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Abstract— A key property that has a close relationship to
both the performance and stability of the plasma in nuclear
fusion tokamak devices is the safety factor profile (g-profile).
As a result, extensive research has been conducted to develop
algorithms to actively control the g-profile evolution with the
goal of optimizing the tokamak approach to fusion energy pro-
duction. The actuators that can be used to control the g-profile
are the total plasma current, the auxiliary heating/current-drive
system and the line-average electron density. In this work, we
first investigate the effect that pure plasma auxiliary heating
has on the g-profile in low performance (L-mode) operating
scenarios in the TCV tokamak. This study indicates that pure
auxiliary heating has a small effect on the g-profile in the
examined scenarios. Therefore, feedback controllers that utilize
the total plasma current and exclusively the auxiliary current-
drive capabilities are designed for g-profile control in TCV. The
controllers are designed to put emphasis on achieving the target
g-profile in different spatial regions and to respond differently
to errors in the g-profile. The control performance of each
controller is tested with the simplified physics-based plasma
profile simulation code RAPTOR. The comparison of the closed-
loop performance of these controllers is done in preparation for
future g-profile control experiments in the TCV tokamak.

I. INTRODUCTION

In order for two nuclei to fuse, they must be heated to
extremely high temperatures so that they possess enough
kinetic energy to overcome the Coulombic repulsion force
that exists between them. At these temperatures, the fusion
fuel (deuterium and tritium) is in the plasma state and
therefore can conduct electrical current and interact with
magnetic fields. The tokamak [1] concept for nuclear fusion
energy production exploits this property of the plasma and
uses externally applied magnetic fields to confine the plasma
and create the conditions necessary for fusion to occur.

The ITER project is the next phase in the development
of tokamak technology. There are many challenging control
problems related to both stabilization/suppression of plasma
instabilities and performance optimization of the plasma that
need to be addressed in order for ITER to meet its demanding
performance objectives (see [2], [3] for an introduction to
many of these control problems). The safety factor profile
(g-profile) [1] is a key plasma property related to both the
plasma performance [4], [5] and stability [6], [7]. As a
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result, extensive research has been conducted to develop al-
gorithms to actively control the g-profile evolution. Advances
towards developing first-principles-driven (FPD), physics-
model-based algorithms for g-profile control are discussed
in [8]-[21]. Experiments in low confinement (L-mode) [1]
scenarios in the DIII-D tokamak represent the first success-
ful demonstration of FPD, physics-model-based closed-loop
control of the entire g-profile [12], [14], [18]. The philosophy
employed at DIII-D has recently been extended to control the
g-profile in reactor relevant high confinement (H-mode) [1]
scenarios in the ITER and DIII-D tokamaks [17], [19]-[21].

The total plasma current, the auxiliary heating/current-
drive (H&CD) system and the line-average electron density
are the actuators that can be utilized for g-profile con-
trol. In this work, we first investigate the effect that pure
plasma auxiliary heating has on the g-profile in L-mode
operating scenarios in the TCV tokamak by utilizing the
RAPTOR code [22], which is a simplified physics-based
code that simulates the g-profile and electron temperature
profile evolution. This study indicates that pure auxiliary
heating has a small effect on the g-profile in the examined
scenarios. Therefore, we design feedback controllers that
utilize the total plasma current and exclusively the current-
drive capabilities of the auxiliary sources to control the g-
profile in TCV. The controllers are designed to put emphasis
on achieving the target g-profile in different spatial regions
as well as to respond differently to errors in the g-profile.
The closed-loop control performance of each controller is
tested through simulations with the RAPTOR code. The
comparison of the performance of these controllers is done in
preparation for future g-profile control experiments in TCV.

II. PLASMA HEATING EFFECT ON THE
SAFETY FACTOR PROFILE

The evolution of the poloidal magnetic flux in a tokamak
plasma is given by the magnetic diffusion equation [23]
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with boundary conditions g;‘)’ (0,¢) =0, 3—;‘3’(1,1) = —kp,Ip(t),
where y is the poloidal stream function, which is closely
related to the poloidal magnetic flux ¥ (¥ =2ny), ¢ is the
time, 7 is the plasma resistivity, 7, is the electron temper-
ature, Uo is the vacuum magnetic permeability, j, is the
total noninductive current density, klp is a geometric constant
and I, is the total plasma current. The spatial coordinate
P =p/pp is used to index the magnetic flux surfaces in
the plasma, where p is the mean effective minor radius of a
magnetic flux surface, i.e., ®(p) = 7rB¢’0p2, ® is the toroidal



