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Backstepping Control of the Toroidal Plasma
Current Profile in the DIII-D Tokamak

Mark D. Boyer, Justin Barton, Eugenio Schuster, Michael L. Walker, Tim C. Luce, John R. Ferron,
Ben G. Penaflor, Robert D. Johnson, and David A. Humphreys

Abstract—One of the most promising devices for realizing
power production through nuclear fusion is the tokamak. To
maximize performance, it is preferable that tokamak reactors
achieve advanced operating scenarios characterized by good
plasma confinement, improved magnetohydrodynamic stability,
and a largely noninductively driven plasma current. Such scenar-
ios could enable steady-state reactor operation with high fusion
gain, the ratio of produced fusion power to the external power
provided through the plasma boundary. For certain advanced
scenarios, control of the spatial profile of the plasma current will
be essential. The complexity of the current profile dynamics,
arising due to nonlinearities and couplings with many other
plasma parameters, motivates the use of model-based control
algorithms that can account for the system dynamics. A first-
principles-driven, control-oriented model of the current profile
evolution in low-confinement mode (L-mode) discharges in the
DIII-D tokamak is employed to address the problem of regulating
the current profile evolution around desired trajectories. In the
primarily inductive L-mode discharges considered in this paper,
the boundary condition, which is dependent on the total plasma
current, has the largest influence on the current profile dynamics,
motivating the design of a boundary feedback control law
to improve the system performance. The backstepping control
design technique provides a systematic method to obtain a
boundary feedback law through the transformation of a spatially
discretized version of the original system into an asymptoti-
cally stable target system with desirable properties. Through a
nonlinear transformation of the available physical actuators, the
resulting control scheme produces references for the total plasma
current, total power, and line averaged density, which are tracked
by existing dedicated control loops. Adaptiveness is added to the
control scheme to improve upon the backstepping controller’s
disturbance rejection and tracking capability. Prior to experi-
mental testing, a Simserver simulation was carried out to study
the controller’s performance and ensure proper implementation
in the DIII-D Plasma Control System. An experimental test was
performed on DIII-D to test the ability of the controller to reject
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input disturbances and perturbations in initial conditions and to
demonstrate the feasibility of the proposed control approach.

Index Terms— Current profile control, nonlinear PDE control,
plasma control, tokamaks.

I. INTRODUCTION

UCLEAR fusion, the process by which two light nuclei
combine to form a heavier nucleus, is accompanied by a
conversion of a small amount of mass into a large amount of
energy, making it a potential means for producing electrical
power. The most likely fusion fuels are plentiful: deuterium
can be extracted from sea water and tritium can be bred from
lithium. In addition, there is no emission of green house gases
or air pollution, and, unlike nuclear fission, there is no risk of
a runaway nuclear reaction, and no generation of high-level
nuclear waste or weapon-grade material. These advantages
make fusion an attractive alternative to the use of fossil fuels or
nuclear fission for power production. However, nuclear fusion
is extremely challenging from both scientific and technical
perspectives. Extremely high temperatures (on the order of
100 million degrees) are required for fusion reactions to occur
frequently enough to make a reactor economically viable as
a source of energy. At these temperatures, the fuel mixture
becomes a plasma. In a plasma, the fourth state of matter, the
electrons are stripped from the nuclei of the atoms, creating an
ionized gas of independent negatively and positively charged
particles. Importantly, these charged particles can conduct
electricity and interact with magnetic fields. These character-
istics can be exploited to both heat and confine plasmas.
Due to the Lorentz force, charged particles will travel in
a helical path around the field lines of a uniform applied
magnetic field. To create a closed geometry for confining
and controlling a fusion plasma, the tokamak [1], one of
the most promising devices, closes and twists the applied
magnetic field lines into a helical structure, trapping the
ionized gas inside a toroidal vessel and creating a magneto-
hydrodynamic equilibrium [2]. A schematic of the coils and
the magnetic fields in a tokamak is shown in Fig. 1. The
D-shaped toroidal field (TF) coils (shown in blue) generate
the toroidal component of the magnetic field (also shown in
blue). The plasma electric current (shown in green) is mainly
generated through transformer action in which both the inner
poloidal field coils (also shown in green) and outer poloidal
field coils (shown in gray) act as the primary coil and the
plasma itself acts as the secondary coil. The combination of the
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Inner poloidal field coils
(Primary transformer circuit)
Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

Resulting helical magnetic field Toroidal field coils

Plasma electric current
(secondary transformer circuit)

Toroidal magnetic field

Fig. 1. Diagram of the coils and magnetic fields in a tokamak. (Image source:
EFDA.)

toroidal and poloidal components results in a helical magnetic
field line around the tokamak (shown in black). The poloidal
field coils are also used to position and shape the plasma.
Over the past few decades, numerous experimental toka-
maks have made a great deal of progress in understanding
the physics of tokamak plasmas. ITER, which is the next
experimental step for tokamak fusion research, will attempt to
be the first device to achieve a burning plasma (one in which
a majority of the heat needed to sustain the plasma comes
from fusion reactions) and to show the scientific feasibility
of a commercial nuclear fusion power plant. Before ITER and
future nuclear fusion power plants can begin operation, several
challenging control problems must be addressed. An overview
of these control problems can be found in [3] and [4].
Among the major challenges is to achieve scenarios in
which a tokamak can operate with sufficiently long plasma
discharges. As explained before, the plasma current needed
for confinement is primarily achieved through induction in
most existing tokamaks. Plasma current generated through
induction cannot be sustained for extended periods of time and
steady-state tokamak operation will require the plasma current
to be driven entirely by noninductive means. It has been
demonstrated that setting up a suitable spatial distribution of
the toroidal plasma current is key to enabling certain advanced
operating scenarios characterized by high fusion gain and non-
inductive sustainment of plasma current that could allow for
steady-state operation (see [5]). Typically, the spatial distribu-
tion of toroidal current is approximated as a 1-D radial profile
by assuming axisymmetry in the toroidal coordinate and by
averaging quantities over the poloidal magnetic flux surfaces,
a set of nested surfaces of constant poloidal magnetic flux, as
shown in the cutaway view of the plasma inside the DIII-D
tokamak in Fig. 2. The poloidal magnetic flux y at point P is
the total flux through the horizontal surface S bounded by the
toroidal ring passing through P, i.e., y = [ BpodS, where
Bpol denotes the poloidal component of the magnetic field.
As part of the effort to identify and achieve suitable profiles
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Fig. 2. Illustration of the DIII-D tokamak. The TF coils (cream colored) and
poloidal field coils (light blue) produce the magnetic field that confines the
plasma. The cross section of the plasma within the machine is represented
by a set of magnetic flux contours. (Image source: General Atomics Fusion
Education Outreach.)

for advanced operating scenarios, active control of the current
profile or the safety factor profile, g, a related quantity defined
as the number of times a magnetic field line goes around the
machine toroidal for each time it goes around poloidally, has
become an area of extensive research.

