target value of g,,;, (solid lines)
charge is being de- and predicted q;, value (dashed and dotted lines). (b) Feed-forward

neutral beam power (solid line), the same for all 3 cases, and the required
neutral beam power computed in the simulations (dashed and dotted
lines).

veloped. Changes in
the conductivity
through electron
heating are used to modify the rate of relaxation of the current profile. The g profile is
obtained in real time from a complete equilibrium reconstruction using data from the MSE
diagnostic. In L-mode and H-mode discharges, feedback control of g is effective with the
appropriate choice of either off-axis ECH or neutral beam heating as the actuator. Compari-
sons of experimental measurements and transport code predictions of the time evolution of
the current profile are used to validate transport codes for use in testing of real time feedback
control algorithms. In some cases, the modeled noninductive current must be located farther
from the axis than is predicted by theory in order to obtain agreement between the simula-
tions and the experiment.

This work was supported in part by the U.S. Department of Energy under DE-FCO02-
04ER54698, W-7405-ENG-48, DE-FG03-01ER54615, DE-ACO05-000R22725, DE-FGO02-
92ER54141, and DE-AC05-760R00033.
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