magnetic flux, By o is the vacuum toroidal magnetic field at
the geometric major radius Ry of the tokamak and p; is
the mean effective minor radius the last closed magnetic
flux surface. The parameters F, G and H are geometric
spatial factors pertaining to the magnetic configuration of
a particular plasma equilibrium. The g-profile is related to
the poloidal magnetic flux as

q(p,1) = —dD/d¥ = — [Byop;P] / [0w/3p].  (2)
In the development of the RAPTOR code [22], the mag-
netic diffusion equation (1) is combined with physics-based
models of varying degrees of complexity for the electron
density and temperature profiles, the plasma resistivity and
the noninductive current sources to yield a model of the g-
profile dynamics suitable for control design. To illustrate
the effect that the electron temperature, and hence pure
plasma heating, has on these plasma properties, we briefly
describe the physics-based models. The plasma resistivity
scales inversely with the electron temperature as

n(p.t) < T.(p,1) 2. 3)

The total noninductive current is generated by the auxiliary
sources and the bootstrap current (a self-generated noninduc-
tive source of plasma current) [24], i.e.,
Naux

jni(fj?t):j;?fx(ﬁ,t) +jbs(ﬁ7t):Zjaux,i(/5at) +jbs(ﬁ7t)v(4)

i=1
where j'%' is the total current density driven by the auxiliary
sources, jps is the current density driven by the bootstrap
current, jqy; is the current density driven by the individual
auxiliary sources and ng,, is the number of auxiliary sources.
The individual auxiliary current-drives are modeled as

jaux.i(ﬁat) = j;i{c,i(ﬁ)[Te(ﬁ?l)/ne(ﬁJ)}Ptmx,i(t)’ (5)

where j;fj;i is a normalized reference deposition profile
:

for the i-th auxiliary source, the term 7,/n, represents the
current-drive efficiency, n, is the electron density and Py,
is the i-th auxiliary power. The bootstrap current arises from
the plasma radial pressure gradient that is produced by the
magnetic confinement and is modeled as [25], [26]
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where A1, L5, Z34 and o depend on the magnetic
configuration of a particular plasma equilibrium, kj.y =
1.602 x 1071® J/keV and we have assumed the electron and
ion densities and temperatures, respectively, are equal.

The auxiliary H&CD actuators considered in this work are
4 electron cyclotron (gyrotron) launchers that are grouped
into 2 clusters (denoted as a and b). The deposition profiles
for each source are shown in Fig. 1. The gyrotrons in
cluster a are: 1 on-axis co-current-injection ( jec,, in Fig. 1)
and 1 off-axis counter-current-injection ( jgi{a in Fig 1). The
gyrotrons in cluster b are: 1 on-axis counter-current-injection
(je!in Fig. 1) and 1 off-axis co-current-injection (jsl, in
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Fig. 1). As a result, there are two limiting auxiliary H&CD
conditions that can be achieved with this configuration. The
first condition is related to plasma heating power (P ) and
is associated with the sum of the powers injected through
the gyrotron clusters, i.e., PL = 2(P., +P.,). The second
condition is related to plasma current-drive power (P<)
and is associated with the difference of the powers injected
through the gyrotron clusters, i.e., P4 = Poc, — Puc,. Note
that if Ppe, = Pec,, the auxiliary current-drive would be zero

as j?é{ , = *jzilfa and jgﬁ‘sz = szi{a, i.e., pure plasma heating.

A. Auxiliary Heating in Presence of Auxiliary Current-drive

We investigate the effect that auxiliary heating has on
the g-profile in the presence of constant auxiliary current-
drive using RAPTOR by allowing the plasma to evolve
to a stationary state with a constant current-drive power
P4 = —0.1 MW under moderate heating conditions (P!, =
1.0 MW) and high heating conditions (Pfux =1.6 MW) at
two values of plasma current, /, = 140 kA and I, = 185 kA,
respectively. The power injected through either of the clusters
in TCV is constrained to the range 0.2 MW < P, <
0.45 MW, for i € [a,b]. A comparison of the auxiliary and
bootstrap current densities before and after the heating power
is increased is shown in Figs. 2(a-b). At both values of total
plasma current, increasing the electron temperature through
heating increases (in magnitude) both the auxiliary (Fig.
2(a)) and bootstrap (Fig. 2(b)) current-drives as expected
from (5)-(6). The effect that the increases in both on-axis
auxiliary counter-current-drive (in negative direction) and
off-axis bootstrap co-current-drive (in positive direction), and
the decrease in the plasma resistivity (from (3)) has on the
g-profile is shown in Fig. 2(c). From Fig. 2(c), we see
that auxiliary heating in the presence of constant auxiliary
current-drive results in approximately a 5% increase in the
g-profile in the region p € [0,0.2] with a negligible change
outside this spatial region. This is also the region where the
auxiliary current-drive has increased in magnitude (Fig. 2(a)).