A. Prior Work

Most experiments in this area have thus far focused on the
real-time feedback control of scalar parameters characterizing
some aspect of the current profile. In [6], feedback control of
q(0, 1), the safety factor at the magnetic axis of the plasma,
Or gmin(?), the minimum value of the safety factor profile,
was achieved by modifying either electron cyclotron heating
(ECH) or neutral beam injection (NBI) on DIII-D. In [7],
lower hybrid current drive (LHCD) was used to control the
internal inductance parameter, /; (), a measure of the current
profile shape, on Tore Supra. Both experiments used simple
nonmodel-based proportional control laws to modify single
scalar parameters describing some characteristic of the current
profile. Nonmodel-based approaches to real-time control of the
current profile were also studied in [8]-[10].

Though nonmodel-based techniques have had some success
in manipulating single scalar outputs, like /; () or gmin(?),
it will be critical to control the shape of the entire current
profile to achieve certain advanced tokamak operating sce-
narios. The strong nonlinear coupling between magnetic and
kinetic profiles and the high dimensionality of this type of
distributed control problem motivate the use of model-based
techniques that can exploit knowledge of the dynamic response
of the system to the available actuators within the con-
troller design. Compared with nonmodel-based approaches,
model-based designs can achieve high levels of performance
without requiring significant amounts of experimental time
for trial-and-error tuning. Work on dynamic modeling of the
current profile evolution has focused on either generating
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models from experimental data or creating models motivated
by a first-principles description of the system.

Data-driven models have recently been used to design
controllers for simultaneous regulation of magnetic and kinetic
plasma profiles around desired references during the flat-
top phase of a plasma discharge at JET [11]-[13], JT-60U,
and DIII-D [14]-[16]. In this approach, system identification
techniques were used to develop linear dynamic models of
the plasma profile response to various actuators based on data
gathered during dedicated experiments. Because the resulting
models are linear, they are only valid close to the reference
scenario used for identification. As a result, controllers based
on these models may perform poorly if the system states
move far from their respective reference values. Additional
dedicated system identification experiments must be carried
out to apply this approach to new devices or to different
operating scenarios.

By designing controllers using a first-principles description
of the current profile dynamics, the issues associated with
identified models can be largely avoided. In practice, it is typ-
ically necessary to simplify or approximate the first-principles
description by closing the model equations with empirical
expressions to facilitate control design. If these approximations
are made carefully, the advantages of a first-principles model-
based approach to control design can be largely retained while
the complexity of the model and control design can be greatly
reduced. To distinguish this simplified physics-based modeling
approach from those based purely on first-principles or those
identified entirely from empirical data, we refer to the result-
ing simplified models as first-principles-driven, and control-
oriented models. Use of a first-principles-driven model allows
the control design to incorporate the nonlinear coupling of the
plasma parameters, potentially enabling improved closed-loop
performance and allowing for operation over a wider range
of conditions when compared with control schemes based on
linear data-driven models. In addition, first-principles driven
controllers have the potential to be adapted to different sce-
narios or devices without significant changes to the structure
of the control law and while avoiding the need for dedicated
model identification experiments. Such models of the evolution
of the plasma magnetic flux have recently been developed
in [17]-[19]. In [20] and [21], the model developed in [17]
was used to calculate optimal feedforward actuator trajectories
for achieving a desired safety factor profile, using extremum-
seeking and nonlinear programming approaches, respectively.
Some recent work on first-principles-driven feedback control
designs have been presented in [22]-[28]. In these results,
robust, optimal, and sliding mode-based feedback controllers
were developed and tested in simulations.

B. Results of This Paper

In this paper, we design a first-principles driven, model
based, current profile, feedback-control algorithm for L-mode
discharges on DIII-D. This algorithm is designed to be
combined with feedforward actuator trajectories that can
be calculated offline (see [20] and [21]) or extracted from
previous experimental discharges. The model-based feedback
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control law enables the actuator trajectories to be adjusted in
real-time in order to reproduce profile evolutions achieved in
previous experiments or simulations despite perturbed initial
conditions or other disturbances. We design the controller
to track a reference trajectory of the poloidal flux gradient
profile 8, a quantity inversely related to the safety factor
profile. Because the plasma current in the L-mode discharges
studied in this paper is primarily inductively driven, the most
effective means of controlling the current profile is through the
boundary condition, which can be actuated through modulation
of the total plasma current. This defines a boundary-control
problem for a system whose dynamics is described by a partial
differential equation (PDE). To tackle this problem, a boundary
feedback control law is designed in this paper by discretizing
in space the PDE describing the evolution of # in L-mode
discharges on DIII-D using a finite difference method and by
following a backstepping procedure to obtain a transformation
from the original system into an asymptotically stable target
system. The feedback term from the resulting control law
is added to the feedforward input trajectories and, through
a nonlinear transformation, references are obtained for the
plasma current, noninductive power, and line-averaged density.
These references are then sent to existing dedicated controllers
for the individual physical quantities.

Backstepping provides a systematic method for designing
boundary-control laws for PDE systems where actuation is
applied at the boundary and must be propagated through
spatial dynamics. The method achieves stability and perfor-
mance improvement by using a feedback transformation to
eliminate undesirable terms or to add missing terms, while
leaving the system in a physically relevant and familiar form.
This enables physical intuition to be used to shape the closed-
loop response. The control gain is obtained by using a simple
recursive numerical calculation, which avoids the need to
solve high-dimensional Riccati equations. Furthermore, the
approach can be used to handle time-varying model parameters
and nonlinear terms, which will be exploited in future work
to, for example, account for changes in plasma shape or
the presence of significant bootstrap current drive in high-
confinement (H-mode) discharges. Boundary actuation will
also be the primary actuator for controlling current profile
formation during the ramp-up and early flattop phases of
H-mode discharges. In the flattop phase of H-mode discharges,
however, interior actuation through noninductive current drives
become more effective and its use as feedback control actua-
tors could potentially improve closed-loop performance. Since
backstepping control design offers a systematic approach to the
integration of boundary and interior control [29], the design
of a backstepping boundary feedback control law in this paper
is, therefore, not only relevant for L-mode plasmas but also an
important step toward the design of a comprehensive current
profile control strategy for H-mode discharges.

In this paper, we have taken a discretize then design
approach to designing the backstepping controller [30], rather
than the design then discretize approach taken in [31]. This
results in a simple recursive formula for an approximation
to the infinite dimensional gain kernel that would be derived
using the latter approach. The approximation, which holds for
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any finite spatial grid, can be improved through the use of a
fine grid. However, it has been seen that a controller designed
on a coarse grid (using a small number of measurements
of the profile) can achieve satisfactory closed-loop response
when tested in simulations (with a much finer grid used for
simulating the PDE model) and experiments. We note that
the discretize then design backstepping technique has been
applied to open-loop unstable nonlinear chemical reactions in
[32] and [33] and has been applied to other tokamak control
problems, specifically the problem of kinetic profile control,
in [34]-[36].

Numerical simulations show that improved performance is
achieved through the use of the backstepping control scheme.
However, because the resulting control law only uses propor-
tional feedback, the controller’s ability to reject disturbances
is limited. To overcome this limitation, we augment the
backstepping control law with an adaptive law that effectively
adds integral action to the closed-loop system. The resulting
control scheme takes the form of a multiple input single output
proportional—integral controller coupled with nonlinear input
transformations, with spatially varying gains derived through
the use of a backstepping procedure and tuned through the
choice of design parameters in the target system. Simula-
tion results show that this approach can greatly improve the
disturbance rejection capabilities of the closed-loop system.
As a part of this paper, a general framework for implement-
ing real-time feedforward control of magnetic and kinetic
plasma profiles was implemented in the DIII-D Plasma Control
System (PCS). The framework was used to experimentally
test the control design and demonstrate the feasibility of the
proposed current profile control scheme. These results are part
of the first experimental campaign to perform model-based
feedback control of the current profile using a first-principles-
driven modeling approach and represent the first experimental
implementation of a backstepping boundary control law in a
tokamak. Results of our other approaches to first-principles-
driven model-based feedback control design that were tested
during the same campaign can be found in [37] and [38].

C. Organization

This paper is organized as follows. In Section II, a PDE
model for the current profile evolution is introduced. The
control objective is discussed in Section III. In Section IV,
a backstepping feedback control law is presented and the
stability of the target system is shown. The addition of an
adaptive law to improve upon disturbance rejection is also
discussed. The real-time control algorithm and the simulation
framework are described in Section V. The feedback control
laws are studied in simulations and experimentally tested in
Sections VI and VII, respectively. Finally, conclusions and
future work are stated in Section VIIIL.

II. CURRENT PROFILE EVOLUTION MODEL

We begin by taking p as a coordinate indexing the magnetic
surfaces within a poloidal cross section of the tokamak plasma.
We choose the mean effective radius of the magnetic surface
as the variable p, i.e., nB¢,op2 = @, where O is the toroidal

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 22, NO. 5, SEPTEMBER 2014

Magnetic Flux
Surfaces

\\\\\&l R
/ Pb
Magnetic Axis

Fig. 3. Illustration of the coordinates used in the current profile model.

magnetic flux and By o is the reference magnetic field at the
geometric major radius Ry of the tokamak. By normalizing
the quantity by pj, the mean effective minor radius of the last
closed magnetic surface, we obtain the coordinate p = p/pp.
Fig. 3 illustrates the coordinate system. The safety factor, a
quantity related to the toroidal current density, is given by
q(p,t) =—d®/d¥(p,t), where ¥ is the poloidal magnetic
flux. By noting the constant relationship between p and @, i.e.,
7rB¢,’0p2 = @, and the definition of pp, this can be written as

3 By opip

dw/op
where y is the poloidal stream function (¥ = 27 y). Since
the safety factor depends inversely on the spatial derivative of
the poloidal flux, we define

q(p.t) = (1)

. oy

0 (p, t) =%

and take this quantity as the variable of interest to be

controlled. This choice is motivated by the straightforward

derivation of a PDE for the dynamics of 6 (ﬁ,t), and is

possible because any target for g (/3 , t) can be uniquely related
to a target for 6 (j, 1).

To obtain a PDE describing the evolution of 6 (p, 1),
we start from the well-known magnetic diffusion equation
[17], [39], [40], which describes the poloidal magnetic flux
evolution. This equation is given by

(. 1) (2)

0 T, 10 PPN
v _ ) 10 (ﬁFGH "f)
ot ,u()ngz pop op
A (jn1- B)
+RoHy(Tp)~—— (3)
B¢,50

where y represents the poloidal magnetic flux, ¢ is time,
and 7 is the plasma resistivity, which is dependent on the
electron temperature, T,, 1o is the vacuum permeability, fNI is
the noninductive current density from neutral beam injection
(NBI), B is the toroidal magnetic field, and () denotes the
flux-surface average of a quantity. F, G, and H are spatially
varying geometric factors of the DIII-D tokamak that are
described in [17]. These factors vary in time as the plasma
shape evolves (especially during the ramp-up phase). However,
they are considered to be constant in this model. While the
proposed control method could accommodate time-varying
model parameters, initial experimental results indicate that it
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may not be necessary to include this increased complexity in
the model for the purposes of control design. The boundary
conditions are given by

oy
op

oy

R
=0, 2 N ¢SS
op H|,_,

p=0

p=l

where I(t) is the total plasma current.

Based on experimental observations of the ramp-up phase
in L-mode discharges in DIII-D, simplified scenario-oriented
empirical models for the electron temperature, noninductive
current density, and plasma resistivity were identified [17].
The temperature and noninductive current drive terms are
considered to have fixed spatial profiles with time-varying
magnitudes that scale with the values of physical actuators.
The model for the electron temperature is given by

I(t)n/ Py (1)

T (p.1) = k78 (3) AL

)

~

where k7, is a constant, Tep rofile (p) is a reference profile,
Pyt (2) is the total average NBI power, and () is the line
averaged plasma density. This scaling law can be derived by
considering an approximate steady-state energy balance, i.e.,
E/tg = Py, where E is the plasma stored energy, and the
energy confinement time g is considered to be proportional
to IP;?'S, as suggested in [41]. The steady-state solution is
used because the energy time-scale is much shorter than the
current diffusion time-scale. The model for the noninductive
toroidal current density is given by

< jnxi- B>

.profile (A) I(t)l/ZPtot(t)5/4
By.0

= kNI]NI }71(1‘)3/2

(6)

. profile / Y .
where knj is a constant and j&;” () is a reference profile for

the noninductive current deposition. This scaling is derived by
considering the neutral beam current drive to be proportional to
Pt T%n~!, which is a suitable approximation of the formula
given in [42] for parameters in DIII-D, and substituting the
temperature scaling (5). Since the plasma current is mainly
driven by induction during L-mode discharges, the effect of
the self-generated noninductive bootstrap current is neglected
in this model. The plasma resistivity # (7,) is given by

n(p.t) =

ket Zett
. (p.1)

where ket is a constant. The effective atomic number of the
plasma, Z.g, is considered to be constant in this model.