B. Auxiliary Heating in Absence of Auxiliary Current-drive

To study the relative importance of the current-drive mech-
anisms (auxiliary and bootstrap), we investigate the effect
that auxiliary heating has on the g-profile in the absence
of auxiliary current-drive using RAPTOR by allowing the
plasma to evolve to a stationary state with no current-drive

power PS¢ =0 MW under low heating conditions (P! =
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Fig. 3. Schematic of g-profile feedback control problem formulation.

0.8 MW) and high heating conditions (P!, = 1.8 MW) at
two values of plasma current, /, = 140 kA and I, = 185 kA,
respectively. A comparison of the auxiliary and bootstrap
current densities before and after the heating power is
increased is shown in Figs. 2(d-e). Since PS4 =0 MW, there
is no auxiliary current-drive (Fig. 2(d)). Again, at both values
of total plasma current, increasing the electron temperature
through heating increases the bootstrap current (Fig. 2(e)) as
expected from (6). By comparing Fig. 2(b) and Fig. 2(e),
we see that the bootstrap current-drive behaves in a similar
fashion in response to auxiliary heating independent of the
presence or absence of auxiliary current-drive. However,
the increase in off-axis bootstrap co-current-drive and the
decrease in plasma resistivity (from (3)) results in a small
change in the g-profile as shown in Fig. 2(f) when auxiliary
heating is applied without auxiliary current-drive.

III. FEEDBACK CONTROL DESIGN

As shown in the previous section, auxiliary heating has
a small effect on the g-profile in the absence of auxiliary
current-drive in the considered TCV scenarios. As a result,
a g-profile feedback controller that utilizes the total plasma
current and exclusively the current-drive capabilities of the
auxiliary sources is designed by employing the method in
[17], [19], and the controller will attempt to counteract any
g-profile disturbance that results from plasma heating effects.

A. Partial Differential Equation Model

We begin by defining ranges in which the electron density
profile, the electron temperature profile and the plasma resis-

aux aux

tivity are expected to be in typical TCV L-mode scenarios.
These parameters are modeled as

n.(p,t) =n,""(p), (7
T.(p,t) =T, (p) + T,"(p)dr, (1), ()
n(p,t) =n""(p)+n""(p)or, (), )

where (-)"°" represents a nominal profile, ()" represents an
uncertain profile and |07,| < 1. Note that the dependence of
the plasma resistivity on the electron temperature is modeled
to first order to simplify the control design. Also, note that
an uncertainty in the electron density profile can readily
be incorporated in the formulation of the model [17], [19],
but for the scenarios considered, the electron density profile
is assumed constant. By combining the magnetic diffusion
equation (1) with the noninductive current-drive models (4)-
(6) and the uncertain models (7)-(9), we obtain
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B. Model Reduction via Spatial Discretization

{Tnom TM"CSTL }:| . (10)

From (2), we see that the rotational transform profile
(1= 1/q) is dependent on the poloidal flux gradient profile,
which we define as 0(p,t) = [dy/dp(P,t)]. After some
mathematical manipulations, a PDE model of the 6 profile
dynamics can be obtained from (10). Spatially discretizing
this model by employing a finite difference method results
in an ordinary differential equation model defined by

X = fo(x,u,d) !

Yi=— 2A-xi7

(11)
By 0p;Pi
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where x = [6;] € R" is the state vector, y = [1;] € R" is the
output vector, 0;, 1; and p; are the values of 0, t and p at the
discrete nodes, for i = [2,...,mg — 1], u = [Pec,, Pec, . I,) € R?
is the control input vector, & = [z, , 5721’ | € R? is the uncertain
parameter vector, fg € R is a nonlinear function, ng =mg —
2, and mg is the number of nodes utilized to represent the
spatial domain. After linearizing (11) with respect to the state
and control input around a nominal operating point (Xeq, #eq)

characterized by 8 =0, i.e., f(Xeq,ueq,0) =0, we obtain
f:A(S)f+B(5)ufb+d3 (12)

where X = X — Xeg, Ufp = Ut — Ueg, ds = [(Xeg,lteq,0), A(D)
and B(8) are the Jacobians d fy/dx € R"6*" and d fo/du €
R"6*3 evaluated at (Xeq,Ueq), C = diag{—1/(Byopipi)} €
R"*" and D =0.