The models (5)—(7) allow us to write the magnetic diffusion
3) as

)

oy . li . ~ OV
rrie h (P)ul(f)/3 5 (/)f4 (») 5

) + f2(p) uz (1) (8)

with boundary conditions given by

0
=0, ¥

=0 op

oy
op

= —k3us(t) 9
p=1

-

where

)= e ) G "

A\ .profile /A

) = M "

ﬂ®=NMWW®JF%af%:(m

mar=66§%z9%uxn=1%%§,mmzlm.
(13)

Equation (8) admits diffusivity, interior, and boundary
actuators u1, up, and us, respectively, which each represent
nonlinear combinations of the physical actuators, I(z),
Piot(t), and n(r). Note that the controller proposed in this
paper will generate waveforms for these physical actuators.
These waveforms represent references to be sent to existing
dedicated controllers for each of the respective quantities.

We expand (8) with the chain rule to obtain

o 2V ofs

1
R A —
o Srug( )ﬁ (P 35

62¢/
apAz)Jrfzuz(t)-

(14)

oy
op

+ fa—x+pfa

We then insert (2) into (14), resulting in

0 1,. R
—izﬁm;wm+ﬁmmﬂw+ﬁm

ot (15)

where () = 8/0p and the dependencies on time and space
have been dropped to simplify the representation. By differen-
tiating (15) with respect to p, the PDE governing the evolution
of 6 (p, 1) is found to be

o0

2 = hou10” + h1u10’ + hou10 + hzus (16)
with boundary conditions
0 pm0 = 0, 0 P —k3us (17)

and where hg, h1, ha, and h3 are spatially varying functions
given by

ho = fifa
1
hi = fifs +f1f4; + 21114

(18)
19)

1 1 1 p
lnzﬂﬁ+ﬂﬂ;+ﬁﬁ;—ﬁﬂﬁ+ﬁﬁ (20)
h3 = f5. 1)

III. CONTROL OBJECTIVE

Let uypp(t) = [ui,(t), uz,(t), u3, ()] represent a set
of feedforward control input trajectories and 077(p, t) be the
associated poloidal flux gradient profile evolution for a nom-
inal initial condition 8¢(p, 0). We note that the feedforward
input and profile trajectories could be chosen based on the
results of experimental testing or from offline optimization
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using the current profile evolution model, as was done in
[20] and [21]. The nominal profile evolution satisfies

00
L = iy (mo0y + M)y + habyr) + hauay, (22)
Orflpmg =05 Oprlsy = —kauz,. 23)

Given errors in the initial conditions or other disturbances, the
actual state will differ from the desired target, i.e., 8(p, 1) =
Orr(p, 1) + 0(p, 1), where @ represents the error between the
achieved and desired profile. Since the feedforward inputs are
calculated offline, they cannot compensate for these deviations,
so we consider the addition of feedback control to actively
regulate the poloidal flux gradient profile around the desired
profile evolution. Because of the strong influence of the
boundary actuator on the dynamics of the system, we will
consider the design of a feedback law for the boundary-control
term u3, i.e., we write u3z = Uz + Uspy,. The incorporation
of interior feedback control, which may enable improvements
in closed-loop response, will be considered in future designs.
The PDE (16) can then be written as

6((9ff +<§)

L2 = [0 +87) + (0}, +0)

+ha(Or +0)] + hauazy, 24
with the boundary conditions (17) becoming

Orr +0)| ;9 =0, (077 +0)

1 = k3 (3, +u3p,).
(25)

Noting (22) and (23), these expressions can be reduced to

00 ~ . -
2 = houlffe//+h1u1ff9/+h2u1ff9 (26)
with boundary conditions
0,_g =0, 0|,_ = —ksuz,. 27)

The control design objective is then to force § to zero
by augmenting the feedforward control trajectories with a
boundary feedback term u3 .

IV. BACKSTEPPING BOUNDARY CONTROLLER

A backstepping technique is used to transform a spatially
discretized form of the original system of equations into an
asymptotically stable target system. Then, by applying the
inverse of the transformation to the boundary condition of
the target system, a stabilizing boundary feedback law for the
discretized model is found. The technique is shown in Fig. 4.

A. Controller Design

By defining h = 1/N, where N is an integer, and using the
notation x'(¢t) = x(ih, t), the model (26) can be written as

z. . fitl _2fi 4 i1 gi+l _ gi—1
6" = hju,, 2 —{—h’lulffT
+ hbuy 0 (28)
with boundary conditions (27) written
0°=0, 0N =—ksus,,. (29)
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Fig. 4. Backstepping control technique.

We choose the following asymptotically stable target system:

ow
ot

with boundary conditions

=hour W' hiuy ;W +hour ;W —Cw(Pur ;,  (30)

w

0, W 0. 31)

p=0— p=1—"

The choice of target system is motivated by the need to
maintain the parabolic character of the PDE (26) (to keep
the highest order derivatives) while improving upon the per-
formance of the system. The design parameter Cy,(p) > 0
is chosen based on a tradeoff between desired levels of
robustness and performance and the physical actuator limits
and can be chosen to weight parts of the profile more than
others. The target system (30) can be spatially discretized as

v~vi+1 _ v~vi—1
2h

VT/H—I _ Zwi + v~vi—1

h2 +hi1“1f./

wh = houi,

+ hyuy W' — Cluy (32)
with boundary conditions (31) written as
w=0 wN=o0. (33)

Next, a backstepping transformation is sought in the form

w=0"—a 1@, ...,6"). (34)
By subtracting (32) from (28), the expression ai—l = éi —
is obtained in terms of a¥ ! =0k — Wk k=i —1,i,i +1
ai —2gi—1 4 gi2 ol — ai—2

h? 2h
+hhur 0+ Chu 00 — Cluypa ™t (35)

il .
al = h:)ulff

i
+h1u1ff

which can be solved for o' to yield

. 1 —2hi ) ) )
I 0 i i i—1
a' = i N " |:( w2 + hy Cw)a
2h

h2

hh R\ 1. o
+(h—g - j)a’z - —a c;el} (36)

Ulysy

where a® = 0 and ¢'~! is calculated as

l‘_ .
. oai=1 -+
il = L
; 06k

(37)
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Next, subtracting (33) from (29) and putting the resulting

expression in terms of af~! = 0% — Wk k=i —1,i,i +1,
the control law for u3,, can be defined as
Uz, = —iocN*1 (38)
Ib k3

For any choice of grid size N, the control law (38) will be
a time-invariant linear combination of N — 1 measurements
from the interior of the plasma. The coefficients of this linear
combination can be calculated ahead of time for a given set
of model parameters hg, h1, and h», and are independent of
the feedforward inputs and trajectories. To aid in the recursive
calculation of the coefficients, we define ® € RN=!XN for
which the elements of column i + 1 represent the coefficients
of the & measurements used to evaluate o'

]

= ©jin10

(39)

for 1 <i < N — 1. The first column (associated with i = 0)
is all zeros since a = 0. We note that we can then write

l
i =" @00,
j=1

We substitute (28) into this expression, yielding

(40)

al i 07+ — 207 4+ 677!
ff j=1
Qi+l _gi-t .
+h > + h07

for 1 <i < N — 2 (we do not need to evaluate at N — 1 to
calculate the control law). This term is also a time invariant
linear combination of measurements, so we define a matrix
¥ e RV=1XN for which the elements of column i 41 represent
the measurement coefficients needed to evaluate ¢’/ Uiy

&l i+1

= ZTJ l+19j

The first column of ¥ is all zeros since ¢°
write (36) as

i
a' = Z (Dj’iej
j=l1

(41)

= 0. We can then

B 1
h2+2h
2hi) — hy b
X (h2 +h2 Cvlv)jzlq)jl 19 + ﬁ_ﬁ

(42)

i—2 i
X Z D207 — Z‘I’j,iéj + CLO’
j=1 j=1

=0and a° =0, expressions (41) and (42)
N can be used to recursively fill the columns

Starting with a°
fori =1,...,
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of ® and ¥. The control law (38) can then be written in the
explicit feedback form

N—1 .

wzp = —5 > ;N0 (43)
Y 5

The control law (43) allows us to calculate u3,,, which is

then added to u3 ;. The new value of u3 is subsequently used

with the feedforward trajectories u> and u#; in the nonlinear

transformations

I, = u3 (44)
Pror = u3u3,, (45)
_ a3
n= ulé‘/uguz‘” 46)

to calculate the input requests /,, P, and 7. In experimental
testing, these requests are then sent as references to the
respective dedicated controllers on the DIII-D device.

B. Stability of the Target System

To facilitate the proof of stability of the chosen target sys-
tem, we first write the discretized target system (32) and (33)
as a matrix equation. By noting the boundary conditions (31),
and defining C,, as a square diagonal matrix populated with
the values of Cfv for 1 <i < N—1, the set of ODEs describing
the target system can be expressed as

B(@&) = (M — Cy) Bt)ui,, (1)
where f = [Vvl,...,ﬂ/N’l]T e RV-2x1 i5 the value of W'
at the interior nodes, and the elements of the system matrix
M e RN-IXN-1 4re defined as

(47)

2h) 2pN 1
My =h) — h_zo’ My_in-1 = hé\]q - ;:2 (48)
YL LYY B (49)
1,2 - h2 2h s N—l,N—2 - h2 2]’[
hi  hi . 2hi)
M; i1 h_2 - Z, Mi; = hy — n (50)
P ,
Mi’l'fl Zﬁ—i_ﬁ’ fOr 251 E(N_2) (51)

The remaining entries in the M matrix are all zero. Taking
V = 1/2p7Tp as a Lyapunov functional, where I is a positive
definite matrix. We can compute the time derivative as

V=p"Tf=p"T (M~ Cyui, 0.

Since uj, (1) > 0 V¢ and T is positive definite, we have
that (M — C,,) must be negative definite to ensure that V is
negative definite for f # 0. For the model parameters used
in this paper, which are representative of a particular DIII-D
discharge, M is negative definite and, since C,, > 0, we can
be sure that the matrix (M — C,,) is negative definite. As a
result, the discretized target system is asymptotically stable. It
can be seen from this analysis how the choice of C,, can adjust
the speed of response of the system. A detailed study of the
stability properties of the open-loop current profile dynamics
can be found in [43].

(52)
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C. Adaptive Law for Disturbance Rejection

The feedback law (43) is designed to improve upon the
speed of response and stability properties of the current
profile in the event of perturbed initial conditions. To improve
upon the disturbance rejection capabilities of the controller,
we augment the backstepping control law with an adaptive
law that estimates a potential input disturbance on u3 and
effectively adds integral action to the closed-loop system. We
consider the model (28) with the addition of a disturbance
u3, at the boundary, such that the boundary conditions (29)
become

0°=0, 0N =—ks(us,, +us,). (53)

We follow the same backstepping procedure as before to
obtain the recursively calculated transformation (36). If the
disturbance were a known quantity, we could find the control
law for Uz, by subtracting (33) from (53) and putting the
result in terms of af~1 = GF — Wk k=i —1, i, i + 1. This
would result in

N—1

1 1 ji
I/t3ﬂ, = _k_3aN_1 —uz; = _E (DjaNej — U3y (54)
j=1

where the matrix @ is found in the same way as shown in
subsection IV-A. In practice, the disturbance is unknown and
the controller must make use of an estimate #3,, such that the
control law becomes

N-1
1 A
W =1 > ;N0 — i, (55)
j=1

If we apply the transformation (36) and the control law (55),
the disturbed system is transformed to

. ) wi+1 _2‘;{}1' _,’_‘;Vi—l
W=y, (hf) 2
il il o o
+hi 2 2hw + R — cml) (56)
with boundary conditions
Wl =0 (57)
VAVN — éN . &N—l
= —k3 (’43_//; + “3d) + k3 (”3/h + ’2311)
= k33, (58)

where i3, = i13, —u3, is the error in the estimate of the input
disturbance. We now look for an adaptive law for the estimate
i3, that guarantees stability of the target system.