y:C)E+Dufb,

C. Identification of Relevant Control Channels

As there are only three control inputs, we can at most
independently control three linear combinations of the sys-
tem output. Therefore, we obtain the most relevant control
channels from the nominal input-output relation at a par-
ticular frequency j@,., which is expressed as § = Goil b=
0~ '2GoR i, = Q7'/2UZVT R i1 3,. The decoupled out-
put and input are denoted by §* =X 'UTQ'/2§ and @y =
VIR iy, ie., §* = @y, The nominal system transfer

function is expressed as Go(s) = C (sl —A(()))_1 B(0) and
Go denotes the real approximation of the complex matrix
Go(jwy:) [27]. The positive definite matrices Q € R"0*"o
and R € R¥3 are utilized to weight the relative track-
ing performance and control effort. Finally, the “weighted”
transfer function Gy and its economy size singular value
decomposition are defined as Gy = 0'2GyR12 = uzvT,
where ¥ € R¥3 is a diagonal matrix of singular values
and U € R">*3 and V € R¥*® are matrices that possess the
following properties V'V =VVT =I1,UTU =1. Some of the
singular values may have a small magnitude relative to the
others and may be chosen to be neglected in the control
synthesis. Quantities associated with the significant singular
values are denoted by a subscript s for the remainder of this

paper, i.e., ();.

D. Feedback Control Problem Formulation

The feedback control problem is formulated as shown
in Fig. 3, where r is the reference value, the tracking
error is defined as e = r —y and K is the to-be-designed
feedback controller. The feedback system (12) is written in
the conventional P — A robust control framework, where P
is the generalized transfer function and A = diag{dy,} is
a structured uncertainty matrix, by employing the method
described in [28]. The closed-loop system outputs are Z;
and Z, and the frequency dependent weight functions W,
and W, are utilized to optimize the feedback performance.
The control problem is formulated as (see Fig. 3)

_ WpSDCo _WpSDCO
¥~ |W.KSpc, —WuKSpc,

where T, is the closed-loop transfer function from the inputs
(rF,d") to the outputs (Z,,2), df = Z;'UT 0'/?d, Spc, =
(I+2;'UT Q2P R'/?V,K)~! and Py, is the component
transfer function of P from uy;, to y. The feedback controller
K is obtained by solving (13) and is designed such that the
closed-loop system is stable for all allowable perturbations
(checked by computing the structured singular value [27]).

mlgn ’ ’Tzw | Vo

I; , (13)

0!

IV. COMPARISON OF CONTROL ALGORITHM
PERFORMANCE IN TCV RAPTOR SIMULATIONS

In this section, the closed-loop performances of three
feedback controllers are compared in TCV L-mode scenarios
using RAPTOR [22]. The relevant control channels of the
first controller (denoted as Kj) are evaluated at a frequency
of w;. = 0 rad/s with emphasis placed on achieving the
target g-profile in p € [0,0.4]. The second controller (denoted
as K3) is designed in the same way as controller K| but
with emphasis placed on achieving the target g-profile in
p €10,0.4] and p € [0.7,0.8]. Finally, the relevant control
channels of the third controller (denoted as K3) are evaluated
at a frequency of @, = 1500 rad/s with emphasis placed on
achieving the target g-profile in p € [0,0.4] and p € [0.7,0.8].
The relevant control channels of the three controllers are
shown in Fig. 4. First, we note that the third actuation direc-
tion (0J) for all of the controllers (Figs. 4(d-f)) is associated
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Fig. 5.

with auxiliary heating (equal contributions from P, and P,
in the same direction and no contribution from /,), which is
negligible in this control design approach. Second, we see
that the control inputs are coupled for controllers K; and
K>, i.e., the first (o) and second (x) input singular vectors
have contributions from all three actuators (Figs. 4(d-e)).
In contrast, the gyrotron and total plasma current actuation
directions are decoupled for controller K3 (Fig. 4(f)), i.e.,
the first singular vector only has contributions from P,., and
P,¢, and the second singular vector only has a contribution
from I,,. The bandwidth of the gyrotron control direction for
controller K3 is set at a slightly higher value relative to the
other control directions. This is enabled because the actuation
directions are decoupled in controller K3.