We can write the achieved target system as a matrix equa-
tion. By noting the boundary conditions (57) and (58), the set
of ODEs describing the target system can then be expressed as

B@) = (M — Cy) B(t)ui,, (1) + Zuy,, (1its, — (59)

where f, M, and C,, are defined as before. The vector Z is
all zeros except

A T
Zn_1=k3 2 + o .

(60)
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We take

1 Cs .
V=_pTTp+ a3,

5 > (61)

as a Lyapunov functional, where I" is a positive definite matrix
and C3 is a positive constant. We can then compute the time
derivative as

V = BTTS + Citzyiis, (62)
=BT (M = Cy)ui,, (B + BT Zuy ()i,
+Cails, i3, (63)
=BT (M —Co)ui, (B
+ (BT Zu1,, () + Cait, ) s (64)

If we assume a constant disturbance and take the adaptive law

pIrz (65)

2 A . A ulff(t)
U3z, = Uz, —us, =u3z;, =— X

we obtain

V= pTT (M~ Cp)ui; (B. (66)

As previously mentioned, M is negative definite for the model
parameters used in this paper and, since, C,, > 0, we can
be sure that the matrix (M — C,,) is negative definite. Since
Uiz ® >0 Vt_, I' is positive definite, and (61) is a function
of § and i3,, V is negative semidefinite. Given that i s¢(¢) is
bounded, the conditions of Barbalat’s lemma (see [44, p. 323])
are satisfied and we can be sure that V — 0 as t — 00, and,
as a result, f — 0. It can be seen from this analysis how the
choice of C,, can adjust the speed of response of the system
and C3 determines the speed of adaptation.

We note that the matrix ® can be used to write the vector of
target system states, £, in terms of the vector of measurements
@=[0'...,oN 1T

f=0—-—00 = (] —D)O. (67)
This allows us to write the adaptive law as
. u t
iy, = D orer gy, (68)

The adaptive law (68) combined with the control law (43)
allows for the calculation of the feedback term u3,,, which
is then added to the feedforward term u3 ., to obtain u3. The
inputs u1 and up are again kept at their feedforward values.
These signals are then used in the nonlinear transformations
(44)—(46) to obtain the requests for I, Py, and 7.

V. CONTROLLER IMPLEMENTATION IN THE DIII-D PCS

In this section, we present the real-time control algorithm
implementation in the DIII-D Plasma Control System (PCS)
along with the simulation framework used to test the controller
and ensure the real-time algorithm was working correctly prior
to experiments.
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A. Real-Time Algorithm

The real-time feedforward + feedback algorithm we have
implemented in the DIII-D PCS is a general framework
designed to enable testing of a variety of control laws, and
can be used to control several different profiles and scalar
quantities. Magnetic profiles that can be controlled include the
safety factor, g, the rotational transform, : = 1/¢g, the poloidal
magnetic flux, y, and the poloidal flux gradient, §. Available
kinetic profiles include the electron temperature, the ion tem-
perature, and the toroidal rotation velocity. The framework can
also be used to control scalar quantities, including normalized
plasma beta S, the minimum g, or the internal inductance of
the plasma, /;. The rtEFIT code [45], a real-time magnetic
equilibrium reconstruction code, and the real-time charge-
exchange recombination (rtCER) code [46] were interfaced
with the algorithm to provide measurements of magnetic and
kinetic profiles on a grid of measurement points. Only the
diagnostics from rtEFIT were needed for feedback in testing
the controller presented in this paper. The real-time algorithm
performs the necessary coordinate transformation to construct
the variable of interest 6(p) from the data provided by rtEFIT
[the plasma current I (¢), the poloidal stream function at the
magnetic axis Waxis and the plasma boundary wpdry, and the
safety factor g at 64 evenly spaced points in the normalized
flux spatial domain vy, = (¥ — Waxis)/ (Wodry — Waxis)]. The pro-
file error 6 is then generated by comparing the measurements
to the target profile 8¢. The feedback portion of the algorithm
is a discrete time state-space system with a selectable sampling
time. Based on the modulation rate of the motional Stark
effect (MSE) beam used to obtain g profile measurements in
real time, a sampling time of 20 ms was used in this paper
(the beam was on for 10 ms and off for 10 ms). Taking the
estimate of the input disturbance i3, as a controller state, the
control laws (43) and (68) were put into a state-space form
and a discrete time approximation with the appropriate sample
time was generated. Within the PCS, the discrete state space
control law produces the output u 5, which is added to the
feedforward signal, u sy, before being passed to the nonlinear
transformations (44)—(46). The resulting outputs (), Pi(?),
and 7n(t) are then sent as references to existing, empirically
tuned single-input—single-output (SISO) control laws for the
respective quantities. A proportional-integral—derivative (PID)
loop is used to regulate the plasma current to the desired
waveform via actuation of the ohmic coil voltage and mea-
surements taken using a Rogowski loop. A separate PID
controller is used to regulate the density through gas injection.
The beam power is regulated through pulse width modulation
of the power supplies for each neutral beam injector. While
the current and beam controllers are typically effective and
respond to reference changes at a time scale much faster than
the current diffusion time scale, the density response can be
slower, especially when being decreased. The experimental
results presented in Section VII reflect this description (see
Fig. 13). While this dynamic could be accounted for in
future controller designs, it is not directly accounted for in
the present design. Nevertheless, simulations and preliminary
experimental results show that the closed-loop system is robust
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Fig. 5. DIII-D PCS implementation of the magnetic profile control algorithm.
Note that the PCS code can either be connected to the DIII-D tokamak or,
through the simserver architecture, a Simulink model of the magnetic diffusion
equation for simulation tests.

to poor density control to some degree. We have also included
in the PCS framework the possibility of introducing artificial
disturbances for testing through the signal u4, and to specify
target trajectories through the signal &7r. A block diagram
representing the PCS implementation is given in Fig. 5.

B. Simserver Architecture

Prior to experimental testing, the control scheme proposed
in this paper was evaluated through simulations using the
simserver architecture, a simulation environment that allows
the DIII-D PCS to exchange data with a MATLAB/Simulink
model that generates simulated diagnostics. This framework
enables debugging of the real-time feedback code as well
as assessment of the effectiveness of control designs prior
to actual experiments [47]. After the simulation phase, the
same PCS code used in the simserver simulations was used
to control the actual device. To test the control scheme
proposed in this paper, a Simulink model of the magnetic
diffusion (3) was integrated into a simserver and the real-
time implementation of the control algorithm was programmed
into the PCS [48]. The Simulink model was constructed by
discretizing the magnetic diffusion equation in space and was
made to output the same set of measurements sent to the PCS
by rtEFIT during experiments.

VI. SIMULATION RESULTS

In this section, we present results of the simulation study
used to test and tune the controller design and implementation
prior to experimental testing. The simulations presented here
demonstrate the ability of the controller to track a desired
profile evolution despite disturbances and perturbed initial
conditions.

A. Simulation of Static Controller

For the results presented in this subsection, as well as for the
experimental results, we used the static, nonadaptive control
law (43) designed with Ci, = 3.75 x 10716 for 1 <i < 5
and CV"V =75x%x 10710 for 6 <i < N where N = 10 (note
that the simulation model was discretized on a finer grid than



1734

6 1 1 1 1
Tl e e
L R S S S S i
sS4 ! ! !
B | 6 |
z, (] | |
Yo R ek R =
] : : o
1 ° ! L e
0 T T L B T
0 2 4 6 8 10
J

Fig. 6. Coefficients of the linear combination of profile errors that generate
the feedback control term u3 b

Disturbance on Disturbance off

0s 1s 2s 3s 4s 5s
1 [ I I B | [ D T T [ I R B |
Feedback on
Feedback on Feedback off
Fig. 7. Timeline depicting when the artificial disturbance and the feedback

controller are switched on and off during the closed-loop simulation and the
experimental shot 146454.

that used for control). The elements of the vector —®; y/k3,
which represent the coefficients of the linear combination of
profile errors that generate the feedback control term u3,, are
shown in Fig. 6. As designed, the largest weight is placed on
profile errors around j = 4, corresponding to p = 0.4.

In this simulation study, we tested the ability of the feedback
controller to reject an artificially added input disturbance and
to overcome errors in the initial condition of the profile.
First, a particular set of feedforward inputs u sy was used in
a feedforward only simulation to generate a target poloidal
flux gradient profile evolution ¢7¢. The simulation was run
again with the addition of an input disturbance of 0.1 MA
(approximately 8%) to uz from r = 0.5 to 2.5 s. The
feedback controller was activated from ¢ = 0.5 to 2.0 s to test
disturbance rejection and switched off from r = 2.0 to 2.5 s
to observe how the profile would drift away from the desired
one under the influence of the uncontrolled input disturbance.
Finally, at = 2.5 s, the controller was turned back on and the
input disturbance was removed to see if the controller could
recover the desired profile despite the profile error caused by
the uncontrolled drift. The time intervals for which the system
is disturbed and for which the feedback controller is turned
on are summarized in Fig. 7.

Time traces of g at several points along the profile are
shown in Fig. 8. The results of the closed-loop simulation
are compared with the reference generated in the feedforward
simulation without the disturbance. A small error remained
during the disturbance rejection phase of the simulation (from
t = 0.5 to 2.0 s). This can be expected since there is no
integral action in the static controller. The steady-state error
could be made smaller by increasing the gain of the controller
(through the parameters Cfv), however, this would increase the
sensitivity of the closed-loop system to measurement noise.
Subsequent simulation results will show that this problem
can be avoided by using the adaptive law (68). When the
controller was turned off from ¢ = 2.0 to 2.5 s, the error caused
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by the boundary input disturbance [see Fig. 8(f)] diffused
in from the edge of the plasma over time, reaching at least
as far as p = 0.5 before t = 2.5 s [see Fig. 8(c)]. At
t = 2.5 s, the disturbance was removed and the controller
was turned back on. The controller increased the value of ¢
at the boundary [see Fig. 8(f)] and the effect of this increase
diffused inward over time, causing the error initially present
at t = 2.5 s to be removed.

B. Simulation of Adaptive Controller

Here, we present simulation results showing the improved
disturbance rejection achieved with the addition of the adaptive
law (68). The controller was designed, as in the previous case,
using C!, =3.75x 1071 for 1 <i <5and C/, =7.5x 1076
for 6 <i < N and with N = 10. For the adaptive law, we
chose C3 = 1.5 x 10715 and T = I, where [ is the identity
matrix. The feedforward inputs used during this paper were the
same as those used in the previous simulation and experiment.
A disturbance in u3 of —0.1 MA (approximately —8%) was
applied from 0.5 s <t < 2.5 s and a —0.2 MA disturbance
(approximately —17%) was applied from 2.5s <t < 5.0s. In
addition, an unmatched disturbance of +10% in both u; and u»
was applied throughout the discharge. A significant initial
condition error was also imposed. Two simulation cases were
run: 1) feedforward only and 2) feedforward + feedback
using the adaptive law (68). The feedback controller was
active throughout the second simulation. A timeline for the
simulations is given in Fig. 9.

In Fig. 10, the ¢ and @ profiles achieved in each of
the simulation cases are compared with the target profiles
at several times. The first three plots [Fig. 10(a)-(c)] show
results during the first disturbance (4+10% in u; and u»,
—0.1 MA in u3), while [Fig. 10(d)—(f)] show results during
the second disturbance (+10% in u; and up, —0.2 MA in u3).
The disturbances caused the open-loop profiles to differ sig-
nificantly from the target profiles. On the other hand, the
adaptive backstepping controller was able to quickly reject the
disturbances and match the target profile after a short time,
as visible in Fig. 10(c) and (f). Even with the presence of
unmatched disturbances, the controller was able to achieve
excellent regulation of the desired target profile. It is expected
that adding feedback control laws for the interior and diffusive
actuators #1 and up could improve upon the results by adding
extra degrees of freedom to the control scheme.