A. One Target Simulation

A g-profile achieved in TCV with a total plasma current
of 140 kA and counter-current-injection auxiliary power is
chosen as the target. First, a nominal g-profile evolution is
obtained by executing a feedforward-only simulation with a
nominal set of input trajectories. Next, the ability of each of
the controllers to track the target is determined by executing
feedforward + feedback simulations with the nominal inputs.

Time traces of g at various spatial locations are shown in
Fig. 5. Once the controllers become active, they are able to
drive the g-profile towards the target. The controller K3 is
able to respond to the error in the plasma core faster than
controllers K and K, due to the slightly higher bandwidth of
the gyrotron control direction for controller K3. Additionally,
the error near the plasma boundary is eliminated by controller
K3, whereas there is a small tracking error obtained with
controllers K; and K,. However, the error near the plasma
boundary obtained with controller K5 is smaller than the error
obtained with controller K; due to the higher weight placed
on achieving the target in this spatial region for controller K.

B. Two Target Simulation

A g-profile achieved in TCV with a total plasma current
of 140 kA and co-current-injection auxiliary power is chosen
as the target during the time interval ¢ € [0,0.9] s. During
the time interval ¢ € [1.0,1.75] s, a g-profile achieved in

Time traces of ¢ at various radial locations. Gray-shaded region denotes when feedback controller is off.

TCV with a total plasma current of 190 kA and counter-
current-injection auxiliary power is chosen as the target. The
target during the time interval ¢ € (0.9,1.0) s is obtained by
linear interpolation. First, a nominal g-profile evolution is
obtained by executing a feedforward-only simulation with a
nominal set of input trajectories. Next, the ability of each of
the controllers to track the target is determined by executing
feedforward + feedback simulations with the nominal inputs.

Time traces of ¢ at various spatial locations and a
comparison of the inputs are shown in Fig. 6. Once the
controllers become active, they drive the g-profile towards
the first target. In tokamaks, the local g-value is roughly
inversely related to the local current density amplitude. In
the feedback-controlled simulations, all of the controllers
decrease the total plasma current and the cluster-a gyrotron
power, while increasing the cluster-b gyrotron power to track
the first target. For controllers K; and K> the actuators
are utilized to control the g-profile across the entire spatial
domain (Figs. 4(a-b)). Therefore, in response to the g-value
being above the target at p = 0.2,0.3 (current density to
low), the controllers K; and K, increase the total plasma
current (relative to controller K3) to lower the g-value at these
locations (the current density at these locations will increase
as the current applied at the plasma boundary propagates
towards the plasma core). As a result of the increased current
density, a tracking error at p = 0.4,0.7,0.8 is obtained
with controllers K; and K. However, the error obtained
with controller K, is smaller than the error obtained with
controller K| (see section IV-A). In contrast, for controller
K3, the gyrotrons are utilized to control the g-profile in the
plasma core and the total plasma current is utilized to control
the g-profile near the plasma boundary (Fig. 4(c)). Therefore,
controller K3 does not increase the total plasma current to
decrease the error at p = 0.2,0.3, and as a result, good
tracking performance is achieved at p = 0.4,0.7,0.8. When
the target profile is switched, a similar tracking performance
is achieved in the plasma core (p =0.1,0.2,0.3) with all of
the controllers. Finally, with controllers K; and K, a smaller
error at p = 0.4 is obtained at the expense of achieving a
larger error at p =0.7,0.8 (relative to controller K3).
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Fig. 6. Time traces of outputs (¢) and inputs (I, Pec, ,Pec,). Gray-shaded region denotes when feedback controller is off. Actuator limits (solid brown).

V. CONCLUSIONS AND FUTURE WORK

Auxiliary heating was shown to have a relatively small ef-

fect

on the g-profile in the absence of auxiliary current-drive

in the studied TCV scenarios. As a result, we designed feed-
back controllers that exclusively utilized the current-drive
capabilities of the auxiliary sources to control the g-profile
in TCV. The algorithms were designed to put emphasis on
achieving the target g-profile in different spatial regions and
to respond differently to errors in the g-profile. The closed-
loop performance of each controller was tested and compared
through simulations with the RAPTOR code. Our future
work includes testing the controllers experimentally in TCV
by utilizing the closed-loop plasma state observer developed
in [29] to reconstruct the g-profile in real-time.
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