VII. EXPERIMENTAL TESTING

The goal of the experiment presented here was to verify
that the feedback controller synthesized from a first-principles-
based model of the poloidal flux profile evolution is able to
drive the poloidal flux gradient profile in the DIII-D device to
a desired target. While the feedback scheme could eventually
be used to attempt to track an arbitrarily chosen target, we
began by testing the controller using a target that is known to
be achievable. We guaranteed the achievability of the target
profile by generating it from the results of the open-loop shot
145477 using the same feedforward inputs as those used in
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Time traces of ¢ at various points comparing the nominal feedforward simulation (blue-solid line) with the closed loop, disturbed simulation
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Fig. 9. Timeline depicting when the artificial disturbance and the adaptive
feedback controller are switched on and off during the closed-loop simulation.

the simulation study. The reference scenario was a double-
null plasma with a toroidal magnetic field of 1.85 T, and flat-
top values of I,, n, and Sy (a normalized figure of merit
for plasma performance) of 1.2 MA, 2 x 10" m’3, and
0.8%, respectively. The resulting 6 profile was then used as
the target for the closed loop (feedforward + feedback) shot
146454. During shot 146454, we used the static control law
(43) designed with C!, = 3.75 x 10716 for 1 < i < 5 and
Cl, =7.5%x1071% for 6 <i < N where N = 10. In addition,
an input disturbance of 0.1 MA in the reference for u3 was
added from ¢ = 0.5 to 2.5 s. The feedback controller was
turned on from t = 0.5 to 2.0 s to test disturbance rejection
and switched off from ¢ = 2.0 to 2.5 s to allow the 8 profile
to drift away from the desired one under the influence of the
input disturbance. Finally, at t+ = 2.5 s the controller was
turned back on and the input disturbance was removed to see
if the controller could recover the desired profile despite the
error caused by the drift. This is the same scenario that was
used in the first simulation results and shown in Fig. 7.

Time traces of g at several points along the profile are
given in Fig. 11. The results of the closed-loop shot 146454

are compared with the reference generated in the feedforward
shot 145477. During the closed-loop shot, there was an
initial condition error, which can most clearly be seen in
Fig. 11(b) and (c), in addition to the artificially applied
input disturbance. Though the controller mostly rejected the
disturbance during the first phase (t = 0.5 to 2.0 s), a
small amount of error remained at the end of the controlled
interval [see Fig. 11(f)]. As was mentioned before, this offset
is because the backstepping controller is static, i.e., it contains
only proportional feedback and no integral action. The offset
could be reduced by increasing the gain of the controller,
however, this would increase the sensitivity to noise and may
cause the controller to be too aggressive. The addition of the
adaptive law (68), which will be tested in a future experimental
campaign, should improve upon the disturbance rejection and
tracking capabilities of this scheme, as was demonstrated in
simulations. The error caused by the disturbance increased
when the controller was turned off, and the error diffused in
from the edge of the plasma throughout the brief uncontrolled
drift phase (r = 2.0 to 2.5 s), as can be seen in [Fig. 11(c)-(f)].
Finally, once the disturbance was removed and the controller
was turned back on at r = 2.5 s, the target values of g were
quickly recovered.

In Fig. 12, the ¢ and @ profiles achieved in the closed
loop, disturbed shot 146454 are compared with the desired
reference profiles obtained from shot 145477 at several
times. Fig. 12(a) shows that the controller partially rejected
the disturbance and achieved a profile close to the desired
one shortly before it was turned off at r = 2.0 s. Fig. 12(b)
shows the error resulting from the disturbance after the
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Comparison of ¢ and € profiles at various times for the adaptive control simulation. The open loop, feedforward only profiles (¢: black, dashed,
6: black, dash-dot) and closed-loop profiles (g: red, solid, €: red, dotted) are compared with the desired target (¢: blue diamond markers, §: blue circular
markers). (a) t =1.25s. (b)) r=20s.(c)t=25s. (d)t=26s.(e) t=3.0s. ()t =4.0s.
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Time traces of g at various points comparing the experimental results for the reference shot 145477 (blue-solid line) and the closed loop, disturbed
shot 146454 (red-dashed line). Note the effect of turning off the controller during the interval 2.0 s < ¢ < 2.5 s (shaded regions of plots). (a) p = 0.1.
() p=025.(c) p=05.(d) p=0.65. (e) p =0.8. (f) ) =0.95.

brief uncontrolled drift phase (r = 2.0 to 2.5 s), while the measurements over a 0.25 s window prior to the time shown,
successful recovery of the desired profile after the controller provide an indication of the measurement noise.

was turned back on is clearly seen in Fig. 12(c). The red Finally, the actuator requests and achieved values are com-
shaded regions, which represent the standard deviation of the pared in Fig. 13. It should be noted that while the total plasma
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power Prot. (c) Line averaged density 7.

current and total power were tightly controlled and the requests
were reproduced quite well, the request for line averaged
density was often not achieved. This represented additional
input disturbances aside from the intentional one added to the
feedforward input references.

VIII. CONCLUSION

We have presented a scheme for controlling the current
profile in L-mode discharges in DIII-D based on a dynamic
model of the evolution of the poloidal magnetic flux profile. By
employing a backstepping control design technique, a trans-
formation was found from the spatially discretized system to
an asymptotically stable target system, along with a boundary
feedback control law. The resulting control law is designed
to augment an arbitrary set of feedforward input trajectories.
We have also presented an adaptive law to add integral action
to the control scheme. Through a nonlinear transformation of
the control inputs, the scheme provides stabilizing reference
values for the total plasma current, noninductive power, and
plasma density. A simulation study shows the performance
of the controller when initial conditions are perturbed and
the input is biased. Preliminary experimental results are also
presented, showing the controller to perform well despite the
presence of additional disturbances caused by the physical

actuators and noisy real-time measurements of the 8 profile.
Experimental testing of the adaptive scheme presented in this
paper will be carried out in future campaigns.

While the controller was designed using a model that best
describes the early, inductive phase of a plasma discharge,
it performed well throughout the L-mode discharge it was
tested on. This is likely because the self-generated nonin-
ductive current sources neglected in the model are typically
small in L-mode discharges. Additional work will be needed
to extend the model to H-mode scenarios, for which the self-
generated noninductive current source becomes more signif-
icant. Work toward developing a nonlinear control-oriented
PDE model of the poloidal magnetic flux profile during
H-mode discharges will follow a similar approach to the
one used in this paper. While boundary actuation will still
have a strong influence on the profile evolution (especially
during the ramp-up and early flattop phases of discharges),
the increased fraction of noninductively driven current will
motivate the design of additional interior actuator feedback
laws in the control scheme. Additional degrees of freedom
will be incorporated by separately modeling the effect of
coinjection (on-axis/off-axis), counter injection, and balanced
injection neutral beams, as well as electron cyclotron heating
and current drive. In doing so, controllability of the current
profile should be improved, expanding the set of achievable
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profiles at steady-state. The long term goal of this paper is
the development of first-principles-driven model-based feed-
forward + feedback control strategies for simultaneous control
of the current profile and kinetic profiles (e.g., density and
temperature) during H-mode discharges.
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